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Abstract. The system AlCl3-6H20O/cis-H,CDC/trans-H>,CDC/solvent was  systematically
investigated with  high-throughput methods to study the influence of the two
1,4-cyclohexanedicarboxylate isomers (cis- and trans-HoCDC) as flexible aliphatic linker molecules
on the formation of new crystalline compounds. Using the cis-isomer the layered inorganic-organic
hybrid compound [Al(OH)(cis-CDC)] (1) is formed. The use of trans-H,CDC leads to the
microporous MOF [Al(OH)(trans-CDC)]-H20 (2) denoted CAU-13. Its framework is related to the
well known MIL-53 which was previously described for trivalent cations and rigid terephthalate
linker molecules. The crystal structures of 1 and 2 were derived from powder X-ray diffraction data.
Temperature dependent in sifu energy dispersive X-ray diffraction (EDXRD) experiments for the
synthesis of 2 were carried out at HASYLAB, DESY, Hamburg. The kinetic analysis, applying the

Gualtieri model to the experimental data, revealed Arrhenius activation energies of 76 kJ/mol for



both, the nucleation and the growth process. These values do not differ much from the activation
energies reported for MOFs with aromatic rigid linker molecules.

Introduction. In the class of inorganic-organic hybrid materials, metal-organic frameworks
(MOFs) play an extraordinary role as potential materials for gas storage or separation, as catalysts
and even drug carriers. This is due to their porosity and modular structure which allows for tuning of
their properties. Most known MOFs contain rigid aromatic di-,'- tri-*% and tetracarboxylate’- linker
molecules while MOFs build up from flexible linker molecules are still rare: V-shaped linkers

10-12 sulfonyl-'* or amine'!> 13 bridge between two aromatics allow for a rotation

bearing an oxo-,
between the aromatic rings. A larger aliphatic bridge results in even more flexible linkers.'* 1
Aluminum based MOFs are not only light-weighted and said to be non-toxic but have also proven
to be stable against hydrolysis. Unfortunately, Al-based MOFs most often can only be obtained as
microcrystalline powders. The structure determination of these compounds is challenging and often
requires the combination of different computational tools.'®2° MOFs are usually synthesized under
solvothermal reaction conditions. By employing high-throughput (HT) methods, which make use of
the parallelization, miniaturization and automation of the synthesis and characterization steps, 8- 2!> 22
large parts of the parameter fields can be systematically investigated to discover new compounds.
Reaction conditions for a known substance can also be optimized in an admissible amount of time or
systematic investigation of the crystallization fields of certain products can be carried out. Although
this method permits establishing reaction trends in the reaction system, no information can be
obtained on the crystallization process itself. Hence, in addition to HT experiments in situ studies>>
24 need to be carried out to get a deeper understanding of the reaction processes during the
crystallization. Methods like in situ light scattering,?> ?® in situ EXAFS,?” in situ AFM,?8 and in situ
energy dispersive X-ray diffraction (EDXRD)?** 2% 3% are valuable tools to gain insight into the
crystallization processes and offer the opportunity for kinetic analyses. In situ EDXRD experiments
are usually carried out applying synchrotron radiation. Advantages of synchrotron radiation are the
available flux in combination with the energy range used which allow for penetrating conventional

reaction vessels and obtaining data with decent time resolution (< 60 s). Thus, the crystallization

process can be observed under the same conditions as applied in the laboratory without imposing the
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reaction to an additional external influence.?!> 32 Another advantage of in situ XRD investigations is
the observation of potentially occurring crystalline intermediates. For example, in previous in situ
EDXRD experiments the crystalline intermediate MOF-235 could be observed in the crystallization
of MIL-53(Fe)?® and MIL-101-NH2(Al).3? The degradation of MOF-14(Cu) to CuzO at long reaction
times was observed?® and kinetic studies on different MOFs applying either conventional electric
(CE) or microwave assisted (MW) heating were accomplished.?®> 2% 3* Furthermore reaction
mechanisms for the formation of non porous inorganic-organic hybrid compounds could be
postulated>- 3¢ and their pH induced phase transition was observed.’

We are interested in the discovery of new aluminum MOFs. Here we present the results of our
investigation using the flexible aliphatic linker molecule 1,4-cyclohexanedicarboxylic acid (H>CDC)
in the system AICl3-6H>0/cis-H>CDC/trans-H>CDC/solvent. Applying HT methods, the two new
compounds [Al(OH)(cis-CDC)] (1) and [AI(OH)(trans-CDC)]-H20 (2) were discovered and their
reaction conditions were optimized. Both compounds were characterized in terms of thermal stability
and sorption behavior. Additionally the crystallization of 2 was investigated with in situ EDXRD
measurements which allowed us to extract the kinetic parameters.

Experimental Section.

All reagents and solvents were purchased from commercial sources and used without further
purification. Syntheses were carried out under solvothermal conditions in custom made HT

21, 38 The in situ EDXRD measurements were carried out at beamline

autoclaves with PTFE inserts.
F3 at HASYLAB, DESY, Hamburg using DURAN culture tubes as reactors. X-ray powder
diffraction (XRPD) measurements were carried out on a Stoe Stadi P diffractometer in transmission
geometry with Cu-Ko radiation, equipped with an image plate detector system for the HT-
measurements or a linear PSD detector system for high resolution data. MIR spectra were recorded
on a Bruker ALPHA-P FT-IR spectrometer in the spectral range 4000-400 cm. For the
thermogravimetric analyses under air a NETSCH STA 409 CD analyzer was used with a heating rate
of 4 K/min and an air flow rate of 75 ml/min. N> sorption isotherms were recorded at 77 K with a

BELSORP-max apparatus (BEL JAPAN INC.). Apparent specific surface areas were calculated

using the BET method as described in the literature.’® Micropore volumes were calculated from the
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adsorption branch at p/po = 0.5. The high resolution XRPD pattern for the structure refinement of 2
was measured at beamline PO8 at PETRA I, DESY, Hamburg. SEM images were obtained with a
Zeiss Ultra55Plus microscope.

HT experiments. The system AICl3-6H>O/cis-H,CDC/trans-H2CDC/solvent was investigated
under solvothermal reaction conditions applying our custom made HT reactors containing 24 PTFE
reaction vessels with a maximum volume of 2.0 mL.3® The solid starting materials (H,CDC and
AlCl3-6H20) were placed in the PTFE vessels. Afterwards the solvents (water, DMF or base) were
added, beginning with the addition of water. The combined amount of cis- and trans-H>CDC was
kept constant at 25 mg (0.15 mmol). The molar ratio of cis- : trans-H>CDC was varied stepwise from
0-100 % and 35 mg (0.15 mmol) AlCI3-6H20 and a total solvent volume of 500 L was used. For the
synthesis optimization the concentration of reactants and/or the solvents were varied. Different bases
were applied as additives. The reactor was heated in an oven at 130 °C for 12 h. Product discovery
was performed via filtration. The product was dried in air at 75 °C. All reactions are listed in the
Supplementary Information (Table S2).

Optimized reaction conditions for compound 1. A mixture of 25 mg (0.15 mmol) cis-H,CDC,
35 mg (0.15 mmol) AICl3-6H>0O, 200 uL. H2O and 300 4L 0.1 mM pyridine (in water) was used in
the synthesis procedure described above. The crude product was washed with a mixture of ethanol
and DMF (80 % : 20 %) via stirring at ambient temperature for 10 h. Due to the small reaction
volume the yield was not determined. The purity was confirmed by elemental analyses
(experimental: C: 45.3%, H: 5.28%; calculated for [AlI(OH)(cis-CDC)]: C: 44.9%, H: 5.18%). IR
spectra are presented in the Supporting Information.

Optimized reaction conditions for compound 2. A mixture of 32 mg (0.19 mmol) #rans-H.CDC,
36 mg (0.15 mmol) AlCl3-6H20, 100 «L H20O and 400 uL DMF was used in the synthesis procedure
described above. Subsequently the crude reaction product was treated solvothermally (130 °C, 10 h)
with DMF, followed by ethanol.

Scale-up synthesis of compound 2. Larger amounts of 2 were synthesized using 37 mL PTFE
lined steel autoclaves applying a reaction volume of 20 mL. A mixture of 516 mg (3.00 mmol) trans-

H>CDC and 724 mg (3.00 mmol) AICl3-6H>0O was placed in the PTFE vessel and 16.0 mL DMF and
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4.00 mL H>O were added. The reactor was heated in an oven at 130 °C for 12 h. For the scaled-up
synthesis employing MW-assisted heating the same amounts of starting materials were mixed in a
microwave tube (Biotage, 5-20 mL glass reactor) which was sealed with a septum. The reaction
mixture was heated in a microwave oven (Biotage Injector) for 45 min at 130 °C under stirring.
Purification was also performed via MW-assisted heating (130 °C, 45 min each step). The purity was
confirmed by elemental analyses (experimental: C: 36.7%, H: 5.55%; calculated for [Al(OH)(trans-
CDCQ)]"1.5H20: C: 39.8%, H: 5.85%). IR spectra are presented in the Supporting Information. Yield
(CE heating): 495 mg (71%); yield (MW heating): 440 mg (63%).

Activation of 1 and 2. Before the N sorption experiments the washed compounds were thermally
activated. Compound 1 was heated for 3 h at 150 °C in vacuum (p < 102 kPa); compound 2 was
heated for 12 h at 200 °C in vacuum (p < 102 kPa).

In situ crystallization experiments. The temperature dependent EDXRD experiments were
carried out at beamline F3, HASYLAB at DESY, Hamburg, Germany. Reactions were performed in
Schott Duran glass culture tubes which were heated in a custom made reactor system with an
external thermostat.*>> ! The scattered white beam synchrotron radiation (4 to 55 keV) was detected
by a liquid nitrogen cooled germanium semiconductor detector system. The detector angle was set to
2.2°. The collimator slits were set to 0.2 x 0.2 mm?. The starting materials (105 mg (0.61 mmol)
trans-H,CDC, 121 mg (0.50 mmol) AICI3-6H.0O, 400 uL H>O and 1600 uL. DMF) were
homogenized in the Duran tube by shaking. The reaction mixture was transferred to the pre-heated
vessel in the in situ reactor system. The reactions were carried out under stirring at 105, 110, 115,
120 and 130 °C.

Structure Determination. All crystal data and the results of the structure refinement of compound
1 and 2 are summarized in Table 1. Bond lengths are given in the Supporting Information (Table S4
and S5).

Table 1. Summary of the crystallographic parameters of the structure refinement of 1 and 2.

[AI(OH) [AI(OH)(trans-
(cis-CDCQ)] CDO)|'H20
1) (2)




structure powder data | powder data
determined
from
LA 1.5406 0.825986
formula AngHl 105 A1C8H1306
sum
V4 2 2
crystal monoclinic | triclinic
system
a/A 8.0265(2) 6.6169(5)
b/A4 6.6425(1) 9.4300(6)
c/A4 8.5155(2) 9.4642(6)
a/° 90 107.577(3)
B/° 108.329(2) | 107.725(7)
y/° 90 93.209(5)
V /A3 430.99(2) 529.08(7)
space group | P21/m P1
solution structural direct methods,
method model from | Expo2009+3
the
literature*?
Refinement | least square | least square
method Rietveld Rietveld
method* method*
Rup 8.79 533
RBragg 3 24 1 70
GOF 1.53 1.87

Crystal Structure Determination of [AI(OH)(cis-CDC)] (1). The structural model of 1 was
obtained from the isostructural compound [Fe(OH)(cis-CDC)],** and the structure was refined from

laboratory X-ray powder diffraction data (Cu Ko radiation). The powder pattern was successfully

indexed

using TOPAS-Academic*

(a=8.033(2), b=6.648(2), c=8.523(2)A,



S =108.339(2), y=90°). Comparing the lattice parameters with the ones reported for Fe(OH)(cis-
CDC)]* it can be seen that they are very similar (a =8.010(2), b = 6.8872(18), ¢ =8.569(2) A,
0=90, =108.232(5), y=90°), so this structure was directly used as a starting model. After
replacement of Fe** by AI’" ions the model was refined by the Rietveld technique using TOPAS-
Academic 4.1.* A Thompson-Cox-Hastings profile function and a simple axial model were used for
profile fitting. Preferred orientation was modeled using a fourth order spherical harmonics series.
Soft distance restrains were applied on the C-C bond between the carboxylate- and the neighboring
carbon atom (C1-C2).

Crystal Structure Determination of [AI(OH)(trans-CDC)]-H20 (2). The crystal structure of 2
was determined from powder X-ray diffraction data obtained at beamline P08, PETRA III at DESY,
Hamburg. The sample was measured in a 0.5 mm quartz capillary at a wavelength of A = 0.825986
A. For the experimental setup of the beamline see Reference *°. The powder pattern was indexed and
the cell parameters were refined using TOPAS-Academic* (a = 6.6156(5), b = 9.4322(8) and ¢ =
9.4657(9) A, 0. = 107.581(5), p = 107.714(11), y = 93.198(5)°). The structure was solved in the space
group P1 by direct methods using the program EXPO 2009.** The positions of all framework atoms
were visible from the structure solution in EXPO 2009. The extracted atomic positions were set as
the structural starting model for the Rietveld refinement with TOPAS-Academic. A Split Pearson
VII profile function and a simple axial model were used for profile fitting. Preferred orientation was
modeled using a fourth order spherical harmonics series. Soft distance and angle restrains were
applied to the C-C and C-O bonds of the organic linker molecule. From the difference Fourier map
the position of one additional water molecule per formula unit located inside the channels of the
framework was extracted.

Results and Discussion

HT experiments. The HT investigation of the system AlCIl3-6H20/cis-H2CDC/trans-
H>CDC/solvent resulted in the discovery of the two new phases [AI(OH)(cis-CDC)] (1) and
[AI(OH)(trans-CDC)]-H20 (2). Both compounds crystallize from a mixture of water and DMF
(volume ration = 2:3) at a reaction temperature of 130 °C. The XRPD patterns of the products

obtained when varying the reactant ratios trans-H>CDC:cis-H>CDC from 0 to 100 % are presented in
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Figure 1. Only when applying 100 % of cis- or trans-H2CDC, the respective phases 1 or 2 can be

obtained phase-pure.
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Figure 1. XRPD pattern series of the reaction products obtained from the HT experiment in the
system AlICI3-6H20/cis-H.CDC/trans-H>CDC/solvent with an increasing ratio trans-H>CDC:cis-
H>CDC (from bottom to top: 0, 5, 10, 20, 25, 30, 40, 45, 50, 55, 60, 65 70, 75, 80, 90, 95, and 100 %

of trans-H>CDC); green: 1, dark cyan: mixtures of 1 and 2, blue: 2.

Since the crystallinity of compound 1 was not sufficiently good to carry out the structure
determination, the reaction conditions had to be optimized. These studies resulted in drastically
changed reaction conditions. The addition of DMF either in the reaction mixture or during
solvothermal purification lead to a decrease of the crystallinity of the product. Since the addition of
bases has proven to increase the crystallinity of MOFs,!” different bases were used in the reaction
mixture for the synthesis of 1. Best results were obtained using highly diluted aqueous pyridine as
additive. The XRPD patterns of the different products starting from product discovery up to the

optimized reaction conditions are presented in Figure S1.



Structure description of [AI(OH)(cis-CDC)] (1). 1 is isostructural to [Fe(OH)(cis-CDC)].*> The
structure of 1 was refined from powder diffraction data obtained from a laboratory X-ray source. The
final Rietveld plot is given in Figure 2 (top). Zigzag chains of trans-corner sharing AlO¢-octahedra
are connected to each other via cis-CDC?" linkers to layers in the b,c-plane. The layers are connected
along the a-axis by van-der-Waals interactions (Figure 3). The asymmetric unit and a table of the

bond lengths are presented in the Supporting Information (Figure S5 and Table S4, respectively).
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Figure 2. Final Rietveld plot of the structure refinement of 1 (top, A = 1.5406 A) and 2 (bottom, A =
0.825986 A). The observed powder patterns are shown in black, the calculated powder patterns as an
overlay in red and the difference plots (observed-calculated) in blue. The tics mark the allowed

Bragg peak positions.



Figure 3. Structure of 1 viewed along the b-axis (left) and the c-axis (right). AlO¢ polyhedra are

represented as gray octahedra. Carbon atoms are shown as black spheres.

Structure description of [AI(OH)(trans-CDC)|-H20 (2). The structure of 2 was solved and
refined from powder X-ray diffraction data obtained at the synchrotron beamline P08, PETRA III at
DESY, Hamburg with a wavelength of A = 0.825986 A. The final Rietveld plot is given in Figure 2
(bottom). The framework structure is build up from two crystallographically independent CDC?* and
Al** ions. The latter are octahedrally surrounded by six oxygen atoms. Four of these belong to the
carboxylate groups of the CDC? ions (02, O3 and O4, OS5, respectively). The oxygen atom Ol
belongs to a u-OH-group connecting the AlOs-octahedra to form trans corner sharing zigzag chains

46-48 FEach chain is

along the a-axis. This structural motif is well known from the MIL-53 family.
connected to four other chains via trans-CDC?* ions resulting in rhombohedrically shaped one-
dimensional pores (Figure 4). Like in the isostructural In-compound the cyclohexane ring is either in
the e,e- or in the a,a-conformation (Figure 5 and Figure S6).*° While in the solid starting material
only the e,e-conformer is present®®, equilibration upon dissolution leads to a mixture of the e,e-and
the a,a-conformer, which are subsequently incorporated in the structure of 2. Inside the pores two

water molecules (OW) per unit cell are located. The asymmetric unit and the bond lengths are given

in Figure S6 and Table S5.
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Figure 4. Crystal structure of 2. View along the a-axis. AlO¢ polyhedra are represented by gray
octahedra. Oxygen atoms of the water molecules are shown as red and carbon atoms as black

spheres.

0~ 0O

Figure 5. Both conformers of trans-CDC? observed as part of the framework of 2: e,e-conformation

(left) and a,a-conformation (right).

Thermogravimetric analysis. The thermal stability of the compounds was investigated by
thermogravimetric analyses (4 K/min, air flow). In the TG curve of 1 a one-step weight loss
beginning at a temperature of ~350 °C is observed. This loss of 79 % corresponds to the
decomposition of the compound yielding Al,O3 (calculated: -76 %). Compound 2 shows a two-step
weight loss. The first step up to 100 °C corresponds to a removal water molecules (experimental: -
11 %, calculated for [Al(OH)(trans-CDC)]-1.25H20: -9.5 %). A plateau in the TG curve up to
350 °C can be observed. The next weight loss of 70 % stems from the decomposition of the
framework (calculated: -69 %). The different numbers of adsorbed water molecules determined from
elemental and TG analyses stems from the different experimental set-up. Both TG curves are

presented in the Supporting Information (Figure S7 and S8, respectively).
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Sorption experiments. Nitrogen sorption experiments were performed at 77 K. Before the

experiments the as-synthesized products were purified and activated to remove unreacted starting

materials and/or solvent molecules. Solvent exchange was performed as described in the

experimental section. When 1 is treated solvothermally with DMF, a remarkable loss of crystallinity

was observed (Figure S3), so different routes for the purification of the compounds had to be found.

Therefore, 1 was stirred in an ethanol/DMF mixture at ambient conditions overnight. Compound 2

was first treated solvothermally with DMF to remove unreacted trans-H>CDC and then with ethanol

to remove the DMF from the pores. The conditions of the subsequent thermal activation and results

of the BET analysis are given in Table 2, the sorption isotherms are presented in Figure 6.

Table 2. Activation conditions, specific surface areas and micropore volumes of 1 and 2.

[AI(OH)(cis- | [AI(OH)(trans-
CDO)] (1) CDO)] (2)
activation 150 200
temperature [°C]
activation time at|3h 12h
p<102kPa
as,BET [M?/g] 77 378
Vmicro,p/pOZO.S - 0.15
[cm?/g]
160
] H
120 N
F‘ ] b AA.A“J‘““J
mO) o PSR EE e
5 eo-
= le
=
U) 4
. 404{° -
= ] [
O—-I'II FIIIII ,. 'I J]'l"l'.l l‘ |
0.0 0.2 0.4 0.6 0.8 1.0

p/p0

Figure 6. N> sorption isotherms for 1 (squares) and 2 (circles). Filled symbols mark the adsorption,

empty symbols the desorption branch.
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Due to the layered structure, compound 1 does not exhibit any porosity towards N>. Compound 2
shows a type I isotherm typical for microporous materials.>!

In situ crystallization experiments. Temperature dependent in situ crystallization experiments
were performed for compound 2. /n situ EDXRD measurements allow a direct observation of the
crystallization process in the reaction vessel. Reactions were performed at five different temperatures
between 105 and 130 °C. The extent of crystallization a(?) = I(t)/I(t.) was determined by
normalization of the integral of the most intense reflection at time ¢ to the value at the time of
complete crystallization (). Since the signal between 35 and 38 keV is composed of two strongly
overlapping peaks (36 keV (d = 9.3 A) and 37 keV (d = 9.0 A), respectively, Figure S11), brute force
methods were applied for data deconvolution assuming a superposition of two Gaussian functions.
After setting boundary conditions for each peak position, peak offset and peak width possible
superpositions were tested and the best match to the data were automatically determined.

In Figure 7 the EDXRD patterns for the crystallization at T = 115 °C are presented. At this
temperature the formation of a crystalline product can be observed after an induction time of 17 min.
The product was filtered off and identified as 2 by powder X-ray diffraction (Figure S14). A
comparison of a(z) for the given temperatures shows a decrease of induction as well as reaction times

with increasing temperature (Figure 8).

o
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Figure 7. EDXRD patterns of the crystallization of 2 at 115 °C as a function of time. Combined

illustration of a surface (top) and contour plot (bottom).
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Figure 8. Extent of crystallization of 2 as a function of time derived from the normalized integrals

of the most intense reflection observed in the EDXRD patterns.

The kinetic analysis was performed applying the Gualtieri model which was originally developed
to describe zeolite crystallization’? but has recently also been applied in the evaluation of other

crystallization processes.** 343335 In this model the extent of crystallization is described by:

a(t)= ;a (l—exp(— (kgt)(' )) (Eq. D)
1+ exp(— bj

The formation of the product is described considering different reaction rates for nucleation (first

part of Eq. 1) and crystal growth k,. The parameters a and b are constants correlated to the

nucleation probability (and thus to the nucleation rate constantk, =a ') and 7 is an integer related to

the geometry of crystal growth. One-dimensional growth resulting in needle-like crystals would
result in a value of n = 1. Simultaneous growth in two dimensions as observed in sheet like
crystallization corresponds to a value of » = 2 and homogenous growth in all directions is described
by a value of n = 3. A first fit to the data resulted in values of n = 2.8. Thus, homogenous growth in
all dimensions was expected and »n was fixed to 3 before final fitting was performed. The assumption
of homogenous three-dimensional growth was confirmed by SEM images (Figure S12) showing
bloc-shaped particles. The constants @ and b can be used to express the probability function of

nucleation Pn(?) (Eq. 2).?
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P,(t) = exp{— (tz_bi)z j (Eq. 2)

In Figure 9 fits of the observed extent of crystallization obtained from integration of the first
reflection using the Gualtieri model are given for crystallization at reaction temperatures of 115 and
130 °C, respectively. The plots corresponding to reaction temperatures of 105, 110 and 120 °C and a
summary of the kinetic parameters obtained from the fits are given in the Supporting Information
(Figure S13 and Table S6, respectively). With the exception of small deviations at the beginning of
the crystallization, which is due to the small intensity of the peak in combination with a small signal
to noise ratio, the model agrees well with the experiments. The probability function of nucleation
(Eq. 2) turns out to be broader for lower reaction temperatures (Figure 9). From the extracted

reaction rates an Arrhenius plot (Figure 10) was prepared.

t/ min

o

Figure 9. Gualtieri fits of the reactions at temperatures of 115 (top) and 130 °C (bottom). Straight
lines represent the fitting function, dashed lines the probability function Px of nucleation.

Experiment data is denoted by symbols.
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Figure 10. Arrhenius plots for the nucleation (squares) and crystal growth (circles) of compound 2.

Red lines represent linear fits to the data.

Activation energies of Ean = 77 kJ/mol and Ea g = 76 kJ/mol as well as pre-exponential factors of
An=7.910min! and Ag=9.6-108 min"! were determined for nucleation and growth processes,
respectively. The activation energies are in the range of values observed for the crystallization of Al-
MOFs which are 136 kJ/mol (CAU-1-(OH),)** and 82 and 94 kJ/mol (MIL-101-NH»(Al))** for
nucleation and growth, respectively. Typical Arrhenius activation energies for Cu- and Mn-MOFs
derived applying the Gualtieri model are in the same range (Ean = 72-127 kJ/mol and Ea¢= 48-99
kJ/mol for HKUST-1,>* MOF-14,3 MIL-100(Mn),>¢ CPO-27(Ni) and CPO-27(Co).** Thus, the
values are in the range observed for MOFs with rigid aromatic linker molecules. In the crystallization
of MOFs different activation energies for nucleation and growth are usually observed.’* Exeptions
are the modulated synthesis of ZIF-8 and the synthesis of CAU-13 described here. For the modulated
synthesis of ZIF-8 the pre-exponential factors differ by the factor 10 (An=2.6-10" min"! and
Ag=1.3-108 min’"), while the activation energies are very similar (Ean = 69 kJ/mol and Ea, = 72
kJ/mol).>> No such differences can be observed regarding the crystallization of CAU-13.

Conclusion. Applying HT methods we were able to investigate the system AICl3*6H20/cis-
H>CDC/trans-H.CDC/solvent systematically. Two new crystalline phases were found and their
structure was solved (2) and refined (1 and 2) from X-ray powder diffraction data: [Al(OH)(cis-
CDC)] (1) exhibits a layered structure; the microporous MOF [Al(OH)(trans-CDC)]-H,0, CAU-13
(2) 1s structurally related to the MIL-53 family. It could be shown that under the chosen conditions

pure-phase products of 1 and 2 were obtained when pure trans- or cis-H,CDC was used. Exploring
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mixtures of both isomers does not lead to a new “mixed-linker” product which was easily
demonstrated by HT methods. /n situ EDXRD measurements were carried out to gain further insight
into the formation process of 2. The kinetic analysis allowed for the extraction of activation energies.
It could be shown that the activation energies of 2 are in the range of activation energies obtained for

MOFs with rigid linker molecules.
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Exploring the use of the flexible aliphatic 1,4-cyclohexanedicarboxylic acid (HoCDC) as linker
molecule in AI-MOF synthesis two new compounds were discovered. The layered compound 1 is
built from chains of corner-sharing AlOs-polyhedra and cis-CDC while the microporous MIL-53
analogue CAU-13 (2) contains the same inorganic building unit as 1 but trans-CDC linker molecules
in two different conformations. In addition to the detailed characterization of both compounds the

crystallization of 2 was investigated with temperature dependent in situ EDXRD.
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