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1. As metal-organic frameworks (MOFs) are becoming increasingly important for future
technologies, developing greener and more efficient synthesis methods is essential for their
large-scale and industrial applications.

2. The key achievement of our work is the replacement of the toxic and non-renewable solvent
dimethylformamide (DMF) with a green and non-toxic Dynamic Solvent System (DSS)
composed of 1-butanol and acetic acid in the modulated synthesis of MOFs, yielding high-
purity and high-porosity materials. The DSS forms a value-added ester product during
synthesis, in this case, butyl acetate, in contrast to DMF, which decomposes under the
synthesis conditions to lower-value compounds.

3. DSS conditions could be refined to enhance efficiency and sustainability. Alternative DSS
mixtures could be identified, which promote higher quality MOF formation at lower
temperatures while providing the best value-adding benefit of the DSS reaction.
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Herein we report a novel and green synthetic approach for pyrazolate-based metal-organic frameworks (MOFs) as
DOI: 10.1039/x0xx00000 demonstrated by the three prominent examples of this material class: [Ni(bdp)]s, and two supramolecular isomers [Zn(bdp)]a
and BUT-58 (Hzbdp = 1,4-bis(1H-pyrazol-4-yl)benzene). Replacement of dimethylformamide (DMF) by Dynamic Solvent
System (a reactive mixture of 1-butanol and acetic acid) in the synthesis allows to avoid toxic chemicals, as well as precise
control of crystal size and morphology of the products. Unlike DMF, which decomposes under the synthesis conditions into
lower-value byproducts, DSS forms a value-added ester (butyl acetate) during the reaction. Furthermore, a sustainable
washing procedure fully eliminates the need for DMF, while ensuring the high-porosity product. Improved material
crystallinity leads to a more pronounced breathing behavior during nitrogen physisorption. Moreover, flexibility modulation
through crystal size engineering becomes within reach. Due to the accessibility to highly crystalline materials, single-crystal
X-ray diffraction on the pristine crystals could be performed to elucidate the preferred adsorption sites in the studied
frameworks.

can be easily explained by the Hard and Soft Acids and Bases
Introduction (HSAB) concept. Being a soft Lewis base, the pyrazolate forms
very stable complexes with soft and intermediate transition
metal ions (e.g. Zn?*, Cu?*, Ni2*, Co2*, Fe?/3+),15 in contrast to the
hard carboxylate, which is known to form the strongest
coordination bonds with hard metal ions (eg. Al3*, Ti4*, Zr4,

Since the inception of metal-organic frameworks (MOFs) as a
new material class around 30 years ago,3 an overwhelming
number of MOF structures differing in metals, ligands, topology,
and synthetic approaches has been reported.*® Despite the
plethora of combinations, the typical MOF in the minds of
researchers remains a transition metal carboxylate or, in the
most daring cases, an imidazolate.”®# A very promising but
somehow very much undervalued MOF class is the transition
metal pyrazolates. First reported around 2006,°-11 although
potentially known for over a century, as the first transition
metal pyrazolates were reported by E. Buchner in 1889,12 the
pyrazolate-based MOFs demonstrate excellent properties for
tackling modern-day problems. In contrast to the transition
metal carboxylates, pyrazolate-containing MOFs demonstrate
unparalleled robustness, retaining crystallinity under all but the
harshest of pH conditions, akin to imidazolates!3-15 and are even

Hf4+).11.18-20 The soft Lewis acid-base pairs are thereby much less
vulnerable to the hard hydroxide ions present at alkaline
conditions. The possibility of forming functional MOFs from
earth-abundant and inexpensive transition metals, which are
stable in a wide range of conditions, is, therefore, one of the
major advantages of pyrazolates.
Early works of Susumu Kitagawa, Jeffrey Long, and Mircea Dinca
have revealed another intriguing property of pyrazolate MOFs
— flexibility,10.13.21-23 3 property of high interest for gas storage
and separation.2425
However, the main drawback in the synthesis of pyrazolate
MOFs remains the limited control over the crystallization
kinetics and crystal growth since the fast nucleation often leads
to nanocrystalline products, similar to the Al- and Zr-based
carboxylate MOFs. Thus, many pyrazolate MOFs with MN4 (M —
metal) secondary building unit (SBU) are obtained as
microcrystalline powders. 21-23
While for carboxylate MOFs a large variety of approaches was
developed to influence the sizes and shapes of crystals,26-28 this
toolkit is mostly absent for pyrazolate MOFs, hindering not only
the single crystal analysis but also the study of particle size-
Gren st rraenc Cemity ) et el besin 5ok 6. gependent properties. AS it was shown in previous works on
1 Supplementary Information available: materials and methods, TGA, additional carboxylate MOFs, flexibility often arises in crystals of a certain

PXRD and single crystal data, crystal size distributions. See size.29 Below a certain dimensional threshold, MOF crystals of
DOI: 10.1039/x0xx00000x

discussed to be an understudied alternative to Zr-based
MOFs.’> The geometry of the pyrazolate ligands does not
impose as strict limitations on the node geometry as in the case
of imidazolates; thus, they are potentially capable of forming a
similar variety of topological nets as the carboxylate
ligands.>16.17 The resistance to hydrolysis in alkaline conditions
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flexible topologies may become rigid. 26:29-33 Moreover, crystal
size control is essential for practical applications. Thus, the
controllable synthetic route would be beneficial to bring the
pyrazolate MOFs towards future industrial and commercial
applications. It would also be beneficial to avoid dimethyl- or
diethylformamide (DEF), widely used as solvents in MOF
synthesis.13:19,21-23,34-37 Thjs class of solvents faces major
restrictions due to their reproductive toxicity.3® Thus, a suitable
synthetic procedure for pyrazolate MOFs avoiding formamides
is, in our opinion, imperative. Similar developments in
improving the sustainability of MOF synthesis by choosing
harmless solvents,3®4! avoiding the solvent completely in a
mechanochemical approach,*? or tuning the reaction conditions
with modern Al tools, 4344 are currently ongoing.

In this work, we present a novel concept of a synthetic
approach, which provides overarching control over the crystal
size of pyrazolate MOFs with MN, SBU while abiding by the
principles of green chemistry.1845

Dynamic Solvent System (DSS) Concept

The core invention of our novel synthetic approach described in
this work is the time-resolved adjustment of synthetic
conditions. This approach allows for a much more sophisticated
control over the crystal growth, which can usually be described
very precisely by the LaMer model,*64° (Figure 1a) first
published in 1950 to describe the formation of colloidal sulfur
particles,*® and which was recently confirmed to be valid for
modulated MOF synthesis.*¢ According to the model for
obtaining high-quality single crystals, the nucleation phase must
be as brief as possible to generate as few nuclei as possible,
while the growth must be as slow as possible to ensure the
elimination of defects by self-healing. In MOF synthesis, this is
usually achieved by a modulating approach.>® The modulator
(HMod), which typically is a monodentate ligand, competes
with the linker (H4L) for the metal ions (M"*) and decreases the
linker deprotonation rate.>! Thus, the equilibria found during
the MOF synthesis can be summarized with the following four
equations (Scheme 1):

HlL ==x H*+ L% (1)

HMod == H* + Mod~ (2)

nL* + x M™ = MOF (3)
Mod™ + M"™ = (Mod),-M  (4)

Scheme 1. Coupled equilibria during modulated MOF synthesis. (1) Linker (HL)
(HMod) (M™)-linker
coordination, e.g. MOF formation, (4) metal-modulator coordination.

deprotonation, (2) modulator deprotonation, (3) metal

The modulator concentration cannot be increased indefinitely,
as too high concentrations may completely prevent the MOF
nucleation or lead to the formation of other phases and
polymorphs.52 Furthermore, high modulator concentration can
lead to exceptionally slow crystal growth kinetics without
further benefits in size or crystallinity. Ideally, the modulator
concentration must be very high during the nucleation phase to
limit the number of formed nuclei and subsequently decrease
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to allow for an adequate growth rate (Figure 1b),.Ja,pchigve
such conditions, the modulator must B¥lrépievedfreRiOthe
reaction mixture.

In the present contribution, we propose the Dynamic Solvent
System (DSS) concept, based on the idea of achieving controlled
modulator concentration evolution without the need for
complicated technological solutions, utilizing an appropriate
chemical reaction. To the best of our knowledge, no specific
terminology is yet established to describe the deliberate
utilization of an inherently reactive mixture as a solvent system
for MOF synthesis.

Thus, a reaction partner for the modulator should be chosen,
which removes it from the equilibrium on the same time scale
as the MOF nucleation and growth occur, thus ensuring
different chemical environments during these two processes, as
proposed in Figure 1b.

(a)

G

Nucleation max

‘min

Growth

Concentration

Growth

Mod. concentration

Nucleation

Time

Figure 1. (a) LaMer model showing the concentration profile of the reactants over time:
Csqt - the solubility of the reactants, Cy;, the minimal supersaturation for spontaneous
auto-nucleation, and Cpax - hypothetical maximal supersaturation. The growth process is
subdivided into three phases: | — formation of the monomer solution, Il — spontaneous
auto-nucleation, Il — diffusion-controlled growth. (b) Modulator concentration profile as
proposed by the DSS approach.

The DSS concept is not limited to the change of modulator
concentration. DSS conditions may also affect other
determining properties of the reaction mixture,
viscosity, polarity, boiling point, or pH. Hence, we suggest
several criteria the viable DSS must fulfil:

such as

1. Noirreversible reactions with the metal source or linker.

2. DSS reaction must occur on the same time scale as the
MOF formation.

3. A meaningful property of the reaction mixture must
change during the reaction (e.g. modulator
concentration, viscosity, polarity, boiling point, pH, etc.).

4. No production of gaseous or highly volatile compounds,
which can escape the reaction mixture and impact the
chemical equilibrium, rendering the reaction less
predictable.

5. Renewable reactants and solvents of low toxicity.

By combining 1-butanol (BuOH) with acetic acid (AA), we
propose a model DSS that abides by the criteria mentioned
above. Both compounds readily engage in an esterification
reaction, yielding butyl acetate within the appropriate reaction
time. In this case, AA acts as the modulator for the MOF
formation, while the BUOH serves a dual purpose: acting as both
the solvent and the reaction partner for the AA.

This journal is © The Royal Society of Chemistry 20xx
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Alcohols demonstrate an adequate polarity and thus are
capable of dissolving the metal salts as well as the organic
linkers. AA is a common modulator for MOF synthesis and is
well-established in the synthesis of carboxylate-based MOFs. It
is also one of the few modulators reported for the synthesis of
pyrazolate MOF.3> Both alcohol and acid adhere to green
chemistry principles, as they demonstrate low or no toxicity, are
not harmful to the environment, and can be generated from
renewable feedstock, such as biomass. These factors are
significant advantages over the commonly used DMF. Lastly, the
reaction of the BUOH with AA results in a valorization of the
substances, in contrast to the DMF, which decomposes during
the synthesis to less valuable compounds (e.g. formic acid,
dimethylamine). The esterification product, n-butyl acetate
(BuOAc), is a highly demanded industrial solvent, which is
produced via Fisher esterification on a large scale from BuOH
and AA. Thus, the synthesis in such a solvent system will not
only provide the desired MOF material but can generate
additional profit from higher-value esterification products.
Meanwhile, the metal precursor of the MOF can act as the
catalyst for the esterification reaction. The value-added solvent
can offset the costs of MOF production at least partially, which
can pave the way for a wider application of MOFs in industry.
Recent considerations of industrial-scale MOF production have
identified solvent costs as one of the most impactful factors on
the final material price.>354 Thus, the use of a DSS can allow for
the industrial production of MOFs, which cannot be obtained in
hydrothermal or mechanochemical reactions.

Other alcohols or acids may be considered for the same
purpose. Here, a judicious choice must be made, weighing the
pros and cons of each component. For instance, ethanol can
also be considered as an alternative to butanol in the DSS
reaction. However, the low boiling point and high flammability
of this alcohol, especially considering the high synthesis
temperature, are certainly disadvantageous for its
implementation.>> At this point, the profitability of the value-
added product of the DSS reaction can also be considered. Thus,
the reaction can be tailored to the current supplies and
demands of these simple chemicals, such as alcohols, carboxylic
acids, and esters.

Experimental

Materials

All solvents and commercially available chemicals were reagent
grade and used without further purification.

1,4-benzenedi(4-pyrazolyl) (H,bdp, 97.0%) was purchased by
Alpha Chemistry. Ni(NO3)2:6H,0 (96.0%), Zn(NOs),-6H,0
(99.0%), and dry benzene (99.8%) were acquired from Sigma
Aldrich. N,N-dimethylformamide (DMF, 99.5%), dimethyl
sulphoxide (DMSO, 99.9%), and ethanol (abs., 99.8%) were
purchased from Fisher. N-Methyl-2-pyrrolidone (NMP, 99.0%)
and dibromomethane (CH,Br,, 99%) were purchased from
Acros Organics. 1-Butanol (99.0%) was acquired from Thermo
Scientific. The acetic acid (> 99.0%) was purchased from Roth.

This journal is © The Royal Society of Chemistry 20xx

DMSO-ds (99.8%) was acquired from DeuterQ,, Sedium
hydroxide (97.0%) was purchased from V¥R .10.1039/D5GC01029B

Synthetic methods

The general solvothermal synthetic procedure for the
researched materials was conducted as follows. First, the H.bdp
(53.5 mg, 255 umol, 1 eq.) was suspended in the respective
solvent mixture containing various amounts of BUOH, AA, and
DMF by sonication (5 min) inside an autoclavable glass bottle
(50 ml total volume). In a typical synthesis 15 ml of BUOH was
combined with 0.0 — 5.0 ml of AA. In case DMF was added then
to the same BuOH/AA mixture 15 ml of DMF were added. To
this white suspension a metal precursor was added. All nickel
MOFs were synthesized utilizing Ni(NOs);:6H,0 (74.0 mg,
255 umol, 1 eq.), while the zinc-containing MOFs were
synthesized from Zn(NOs),:6H,0 (76.5 mg, 255 umol, 1 eq.) per
synthesis, respectively. The mixture was subsequently
sonicated until the metal salt dissolved completely (5 min). The
obtained reaction mixture was placed in a preheated oven at
150 °C for 24 h, unless stated otherwise. The specific synthetic
conditions and solvent compositions are listed in the methods
section of the ESI. The obtained crystalline products were
separated from their mother liquors after cooling and washed
with NMP (3x10 ml) and DMF (3x10 ml) in the standard
procedure, unless stated otherwise. Sample activation for
physisorption experiments was performed by heating the
sample in vacuum to 150 °C overnight.

Analytical methods

Detailed description of the analytical methods and techniques
utilized in this study (TGA/DTA, NMR, ICP OES, nitrogen
physisorption, conductometric titration, SEM, VLM, PXRD, and
single crystal XRD), as well as the kinetic study data sets, are
summarized in the ESI.

Crystallographic data obtained from single-crystal X-ray analysis

Full crystallographic information is summarized in Table S3, ESI.
[Ni(bdp)]a: orange needle, C14HgN4NiO2, Mr = 322.93 g mol-?,
orthorhombic, Imma, a = 22.000(4) A, b = 6.9300(14) A, ¢ =
14.760(3) A, V= 2250.31 A3, Z =4, T = 295 K, A = 0.77490 A,
data/parameter 1637/58, GooF = 1.211, R; (I > 2 o(l)) = 0.0660,
WR> (1> 20(1)) = 0.212.

[Zn(bdp)]a: colorless block, C12HgN4O11.2Zn, Mr=452.79 g mol-1,
tetragonal, P4,/mmc, a = 13.2864(2) A, b = 13.2864(2) A, ¢ =
7.2865(2) A, V= 1286.27(5) A3, Z =2, T =297 K, A = 0.71073 A,
data/parameter 1001/36, GooF = 1.10, R; (I > 2 o(l)) = 0.0290,
WR> (I > 26(1)) = 0.0848.

BUT-58: colorless block, CioHgNaZn, Mr = 281.62 g mol-l,
tetragonal, 14122, a = 16.3434(2) A, ¢ = 12.5154(2) A, V=
3342.95(10) A3, Z=8, T =297 K, A =0.71073 &, data/parameter
2204/79, GooF = 1.13, R; (1 > 2 (1)) = 0.032, wR> (I > 26(l)) =
0.1179.

Results and Discussion

The [Ni(bdp)]n22 and [Zn(bdp)]n?22
pyrazolate MOFs for the study (Figure 2). These two frameworks

were chosen as model

J. Name., 2013, 00, 1-3 | 3
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were selected due to their flexible topology, exceptional
stability, simple synthetic procedure, and the inertness of their
precursors towards carboxylic acids and alcohols. The choice of
a carboxylate MOF system would have significantly increased
the complexity of this study since new equilibria of linker
esterification would have arisen in this case. This, however,
does not mean that the proposed DSS is not suitable for the
synthesis of carboxylate-based MOFs. The reversibility of the
esterification reaction under the given conditions is not
expected to pose a barrier to the formation of the
thermodynamically more favorable MOF.

[Ni(bdp)], [Zn(bdp)],
o) R Efescem O momupns
Fdl i 14
¥ i fal
g / T
sed ’ 18
¢ $-
1‘-; ¢ 1 :_'_.'
E i f Lol
#f o
} '3 § 53
St ned hd % -
-;:-i‘tﬁ:ft}';' Frisemy pt & e
(b) ¥ . L ] = wr 4 . L (d) 8. - .
L] [ 2= ] o [ == “- -';f "‘. -" “’ ". 0.. -t (]
- - w2 3&\ &i\ .I}vg\. .g‘gﬂl\

Figure 2. View along the pore channels and SBU chains in [Ni(bdp)], (a - b) %22 and
[Zn(bdp)]. (c - d). Solvent molecules and hydrogen atoms are not shown. Cin grey, N in
dark blue, Niin green, Zn in light blue. 21,2256

o} O
+ i‘ Jl\ .
ANSoH HO K1 N0 H,O
T =118°C =118°C T =126°C T =100°C
B B B B

Scheme 2. Esterification reaction of BuOH with AA to form BuOAc and water. The boiling
points (Tg) at 101.3 kPa of the respective compounds are given below each structure.

As a suitable DSS, the BuOH and AA esterification reaction
(Scheme 2) was identified. The choice of DSS components was
mainly based on their affordability, low toxicity, and similar
boiling points of the educts and products.

Esterification reaction kinetics

First, the kinetics of the esterification reaction of BUOH with AA
were investigated to understand the synthetic environment
during the MOF formation. It is a well-studied reaction,>7-%°
however,
temperatures below 80 °C. Furthermore, most studies are
conducted in the presence of Brgnsted acidic catalysts, and the
catalyst-free reaction remains not yet fully characterized under
solvothermal conditions.5758 The second aspect that must be
considered is the influence of metal ions present in the MOF
reaction mixture as a precursor of the clusters.22

Specifically, NiZ*, as a Lewis acid, which presumably exists as the
Brgnsted acidic [Ni(H,0)e]2* aqua complex at the reaction
conditions, can influence the reaction kinetics of the BuOAc

most studies have been focused on reaction

formation.”’%71 The specific mechanism and the impact of Niz*
ions on this reaction would exceed the aims of this study and

4| J. Name., 2012, 00, 1-3
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thus is only regarded in terms of changed reactign, rates-and
activation barriers compared to the cataf3t-fPde3éaetionlOPAR
Zn%* jons are expected to exert a similar effect on the reaction,
as was demonstrated in earlier works,’! and were not studied
at that point.

To evaluate the reaction rates and the activation energies, two
sets of reactions were analyzed: A catalyst-free set and a set
with the respective amount of Ni2* ions, as present at the initial
conditions of the MOF synthesis. The esterification reaction was
simplistically regarded as a second-order reversible reaction.
The concentrations of BuOH, AA, and BuOAc were monitored
over 24 h (Figure 3a and Figure S1).

The kinetic constants k; and k.; (Scheme 2) were determined by
the numerical fitting of three differential equations (eq. S1 —S4,
ESI), which govern the concentration changes over time of the
observed compounds.

Due to the low initial amount of water in the reaction mixture,
which was challenging to detect, the water concentration was
estimated as the concentration of the BuOAc plus the lattice
water whenever the Ni?* salt was added. The determined rate
constants k; and k.; are summarized in Table 1. The natural
logarithm of k; demonstrates a linear dependence from the
inverse temperature (T1) in both cases, the catalyst-free and
Ni2* catalyzed sets (Figure 3b), with the slope equal to —(E;/R).
This is in full accordance with the Arrhenius equation:

k, = k,exp (— &), (1)
RT

where k, is the frequency factor, E, is the activation energy,
and R is the ideal gas constant.

From the linear fits of In(k;) vs. T, the activation energies E, of
the esterification could be successfully determined to be 26.88
kJ moltand 9.07 k) mol! for the catalyst-free and Ni2* catalyzed
cases, respectively.

(a) = [BUOH]
* [AAlwr
4 [BuOAc]
" X [AAlg,

Concentration / mol I'"
O =2 N W~ OO N O

0 5 10 15 20 25

Time/h

(b) 2.7+

284 * :

297 i
7 -3.01
=
= 311

3.2 '

= Set 2 (with NZ")
-3.34 = Set 1 (catalyst-free)
2.30 2.32 2.34 2.36 2.38 2.40 2.42 2.44

1000 T/ K™
Figure 3. (a) Representative concentration profiles for the catalyst-free esterification
reaction at 150 °C with numerical fits shown as solid lines; and (b) Arrhenius plots for
catalyst-free and catalyzed reactions.

This journal is © The Royal Society of Chemistry 20xx
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The estimated activation energy for the catalyst-free case is low
in comparison to already published values, which are usually
above 40 kJ mol1.5968 |n contrast to the published values,
however, in the present study, the kinetic measurements were
performed above the boiling points of all the involved
substances at autoclave conditions. The elevated vapor
pressure may influence the activity of the reactants in the liquid
phase and, hence, the kinetics of the reaction. The catalytic
influence of the metal cation on the esterification is also evident
since the activation energy of the reaction is reduced to a third
as compared to the catalyst-free case.

Table 1. Summary of determined kinetic parameters for the esterification reaction of 1-
butanol and acetic acid.

Set T/°C T/K k1-102/1 k1-102/1 Ea/ ki
mol* h? mol*? h? mol*

Catalyst 140 413.15 3.80+0.35 1.05+0.28

free

150 423.15 4.22+0.20 1.22+0.14 26.88

160 433.15 5.34+0.33 1.20+0.20

With Ni?* 140 413.15 5.58+0.44 2.20+0.43
150 423.15 6.19+0.37 2.12+0.37 9.07

160 433.15 6.30+0.47 2.16+0.41

The accuracy of the determined k.; rate constant was
insufficient as the reaction starting rates were mainly regarded.
At low product concentrations, the k_; plays an insignificant role,
which leads to significant relative errors in its numerical
approximation. To evaluate the equilibrium constant of this
reaction, the method of Menschutkin was employed.>” The
reaction mixtures containing BUOH and AA with or without
nickel nitrate were sealed in glass tubes and heated to 130, 150,

and 170 °C for 72 h to ensure the completeness of the reaction.

A wider temperature range in comparison to the kinetic study
was chosen to improve the accuracy of the determination and
to allow for the comparison of the obtained results with values
reported in the literature. After rapid cooling to 0 °C (to diminish
the effects of re-equilibration), an aliquot of the mixture was
diluted with deionized water and titrated conductometrically
with NaOH solution (Figure S2, ESI). From the determined
residual amount of AA (c44), the equilibrium constant K (Eq. 2)
was determined:

2
C°"BuOAc  __

K = ki _ QBuOAc'@H,0 _ CBuOAcCH,0 _,
CBUOHCAA (2)

k_q ABuOH'AAA CBUOH'CAA

2
(CAA,O’CAA)
(cBuom,0—caa)can’

where a; is the activity of compound j, c; - the concentration of
compound j, and ¢; o - the initial concentration of compound i,
respectively with j = {AA, BUOH, BuOAc, H,0}.

The determined values of the equilibrium constant for the

examined esterification reaction line up nicely with the values
reported by Menschutkin and Leyes (Figure 4).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Combined plots of published K values of the n-butyl acetate formation 57-38
and values from this study over the temperature in K. (b) Van 't Hoff plot of the
equilibrium constant with linear fit over all values.

From the linear fit of the combined data from the literature and
this study, the thermodynamic values of standard reaction
enthalpy and entropy could be estimated using Eq. 3.

—AH? . AS?

3
RT R’ @)

In(K) =

where K is the equilibrium constant, AHS is the standard
reaction enthalpy, AS? is the standard reaction entropy, R is the
ideal gas constant, and T is the temperature.

The obtained values of AH? = 14.44 k) moll and AS? = 45.04 )
mol1 K- fall in line with reported values for esterifications and
indicates an endothermic reaction.586972 One aspect, however,
must be clarified at this point. The determined values for the
reaction enthalpy and entropy include the mixing enthalpies
and entropies of the reaction participants. That is why the
esterification reaction, which, according to Hess’s law, is mildly
exothermic, with the enthalpy of formation around -4.2 k) mol?,
appears to be endothermic.”®> To determine the pure enthalpy
of the esterification, all the mixing enthalpies must be
determined and considered.”® This underlines the importance
of the experimental determination of the thermodynamic and
kinetic properties of the DSS reaction since the solvation,
dissociation, and mixing enthalpies of all reaction participants
play a significant role in reactions with relatively low reaction
enthalpies.

Curiously, the K values determined from the reactions with Ni
were minorly, however, systematically and reproducibly larger
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than the values without a catalyst. Although this finding appears
to contradict the well-established concept of catalysis, which
postulates the indifference of the equilibrium constant to the
presence of catalysts, this effect has already been reported
before.57.58.68,69 A clear explanation of this phenomenon could
not be found in this study.

However, a few hypotheses for such an unexpected observation
should be mentioned. (i) The pH of the reaction mixture is
changed by introducing the NiZ* species. This leads to a shift of
another equilibrium present in the reaction (Scheme 3):

o) Ka o)
- + H+
)L ———— )L
OH kg o-
Scheme 3. Dissociation of acetic acid.

The mechanism of the ester formation requires the protonation
of acetic acid, which is necessary for the nucleophilic attack of
the alcohol. If the equilibrium is shifted towards the acetate, the
activity of acetic acid decreases, which influences the
esterification reaction. (ii) The Ni?* can form coordination
compounds with the acetate and water, and thus again
influence the activity of these two compounds. (iii) The
presence of the Ni salt impacts the vapor pressures of the
substances, changing the vapor phase composition and, thus,
inevitably, the activities in the liquid phase. (iv) The amount of
crystal water in the nickel salt could be overestimated, which
results in larger K values.

The equilibrium constants obtained in this study and the values
published by Leyes et al. and Menschutkin are summarized in
Table 2.57.58 With this knowledge, the concentration evolution
and terminal acetic acid concentration in the reaction mixture
can easily be estimated, which adds another level of control to
the MOF synthesis (e.g. Figure S3, ESI). Not only are the initial
conditions at which nucleation occurs known now, but the
conditions at which crystal growth occurs can also be defined.

Table 2. Summary of equilibrium constants K for the esterification reaction of 1-butanol
and acetic acid from this study and literature.

T/°C K (catalyst free) K (with Ni%*) K (with H2S04)
100 - - 2.38%
110 - - 2.58%
115 - - 2.32%8
120 - - 2.58%
130 2.68 3.18 -

150 3.43 3.68 -
155 4.2457 - -
170 4.42 4.83 -

Binary DSS and particle size control in [Ni(bdp)].

The state-of-the-art synthesis of [Ni(bdp)]. involves the reaction
of a Ni(ll) salt with the H,bdp linker in DMF under stirring in

6 | J. Name., 2012, 00, 1-3
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reflux conditions.?? The reported synthesis protacel Jwas
reproduced and resulted in a micron-5i26d0a3BéridFCOFOLAR
desired NiBDPy:. phase (Figure 5a and c). The synthesis could
also be reproduced under solvothermal conditions without
stirring in a sealed scintillation vial, resulting in the same phase
and morphology (NiBDPp) (Figure 5a, b and d). The addition of
1.35 M AA to the solvothermal synthesis protocol resulted in
the formation of a few intergrown [Ni(bdp)l, crystals
(NiBDPp.aa, as confirmed by the single crystal X-ray analysis),
accompanied by a substantial amount of a green, amorphous
side phase, which was not further characterized (Figure 5a, b
and e). A single crystal of NiBDPp.aa could be successfully
characterized in the solvated state by single crystal X-ray
diffraction (for more details, see ESI), which resulted in the first
single crystal structure determination of the [Ni(bdp)],. This
demonstrates the ability of AA to modulate the synthesis;
however, the given combination of DMF and AA was found to
be not viable, as the desired phase is only obtained as a side
product. It is likely that the decomposition products of DMF,
generated at 150 °C and in the presence of acid,’* resulted in
the precipitation of amorphous, poorly soluble nickel formate
instead of the desired MOF.7>

By replacing DMF with BuOH, intergrown needle-like crystals of
the desired [Ni(bdp)]n phase were obtained in the sealed
scintillation vial (NiBDPg) (Figure 6 a, d, e, and S8, ESI). The
addition of AA to the reaction resulted in an increase of the
mean crystal length from previously 5 um to over 25 pum
(NiBDPg+aa), While the intergrowth of the crystal could be
significantly impeded (Figure S8-S13, ESI). The biggest observed
crystals obtained with AA measured up to 100 um, whereas in
the syntheses without it, the crystals did not exceed 20 pm
(Figure 6a, f). Moreover, the length and width of the crystals
demonstrated a linear dependence on the amount of AA, which
allowed for a convenient crystal size control (Figure 6b and S14,
ESI).

I NiBDPy greén side phase
NiBDPy desolv.
NiBDP, as made

NiBDP, as made
[Ni(bdp)], as made (calc.)

Relative intenisty / a.u.z

[Ni(bdp)], (desolv

) (calc.)

P

NiBDP;, 1, JEEITN

3 um

NiBDP;

e

Figure 5. (a) PXRD patterns of the products obtained from: the procedure reported in
literature NiBDPy;, the solvothermal synthesis in DMF NiBDPp, and the solvothermal
synthesis with acetic acid as modulator NiBDPp.sy before and after desolvation as
compared to the PXRD of the solvent-free [Ni(bdp)], calculated from the crystal

This journal is © The Royal Society of Chemistry 20xx
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structure. (b) Photographs of NiBDPy (left) and NiBDPp.aa (right). SEM images of: (c)
NiBDPy;, (d) NiBDPyp. (e) Visible light microscopy (VLM) image of NiBDPp,aa.

AA). Thus, in this case, the MOF synthesis was carrigd, out atthe
esterification equilibrium with a substaRfall8M8aM>of AAteF
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Figure 6. (a) PXRD patterns of the as-made NiBDPg,as Obtained with varying amounts of AA. (b) Increase in average crystal length with the increasing amount of AA utilized. (c)
Schematic representation of a typical NiBDPg or NiBDPg.as crystal shape with descriptors. (d) SEM and (e) VLM images of NiBDPg. (f) VLM image of NiBDPg.as Obtained with 4.35

mol/l of AA.

With the increase in the average size, it is also evident that the
size distribution broadens (Figure S8 - S13, ESI). This could be
linked to a larger number of small crystal fragments present in
the samples with longer crystals. Fragments frequently occur in
samples with crystal intergrowth since the domain boundary of
the intergrown crystals represents a mechanical weak point. For
consideration of adsorption and flexibility, only the factual size
is essential; therefore, the size of the fragments was included in
the size distribution statistics.

The DSS synthesis of the [Ni(bdp)]. phase has proven to be very
reliable and reproducible. This allowed for a fivefold scale-up
synthesis of NiBDPg.aa (using 3.5 M AA), which resulted in the
pure material with expected physisorption properties (Figure
S21).

Additionally, the kinetic model described in the first part of this
publication was verified. The filtrate collected after the
synthesis of NiBDPg.aa 3.5 M AA was collected and analyzed by
IH-NMR (See Figure S26). The determined kinetic model
predicts a 35% consumption of butanol during the given
esterification (Figure S3b). The 'H-NMR of the mother liquor
indicates a 36% turnover, as was calculated from the integral
ratio of the pristine butanol to the butyl acetate. This confirms
the validity of the kinetic model of the esterification reaction
during MOF synthesis.

To confirm the hypothesized working principle of the DSS, as
described above, a NiBDP sample was prepared in a DSS mixture
that had already undergone esterification (NiBDPg.aa*, 3.50 M

This journal is © The Royal Society of Chemistry 20xx

and a much lower amount of AA in the solvent mixture. The
obtained NiBDPg.aa* Was confirmed to be the desired [Ni(bdp)]a
phase. The observed crystal shape was far less regular. Although
few needle-shaped crystals were observed, most of the material
comprised severely intergrown particles (Figure S6, ESI).

Binary DSS and phase purity in [Zn(bdp)]. system

The approach developed for [Ni(bdp)], was applied to
[Zn(bdp)], since both MOFs are known to be synthesized under
the same synthetic conditions.22 The synthesis in pure BuOH
resulted in the formation of the desired [Zn(bdp)], phase
(ZnBDPg) with morphology and crystal size comparable to that
obtained in the solvothermal synthesis in DMF (ZnBDPp) (Figure
7b,candd, e).

However, in contrast to the [Ni(bdp)], system, where the addition
and increase of the AA concentration led to a gradual increase in
crystal size, the addition of AA to the [Zn(bdp)], synthesis resulted in
the formation of a polymorph, which could be identified as the
recently reported BUT-58 MOF.35 At low concentrations of AA (0.00
< cAA < 0.55 M) a phase mixture of [Zn(bdp)], and BUT-58 was
observed in the PXRD diffraction patterns (Figure 7a). At the initial
AA concentration of 1.35 mol L%, no reflections corresponding to
[Zn(bdp)], could be observed. However, peaks of an unidentified
phase appeared next to intensive 110 and 211 reflections of BUT-58
at 26 = 8.07 and 12.62° (Figure 7a, marked with *). With a further
increase of the AA concentration to 3.50 mol L1, this unidentified
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Figure 7. (a) PXRD patterns of the as-made ZnBDPg and ZnBDPg,aa synthesized with varying AA amounts in comparison to PXRD calculated from crystal structures of [Zn(bdp)], (CCDC
2426284) and BUT-58 (CCDC 2426285); (b) SEM and (c) VLM images of ZnBDPy, (d) SEM and (e) VLM images of ZnBDPg (f) VLM image of ZnBDPg,aa, 3.5 M AA.

phase disappeared, and the synthesis yielded phase-pure BUT-58, as
confirmed by Pawley refinement (Figure 7a, Figure S19). The size
distribution of the obtained BUT-58 (ZnBDPg. aa, 3.50 M AA) particles
is very broad, as can be seen from the visible light microscopy (VLM)
image (Figure 7f). A few single crystals of 200 um in length are
surrounded by micrometer-sized severely intergrown crystals.

Similar to [Ni(bdp)]» and [Zn(bdp)]., this is the first reported
synthesis of BUT-58 in a solvent system abiding by the principles
of green chemistry.?> The state-of-the-art synthesis of BUT-58
involves a DMF/water mixture.3> The fact that the typical
syntheses of [Zn(bdp)], and BUT-58 differ mainly in water
content indicates that water is required for the formation of the
double-walled [Zn(bdp)]n (BUT-58) polymorph. The synthesis in
BuOH demonstrated the same trend. As discussed above, water
is released in the BUOH esterification reaction with AA. The
more AA is introduced to the synthesis, the more water is
released from the DSS reaction, which leads to the formation of
ever larger amounts of BUT-58. The large size dispersion in the
obtained BUT-58 may be caused by the varying amount of water
and acetic acid during the synthesis. With the progressing
synthesis time, the water concentration increases while the
amount of AA decreases. This constantly lowers the nucleation
barrier for BUT-58, which apparently requires water during
formation and thus results in a prolonged nucleation time. This
could have led to the formation of very large crystals from the
nuclei formed at the beginning of the synthesis and tiny crystals
from nuclei formed at the later stages of the synthesis.

Thus, the binary DSS containing BuOH and AA is deemed
unsuited for the size modulation of [Zn(bdp)]a but
demonstrated great potential in determining the generated
phase and even resulted in the formation of a potentially new,
yet unidentified, phase.

8 | J. Name., 2012, 00, 1-3

Additionally, the validity of the kinetic model for the [Zn(bdp)],
synthesis was confirmed. The filtrate remaining after the
ZnBDPg.aa 3.5 M AA synthesis was collected and analyzed by H-
NMR (Figure S27). A butanol turnover of 37% was observed,
closely matching the estimated value of 35% (Figure S3b) and
falling within the method's margin of error. This indicates that
the esterification reaction proceeds similarly during the
synthesis of both [Ni(bdp)l, and [Zn(bdp)],, making it readily
predictable.

Ternary DSS and effect on the [Ni(bdp)], and [Zn(bdp)], systems

The intolerance of [Zn(bdp)]. towards water during synthesis,
which is an unavoidable reaction product of the chosen DSS,
demands augmentation of the solvent system to unlock the
desired modulation potential. In this case, a reaction partner is
required, which could scavenge the formed water from the DSS
reaction while still allowing the desired MOF to form.
Fortunately, such a reagentis not hard to find, as DMF is capable
of doing just that. The decomposition of DMF at elevated
temperatures and, especially in the presence of water and acid,
is common knowledge in the MOF community. In certain cases,
the decomposition products of DMF, which include dimethyl
amine, formic acid, CO, H,, and others, are key to the formation
of the desired MOF.7476.77 Simplistically, the decomposition of
DMF with water at the conditions relevant to this study follows
the pathway depicted in Scheme 4.

In two quasi-irreversible steps, the DMF is first hydrolyzed to
dimethylamine and formic acid. In the second step, the newly
formed formic acid decomposes into hydrogen and CO;. The
otherwise possible dehydration into CO and H,O apparently
does not occur, as was demonstrated by in situ mass
spectroscopy measurements during MOF-5 synthesis.’*

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc01029b

Open Access Article. Published on 16 July 2025. Downloaded on 8/7/2025 6:03:11 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Green Chemistry

(a) T T T T T T T

S

A NiBDP_, .., activated

=

0

|

3 e

= NiBDP ; as made

()

= :

= [Ni(bdp)], as made (calc.)

& [Ni(bdp)], (desolv.) (calc.)
5 10 15 20 25 30 35 40

261 Deg.

iew Article Online

DOL: 10. 03p/D5GC010298
ZnBDPpasma

=

nBDPy,,, as made

. dp}jn a§ made (caic.}

[Zn(bdp)], (desolv.) (calc.)

Relative intenisty / a.u.

BUES |::de§3!vj (calc.)

5 10

15 20 25 30 35 40

Figure 8. (a) PXRD patterns of [Ni(bdp)], obtained from the ternary DSS as-synthesized and after activation (NiBDPp,g:aa, 1.35 M AA) compared to NiBDP,;; and calculated from single
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image of NiBDPp,g.aa. VLM of (d) ZNnBDPp,ap, 1.35 M AA, and (e) ZnBDPp.g.an, 1.35 M AA.
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Scheme 4. Decomposition pathway of DMF in the presence of water.

This usually undesired or simply ignored behavior of the DMF,
which is the potential culprit in MOF synthesis reproducibility
issues,’® can be exploited in this case. In contrast to
conventional drying agents, which could remove the water from
the reaction mixture much more efficiently, the DMF reacts
more slowly and thus is expected to influence the esterification
equilibrium and kinetics less.

In the following, the effect of a ternary DSS containing BuOH,
AA, and DMF on the syntheses of [Zn(bdp)], and [Ni(bdp)], is
explored.

The [Ni(bdp)]n synthesis in the ternary DSS containing BuOH,
DMF, and AA resulted in the formation of the desired phase
with no notable byproducts, as confirmed by Pawley
refinement, provided that the solvothermal synthesis time
remained under 24 h (NiBDPp.g+aa, 1.35 M AA; Figure 8a, c, and
Figure S17). A longer synthesis time of 72 h resulted in the
formation of an amorphous, green byproduct, which
significantly increased the residual mass after the complete
combustion of the reaction products (see thermogravimetry —
TG in Figure S4, ESI). This byproduct was not further examined;

This journal is © The Royal Society of Chemistry 20xx

however, it is likely a mixture of nickel formates and oxides
formed from DMF decomposition products and water from the
esterification reaction. The byproduct could be mostly avoided
by shortening the synthetic time without a notable impact on
the vyields. Despite the formation of the same crystalline
[Ni(bdp)ln phase, the morphology of the obtained crystals
changed drastically as compared to the NiBDPg.aa product.
Instead of a rhombic bipyramid with an apex angle of approx.
12° observed for NiBDPg.aa (Figure 6), the NiBDPp.g+aa crystals
demonstrated a rhombic prism terminated by the rhombic
pyramids with their longest side remaining below 5 um (Figure
8c). What exactly is responsible for the manifestation of the
different crystal habits remains an open question.

Before testing the ternary DSS on [Zn(bdp)], system, the
modulating effect of acetic acid was examined solely in DMF as
solvent. The addition of 1.35 M AA resulted in the desired
[Zn(bdp)]. phase, but also increased the obtained crystal size by
an order of magnitude to 200 pm (ZnBDPp.aa, Figure 8b,d and
S15, ESI) while the solvothermal procedure in pure DMF
resulted in largely intergrown crystals and particle sizes below
10 um (ZnBDPp, Figure 7b). No side phase was observed in this
case, in contrast to the analogous synthesis conducted with
nickel.

In the next step, the synthesis was conducted in the ternary DSS
mixture, and thus, half of the DMF was replaced by BuOH
(ZnBDPp4g+an, 1.35 M AA). In this case, a phase pure [Zn(bdp)]n
was obtained, and no BUT-58 polymorph or other side phases
were observed in the PXRD pattern of the product, as confirmed
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systems.

by Pawley refinement. The refinement suggests a distortion of
the unit cell, potentially due to a small loss of adsorbed solvent
during the PXRD measurement which results in a shift of
observed reflections (Figure 8b and Figure S18). This
observation supports our initial hypotheses, considering the
role of water in the formation of BUT-58 and the ability of DMF
to remove it effectively enough from the synthesis to suppress
the formation of BUT-58. As in the case of [Ni(bdp)],, utilization
of the ternary DSS influences the crystal morphology. In this
case, however, only the aspect ratio of the crystals has changed,
and the crystals of ZnBDPp.g+aa, 1.35 M AA are shorter in
comparison to those of ZnBDPp.aa While maintaining their base
area (Figure 8e and S16, ESI). Moreover, less damaged crystals
or crystal fragments were observed in contrast to ZnBDPp.aa.
The obtained [Zn(bdp)], phases from different syntheses were
examined via PXRD after activation at 180 °C for 4 h (Figure S7,
ESI). This treatment resulted in a significant loss of crystallinity,
which could be regained fully or partially after resolvation in
DMF, thus indicating a partial closing and amorphization of the
framework with no loss of connectivity upon desolvation.

The results obtained from the synthesis of [Zn(bdp)], and
[Ni(bdp)]s in the ternary DSS containing BuOH, AA, and DMF
demonstrate the ability to further tune the synthetic conditions
by adding a third component to the reactive mixture. The
reactions occurring in this ternary mixture were analyzed by
performing H-NMR spectroscopy on the filtrate remaining
after the NiBDPp.g+aa, 1.35 M AA, and the ZnBDPp.g+aa, 1.35 M
AA syntheses (See Figures S26 and S27). Besides the formation
of the expected butyl acetate, a small fraction of butyl formate
could be detected, which arises from the decomposition
products of DMF. The observed amount of butyl acetate fits well
with the amount predicted by the kinetic model. (Predicted:
13% (Figure S3b); observed: 14% and 15% for NiBDPp.g+aa and
ZnBDPp.s:aa, respectively). Therefore, the esterification kinetics
behave as expected even in the presence of DMF, which
engages in other reactions with the two ester-forming reaction
partners. This complex interplay of different species in solution

10 | J. Name., 2012, 00, 1-3

guides the development of different crystal morphologies and
habits. Mapping out the capabilities of these multicomponent
DSS systems is ideal to be carried out by automated sampling
due to the sheer overwhelming amount of possible
combinations and ratios.”® The distinct crystal shapes observed
in this study are summarized in Figure 9. The relationship of all
the observed crystal habits is schematically shown in Figure 9a.

SC XRD

The substantial size of the obtained crystals rendered their
characterization via single-crystal X-ray diffraction (SC XRD)
possible. Thus, the first single-crystal structure determination of
[Ni(bdp)]ln could be conducted. Until now, only structures
refined against powder X-ray diffraction data were accessible.
The SC XRD offers new insights not only into more structural
details of the MOF itself, but is also capable of extracting some
information on adsorbates and adsorption sites. An SC XRD
analysis was conducted on NiBDPpiaa, ZnBDPp.aa, and
ZnBDPg.aa, since these syntheses offered the largest single
crystals of the desired phases. The obtained structures are
shown in Figure 10.

In the structure of [Ni(bdp)]n, disordered solvent molecules
were found along the corners of 1D pore channels, of which only
one oxygen atom could be refined (Figure 10b). Because of the
disorder, the molecules could not be identified unambiguously,
but are most likely DMF or H,0. The observed oxygen is of
special interest, as it is located exactly at the intersection of the
axial coordination sites of the nickel atoms (red atom in Figure
10b). Although the O-Ni distance is larger than the typical axial
ligand distance in nickel(Il) complexes (2.464 A),898 the position
suggests some form of weak metal-ligand interaction. Such
weak contacts were already observed in copper(ll) pyrazolate
coordination polymers.82 The role of this adsorption site in
[Ni(bdp)]n should not be underestimated. The moiety at this
position may have a significant influence on the flexibility of
[Ni(bdp)]n, since during the phase transition from the open pore
to the closed pore phase, the coordination environment of the

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Crystal structure of NiBDPp.aa (0pen pore —op, in DMF) identified as [Ni(bdp)]n: (a) view along b axis, and (b) close-up view of the SBU chain. Crystal structure of ZnBDPp.aa

(op in DMF) identified as [Zn(bdp)].: (c) view along c axis, (d) Fo-Fc map in the ab plane. Crystal structure of ZnBDPg,aa (measured in DMF) identified as BUT-58: (e) view along ¢ axis,
(f) Fo-Fc map in the ab plane. Wight — H, grey - C, dark blue — N, green — Ni, pale blue —Zn, yellow and purple — disordered solvent. Fo-Fc maps: positive values — blue; negative values

—red.

nickel atoms is expected to change from square planar to
tetrahedral, analogous to the isostructural [Co(bdp)]n.83 Thus,
strongly coordinating agents may delay the op to narrow pore
(np) transition of [Ni(bdp)]ln during desorption. Furthermore,
this site can play a key role in conductivity and catalysis.8485 It is
likely that the residual DMF, observed in NiBDPp.g+aa (discussed
in detail later) is coordinated to these specific sites.

In the structure of [Zn(bdp)],, electron density arising from the
solvent inside the pores was observed in chain-like structures
close to the corners of the square-shaped 1D pore channels
(Figure 10d). Here, no close contacts with the Zn metal were
observed, in contrast to the [Ni(bdp)].. This can be of particular
interest for separating or synthesizing linear chain polymers
inside the MOF.86

In the structure of BUT-58, electron density, which does not
belong to the framework, is found in the pore along the ¢
direction (Figure 10f). These findings align with a previous study
on BUT-58.3> Since the solvent molecules in the pores of the
material in our study are much smaller than the previously
studied benzene, the observed electron density is less localized.

Nitrogen physisorption, thermogravimetry and composition
analysis

To fully assess the quality of the materials synthesized under the
newly discovered conditions, nitrogen physisorption,
thermogravimetric analysis (TG), IR spectroscopy and *H-NMR
of the digested samples were employed. Nitrogen physisorption
on microporous materials offers a fingerprint-like insight into
pore sizes, pore structure, and total pore volume, which is
indispensable to confirm the quality of the new MOF materials
compared to the literature-known ones. TG offers insight into
framework defects or undesired side-phases. The composition

This journal is © The Royal Society of Chemistry 20xx

of the phases was confirmed through IR spectroscopy, and
digestion experiments allowed solvent contamination to be
ruled out. The obtained physisorption results are summarized
in Figure 11 and S20, ESI. While the total uptake and general
shapes of all isotherms are comparable, the flexible [Ni(bdp)]n
and [Zn(bdp)]. phases show a sensitivity of the materials to
crystal size, shape, and surface termination, which manifests in
shifted adsorption and desorption steps in the corresponding
isotherms. No clear trend linking the crystal size to their
adsorption behavior could be observed. This open question will
be elucidated further in the future using in situ adsorption
studies. Nonetheless, the nitrogen physisorption demonstrates
that the materials obtained from the green syntheses in pure
BuOH, and in BUOH+AA mixtures are on par with the materials
obtained from the DMF-based literature known procedure
regarding pore volume (Tables S14 - S16). Moreover, the usage
of the ternary DSS (DMF+BuOH+AA), while influencing the
crystal shape and size, does not negatively affect the adsorption
properties.

Thermogravimetric
compounds confirmed the absence of undesired side phases in
all cases except for the long NiBDPp.s:aa synthesis, which
demonstrated a higher-than-expected residual mass (Figure S4
and S5, ESI). This phase also contains DMF within the structure,
as confirmed by IR and *H-NMR spectroscopies (Figure S23 and
S28, ESI). In all other cases, the amounts of combusted linker
and remaining metal oxide were in good agreement with the
expected theoretical values and no residual solvents were
detected in the digestion experiments. All NiBDP samples did
not demonstrate thermal decomposition up to at least 350 °C,
while the ZnBDP samples remained stable up to at least 400 °C.

measurements conducted on all

J. Name., 2013, 00, 1-3 | 11
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This underlines again the exceptional stability of the pyrazolate
MOFs.

Besides the MOFs, the mother liquors after MOF synthesis were
analyzed via H-NMR (Figures S26 and S27). Furthermore, the
solid residue in the solvents was quantified by complete
evaporation (Table S17). The metal content in the mother
liquors was quantified with ICP OES (Table S17). The analyses
demonstrate that the esterification reaction occurs as predicted
even in presence of DMF (Compare to Figure S3). No residual
linker could be detected in the mother liquor. The DMF
containing synthetic mixtures demonstrated measurable
amounts of DMF decomposition products, such as formic acid
and formats, rendering them virtually unusable. The solid
residual mass after complete evaporation was determined to be
below 1 wt.% for all samples. The metal content determined via
ICP OES is even lower at approx. 0.1 wt.% after completed
reaction. Thus, the purity of the employed solvent is adequate
for further utilization of the value-added esterification products
for reactions without DMF.

@) .

30+
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e 20+ .
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:‘:& 15+ .
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:::§ - NiBDPB+AA, 3.5M AA
5 —— NIiBDPp,g.an 4
NiBDP,
10° 10* 102 102 10" 10°
P/,
(b) . . ‘ ‘ ‘ :
30 | [Zn(bdp)], theoretical uptake N,, 77 K
\ ZnBDP
o 251 B .
© = ZnBDPgypa, 35 man
E 20 -+ ZNBDPp.gip 1
= ZnBDP,
>leurss '
“’%,- 10 L theoretical uptake . i
<
5 /"’ﬁ ]
0 z X ey ars e e ETA | I !
107° 10" 102 10?2 107" 10°
P/Py

Figure 11. Nitrogen physisorption isotherms at 77 K represented in semi-logarithmic
scale of: (a) [Ni(bdp)], and (b) [Zn(bdp)], from different syntheses and washed with
NMP/DMF. Theoretical uptakes of the corresponding phases calculated using Mercury
software &7 are indicated as dashed lines. Adsorption — filled symbols, desorption — open
symbols.
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Sustainable washing procedure View Article Online

All previously discussed MOF materials w%?é W&é‘ﬁ%@éﬁﬁ?%\?ﬁﬁﬁ
and DMF, a solvent combination that has proven to efficiently
dissolve residual linker and metal salts, thus providing
reproducible outcomes with low experimental effort. These
solvents, however, do not adhere to the green chemistry
principles mentioned earlier for DMF. NMP faces similar
restrictions due to its health hazards.>> To circumvent the
necessity of using these restricted solvents, two alternative
washing procedures were developed. The MOF phases,
synthesized without DMF (NiBDPgs, NiBDPg.aa, ZNBDPg, and
ZnBDPg.aa) Were subjected to those procedures and compared
in terms of their physisorption properties with the materials

washed in NMP/DMF.

In the first approach, DMSO and ethanol were utilized, and the
product was washed at room temperature. DMSO provides
sufficient solubility for both H,bdp and the metal precursors; its
very high boiling point represents a significant drawback upon
desolvation of the MOF.

The second approach is based entirely on the already
ubiquitously used butanol. Butanol does not dissolve the H;bdp
sufficiently at room temperature; however, the solubility
measurably increases at elevated temperatures. Therefore, the
synthesized MOF materials were subjected to Soxhlet
extraction using butanol.

The materials obtained from both approaches were thermally
activated, following the same protocol as after standard
NMP/DMF washing.

The samples obtained after sustainable washing procedures
show comparable nitrogen uptakes to those of materials
washed with NMP/DMF (within the typical error margin, Figure
$22).

A comparison with published nitrogen physisorption data
reveals that the spread of reported pore volumes for the same
materials is quite noticeable, even for those obtained under
identical synthetic conditions (Tables S14 - S16).21.358588-91
Moreover, the average values of pore volumes determined in
this study ([Ni(bdp)]n: 0.859 * 0.045 cm3/g; [Zn(bdp)].: 1.003 +
0.038 cm3/g; BUT-58: 0.418 + 0.042 cm3/g)
agreement with the calculated data (Tables S14 - S16), thus
confirming the excellent reproducibility and reliability of the

are in excellent

DSS approach.

Conclusions

A novel concept for solvothermal MOF synthesis in an
inherently reactive solvent mixture, coined Dynamic Solvent
System (DSS), was developed and evaluated for prototypical
high-performance nickel and zinc pyrazolate MOFs. 1-Butanol
was found to be an effective green substitute for DMF in the
solvothermal synthesis of pyrazolate MOFs, while acetic acid
was successfully employed as a modulator. The esterification
reaction of 1-butanol with acetic acid was kinetically studied as

This journal is © The Royal Society of Chemistry 20xx
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a model DSS in which DMF could be used as a water-scavenging
agent. The DSS approach enabled the synthesis of [Ni(bdp)]n,
[Zn(bdp)]n, and BUT-58 for the first time in a solvent abiding by
the principles of green chemistry while offering materials with
high crystallinity, purity, and yield, large crystal sizes, size
control, and excellent adsorption properties. Tuning the DSS
system was revealed to be a powerful methodology for
deliberate control of crystal size and shape. Based on this
discovery, for the first time, single-crystal X-ray structures of
[Ni(bdp)]n could be determined, providing novel insights into
preferred adsorption sites. Coupled with the proposed
sustainable washing procedures, which eliminate the need for
DMF for the three MOFs, the developed DSS approach may
pave the way for the industrial application of pyrazolate-based
MOF materials.
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supplementary crystallographic data for [Ni(bdp)],, [Zn(bdp)], and BUT-58. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif. Physisorption data are available in *.aif format as SI.
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