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The topological metal—organic framework isomers MIL-53 and MIL-68 form from similar educts but differ
in their pore geometries. They have been known for several years, but their synthesis is always reported
separately. In consequence, the underlying mechanism and decisive synthesis parameters leading to the
formation of either MIL-53 or MIL-68 are not understood. The present study shows how to induce the
formation of MIL-68(Al) rather than MIL-53(Al) at low synthesis temperatures in N,N-dimethylformamide
(DMF) using a modulated synthesis approach. MIL-68(Al) is identified as the intermediate product of
formic acid modulated synthesis, which converts into the thermodynamically stable MIL-53(Al) product
at longer synthesis times. The interactions of formic acid with the synthesis precursors responsible for
inducing MIL-68(Al) formation are investigated with in situ Raman and FTIR spectroscopy. In contrast to
the commonly assumed modulation mechanism of competitive coordination of linker and modulator
with the metal node, formic acid is shown to form hydrogen bonds via the carboxylic group of the
terephthalic acid (H,BDC) linker, slowing prenucleation building unit and subsequent crystal growth.
MIL-68(Al) formation is favored by the combination of a deficiency of terephthalic acid in solution and
a slow MOF growth rate. Dissolved H,BDC in solution is proposed to hinder MIL-68(Al) formation by
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1. Introduction

Metal-organic frameworks (MOFs) have been the subject of
intense research interest in the past two decades." Their
extremely high surface areas, highly-organized micropore
networks, wide range of geometries, dynamic framework effects
and ease of functionalization make them promising candidates
for a variety of applications in the fields of gas adsorption,
separation** and storage,*® catalysis,*” luminescence,® drug
delivery>'® and sensing." However, the underlying formation
mechanism and effect of synthesis conditions on the resulting
MOF structures are often not well understood.

Mechanistic understanding of the relationship between
synthesis conditions and the resulting MOF polymorph
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serving as a molecular template for the rhombic MIL-53(Al) pore channels.

structures is necessary to rationally synthesize tailor-made
MOFs for specific applications."”” Gascon et al. demonstrated
with in situ small-angle X-ray scattering (SAXS) and energy
dispersive X-ray diffraction (EDXRD) the role of water in
promoting the formation of the thermodynamically stable NH,-
MIL-53(Al) product rather than the kinetically favored NH,-
MOF-235(Al) and NH,-MIL-101(Al) products formed in N,N-
dimethylformamide (DMF) from amino-functionalized tereph-
thalic acid (H,BDC-NH,) linker.**"** Haouas et al. demonstrated
with in situ liquid-state *’Al- and "H-NMR measurements that
the formation pathways leading to the MIL-96, MIL-100 and
MIL-110 Al trimesate structures are determined by the synthesis
pH, which influences the preferential formation of various
intermediate prenucleation building unit (PNBU) species.'® The
preferential formation of MIL-88B(V) rather than its framework
isomer MIL-101(V) in the presence of HCl and the irreversible
transformation of both structures into the thermodynamically
stable MIL-47(V) product was investigated by Carson et al.'’
MOF isomers are assembled from the same secondary building
units and organic linkers but have different framework
structures.

In this study, in situ Raman and FTIR spectroscopy is used to
gain understanding of the synthesis parameters and conditions
to preferentially obtain the MIL-68(Al) structure rather than its
more-studied framework isomer MIL-53(Al). MIL-68 and MIL-53

This journal is © The Royal Society of Chemistry 2020
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are both composed of trans MO,(OH), octahedra chains, con-
taining Fe, In, Ga, V or Al metal centers, connected by hydroxyl
groups and terephthalate ligands. The MOFs are synthesized
from similar educts, but differ in their network connectivity and
properties. MIL-53 contains rhombic pore channels with
a diameter of 8.5 A in its large pore form,'®'* while MIL-68 has
a Kagomé topology containing both 6.0-6.4 A triangular and 16—
17 A hexagonal channels.?** The MIL-53 framework is flexible
and undergoes a so-called “breathing” upon absorption of guest
molecules.'®?** MIL-68 is a rigid MOF, especially interesting for
separation applications due to its two distinct pore sizes.****
Both MIL-53 and MIL-68 have been synthesized and studied for
potential applications by research  groups.”>*¢
Aluminum-based MOFs are especially interesting due to their
high thermal stability (>500 °C) and relatively low synthesis
costs.”” While many reports exist on the synthesis of MIL-53(Al)
with AI’* as the metal center,'®?*3 the synthesis of MIL-68(Al) is
more challenging.®* Often, the synthesis protocols for MIL-
68(Al) result in a mixture of MIL-53(Al) and MIL-68(Al).**
Consequently, the decisive parameters leading to the formation
of either MIL-53(Al) or MIL-68(Al) under different synthesis
conditions are not understood.** Recently, Wu et al. reported
that increasing the metal to linker ratio during MIL-68(In)
synthesis from NH,-, Br-, and NO;-H,BDC induced the
formation of MIL-68(In) rather than MIL-53(In).*

To investigate this framework isomerism, we chose a modu-
lated synthesis approach. The addition of monocarboxylic acid
modulators during MOF synthesis has been shown in
numerous studies to influence and control the particle size and
shape,**** and sometimes to increase the reproducibility, crys-
tallinity and surface area of the targeted MOF structures.***
The modulation capabilities of formic acid are heavily depen-
dent on the chemical environment and system under investi-
gation.*®** Generally, they are believed to influence MOF
synthesis by either lowering the local pH and decreasing the
linker deprotonation rate, or by competitively coordinating with
the metal center in place of the linker and slowing down MOF
nucleation.*****® However, the formation of such competitive
coordination species in solution and effect of carboxylic acids
on the development of intermediate species that combine and
reassemble to form the final MOF products have, to the best of
our knowledge, not yet been directly studied with in situ
synthesis monitoring methods.

several

2. Experimental section
2.1 MIL-53/MIL-68(Al) synthesis

Terephthalic acid (=98%, Merck Chemicals GmbH), Al(NO3);-
-9H,0 (=98%, Carl Roth GmbH + Co), DMF (=99.5%, Carl Roth
GmbH + Co), Na,BDC (=99%, Alfa Aesar), NaHC(O)O (=98%,
Alfa Aesar), HNO; (=65%, Carl Roth GmbH + Co) and formic
acid (=99%, Analor normapur) were purchased from commer-
cial suppliers and used without further purification.
MIL-53(Al) and MIL-68(Al) were synthesized in a 1.5 liter
Biichi Versoclave Type 3E reactor described in previous
studies.*® 0.165 M of terephthalic acid (H,BDC) and 0.33 M of
Al(NO3);-9H,0 were first stirred for at least 30 min in a 0.5 1
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DMF-based solution, which for some synthesis contained
2.5 mol 17" formic acid. The addition of 2.5 M formic acid to
0.165 M terephthalic acid dissolved in DMF caused the solution
to become slightly turbid. The mixture was then decanted into
the reactor and heated over 4 h to the desired synthesis
temperature (50-100 °C) under constant stirring conditions
(240 rpm). After synthesis, the reactor was cooled to room
temperature. The product as washed in ethanol with three
centrifugation and redispersion cycles prior to particle charac-
terization. Part of the product was calcined at 400 °C for 18 h to
remove unreacted organic linker and solvent molecules from
the pores.

2.2 Product characterization

Raman spectra of the synthesis solution were acquired every
3 min with a Wethead™ liquid-phase probe and Kaiser Optics
RAMANRXN1 analyzer system. Measurements were taken with
a 0.5 W 785 nm laser between 175-3425 cm™ "' with a 2 min
exposure time and resolution of 4 cm ™. The integrated areas of
the (vCC + 6CH) MIL-53(Al) band at 1148 cm™ " and 6(COO")
PNBU band at 780 cm™ " (ref. 28, 41 and 42) were converted to
their equivalent areas at 25 °C, as described elsewhere.”®
Fourier-transform infrared (FTIR) spectra were acquired during
synthesis every 5 min with an art photonics diamond attenuated
total reflection tip connected to a Bruker Instruments Matrix
MF system. Measurements with a resolution of 4 cm™" were
taken between 700 and 1900 em ™' from 32 accumulated scans.

A Gemini SEM 500 scanning electron microscope (SEM) was
operated at 1 kV to obtain images of the MOF particles. A milky
white MOF suspension in ethanol was dropped onto a silicon
wafer for imaging. The average length and standard deviation
along the longest length direction of at least 200 particles was
measured with the Image]J software. N, sorption isotherms at 77
K were measured with a Micromeritics ASAP 2010 sorption
analyzer. Samples were outgassed for 20 h at 250 °C prior to the
measurements. The procedure of Rouquerol et al. was used to
select the relative pressure range for the Brunauer-Emmett-
Teller (BET) area calculations.”® For X-ray diffraction (XRD)
measurements, a PANalytical Empyrean diffractometer with
a CuKa X-ray source operated at 40 kV und 40 mA was
employed. An angular 26 range from 3 to 50°, a scan step time of
47.6 s and step size of 0.00179° was used. For thermogravi-
metric analysis (TGA) measurements in air, a TA Instruments
TGA 2950 employing a heating ramp of 5 K min™~" was used. Ex
situ Fourier-transform infrared (FTIR) spectra were taken with
a JASCO FT/IR-4100 spectrometer and Pike Technologies Glad-
iATR attenuated total reflection unit. 16 scans with a resolution
of 4 em ™" were accumulated.

3. Results and discussion

3.1 Particle properties

MIL-53(Al) and MIL-68(Al) were synthesized from a H,BDC and
Al(NO3);-9H,0 solution in DMF with and without 2.5 M formic
acid modulation heated to 100 °C and 80 °C for 17 h and to 60 °C,
55 °C and 50 °C for 90 h. The heating time was extended at the
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lower synthesis temperatures to allow MOF formation to reach
completion and to enable extraction of kinetic data. Unmodulated
synthesis at temperatures between 50 and 100 °C resulted in the
formation of MIL-53(DMF) with DMF in the pores, as indicated by
the characteristic XRD reflexes at 26 = 9.1°, 10.0° and 18.3° in
Fig. 1a.

In contrast, a mixture of MIL-53(DMF) and MIL-68 (20 = 4.8°,
8.4° and 9.7°) formed from synthesis with 2.5 M formic acid
modulation. 2.5 M was identified as the optimal formic acid
concentration to induce MIL-68(Al) formation (Fig. S41). A large
excess of formic acid with respect to H,BDC (0.165 M) and
Al(NOs);3-9H,0 (0.33 M) was required for MIL-68(Al) formation
to occur. When the synthesis temperature was lowered from
100 °C to 55 °C upon modulation with 2.5 M formic acid, the
fraction of MIL-68 in the product increased continuously
(Fig. 1a). Almost phase pure MIL-68(Al) was formed at 55 °C.
Views of the crystal structures of MIL-53(Al) and MIL-68(Al) and
their Al octahedra chains are compared in Fig. 1b.

Unmodulated synthesis in DMF at 50 = T'= 100 °C resulted
in the growth of nanoplatelets < 100 nm in length (Fig. 2a—c).
Furthermore, the N, isotherms of the product of unmodulated
syntheses had a pronounced gas uptake at p/p, > 0.9 from N,
condensation in the interstitial voids between the nanoparticles
(Fig. S51). Modulation with 2.5 M formic acid results in
a dramatically increased particle size. Elongated oval-shaped
particles around 2 pm in length were formed upon formic
acid modulation at 55 = T = 100 °C (Fig. 2d-f). Due to the larger
particle size, the N, sorption isotherms of the samples synthe-
sized with formic acid modulation had no additional uptake at
DIpo > 0.9 (Fig. S51). The BET areas of the samples determined
via N, sorption were all between 1050 and 1470 m” g~ " (Table
S1t).
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The product of 2.5 M formic acid modulated synthesis at
55 °C was isolated after various synthesis times and subjected to
heating at an elevated temperature (120 °C) to test if one of the
two MIL isomers was the intermediate product and the other
the thermodynamically stable product. The (»CC + 6CH) Raman
MOF band at 1148 cm ™' began to form after 40 h of heating,
reached its maximum intensity after 65 h, and then remained
constant for the remainder of synthesis (Fig. 3a). MIL-53(Al) and
MIL-68(Al) were confirmed to both share identical Raman and
FTIR bands (Fig. S2 and S37). Fig. 3b and c shows the typical
evolution of the (vCC + 6CH) band at 1148 cm ™' and the PNBU
0COO™ at 785 cm ™', respectively, at 80 °C monitored by Raman
spectroscopy.

Poorly crystalline MIL-68(Al) was isolated at the onset of
MOF formation after 42 h of heating, as visible in the corre-
sponding XRD pattern (Fig. 3d). The XRD patterns indicate an
increase in MIL-68(Al) crystal coherence length, coinciding with
an increase in particle size (Fig. 4), between 42 and 90 h.
Between 90 and 164 h, the MIL-68 XRD reflex intensity
decreased while a shoulder at 20 = 9.1 from MIL-53(DMF)
containing DMF molecules in the pores appeared. This indi-
cates that, between 90 and 164 h, part of the MIL-68 product was
converted into MIL-53. Similar conclusions were drawn from
a temperature study, where the reaction solution after 164 h
synthesis at 55 °C, containing mostly MIL-68(Al) and a small
amount of MIL-53(DMF), was heated to 120 °C for an additional
48 h. After heating the solution at 120 °C, the MIL-68 reflexes
shrank and the MIL-53 reflexes increased in intensity as MIL-68
was further converted into the MIL-53 phase (Fig. 3d).

The washed (three times centrifuged in ethanol) product at
the onset of MIL-68(Al) formation after 42 h and also after 90 h
contained only water in the pores, as shown by the

Unmodulated

HC(O)OH modulated
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Fig. 1

(a) XRD patterns of the products from synthesis in DMF at various temperatures both without and with 2.5 M formic acid modulation. § =

MIL-68(Al). (b) Diagrams of the MIL-53(Al) and MIL-68(Al) crystal structures.
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Fig.2 SEM images of MOF particles synthesized in DMF without formic acid modulation at (a) 100 °C (17 h), (b) 80 °C (17 h) and (c) 60 °C (90 h),
and with 2.5 M formic acid modulation at (d) 100 °C (17 h), (e) 80 °C (17 h), (f) 55 °C (90 h).

corresponding IR bands at 989 cm ™' from §(OH) of the bridging
OH groups in the MOF,*>** the absence of IR bands from DMF
or H,BDC in the pores at 1670 or 1699 cm™ ', respectively
(Fig. 3e) and the presence of a weight loss below 100 °C in the
TGA profiles (Fig. S6at). The intensity of the 6(OH) IR band is
known to be remarkably reduce in the presence of DMF, as re-
ported by Kriesten et al.** The unwashed product of the 42 h
synthesis, however, contained DMF in the pores. This is indi-
cated by the FTIR band assigned to the carbonyl group of DMF
at 1670 cm ' and the TGA weight loss centered at 140 °C in
Fig. S7.1 The pores of MIL-68(Al), thus, initially form around
DMF molecules rather than around H,BDC molecules, as has
been previously reported to be the case for MIL-53(Al).***®* While
the flexible pores of MIL-53(Al) strongly adsorb to guest mole-
cules and prevent their removal during the washing step,® the
rigid MIL-68(Al) pores do not adsorb guest molecules, which are
evidently removed during centrifugation in ethanol. The
appearance of a band in the FTIR spectra at 1660 cm ' assigned
to the carbonyl group of DMF and a weight loss centered at
140 °C in the TGA profiles (Fig. S61) in the mixed MIL-53/MIL-
68(Al) product isolated after heating at 120 °C indicates that
the newly formed MIL-53(Al) phase contained DMF in the pores,
even after washing.

The MIL-68(Al) product isolated after 42 h heating at 55 °C
consisted exclusively of egg-shaped particles with a length of = 0.5
pm. These grew into 2 um long ribbed particles after 90 h (Fig. 4).
The product of 164 h synthesis, which was mostly MIL-68(Al), was
likewise composed only of 2 um long ribbed particles. After heat-
ing the synthesis mixture for 48 h at 120 °C, the mixed MIL-53/MIL-
68(Al) product contained smaller particles with a smooth texture in

This journal is © The Royal Society of Chemistry 2020

addition to the afore-mentioned 2 pm long ribbed particles. Also, it
was possible to observe particles with smooth surfaces branching
off the ribbed particles (Fig. 4, black frame). The fact that the
partial conversion of MIL-68(Al) into MIL-53(Al) is accompanied by
the formation of new particles exhibiting a different morphology
suggests that the conversion occurred through a particle
dissolution-recrystallization process rather than a solid-phase
rearrangement.

Thus, it has to be assumed that MIL-68(Al) is the kinetically
favored intermediate product and MIL-53(Al) the thermody-
namically stable product of formic acid modulated synthesis in
DMF. The additional steric strain acting on p-OH groups
confined in the small triangular pores of the MIL-68(Al) struc-
ture (depicted in Fig. S8%) results in a lower thermal stability of
this phase compared to MIL-53(Al). The relationship between
MIL-68(Al) and MIL-53(Al) appears analogous to that previously
determined by Gascon et al. for the kinetically favored inter-
mediate NH,-MIL-101(Al) and thermodynamically stable NH,-
MIL-53(Al) phases.”®™ An intermediate NH,-MIL-235 phase
formed prior to NH,-MIL-53(Al) was also reported to convert to
NH,-MIL-53(Al)  through a  dissolution-recrystallization
process.*

3.2 In situ synthesis monitoring

To shed light on the mechanism by which formic acid induces
the formation of MIL-68(Al) micro-particles rather than MIL-
53(Al) nanoplatelets, the synthesis solution was studied with
in situ Raman and FTIR spectroscopy. The framework isomers
MIL-53(Al) and MIL-68(Al) were confirmed to share identical
FTIR and Raman bands (Fig. S2 and S37).

RSC Adv, 2020, 10, 7336-7348 | 7339
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(a) Area of the in situ Raman (#¥CC + 6CH) MOF band during formic acid modulated synthesis at 55 °C. Black lines indicate the studied

synthesis times. (b) and (c) Raman spectra of the reaction mixture at 80 °C. (d) XRD patterns, and (e) FTIR spectra of samples of formic acid
modulated synthesis at 55 °C after (1) 42 h, (2) 90 h, (3) 164 h heating and (4) after an additional 48 h heating at 120 °C. § = MIL-68. x = MIL-

53(DMF). {) = MILIDMF). 0 = MIL(H,0).

The first step of MIL-53(Al) synthesis was identified in
a previous study as the coordination of the metal center with the
H,BDC linker to form intermediate AI-HBDC prenucleation
building unit (PNBU) complexes dissolved in solution, followed
by the assembly and rearrangement of the PNBUs into MIL-
53(Al).>® The temporal evolution of the characteristic Raman
bands of §(COO™) of the intermediate PNBU species and (vCC +
0CH) of the MOF product for both unmodulated and formic
acid modulated synthesis is compared in Fig. 5. Formic acid
modulation caused both PNBU formation and crystallization to
begin significantly later and occur at a slower rate than for
unmodulated synthesis at the corresponding synthesis
temperatures. Modulation with monocarboxylic acids was
likewise shown in studies of Zr MOF and MIL-101(Cr) synthesis
to decrease the MOF growth rate and promote the formation of
larger particles.’**

As shown in the Raman profiles, the accumulation of PNBUs
prior to the precipitation of the MOF was significantly reduced
upon formic acid modulation (Fig. 5). The kinetic growth rate
constants and activation energies of both PNBU and MOF
formation were calculated using the Avrami and Arrhenius

7340 | RSC Adv, 2020, 10, 7336-7348

equations (Fig. S9t) as described in a previous study.”® The
calculated PNBU activation energy of formation increased from
66 &+ 3 k] mol™* to 77 &+ 3 k] mol™' upon modulation with
formic acid (Table 1). In contrast, the activation energy of the
MOF formation, which was determined to around 90 kJ mol ™%,
remained unaffected by formic acid modulation. The increase
in PNBU formation energy and constant MOF formation energy
upon formic acid modulation indicates that formic acid affects
the synthesis by influencing the formation of intermediate
species predominantly in the early stages of MOF formation.

The increase of the activation energy of PNBU formation
from 66 to 77 k] mol " upon formic acid modulation evidently
caused a lower concentration of PNBUs to be present in solution
when the 90 k] mol " activation energy of MOF formation had
been reached. This reduced the nucleation rate and favoured
the growth of larger particles compared to the unmodulated
synthesis.

Unmodulated synthesis at 50 °C, with a kinetic formation
rate constant of 0.10, resulted in formation of phase pure MIL-
53(Al) product. Formic acid modulated synthesis at 80 °C had
a significantly higher kinetic MOF formation rate constant of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEM images of the MOF product after 42, 90, and 164 h synthesis at 55 °C and after an additional 48 h heating at 120 °C.
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modulation.
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Table1l Inductiontime before the onset of PNBU formation, maximum in situ area of the characteristic Raman PNBU band, and calculated PNBU
and MOF growth rate constants and activation energies of formation and particle size for synthesis in DMF with and without formic acid
modulation

T/°C t, PNBU/h Max band area/a.u. E, PNBU/K] mol™* kvor/h ™t Myror/— E, MOF/k] mol™*
Ref. 50 1.8 3800 66 £ 3 0.10 1.3 90 £ 8

60 0.8 3900 0.22 1.4

80 0.4 4200 1.5 1.0
HC(O)OH mod. 60 6.0 1400 77 £ 3 0.10 1.3 91 +5

80 4.0 1000 0.55 1.3

100 3.8 800 3.69 1.0

0.55, but nevertheless resulted in the growth of a MIL-68/MIL-
53(Al) phase mixture. Therefore, the formation of MIL-68(Al)
rather than MIL-53(Al) at low synthesis temperatures upon
formic acid modulation cannot be ascribed solely to the
reduced MOF formation rate. Instead, specific interactions
between formic acid and either the metal center or the H,BDC
linker are believed to change the synthesis solution properties
to trigger MIL-68(Al) formation.

MIL-53(Al) was synthesized in the presence of 33 mM of
nitric acid to introduce the same proton concentration in
solution as during modulation with 2.5 M of formic acid in
order to test if the modulation capabilities of formic acid are
caused by a decrease in local pH. To minimize the measurement
time of the in situ Raman device, the synthesis was carried out at
80 °C (17 h) rather than 55 °C (90 h). The amount of water added
to the synthesis mixture through the addition of 33 mM of
65 vol% nitric acid (0.37 ml water to 500 ml reaction solution)
was negligible in comparison to the 27 ml water in solution
originating from the Al(NO;);-9H,0 salt. MIL synthesis with
33 mM nitric acid resulted in the formation of MIL-53(DMF)
nanoplatelets and no change in the PNBU or MIL-53(Al)
growth profile as compared to the reference synthesis without
acid addition (Fig. S10t). This indicates that the formic acid
modulation mechanism is not driven by a drop in solution pH.

Next, in situ Raman spectroscopy was employed to test if
formic acid competitively coordinates to the AI** center or if it
rather interacts with the H,BDC linker. Both interactions are
possible, but only the former was discussed by other
authors.?****° However, it was not possible to differentiate
between terephthalate and formate coordinated to AI** with
Raman spectroscopy. Solutions of Al(NOj3);-9H,0 mixed with
either Na,BDC or NaHC(O)O in DMF both contained an iden-
tical Raman band at 780 cm™* from 6(COO~) [AI-HBDC] or
4(CO07) [AI-HC(0)O], respectively (Fig. 6a).2®

To compare the relative coordination rates of both tere-
phthalate and formate with AI**, Raman spectra were collected
during a blank experiment where 0.33 M Al(NO;);-9H,0 was
heated to 80 °C in DMF in the presence of either 0.165 M of
H,BDC or 0.165 M or 2.5 M of formic acid. In all three cases,
a Raman band at 780 cm ™' from §(COO™) of the complexes [Al-
HBDC] or [Al-HC(0)O] formed after a certain induction period
and grew linearly in intensity with time (Fig. 6b). In the H,BDC-
containing solution, the §(COO™) Raman band appeared a few
hours earlier than and increased at about 6.6 times the rate of
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the §(COO~) Raman band observed in the solution with 0.165 M
formic acid. This indicates that terephthalate coordinates much
more rapidly than formate with Al>*, even when the formic acid
concentration (2.5 M) was much higher. This observation can be
explained by the higher tendency of terephthalic acid to
deprotonate compared to formic acid. The pK,,; of H,BDC (3.5)
is lower than that of formic acid (3.8).** Although the blank
heating experiments were carried out in the aprotic solvent
DMF, it must be noted that the solutions contained 3 M of water
from the hydrated aluminum salt. Thus, the water molecules in
solution should be able to accept protons from the carboxylic
acid groups.

Terephthalate and formate coordinated to AI’** can be
differentiated from one another with FTIR spectroscopy. When
formate is coordinated to Al**, the FTIR §(COO~) vibration
mode undergoes band splitting due to crystal field effects.*® In
consequence, the DMF solution of Al(NO;);-9H,0 and NaHC(O)
O contained two FTIR bands at 773 and 790 cm ™" from 6(COO™)
of the complex [AI-HC(O)O] (Fig. 7a). The presence of two such
bands from a COO™ vibrational mode of formate coordinated to
aluminum were previously confirmed in both inelastic tunnel-
ling spectroscopy and FTIR studies.** In contrast, Al(NO;),-
-9H,0 mixed with Na,BDC in DMF exhibits only one FTIR band
at 780 cm ™" from 6(COO™~) of the PNBU [AI-HBDC] (Fig. 7a).2®
The 6(COO~) PNBU [AI-HBDC] band presumably does not
undergo splitting because the benzene ring stabilizes HBDC,
causing terephthalic acid to form a weaker coordination
complex with Al**compared to formic acid.

During formic acid modulated MOF synthesis at 80 °C, an
intermediate FTIR band at 780 cm™ " from the PNBU [AI-HBDC],
but no bands at 773 or 790 cm ™~ from [A-HC(O)O] are formed
(Fig. 7b). The much faster coordination rate of H,BDC than
formic acid to AI** coupled with the absence of characteristic in
situ FTIR bands from a [Al-HC(O)O] coordination complex
during formic acid modulation raises doubts that MIL-68(Al)
formation is caused by competitive coordination between the
modulator and the linker with the AI** metal center.

Formic acid was instead observed in the Raman spectra to
form double hydrogen-bonds with the carboxylic acid group of
the linker H,BDC. Aromatic carboxylic acids are known to form
strong double H-bonds, strengthened by m-conjugation, with
one another in solution.”” The estimated double H-bonding
energy of the benzoic acid dimer, which resembles H,BDC
with only one carboxylic acid group, is —13.9 k] mol ' whereas

This journal is © The Royal Society of Chemistry 2020
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that of the formic acid dimer is —12.9 k] mol~'.** Adding 2.5 M
of formic acid to 0.33 M of H,BDC in DMF caused the intensities
of the H,BDC Raman ring breathing doublet bands at 814 and
826 cm ™' and the »(CC) band at 1612 cm ™ to decrease (Fig. 8a).
New red-shifted bands formed in their place at 833 and
1633 cm ', Similar Raman band positions were previously
detected for H-bonded H,BDC in water. Therefore, the red shift
of the Raman H,BDC bands upon addition of formic acid is
attributed to the formation of H-bonding complexes between
H,BDC and formic acid. Upon addition of 2.5 M of formic acid
to 0.33 M of H,BDC in DMF, the initially clear solution turned
turbid. No new resonances appeared in the ">C-NMR spectra,
allowing chemical reactions between H,BDC and HC(O)OH to
form a new species to be ruled out (Fig. S117).

H-bonding between H,BDC and formic acid was directly
observed in situ during formic acid modulated synthesis from
0.66 M of Al(NO3);-9H,0 and 0.33 M of H,BDC. Intense Raman
bands at both 1614 and 832 ecm ™! from H,BDC H-bonded with
formic acid were present in the precursor solution prior to
heating (Fig. 8b, step 1). After 3.5 h of heating, these bands
decreased in intensity and shifted to lower wavenumbers, viz.
closer to the position of free H,BDC (Fig. 8b, step 2). PNBU
formation did not begin until after 5 h, at which point the
Raman H,BDC ring breathing bands had almost completely

Ex situ: [AI-HC(O)O] —— [AI-HBDC]
o i \-
8l & 5co0 I
g
£ é
9]
c
)
'_.
840 820 800 780 760 740

Wavenumber / cm™

Fig. 7
formic acid modulated synthesis in DMF at 80 °C.

This journal is © The Royal Society of Chemistry 2020

shifted to the position of non H-bonded H,BDC vibrations
(Fig. 8b, step 3).

Fig. 9 depicts the two possible pathways of formic acid
modulation - hydrogen bonding with the H,BDC linker and
competitive coordination with the AI** metal center. As indi-
cated in Fig. 6a, both formate and terephthalate coordinated to
AI’" exhibit an identical 6(COO~) Raman band at 780 cm™ .
Therefore, if synthesis modulation occurs due to competitive
coordination, the maximum intensity of the intermediate
6(COO™) Raman band during MIL-68/MIL-53(Al) formation
should remain unaffected. In contrast, the H-bonding carbox-
ylic groups do not show a §(COO~) Raman band at 780 cm ™. H-
bonds between H,BDC and formic acid increase the activation
energy and slow the rate of PNBU formation, but do not affect
the self-assembly rate of PNBUs into the MOF framework. This
causes reduced PNBU accumulation prior to MOF precipitation
and should result in the formation of a less pronounced inter-
mediate 6(COO~) Raman band prior to the onset of MOF
growth. Indeed, the 6(COO ) Raman band intensity at 780 cm "
is reduced by about 66% during the formic acid modulated
synthesis (Fig. 5). The reduced intensity of the intermediate
6(COO™~) Raman band observed upon formic acid modulation
provides further evidence for the suggested modulation mech-
anism involving hydrogen bonding of formic acid with the

In situ: t/h---0—35-~4—5

T

(2
i/

3§ COO

s

800 780
Wavenumber / cm’’
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(a) FTIR spectra of H,BDC (blue dotted line), [Al-HBDC] and [Al-HC(O)O] in DMF. (b) FTIR spectra collected at selected time points during
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H,BDC linker rather than a competitive coordination mecha-
nism with the Al center.

3.3 Rationale for MIL-68(Al) formation

In previous studies, MIL-53(Al) was shown to initially form with
unreacted H,BDC in the pores, despite the concentration of the
DMF solvent (13 M) being much higher than that of H,BDC
(0.165 M).>® H,BDC in the pores was replaced with DMF solvent
molecules upon linker depletion in a later stage of the
synthesis. Interactions between H,BDC guest molecules and the
MIL-53(Al) framework are apparent as the pore dimensions
increase from 7.3 x 7.7 A% to 8.5 x 8.5 A% upon removal of
H,BDC from the pores.”® As previously alluded by Loiseau
et al.,'® it is likely that a portion of the unreacted linker serves as
a template in the initial formation of the rhombic MIL-53(Al)
pores. Both neutral and charged molecules are known to serve
as templating agents during the formation of zeolites, a related
family of microporous crystals to MOFs.* In contrast to MIL-
53(Al), MIL-68(Al) was observed in this study to initially form
with DMF rather than H,BDC in the pores (Fig. S71). The 6-6.4 A

triangular channels of MIL-68(Al) are too small, while the rigid
16-17 A hexagonal MIL-68(Al) pores are too large to form
around H,BDC as molecular template.

During unmodulated synthesis in DMF, the high availability
of H,BDC in solution promotes the formation of MIL-53(Al),
even at low temperatures and short synthesis times, rather
than MIL-68(Al) due to this templating function. By forming H-
bonded dimers or trimers of formic acid with H,BDC in solu-
tion, the modulator formic acid (2.5 M) could prevent free
H,BDC (0.165 M) from serving as a template for the rhombic
pores of MIL-53(Al). This triggers the formation of the kineti-
cally favored product MIL-68(Al) containing DMF rather than
H,BDC in the triangular pores at low synthesis temperatures as
depicted in the schematic of Fig. 10. In the field of zeolite
formation, the availability of species in solution acting as tem-
plating molecules have often been reported to play an impor-
tant role in determining the final crystal structure.**

Along related lines, Volkringer et al. observed the formation
of MIL-68(Ga) with DMF rather than H,BDC in the triangular
pore channels. They proposed that DMF molecules, which had

HC(O)OH coordination with H,BDC:

AP+

T 5 {

HC(O)OH coordination with Al*3:

P

{;{5’{} . R0

0 COO

— G —

0 COO

intensity unchanged (not observed)

Fig. 9 Two possible formic acid modulation mechanisms and their theoretical effect on the intermediate 6(COO™) Raman band at 780 cm ™.
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strong H-bonding interactions with the MOF hydroxyl groups,
play a templating role in the formation of MIL-68(Ga) triangular
pore channels.”" The connection between synthesis conditions
causing a H,BDC deficiency in solution and MIL-68 formation
reported here are also consistent with a study by Wu and
colleagues. They reported that an excess of metal precursor with
respect to the organic linker in the synthesis mixture caused the
formation of -NH,, -Br, and -NO, functionalized MIL-68(In)
rather than MIL-53(In).*

4. Conclusions

Formic acid modulation induces the formation of MIL-68(Al) at
low synthesis temperatures in DMF. MIL-68(Al) is identified as
the kinetically favored intermediate product of formic acid
modulated synthesis, which converts into the thermodynami-
cally stable MIL-53(Al) product after prolonged synthesis times
and elevated temperatures.

Formic acid modulation slowed both prenucleation building
unit (PNBU) formation and MOF crystallization and increased
the PNBU formation activation energy from 66 & 3 kJ mol ' to
77 + 3 kJ mol™'. Our data indicate that formic acid's modula-
tion capabilities stem from the formation of hydrogen bonds
between the carboxylic acid groups of the modulator and the
linker H,BDC rather than the commonly assumed mechanism
involving competitive coordination of formic acid with the
metal center AI>*. H,BDC is proposed to serve as a molecular
template for the rhombic MIL-53(Al) structure, which initially
forms around unreacted H,BDC molecules. In contrast to MIL-
53(Al), MIL-68(Al) initially forms with DMF in the pores. By
forming coordination complexes with H,BDC in solution, for-
mic acid could prevent free H,BDC from serving as a molecular
template for the MIL-53(Al) structure, allowing the formation of

This journal is © The Royal Society of Chemistry 2020

the kinetically favored (intermediate) MIL-68(Al) product at low
temperatures and short synthesis times.

The present study contributed to an improved under-
standing of the controlled synthesis of the two Al MOF isomers
MIL-53(Al) and MIL-68(Al). Furthermore, the methodology pre-
sented herein using in situ Raman and FTIR spectroscopy can
generally be applied to gain a better mechanistic understanding
of carboxylic acid modulated synthesis for a variety of MOF
materials.
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