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An amino functionalized vanadium-containing Metal Organic Framework, NH,-MIL-47, has
been synthesized by a hydrothermal reaction in an autoclave. Alternatively, a synthesis route via
microwave enhanced irradiation has been optimized to accelerate the synthesis. The NH,-MIL-47
exhibits the same topology as MIL-47, in which the V center is octahedrally coordinated. After an
exchange procedure in DMF the V™ center is oxidized to V"V, which is confirmed by EPR
and XPS measurements. The CO, and CH,4 adsorption properties have been evaluated and
compared to MIL-47, showing that both MOFs have an almost similar adsorption capacity and
affinity for CO,. DFT-based molecular modeling calculations were performed to obtain more
insight into the adsorption positions for CO, in NH,-MIL-47. Furthermore our calculated

adsorption enthalpies agree well with the experimental values.

1. Introduction

Metal Organic Frameworks (MOFs) are crystalline porous solids
built up by metal atoms linked together by multifunctional organic
ligands. The possibility of designing a MOF with a desired
structure, pore size and shape has made them very attractive
in many applications. MOFs have been extensively studied for
gas storage and separations, ™8 catalysis'®? and luminescence.”®
Also in biomedical applications they become more and more a
subject of interest.” The rigidity of the structure allows further
functionalization without changing the original topology.
Thus, a series of functional groups can be grafted onto the
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linker, giving perspectives for different applications. The
prototype, MOF-5, constructed from octahedral Zn-O-C
clusters and benzene linkers, was used to demonstrate that
its three-dimensional porous system can be functionalized with
the organic groups —Br, -NH,, -OC3H;, —-OCsH;;, —C,H4,
and ~C4H4.3° Recently, Biswas et al. reported an isoreticular
series of AI-MIL-53-X (X = Cl, Br, CH;, NO,, OH).!
Another paper reports on the isoreticular series of UiO-66
with an extra NH,, NO, or Br substituent on the organic
linker compared to the parent MOF.*? These extra functional
groups, embedded in the structure, can have a significant effect
on the outcome for many applications ranging from adsorp-
tion to catalysis. The functionalization of porous materials
with -NH, groups is of particular interest for the adsorptive
separation of CO,. For silica-based materials it was already
demonstrated that functionalization of the surface of the
mesopores with —NH, groups enhances the affinity toward
CO, adsorption. This points to a strong interaction between
CO, and the amino groups in the pores. Sometimes this even
resulted in chemisorption, with the formation of carbonate,
bicarbonate or carbamate species.>> 8

For MOF materials, the effect of -NH, groups is less straight-
forward and is still the subject of many discussions.**** For
IRMOF-3 it was shown that the amino functionalization only
had a marginal effect on the CO, sorption capacity and
selectivity.>>* Arstad et al. prepared three amino function-
alized materials (USO-1-Al, USO-2-Ni, and USO-3-In) and
they concluded that the capacity toward CO, is increased in
comparison with the non-functionalized materials.*' Pure
phase amine functionalized MIL-101(Al) has been synthesized
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in the work of Serra-Crespo et al.** The separation properties
have been assessed in terms of single component adsorption and
mixture separation. The authors found that NH,-MIL-101(Al)
is an excellent candidate for the selective adsorption of CO,
from methane and N,. The functionalized material also displays
a high CO, capacity, but lower than the unfunctionalized
MIL-101 with Cr instead of Al. On the other hand NH,-MIL-
101(Al) performs better in CO,/CH, separation than MIL-101(Cr)
at low CO, pressures.” An amine-functionalized ZIF (ZIF-96)
displays again higher CO, adsorption capacities.*’

In the specific case of MIL-53(Al), the functionalization of
the framework with -NH, groups leads to a drastic increase in
selectivity for CO, in mixtures with CH, as compared to the non-
functionalized material, but this is not caused by a direct interaction
(chemisorption) between CO, and the NH, groups.**® Lescouet
et al. have shown that the adsorption capacity varies according to
the fraction of the amine functionalized linker.*’

Furthermore, the flexibility of the frameworks plays also
an important role in adsorption processes. Several papers
studied the difference in adsorption behavior between the rigid
MIL-47 in comparison to the flexible and breathing MIL-53. In
a recent paper of Trung et al.,** MIL-53(Cr) and MIL-47(V)
were studied for the adsorption of the apolar species, n-hexane
and n-nonane. While MIL-53(Cr) exhibits a sub-step during the
sorption process explained by a structural transition of the
framework, one obtains a I-type isotherm for MIL-47 as
typically observed for non-flexible microporous materials.**%°
In the recent paper of Leclerc et al.,*® it has been shown that the
oxidation state of vanadium is decisive for the MIL-47 to show
a breathing effect. If the vanadium resides in a +11 state, a
similar breathing effect as in MIL-53 has been observed whereas
the presence of V'V centers inhibits the flexibility to a large
extent.** Conversely, the use of amine groups may also inhibit
CO, adsorption, as observed on the modified MIL-53(Fe),
when strong bonds maintain the structure in its closed form.>

To the best of our knowledge, amino functionalized MI1L-47
has not yet been investigated. As can be seen from Fig. 1,
NH,-MIL-47 has a three-dimensional framework, where each
V1V center is coordinated to four oxygen atoms from four
carboxylate groups, and to two oxygen atoms on the O-V-O
axis, thus forming a saturated octahedral coordination node.

The parent MIL-47 has already demonstrated to possess
good catalytic and adsorption properties.>+2%4-51-53

In this contribution, we report on the synthesis and
characterization of the amino functionalized V-MOF with a
MIL-47 topology. The CO, and CH,4 adsorption properties of
this NH,-MIL-47 have been investigated and are compared to
the parent MIL-47. Theoretical modeling can assist us in
explaining the differences observed in the adsorption behavior
between both materials.

Side view

Fig. 1 Side, front and top view of the structure of NH,-MIL-47.

2. [Experimental section
2.1 Synthesis of NH,-MIL-47 and MIL-47

NH,-MIL-47 as has been synthesized by 2 possible routes. The
first route was carried out in an autoclave. The molar ratio of
VCl;/2-aminoterephthalic acid/H,O was 1/1/100. Typically
9 mmol vanadium(ii)chloride and 9 mmol 2-aminoterephthalic
acid were mixed in a Teflon insert with 16.60 mL H,O and
placed in an autoclave for 4 days at 150 °C. Moreover, to
accelerate the synthesis time, a procedure under microwave
irradiation has been developed. For the microwave assisted
synthesis 1.7 mmol VCl; was mixed with 1.7 mmol 2-aminoter-
ephthalic acid in 3.02 mL H,O. The reaction was carried out at
150 °C for 20 minutes, reducing the synthesis time significantly
from 4 days to 20 minutes without loss in crystallinity. In
a second step, an exchange procedure in DMF at 125 °C has
been carried out for 90 minutes to remove the unreacted linker.
MIL-47 was synthesized according to a synthesis route described
in the literature.>*

2.2 Characterization

All the chemicals were bought from Sigma Aldrich and used
without further purification. The microwave assisted synthesis
was carried out in a microwave synthesizer (Discover, CEM
Inc.). Scanning electron microscopy (SEM) images were taken
on a FEI Quanta 200FEG microscope with 4 nm resolution
operating at 30 kV. Nitrogen adsorption experiments were
measured at —196 °C using a Belsorp mini II gas analyzer.
Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) was measured on a Thermo Nicolet 6700 FT-IR
spectrometer equipped with a N, cooled MCT-A (mercury—
cadmium-—tellurium) detector. Thermo Gravimetric Analysis
(TGA) was performed on an SDT 2960 from TA Instruments.
X-ray powder diffraction (XRPD) patterns were collected on
an ARL X’TRA X-ray diffractometer with Cu Ko radiation of
0.15418 nm wavelength and a solid state detector. Elemental
analyses (C, H, N) were performed on a Thermo Scientific
Flash 2000 CHNS-O Analyzer. The EPR spectra were recorded
at room temperature using a Bruker ESP300E X-band spectro-
meter with a maximum microwave power of 200 mW. The
measurements were performed using a Bruker ER 4114-HT
(high temperature) cavity. The latter is a cylindrical cavity
resonating in the TE(;; mode. The magnetic field was modulated
at 100 kHz with a peak-to-peak amplitude of 0.1 mT. The
spectra were averaged 4 times with a sweep time of 335.5 s and
a time constant of 81.92 ms. The magnetic field sweep width was
1.5 T and the center field was set close to the free electron g-value
(2.0023). All spectra contained 2048 data points. The samples
were transferred into ER 222 G-type quartz tubes with an outer
diameter of 4 mm for recording. The samples masses were about
20 mg. All EPR spectra have been normalized to a microwave
frequency of 9.51 GHz for comparison. The magnetic field and
microwave frequency were measured using a Bruker ER035SM
gaussmeter and a HP 5350 B microwave frequency counter,
respectively. The XPS measurements were recorded on a X-ray
photoelectron spectroscopy S-Probe XPS spectrometer with mono-
chromated Al (1486 eV) exciting radiation from Surface Science
Instruments (VG). The powder was pressed into a Sn substrate.
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A flood gun set at 3 eV and a Ni grid placed 3 mm above the
sample surface were used for charge compensation. A survey
spectrum and details of the V 2p, O 1s and C 1s region were
recorded. In short, subsequent measurements of the V2p
region show no signs of peak shift during the measurement.
The binding energy was calculated with respect to the C 1s
adventitious carbon fixed at 284.6 eV.

2.3 Adsorption tests

Adsorption isotherms of pure CO, (purity of 99.99%) and
CHy (purity of 99.95%) were determined at 30 °C, using the
volumetric technique. About 0.5 g of MIL-47 or NH,-MIL-47 was
loaded into the sample container. Prior to the measurement the
sample was out-gassed by heating it up to 80 °C under vacuum.
Breakthrough experiments have been performed using a
column with a length of 30 cm and an internal diameter of
0.216 cm packed with 600 mg of MOF pellets. Pellets were
obtained by pressing the powder to a solid disk, crushing the
disk followed by sieving to the desired fraction of 500-630 um.
The adsorption capacity was calculated via the method of
Malek and Farooq (1996).%° The same column was used for
obtaining pulse gas chromatographic (pulse GC) data, i.e.
Henry constants and adsorption enthalpies of CO, and CH,.
More details of this technique are reported elsewhere.”® Additional
information about the breakthrough setup and the pulse gas
chromatography measurements are given in the ESL.

2.4 Computational details

The computational study comprises two types of ab initio
calculations: first non-periodic cluster calculations to obtain
initial insight into the active site of adsorption on the terephthalic
linkers with and without amino functionalization. Second, periodic
calculations on the parent MIL-47 and NH,-MIL-47 were done.
The cluster geometries were optimized with the Gaussian 09
package® using Density Functional Theory (DFT) with the hybrid
MO06-2X functional®®* to study the initial adsorption of CHy4
and CO, on both linkers. This functional is the best choice to
quantify the interactions of CH4 and CO, with the organic
linkers because it is utilized especially for medium range non-
covalent interactions. The double-zeta Pople basis set 6-311+g(d,p)
was applied. The optimized clusters were confirmed to be true
minima on the potential energy surface by performing a vibrational
frequency analysis, which confirmed that only positive frequencies
were present. Afterwards, van der Waals corrections for the
MO06-2X functional were added to the energy.®>®! The thermal
corrections were added to the energy to determine the enthalpy,
by an in-house developed software module TAMkin.%
Secondly, the adsorbate molecules CH; and CO, were
placed within the periodic V-MOF structures, in a position
that corresponds to the most optimal geometries obtained with
the cluster calculations. The geometry of the periodic system
with inclusion of the guest molecules has been optimized by
means of the Vienna 4b Initio Simulation Package (VASP)®*
making use of the PBE exchange correlation functional ®”-¢®
For more details we refer to the Computational Section of
the ESL.¥ In order to prevent self interactions between the
adsorbates in neighbouring cells the unit cell has been doubled
along the a direction. The orientation of the amino group on the

linkers is taken as in the crystallographic structure of NH,-
MIL-53(Fe) as reported elsewhere.®

3. Results and discussion
3.1 Structure analysis

XRPD measurements (Bragg—Brentano configuration) of both
V-MOFs were executed. Based on the obtained XRPD spectra
the corresponding d-spacings were calculated. The comparison
between both samples together with the lines calculated from
the MIL-47 structure as published by Barthelet e al.>* (shown
in grey) is presented in Fig. 2.

Detailed analysis of both spectra shows that 20 lines of 21
lines of the modified MIL-47 structure correspond (within the
error of the measurement) with the MIL-47 lines for which
26 lines were detected. This nice agreement is shown in Fig. 2
(top). From this XRPD analysis one can conclude that the
molecular structure of the modified MIL-47 is very similar to
the original MIL-47 structure. The addition of the amino
group hardly influences the molecular structure. The as-synthesized
sample is formulated as V*™MOH(CgHsNO,)-x(CsH,NO,)
(x ~ 0.58) on the basis of the elemental analysis (caled: C 43.11,
H 2.88, N 6.28%; found: C 43.10, H 2.86, N 6.39%). After
exchange with DMF, the elemental formula is V" VO(CgHsNO,)
denoted as NH,-MIL-47.
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Fig. 2 Calculated d-spacings for MIL-47 and NH,-MIL-47 (ref. 54).
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3.2 N, sorption measurements

Major efforts have been done to find the appropriate pre-
treatment of the V-MOF. An exchange procedure in DMF
has been optimized to remove unreacted linkers and to obtain
the highest surface area without loss of the integrity of
the framework. The results of the exchange procedure are
summarized in Table 1.

The optimal surface area was obtained at an exchange
temperature of 125 °C for 90 minutes. Exchange experiments at
150 °C caused already significant damage to the structural integ-
rity. If the exchange experiment was carried out at 150 °C for
240 minutes the MOF structure was completely dissolved. How-
ever, at a lower temperature (100 °C), we were unable to
completely remove the free linker from the pores. Longer exchange
times at this temperature gave no improvement. An exchange
temperature of 125 °C for 90 minutes gave the highest surface area
without structural damage, whereas a longer exchange time at
125 °C leads already to damage of the structure. Furthermore,
the presence of water and long exposure times to ambient
conditions (in the absence of any solvent) should be avoided
as gradual decomposition will take place. The Langmuir surface
area of MIL-47 was approximately 1200 m* g~', which was
comparable to the value reported in the literature.* The BET
values, determined in the P/P, pressure interval between 0.05 and
0.2, for MIL-47 and NH,-MIL-47 are, respectively, 809 m?> g~
and 535 m? g~!. The isotherms of MIL-47 and the optimized
NH,-MIL-47 are shown in Fig. S2 in the ESIL.¥

3.3 Thermal behavior

To examine the thermal stability of NH,-MIL-47, a TGA experi-
ment has been carried out with a heating rate of 2 °C min~" in air.
The resulting TGA curve is shown in Fig. 3. Prior to this
measurement the sample was dried under vacuum to remove
DMF and H,O molecules.

As can be seen from this figure, the first and only weight
loss starts at 280 °C, indicating that the V-MOF is stable up
to 280 °C. Afterwards, the framework starts to decompose. The
thermostability is in agreement with the earlier reported MIL-47.3*
Thus, the introduction of functional groups does not influence
the thermal stability. Moreover, we can conclude that the
pretreatment step was successful to remove occluded guest
molecules.

3.4 Determination of the oxidation state
EPR measurements were performed to determine the oxida-
tion state of the V in NH,-MIL-47 as and NH,-MIL-47.

Table 1 Optimization of the exchange procedure in DMF for
NH,-MIL-47

Exchange Langmuir surface

Time/minutes temperature/°C area/m> g~ !

90 150 572

240 150 —

60 100 287

90 100 280

60 125 257

90 125 672

150 125 647

180 125 386

100

Weight (%)

0 T T T T 1
0 100 200 300 400 500

Temperature (°C)

Fig. 3 TGA curve of NH,-MIL-47 obtained under an air flow with a
heating rate of 2 °C min~".

The measurements were carried out with a rectangular High
Temperature EPR Cavity (HTC). In Fig. 4, the spectra of both
samples are shown.

As expected, the NH,-MIL-47 as spectrum does not show
any signal due to V'V, From this observation one can
conclude that the metal is in the + 11 oxidation state. On the
other hand, a manifest signal is observed in the NH,-MIL-47
spectrum which can be attributed to V'V, The latter is the
result of the exchange procedure in DMF. In the recent report
of Leclerc et al. it was already suggested that the presence of
DMF molecules could oxidize the V center in MIL-47.%
Moreover, both observations are in agreement with the
proposed structural formula obtained from elemental analysis.
In addition, XPS measurements were performed (Fig. 5). The
binding energy for a V2p3/2 peak in NH,-MIL-47 is observed
at 516.8 eV. This coincides with the spectrum for MIL-47

(BE: 516.8 eV) and VO(acac), (BE: 516.2 eV) both known
ag VIV 5470

3.5 IR and SEM measurements

In Fig. 6, the DRIFT spectrum of NH,-MIL-47 as and NH,-
MIL-47 is shown. A distinct difference between both spectra is
the broad band at around 3630-3680 cm™!, which is only

—— NH_-MIL-47
60000 + —— NH_MIL-47 as
40000 4

20000

0

-20000

EPR signal (a.u.)

-40000

-60000

2700 3000 3300 3600 3900 4200
Magnetic Field (1.0E-4 T)

Fig. 4 EPR X-band spectrum of NH,-MIL-47 as (red) and NH,-
MIL-47 (black).
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—— NH,MIL-47 |
—— MIL-47
—— VO(acac),

V2p312

V2pi1/2

L

Intensity (a.u.)

L] L] L) T L) L] L]
528 526 524 522 520 518 516 514
Binding Energy (eV)

Fig. 5 XPS spectra of V2p3/2 and V2pl/2 region of MIL-47, NH,-
MIL-47 and VO(acac),.

present in the as-synthesized sample. This rather broad band
represents a combination of both the stretching vibration of
the p,-OH group (the VI"O-H) and the free OH groups of the
trapped linker.®® The total disappearance of this band in the
NH,-MIL-47 clearly demonstrates the complete removal of
the free linker after the optimized exchange procedure and the
oxidation of the V'O-H towards V!Y=0 groups.

The doublet at 3494 and 3386 cm™' corresponds to the
asymmetrical and symmetrical stretching of the amine groups,
the vibration at 1630 cm ™! can be attributed to the N-H bending
(scissoring) vibration. The C-N stretching absorption of the
aromatic amines is located at 1338 cm™".2"** Typical vibrations,
due to the benzene linker can be observed: 1510-1450 cm™'
(aromatic ring stretch), 1225-950 cm™! (aromatic C-H in plane
bend) and 900-670 cm ' (aromatic C—H out of plane bend).”" The
vibrations in the region 1597-1616 cm™" and 1415-1463 cm™! can
be assigned to the asymmetric and symmetric —CO, stretching
vibrations respectively.”?

In Fig. 7, the SEM pictures of the materials obtained via
microwave and autoclave procedure are presented. It can be seen
that the structure, crystal size and morphology of the materials
obtained via both synthesis routes are very similar (Fig. 7a and ¢).

—— NH_,-MIL-47as
—— NH,-MIL-47 JA

Kubelka Munck

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)

Fig. 6 DRIFT spectrum of NH,-MIL-47 as (top) and NH,-MIL-47
(bottom).
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HV Mag
20.0kV 100000

Mag VacMode
20.0kV  100000x  High vacuum

1opm

HV Mag  VacMode 2.0 pm HV Mag
20.0kV  S0000x High vacuum

VacMode
20.0kV  100000x  High vacuum

1o0pm

Fig. 7 SEM pictures of NH,-MIL-47: (A) synthesized via autoclave,
(B) after exchange via autoclave synthesis, (C) synthesized via micro-
wave and (D) after exchange via microwave synthesis.

There are no significant changes observed for the materials after
the exchange procedure compared to the non-treated sample
(Fig. 7b and d). It is hard to give an exact size of the crystals
because of the very broad crystal size distribution.

3.6 Adsorption tests: experimental and computational results

Adsorption isotherms of CO, and CH,4 on MIL-47 and NH,-
MIL-47 are displayed in Fig. 8. The experimentally obtained
isotherms for CO, and CH,4 on MIL-47 show a somewhat
lower capacity than was previously reported. The literature
specifies a capacity for CO, and CH4 of 10.1 and 5.5 mmol g,
respectively, compared to 7.7 and 4.1 mmol g~' obtained
in this study.’*”® This difference should be attributed to
differences in preparation methods and sample pretreatment,
resulting in different micropore volumes. The calculated
micropore volume for this material is 0.40 ml g~' while for
MIL-47 in the literature it is 0.46 ml g='.>*

8 -
6 -
3
= —e— CH, (NH,-MIL-47)
24 —A—CO, (NH_-MIL-47)
—o— CH, (MIL-47)
—o—CO, (MIL-47)
0 L] L) L Ll L)
0 5 10 15 20 25 30

p (bar)

Fig. 8 Adsorption isotherms of CO, and CH4 on MIL-47 (open
symbols) and NH,-MIL-47 (closed symbols) at 30 °C.
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Table 2 Adsorption enthalpy (AH), Henry constant (K’) at 30 °C of
CO, and CHy4 and zero coverage separation factor (xx’) defined as the
ratio of Henry adsorption constants of CO, over CHy

AH/kJ mol™! K'/mol kg™! Pa™!

C02 CH4 COZ CH4 oK’
MIL-47 —17.8  —11.1 119 x 107° 468 x 10°® 2.5
NH,-MIL-47 =220 —13.0 983 x107° 265x10°° 3.7

An interesting observation is the decrease in capacity
(per gram adsorbent) for the amino version of the material,
corresponding to 20% for CO, and 10% for CH,4 at 25 bar.
This is in agreement with other amino functionalized MOFs*#44¢
where a capacity drop has also taken place per mass of sample.
The presence of free-standing amino-groups in the pores
results in a decrease in the available pore volume. Even more
interesting is that the isotherms on both materials strongly
coincide in the low-pressure regime; thus the presence of -NH,
groups does not result in a significant increase in affinity
for CO, or CHy. This is confirmed by low coverage pulse-
chromatography experiments. As shown in Table 2, adsorp-
tion enthalpies, Henry adsorption constants and separation
factors of CO, and CH,4 are comparable on both materials.
This strongly differs from what is observed with the MIL-53(Al)
material, where functionalization with —-NH, groups results in
an increase in CO, adsorption enthalpy of 18 kJ mol ™! and a
multiplication of the CO,/CH, separation factor by orders of
magnitude.***® This is related to the structure of the materials.
The pore size in the low coverage area can be estimated by
using the pulse gas chromatographic technique.”* In the paper
of Couck et al. it was shown that the MIL-53 structure is
probably in the large pore (Ip) form when performing low
coverage experiments’> while NH,-MIL-53 has narrower
pores in this low coverage region.*®”> The narrower pore size
is the reason for the higher adsorption enthalpy present in
NH,-MIL-53. As for MIL-47, it is known that this material
does not show a flexible behavior under the present experi-
mental conditions, meaning that MIL-47 and MIL-53 have the
same adsorption properties in the low coverage domain. Also
NH,-MIL-47 does not show flexibility and as a consequence
behaves the same as its parent material MIL-47.

Finally, the adsorption behavior of the parent MIL-47 and
functionalized form of MIL-47 was evaluated in breakthrough
adsorption experiments, in which CO,/CH4 mixtures of
different composition, at a total pressure of 1 bar, were separated.
Fig. 9 shows the amount of adsorbed CO, and CH,; and
the separation factor as a function of mixture composition.
Capacity (per mass) for both CO, and CHy, is slightly lower
on NH,-MIL-47 than on MIL-47. Again the selectivity,
calculated from the breakthrough experiments, is comparable
on both materials and is also in good agreement with the
Henry selectivity (Table 2).

In addition to the experiments, the adsorption strength of
CH, and CO» within the materials MIL-47 and NH,-MIL-47
is investigated theoretically. Ramsahye er al. studied the
adsorption behaviour of CO, in the unsubstituted materials
MIL-53(ALCr) and MIL-47(V). By means of periodic DFT
calculations on the MIL-47(V) they concluded that there
are no preferential adsorption sites for CO,.”® In a second
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Fig. 9 Adsorption capacity for NH,-MIL-47 (closed symbols: q CHy
(M) and q CO, (A)) and MIL-47 (open symbols: q CH, () and q
CO5; (A)). In the inset the selectivity for MIL-47 (O) and NH,-MIL-47
(@) obtained via breakthrough experiments at 30 °C and at a total
pressure of 1 bar is shown.

publication, previous authors used grand canonical Monte
Carlo simulations to study the adsorption mechanism. These
simulations were based on partial atomic charges extracted
from periodic DFT calculations and interatomic potentials
between the adsorbate and host framework.”” Simulation
of adsorption phenomena can indeed be performed using
molecular dynamics and Monte Carlo simulations with suitable
force fields providing us information on the distribution on the
position of adsorbates within the framework and giving average
adsorption data. The derivation of a proper force field is a
non-trivial task and is beyond the scope of this study. This is
especially true for the derivation of polarisable force fields for
which no standard is available.”®” Herein, we performed
static calculations, based on DFT and complemented with
dispersion corrections, to study the qualitative differences
between adsorbate-host interactions. The computational protocol
is outlined in Section 2.4. A large number of adsorption structures
have been investigated in the finite cluster model in order to
determine the most stable configuration of the absorbate with
respect to the linker. The most favorable positions are displayed in
Fig. 10, both for CH4 and CO,. The amino group has the largest
effect on the position of the CO, adsorbate. The polar
character of CO, lies at the origin of a stronger electrostatic
attractive interaction between the adsorbate carbon and the
negative charge of the nitrogen.

The electronic adsorption energy AE and adsorption en-
thalpy AH3 at 30 °C for both the terephthalic linkers and full
periodic MIL-47 type materials are tabulated in Table 3. For
both adsorbates the adsorption is stronger on the amino
functionalized linker and CO, is more adsorbed than CHy
by about 7 kJ mol™~'. Qualitatively, this is in nice agreement
with the experiment (Table 2). When taking into account the
full topology of the MIL-47 the qualitative differences between
CO, and CH4 remain nearly the same, although overall the
guest molecules are strongly adsorbed. This is probably the
result of additional dispersion interactions between the adsorbate
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Fig. 10 An overview of the most stable adsorption positions of CO,
and CH4 on terephthalic acid (TA) and 2-aminoterephthalic acid
(TA-NH,) (cluster model). Shortest distances between the carbon of
the adsorbate and the nearest linker atom are displayed in Angstrém.

Table 3 The calculated electronic adsorption energy (AE in kJ mol ™)
and adsorption enthalpy at 30 °C (AH3, in kJ mol™'). Unit cell
parameters in the periodic calculations have been optimized for the
parent MIL-47 and for the NH,-MIL-47 (NH,-TA represents the
2-aminoterephthalic acid linker and TA the terephthalic acid linker)

AE/kJ mol ™! AH30/kJ mol ™!

CO, CH, CO, CH,4
TA ~133 —~11.0 -9.8 -5.9
NH,-TA —~19.1 ~12.4 —~14.8 -72
MIL-47 —247 —~132 — —
NH,-MIL-47 —25.6 —145 — —

and the other linkers in the framework. For the periodic
calculations the adsorption enthalpies have not been calculated
in view of the difficulties encountered in the VASP calculations
to obtain positive frequencies. To get an idea about the position
of the CO, adsorbate in the periodic structure we refer to
Fig. 11. Compared to the geometry obtained using the small
cluster calculations CO, now takes a configuration in between
the amino group of the one linker and the aromatic nucleus of
another linker.

Summarizing, we have shown that the experimental adsorp-
tion enthalpies obtained from pulse chromatographic experi-
ments (Table 2) follow the same trend as the corresponding
adsorbate-linker interactions. Also within the framework,
our geometrically similar adsorption spots show the same
trend. We can thus conclude that the difference in the linker—
adsorbate interaction is the main driving force between CO,/
CH, separation within MIL-47 and MIL-47-NH, rather
than an interaction with the amino groups. On specific
MOFs, presence of NH, indirectly enhances CO, adsorption.
In particular, for NH,-MIL-53(Al), the amino groups play a

Fig. 11 Most stable adsorption position of CO, in the periodic
structure of NH,-MIL-47. Distances displayed in Angstrom.

key role in framework flexibility, and lead to the closure of the
NH,-MIL-53(Al) pores, hereby enhancing CO, adsorption
due to stronger aspecific interactions on the one hand and
exclusion of CH, molecules on the other hand.*’ Since MIL-47
and NH,-MIL-47 are rather rigid and non-flexible, presence of
amino groups does not result in pore contraction, and accordingly
not in an increased CO, affinity either.

4. Conclusions

An amino functionalized V-MOF, with MIL-47 topology,
has been successfully synthesized via both autoclave and
microwave enhanced irradiation. The NH,-MIL-47 shows a
similar thermal stability in comparison to the parent MIL-47,
decomposing in one step at 280 °C. An optimization of the
exchange procedure in DMF was performed, resulting in a
Langmuir surface area of approximately 672 m*> g~'. CO, and
CH, adsorption measurements have shown that the presence
of additional NH, groups does not have a beneficial effect on
the adsorption properties, which was also confirmed by the
theoretical modeling results. For the NH,-MIL-47, both experi-
ment and theory clearly show that the amination of the linker
does not result in an increased adsorption capacity per mass of
adsorbent, nor in an increased CH,/CO, separation factor. The
slight increase in adsorption enthalpy for the NH,-MIL-47 does
not compensate for the loss in pore volume compared to the
parent MIL-47. In contrast to other MOFs, the NH,-MIL-47
and the MIL-47 are not triggered into breathing behavior under
the experimental conditions.
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