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CFA-13 — a bifunctional perfluorinated metal-—
organic framework featuring active Cu(i) and Cu(n)
sites}

J. Fritzsche, "2 D. Denysenko, M. Grzywa ‘= and D. Volkmer (= *

The synthesis and crystal structure of the mixed-valent perfluorinated metal-organic framework
(Me,NH,)[CFA-13] (Coordination Framework Augsburg University-13), (MezNHz)[CugCug(tfpcM] (Ho-tfpc
= 3,5-bis(trifluoromethyl)-1H-pyrazole-4-carboxylic acid) is described. The copper-containing MOF crys-
tallizes in the monoclinic crystal system within the space group P2;/n (no. 14) and the unit cell parameters
are as follows: a = 22.3887(19), b = 13.6888(8), ¢ = 21.1804(13) A, g = 90.495(3)°, V = 6491.0(8) A>.
(Me,NH,)[CFA-13] features a porous 3-D structure constructed from two types of secondary building
units (SBUs). Besides novel trinuclear [Cuk(pz)s]~ coordination units, the network also exhibits Cu(i)
paddle-wheel SBUs. (Me;NH,)[CFA-13] is fully characterized by single crystal X-ray diffraction, thermo-
gravimetric analysis, variable temperature powder X-ray diffraction, IR spectroscopy, photoluminescence,
gas sorption measurements and pulse chemisorption experiments. M[CFA-13] (M = K*, Cs*) frameworks
were prepared by postsynthetic exchange of interchannel dimethylammonium cations. Moreover, it was
shown that CO molecules can be selectively bound at Cu() sites of [Cuk(pz)sl™ units, whereas Cul(n)

paddle-wheel units bind selectively NHz molecules.

Introduction

Depending on the functionality of the organic ligand, metal-
organic frameworks (MOFs) often include preferred secondary
building units (SBUs) with corresponding metal ions. The
combination of pyrazolate (pz) based ligands with copper ions
often leads to the formation of polynuclear SBUs, as for
example trinuclear planar [Cul(pz);] units," while carboxylate-
based linkers favor to build up Cu(u) paddle-wheel SBUs
within a MOF structure.” Compounds containing [Cul(pz)s]
SBUs are of particular interest for oxygen activation and redox
catalysis® because of their structural and functional relation to
catalytically active sites present in natural enzymes (e.g. oxi-
dases and oxygenases). Furthermore, such compounds are
used as luminescent sensors or in phosphorescence-emitting
devices.* Moreover, MOFs containing polynuclear [Cul(pz),,]
SBUs often show strong binding of small gas molecules as for
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example carbon monoxide® as well as selective and rapid sorp-
tion of hydrocarbons over water.®

The most famous MOF containing Cu(u) paddle-wheel
units is HKUST-1, which was first synthesized in 1999.” Until
today many research groups work with this compound and it
finds a constantly expanding field of applications. Besides gas
storage® and separation,” HKUST-1 is utilized in sensor
technology,'® catalysis™' as well as in electrical conductivity
applications.'” Within the structure of HKUST-1 two antiferro-
magnetically coupled Cu(u) ions are coordinated by four car-
boxylate groups of 1,3,5-benzenetricarboxylate ligands.
Additionally, two water molecules are weakly bound in axial
positions at the Cu(u) centres. Removal of the coordinated
solvent molecules by heating the MOF in vacuum leads to free
accessible, unsaturated and highly reactive Lewis acidic copper
sites. These well-defined Cu(u) species show quite strong
chemisorption of small basic gas molecules as for example
ammonia with an isosteric heat of adsorption of 60
kJ mol~.*" This makes HKUST-1 very interesting for potential
application in biogas waste filtration.>** In contrast, carbon
monoxide, which typically binds strongly at Cu(i) sites, does
not show chemisorption at Cu(i) paddle-wheel units, as shown
by its low isosteric heat of adsorption (17 kJ mol™") in
HKUST-1."

In this paper we present the novel mixed-valent perfluori-
nated MOFs (Me,NH,)[CFA-13] and M[CFA-13] (M = K, Cs"),



which are build up from the bifunctional linker 3,5-bis(tri-
fluoromethyl)-1H-pyrazole-4-carboxylic acid (H,-tfpc) and
therefore contain both trinuclear [Cul(pz),]~ and Cu(u)
paddle-wheel SBUs within one structure. The crystal structure
of (Me,NH,)[CFA-13] was determined by single crystal X-ray
structure analysis. In addition, (Me,NH,)[CFA-13] was charac-
terized by thermogravimetric analysis, variable temperature
X-ray diffraction, IR spectroscopy, photoluminescence, gas
sorption measurements and pulse chemisorption experiments.
Moreover, chemisorption properties of (Me,NH,)[CFA-13]
towards CO and NH; molecules were investigated.

Results and discussion
Syntheses and characterization

3,5-Bis(trifluoromethyl)-1H-pyrazole-4-carboxylic acid (H,-tfpc)
was synthesized according to literature procedure.'®
(Me,NH,)[CFA-13] framework was obtained as cyan block
crystals (see Fig. 1a and b) after heating a DMF solution of H,-
tfpc and copper(n) nitrate trihydrate at 120 °C (Scheme 1). The
freshly prepared sample contains DMF molecules in the crystal
structure. These DMF molecules can be exchanged with
different other solvents by Soxhlet extraction. The final pro-
ducts are labelled as (Me,NH,)[CFA-13](solvent), where the
solvent in the brackets refers to DMF, CH,Cl,, EtOH, MeOH,
acetone or THF. The solvents used for exchange show different
polarity increasing in the following order: CH,Cl, < THF <
acetone < EtOH < MeOH. In this row, MeOH and EtOH are
highly polar protic and hydrophilic, acetone and THF polar
aprotic solvents, whereas CH,Cl, is a non-polar solvent. Due to
different boiling points and polarity the solvents have great
influence on crystal stability, activation as well as physical and
chemical properties. The colour of the samples changes from
cyan (DMF, CH,Cl,, acetone, THF) to green (MeOH, EtOH)
according to the included solvent molecules, which is related

Fig. 1 (a) Optical micrograph and (b) SEM image of (Me,NH,)[CFA-13];
(c) powder sample of (Me,NH,)[CFA-13](DMF); (d) powder sample of
(Me,;NH,)[CFA-13](MeOH).
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Scheme 1 Synthesis of (Me,NH;)[CFA-13] and M[CFA-13] (DMF = N,N-
dimethylformamide).

to changing coordination environment of Cu(u) paddle-wheel
units (see Fig. 1c and d).

Substituted M[CFA-13] frameworks (M" = K', Cs') were
obtained via postsynthetic cation exchange upon treatment of
(Me,NH,)[CFA-13] with a solution of the corresponding metal
nitrate in a DMF/H,0 mixture at 50 °C. The detailed exchange
procedure is given in the Experimental section. The molar
ratios of Cu/M in the obtained products were determined by
energy dispersive X-ray spectroscopy (EDX) and correspond
well to the expected theoretical values (5: 1 for singly charged
cations K" and Cs', see ESI, Fig. S15 and S16 and Table S27).
XRPD patterns of exchanged M[CFA-13] frameworks show
similar peak positions as (Me,NH,)[CFA-13] (see ESI,
Fig. S147).

Single crystal structure analysis of (Me,NH,)[Cu.Cu
(tfpc)s-3DMF]-2.25DMF

Single crystal X-ray diffraction studies reveal that (Me,NH,)
[Culcul(tfpc),-3DMF]-2.25DMF crystallizes in the monoclinic
crystal system within the space group P2,/n (no. 14). The asym-
metric unit consists of five copper atoms, four tfpc®>~ ligands,
five DMF molecules and one Me,NH," cation. Three DMF
molecules are coordinated to the copper centres, another two
DMF molecules as well as a dimethylammonium cation are
filling the pores of the framework. An ORTEP-style plot of the
asymmetric unit and a detailed description of the crystal struc-
ture of (Me,NH,)[Cu’Cu}(tfpc),-3DMF]-2.25DMF are presented
in the ESI (Fig. S17 and Tables S3-S67).

(Me,NH,)[Cu} Cu}(tfpc),-3DMF]-2.25DMF features a 3-D
non-interpenetrated microporous structure constructed from
trinuclear [Cu}(pz),]” and paddle-wheel [Cul(0,C),] secondary
building units, expanding alternately in 3-dimentions (see
Fig. 2a-c). Two Cu(1) ions within the trinuclear SBU are three-
fold coordinated in a trigonal planar arrangement by pyrazo-
late N-donor atoms from the ligand molecules while the third
Cu(1) ion is coordinated by two N-donor atoms from the ligand
molecules in a nearly linear arrangement. This Cu(i)-ion is
additionally coordinated in ‘T-type’ mode by one oxygen atom
from the weakly bonded DMF molecule (Cu'~Opygp = 2.46 A).
The Cu-N distances range from 1.955(4)-2.024(5) A for the
tree-fold coordinated Cu(i)-ions, compared to 1.911(4)-1.914(2)
A for the linear coordinated Cu(r). These values are in good
agreement with those found in structurally related Cu-MOFs."”
Two tfpc®~ ligands of the trinuclear [Cu}(pz),]” SBU, bound to
linear coordinated Cu(i) ions, are located in the same plane
with three Cu(i) ions, whereas the two remaining tfpc®~



Fig. 2 (a) Coordination unit of the (Me,NH,)[CujCuj(tfpc)s-3DMF]-2.25DMF framework featuring trinuclear Cu(l) moieties. CF3-groups have been
omitted for clarity; (b) paddle-wheel coordination unit of the (MeZNHZ)[Cu':,,Cug(tfpc)4-3DMF]-2.25DMF framework featuring dinuclear Cu(i) moi-
eties; (c) schematic packing diagram representing SBUs of (Me,NH,)[CuCul(tfpc),-3DMF]-2.25DMF, viewed in b-direction; (d) portion of the crystal
structure of (Me,NH,)[CulCull(tfpc)s-3DMF]-2.25DMF emphasizing pores, viewed in [101] direction. DMF molecules and dimethylamine cations were

omitted for clarity.

ligands, bridging trigonal planar coordinated Cu(1) ions, are
located above and below the trigonal planar Cu} array. The
mixed-valent complex [Cu(u),Cu(r)(Fsdmpz)s]| (FsdmpzH = 3,5-
bis(trifluoromethyl)pyrazole) contains similar trinuclear Cuj;-
pyrazolate units, where two Cu(u) ions are bridged by two
additional pyrazolate ligands above and below the trigonal
[Cus(pz);] plane.”® To the best of our knowledge, (Me,NH,)
[CFA-13] represents a first example of [Cu}(pz),]” coordination
units.

The coordination sphere of the Cu(u) ions in the paddle-
wheel SBU could be considered pseudooctahedral, assuming
four oxygen atoms from four tfpc®~ ligands in equatorial plane

and one oxygen atom from a coordinated DMF molecule and
the second Cu(u) ion from the paddle-wheel dimer in the
apical positions. The Cu™-Cu" distance in the paddle-wheel
SBU is equal to 2.6270(9) A. This value is in good agreement
with those found in structurally related Cu-MOFs."® Compared
to a trinuclear Cu(1)-containing SBU, the coordination of DMF
molecules at Cu(u) paddle-wheel units is considerably stronger,
as indicated by shorter Cu"-Opyy distance of 2.126 A.

The SBUs of (Me,NH,)[Cu}Cul(tfpc),-3DMF]-2.25DMF are
connected by single C-C bonds and create pores expanding in
the [101] direction of the crystal lattice (see Fig. 2d). Taking
the van der Waals radii of fluorine atoms (1.35 A) into account,



the limiting pore diameter calculated between the fluorine
atoms of the CFs-groups is 3.07 A. Estimation with the
program SQUEEZE?® for the structure of CFA-13 without non-
coordinated DMF reveals an initial solvent accessible void
volume of 2454.3 A® (0.274 cm® ¢g™'), which is 37.8% of the
unit cell volume (6491.0(7) A%) for a probe radius of 2.07 A,**
corresponding to the approximate van der Waals radius of
carbon dioxide. In the crystal structure of (Me,NH,)[Cu}Cu}
(tfpc),-3DMF]-2.25DMF the pores are occupied by DMF mole-
cules and dimethylammonium cations which compensate a
negative charge of the lattice. These dimethylammonium
cations can be readily exchanged by alkaline metal ions, as
described in detail in the synthesis part and Experimental
section. The lattice DMF molecules are disordered. Between
both equivalent disordered DMF ligands was found additional
electron density which was assigned to 0.25 independent DMF
molecule (one molecule per unit cell).

Thermal analysis and VIXRPD studies

Thermal and structural stability of (Me,NH,)[CFA-13] samples
containing different solvent molecules was determined by TGA
and VITXRPD measurements. As shown in Fig. 3 and ESI
(Fig. S8 and S97), the thermogravimetric profile under nitrogen
of as-synthesized (Me,NH,)[CFA-13](DMF) (black line) exhibits
two weight loss steps. In the temperature range of 50-150 °C,
the weight loss (9.3%) is attributed to the removal of DMF
molecules from the pores. The further weight loss above
180 °C is due to the decomposition of the MOF and formation
of CuO as the final product. Since the TGA profile of (Me,NH,)
[CFA-13](DMF) reveals no clear plateau range, suitable for
solvent removal, thermal stability of solvent-exchanged
(Me,NH,)[CFA-13] samples was further investigated. TGA
measurements have shown that the samples obtained after
exchange with MeOH, EtOH and CH,Cl, and pre-heated at
150 °C show a stable plateau range up to 200 °C (see ESI
Fig. S10f). The THF-exchanged sample shows weight loss
already above 150 °C, which could be due to the presence of
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Fig. 3 Temperature dependent weight loss of (Me,NH,)[CFA-13](DMF)
(black) and K[CFA-13](DMF) (red) under flowing nitrogen gas.
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Fig. 4 XRPD plots of (Me,NH,)[CFA-13] with different included sol-
vents. The black XRPD pattern is simulated based on single crystal X-ray
data of (Me;NH,)[Cu Cul (tfpc)s-3DMF]-2.25DMF.

small amounts of coordinated DMF molecules. Details about
the characterization of solvent-exchanged (Me,NH,)[CFA-13]
samples are given in ESI (sections 2 and 3 and Fig. S8-S127).

Compared to (Me,NH,)[CFA-13](DMF) the TGA curve of K
[CFA-13](DMF) (Fig. 3, red line) shows a more pronounced
weight plateau between 150-220 °C indicating that no solvent
molecules are coordinated to K' ions. Such behavior can be
explained by very weak coordinating properties of K' ions.
Above 220 °C, the framework starts to decompose.

Phase purity of (Me,NH,)[CFA-13](DMF) was confirmed by
XRPD measurements. The experimental XRPD pattern (Fig. 4,
red curve) is consistent with the one calculated from the single
crystal structural data (Fig. 4, black curve). Differences in peak
intensities are due to occluded solvent molecules. Exchanging
the included DMF molecules with other solvents leads to dra-
matic changes in XRPD pattern due to the high flexibility of
the structure. (Me,NH,)[CFA-13](THF) shows quite similar
reflex positions as (Me,NH,)[CFA-13](DMF). (Me,NH,)[CFA-13]
(CH,CL,) and (Me,NH,)[CFA-13](acetone) show XRPD patterns
related to (Me,NH,)[CFA-13](DMF), but the characteristic
reflexes below 10° 26 are slightly shifted to higher 26 values
and become less intensive. Apart from the missing character-
istic reflexes below 10° 260, MeOH- and EtOH-exchanged
samples have similar XRPD patterns as (Me,NH,)[CFA-13]
(CH,ClL,) and (Me,NH,)[CFA-13](acetone). Variable tempera-
ture X-ray powder diffraction (VIXRPD) studies of (Me,NH,)
[CFA-13](DMF) (Fig. 5) are in good agreement with the results
from the TGA measurements. The framework is stable up to
100 °C. At 150 °C, several new peaks appear while the intensity
of the original peaks decreases. Above 200 °C, the decompo-
sition of the compound is observed and Cu (PDF no. 4-836) is
formed as a new crystal phase at 400 °C.

Gas sorption measurements

Nitrogen adsorption isotherm for (Me,NH,)[CFA-13](MeOH) at
77 K reveals only very low BET surface area of <10 m”> g

However, CO, sorption isotherms on (Me,NH,)[CFA-13]
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Fig. 5 VTXRPD plots of (Me,NH,)[CFA-13](DMF) in the range of
25-400 °C (* — peaks: Cu phase, PDF no. 4-836).

(CH,Cl,), (Me,NH,)[CFA-13](MeOH), (Me,NH,)[CFA-13]
(acetone), (Me,NH,)[CFA-13](DMF) and (Me,NH,)[CFA-13]
(THF) samples at 273 K up to p/p, = 0.03 (see ESI, Fig. S17)
confirm permanent porosity of the frameworks and reveal the
BET surface areas of 152, 239, 252, 275 and 298 m” g™/,
respectively. K[CFA-13] shows a similar BET surface of 288
m? ¢™'. Due to its smaller kinetic diameter (3.3 A) and higher
measurement temperature CO, can diffuse into the pores of
the framework with a very small limiting diameter (3.07 A, see
crystal structure description), whereas N,, having a larger
kinetic diameter (3.64 A), cannot enter the pores at 77 K. The
BET surface area for (Me,NH,)[CFA-13](CH,Cl,) is consider-
ably lower as compared to the other samples which might be
due to the high flexibility of the structure and strong distortion
after exchange with non-polar solvent molecules (as dichloro-
methane is very volatile and therefore vacates the pores
quickly).

Since (Me,NH,)[CFA-13](THF) shows the highest BET
surface area within the tested row, this sample was chosen for
further sorption studies. The CO, adsorption/desorption iso-
therm at 194.7 K follows type I behaviour, which is character-
istic for microporous solids (Fig. 6). The maximum uptake
achieved at p/p, = 0.99 is 84.6 cm ™ g~* which corresponds to a
total pore volume of 0.11 cm?® g™ This value is considerably
lower as calculated from the crystal structure data (0.274
em® g7'), which might be related to the structural changes of
the framework occurring upon solvent exchange and removal.
The slight hysteresis observed in the p/p, range of 0.7-1 points
at the framework flexibility as well. The BET surface area,
determined in the p/p, range of 0.04-0.1, is 233 m* g~"

The isosteric heat of CO adsorption for (Me,NH,)[CFA-13]
(THF) determined from adsorption isotherms measured in the
temperature range of 213-243 K (see ESI, Fig. S3) reaches a
rather high value of 47 k] mol™ at low loading (<0.2 mmol g™*)
and decreases to typical physisorption values of ~20 k] mol™
at >0.8 mmol g~ loading (Fig. 7, green curve). Such behavior
hints at a weak binding of carbon monoxide to the active

(o]
o
T
(.4

\

\
>
1

[2]
o
T

Volume (cm’g™)
N
o

A
f —a— Adsorption
i ®— Desorption
201 4 :
A
A
0 |‘ 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0

Relative Pressure

Fig. 6 CO, adsorption (blue) and desorption (red) isotherms of

(MezNH,)[CFA-13](THF) at 194.7 K.

50 F g
A-A
A A—CO
a0} " —% ]
2
- 30 - T
é A
3 A
& 20+ A i
®—0—0—-0 o0 o o— o PO
10} 1
00 02 04 06 08 10 1.2

Loading (mmol g”)

Fig. 7 Dependencies of the isosteric heats of CO (green) and O, (blue)
adsorption on the loading in (Me,NH,)[CFA-13](THF).

Cu sites of the CFA-13 framework. The amount of chemisorbed
CO molecules roughly estimated from the dependence of the
isosteric heat of adsorption on loading (approx. 0.7 mmol g™ )
corresponds well to one Cu centre per SBU (0.74 mmol g™ ).
This stoichiometry and the fact that CO does not show any
chemisorption at Cu(u) paddle-wheel units in HKUST-1,'?
speaks for the selective binding of CO molecules at linearly co-
ordinated Cu() ions from trinuclear [Cu}(pz),]~ SBUs.
These Cu(r) sites were also found to bind weakly to DMF
molecules (see crystal structure description). Oxygen adsorp-
tion isotherms for (Me,NH,)[CFA-13](THF) (see ESI, Fig. S27)
reveal a nearly constant physisorption heat of 14-16 kJ mol™
(Fig. 7, blue curve) and thus oxygen does not bind to the Cu(i)
centres.

In addition, the adsorption of CO in (Me,NH,)[CFA-13]
(THF) was further studied by diffuse reflectance Fourier-trans-
form IR spectroscopy (DRIFT) (see Fig. 8). First, the sample
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Fig. 8 In situ DRIFT spectra of activated (Me,NH,)[CFA-13](THF) under
CO atmosphere at room temperature and upon subsequent heating up
to 80 °C under N, atmosphere.

was heated up to 100 °C under nitrogen flow. After cooling
down to room temperature, an FT-IR spectrum of the activated
(Me,NH,)[CFA-13] was recorded under nitrogen. Then, the gas
flow was switched to CO and another spectrum was recorded.
The bands at 2169 cm™" and 2127 ecm™" at room temperature
(black line) can be assigned to free CO molecules in the gas
phase. After a few minutes under CO atmosphere, the gas flow
was changed to nitrogen again, followed by the stepwise
heating up to 80 °C. A new single band at 2132 cm™" was
detected. This band results from CO molecules bound to Cu()
ions, as already shown by an enhanced isosteric heat of CO
adsorption (Fig. 7). The CO binding is quite strong, as the
DRIFT-spectrum shows, that the gas molecules remain at least
partially bound up to 60 °C. Above this temperature, all CO
molecules are removed. The recorded band at 2132 cm™"
corresponds to the stretch mode of the CO molecules coordi-
natively bound to Cu() ions and is in good agreement with lit-
erature data of Cu(1) pyrazolate complexes (for instance, vco =
2137 em™" for [Cu{HB(3,5-(CF3),pz);}(CO)]).”*

Ammonia pulse chemisorption

To prove the reactivity of the (Me,NH,)[CFA-13] framework
towards Lewis basic probe molecules, ammonia pulse chemi-
sorption measurements at 100 °C were performed (for details
see Experimental section and ESI, Fig. S13t). The amount of
chemisorbed NH; molecules, determined from these measure-
ments (35.3 = 2.5 cm™ g~', or 1.57 + 0.11 mmol g~ '), corres-
ponds well to two Cu centres per SBU (1.48 mmol g~') and
thus confirms selective binding of ammonia at Cu(u) paddle-
wheel units with a 1: 1 Cu(u)/NH; stoichiometry.

Photoluminescence and UV-Vis spectroscopy

Solid-state photoluminescence properties of (Me,NH,)[CFA-13]
and H,-tfpc ligand were studied at room temperature. H,-tfpc
exhibits a broad emission peak under excitation at 360 nm
(Fig. 9, black line) and shows maximum emission at 440 nm.
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Fig. 9 Solid-state photoluminescence spectra of (Me,NH,)[CFA-13]
(red) and the H,-tfpc ligand (black) at room temperature. Dashed lines:
excitation spectra; continuous lines: emission spectra.

The excitation of H,-tfpc is probably attributed to the 7 — n*
transition of the aromatic system. The emission peak of
(Me,NH,)[CFA-13] (Fig. 9, red line) is red-shifted and shows
maximum emission at 520 nm under excitation at 455 nm,
while the emission of the ligand disappears. For Cu(i) pyrazo-
lates, the Cu-Cu distance has an extensive influence on the
photoluminescent properties of the material. Normally, the
Cu-Cu distance must be less than or close to twice the van der
Waals radius of Cu(1) (1.4 A) to achieve a low energy emission.
In CFA-13, the closest Cu'-Cu' distance is 2.907 A. This value
seems too large to influence the luminescence properties by
intramolecular Cu---Cu interactions. We presume that the
observed emission is related to a metal-to-ligand charge trans-
fer. Upon irradiation with a blue-violet light, the Cu(i) ions
within the trinuclear [Cu}(pz),]” units undergo a metal-to-
ligand charge transfer resulting in a charge-separated excited
singlet state. This state can either decay to the ground state by
the emission of slightly red-shifted photons or undergo a spin
conversion into an excited triplet state, which shows a slow
decay (luminescence) to the ground state.*® The latter tran-
sition might be influenced by weak Cu-:-Cu interactions that
typically occur in Cu(r) complexes and coordination polymers
comprising bridging pyrazolate moieties.

The intense green to cyan colour of (Me,NH,)[CFA-13] crys-
tals is a first indication for the presence of Cu(u) centres in the
framework structure. In order to confirm the coordination
environment of copper(u) centres in the paddle-wheel units,
(Me,NH,)[CFA-13](solvent) (solvents: DMF, acetone, CH,Cl,,
MeOH or THF) were analysed by solid-state UV-vis spec-
troscopy. All samples show two strong absorption bands with
maxima at 370-390 nm and 715-750 nm with shoulders at
approx. 260 nm and 950-960 nm, respectively (Fig. 10). The
absorption bands in the range of 370-390 nm can either orig-
inate from ligand-to-metal charge transfer from oxygen in the
carboxylate to Cu(u) ions or from intraligand electron tran-



1,59 ,
——DMF |

acetone|

——CH,CI, |

MeOH !

1,0 THF |

F (Kubelka-Munk)

0,0

T T T T T 1
250 500 750 1000 1250 1500

Wavelength (nm)

Fig. 10 Solid-state UV-vis spectra of (Me,NH,)[CFA-13](solvent) at
room temperature.

sitions. The absorption bands at 715-750 nm can be assigned
to the d-d transitions of Cu(u) centres. The obtained results
are in good agreement with the literature data for HKUST-1,
which also contains Cu(u) paddle-wheel units and shows
similar absorption bands.**

Conclusions

The work reported here describes the synthesis and character-
isation of the mixed-valent perfluorinated metal-organic
framework (Me,NH,)[CFA-13] assembled from two types of sec-
ondary building units. Besides novel trinuclear [Cu}(pz),]”
coordination units, described here for the first time, the
network also exhibits Cu(u) paddle-wheel SBUs. The frame-
work crystallizes in the monoclinic crystal system within the
space group P2,/n (no. 14) and features channels with a limit-
ing diameter of 3.07 A. Due to a negative charge of the lattice,
the pores of the as-synthesized framework are occupied by di-
methylammonium cations, which can be readily exchanged
with K" or Cs" ions. (Me,NH,)[CFA-13] framework is perma-
nently porous after solvent removal, as shown by CO, sorption
measurements. The framework shows selective binding of
reactive gas molecules such as CO and NH; based on the pres-
ence of different active Cu centres. Thus, linearly coordinated
Cu(1) sites within the trinuclear [Cu}(pz),]” SBUs selectively
bind CO molecules with an isosteric heat of adsorption of up
to 47 kJ mol™". Cu(u) paddle-wheel units, in contrast, show
selective binding of NH; molecules. Moreover, CFA-13 shows
pronounced photoluminescence properties and offers the
possibility to exchange the interchannel cations. Owing to
these special features, CFA-13 represents an interesting
example of a bifunctional framework which might be interest-
ing for applications such as sensing or development of new
photoluminescent materials. Incorporation of a perfluorinated
ligand represents a further advantage of this material, as it

should result in higher chemical- and photostability of the
framework.

Experimental
Materials and general methods

All starting materials were of analytical grade and used as
obtained from commercial sources without further purifi-
cation. Thermogravimetric analysis (TGA) was performed with
a TGA Q500 analyser in the temperature range of 25-600 °C in
a flowing nitrogen gas at a heating rate of 5 K min~". Fourier
transform infrared (FTIR) spectra were recorded with an ATR
unit in the range of 4000-400 cm™ on a Bruker Equinox 55
FT-IR spectrometer. Diffuse reflectance infrared Fourier-trans-
formed (DRIFT) spectra were recorded with the same instru-
ment equipped with a Harrick Praying Mantis reaction
chamber. Energy-dispersive X-ray spectroscopy (EDX) was per-
formed with a Philips XL-30 scanning electron microscope.
Ambient temperature X-ray powder diffraction (XRPD) patterns
were recorded on a Seifert XRD 3003 TT diffractometer
equipped with a Meteor1D detector operated at 40 KV, 40 mA,
Cu Ka (4 = 1.54178 A) with a scan speed of 1 s per step and a
step size of 0.02° in 26. Variable temperature X-ray powder
diffraction (VTXRPD) measurements were collected in the 26
range of 5-60° with 0.02° steps with a Empyrean (PANalytical)
Diffractometer equipped with a Bragg-Brentano™ mirror, a
PIXcel®” 2 x 2 detector and a XRK 900 Reactor chamber (Anton
Paar). The patterns were recorded in a temperature range from
25 to 400 °C, in the 5-60° 20 range, with one step per 0.4 s,
and an angular step width of 0.02° in 26. Temperature
program between measurements: heating rate (0.5 °Cs™"), then
10 min isothermal. Adsorption isotherms with CO, at 273 K
(ice/water bath) for the determination of BET surface areas
were measured in the relative pressure range 0.0001-0.03 with
a Quantachrome NOVA 2000 Series instrument. CO, at 194.7 K,
CO and O, sorption isotherms were measured with a
BELSORP-max instrument combined with a BELCryo system.
Prior to measurements, the as-synthesized (Me,NH,)[CFA-13]
(DMF) sample was heated at 150 °C for 1 h, other samples
were heated at 100 °C for 2 h in high vacuum to remove the
occluded solvent molecules. Temperature programmed pulse
chemisorption measurements were performed using a BelCat-B
catalyst analyzer (Bel Japan, Inc.) equipped with a thermal
conductivity detector and a coupled mass spectrometer
(OmniStar GSD 320, Pfeiffer Vacuum). The volume of the pulse
loop was 0.920 mL, the gas flow rate was set to 30 mL min™".
The sample (6.2 mg) was placed between two plugs of super-
fine quartz wool in a quartz glass reactor. Prior to pulse
measurements, the sample was pretreated by heating up to
120 °C (furnace temperature) for 20 minutes at this tempera-
ture in He flow. After the pretreatment, 3.99% NH; in helium
was pulsed at 100 °C to a helium carrier gas stream (99.999%)
to titrate the amount of active sites. The results were evaluated
with the ChemMaster program (BEL Japan, Inc., version 1.4.0).
The adsorbed gas amounts are given in cm® g~ [STP], where



STP = 101.3 kPa and 273.15 K. Luminescence spectra were
acquired using a spectrofluorimeter (FS920, Edinburgh
Instruments) equipped with a TMS300 monochromator, an
S900 single photon photomultiplier, and a Xe 900 450 W
xenon arc lamp at room temperature. The excitation and emis-
sion spectra were corrected for the wavelength-dependent
lamp intensity and detector response, respectively.

Synthesis of (Me,NH,)[Cu} Cu}(tfpc),-3DMF]-2.25DMF

A mixture of copper nitrate trihydrate (24 mg, 0.1 mmol) and
H,-tfpc (25 mg, 0.1 mmol) was dissolved in 2 mL DMF and the
solution was placed in a glass tube (10 mL). The tube was
closed and heated at 120 °C for 3 days and then cooled to
room temperature. The precipitate was filtered and washed
with DMF. Yield: 23 mg (66%). IR (v(cm™)): 2935; 1657; 1624;
1551; 1498; 1437; 1406; 1385; 1250; 1227; 1124; 1100; 1061;
1018; 824; 809; 676; 660; 525; 488; 405. The IR-spectra of
(Me,NH,)[CFA-13](DMF) are shown in ESI (S11 and S127).

General synthesis procedure for M[Cu,Cu(tfpc),] (M = K", Cs")

(Me,NH,)[CFA-13](DMF) (30 mg, 0.0173 mmol) was stirred at
50 °C for 1 h in a solution of the corresponding metal nitrate
(0.35 mmol) in DMF (1.35 mL) and H,O (0.4 mL). The excess
solvent was decanted and replaced by fresh metal nitrate solu-
tion. The exchange procedure was repeated five times. Finally,
the precipitate was filtered, washed with water (3 x 2 mL) and
DMF (3 x 2 mL). The Cu/M molar ratio of the product was
determined by energy dispersive X-ray spectroscopy.

Solvent exchange procedure for (Me,NH,)[CFA-13](solvent)
(solvents: CH,Cl,, EtOH, MeOH, acetone, THF)

(Me,NH,)[CFA-13](DMF) (50 mg, 0.03 mmol) was placed in a
Soxhlet extractor and refluxed with 60 ml of the corresponding
solvent (CH,Cl,, EtOH, MeOH, acetone or THF) under nitro-
gen atmosphere. After 12 h, the solvent was refreshed and
refluxed for further 12 h. Finally, the sample was dried under
vacuum at room temperature.

Single-crystal X-ray crystallography

X-ray data for the single crystal structure of (Me,NH,)[Cu}Cull
(tfpc),-3DMF]-2.25DMF were collected on a Bruker D8 Venture
diffractometer. Intensity measurements were performed using
monochromated (doubly curved silicon crystal) MoKa radi-
ation (0.71073 A) from a sealed microfocus tube. Generator set-
tings were 50 kV, 1 mA. Data collection temperature was
—173 °C. APEX3 software was used for preliminary determi-
nation of the unit cell.>® Determination of integrated intensi-
ties and unit cell refinement were performed using SAINT.>®
The structure was solved and refined using the Bruker
SHELXTL Software Package®” and refined using SHELXL.>”*®
Selected crystal data and details of the structure refinement for
(Me,NH,)[Cu}Cul(tfpc),-3DMF]-2.25DMF are provided in
Table 1. Non-hydrogen atoms were refined with anisotropic
temperature parameters. The hydrogen atoms were positioned
geometrically and refined using a riding model. Complete crys-
tallographic data for the structure reported in this paper have

Table 1 Crystal data and structure refinement of (Me;NH,)[CulCul
(tfpc)s-3DMF]-2.25DMF

Compound (Me,NH,)[Cu} Cul(tfpc),-3DMF]-2.25DMF

Empirical formula C41.75 H44.75 Cu5 F24 N14.25 013.25

Formula (C,HgN)[Cu Cul(C4F24NgOg)-3
(C3H,N0)]-2.25(C3H,NO)

M,/g mol™ 1731.87

T/K 100

Wavelength/A 0.71073

Crystal system Monoclinic

Space group P24/n (no. 14)

alA 22.3887(19)

b/A 13.6888(8)

c/A 21.1804(13)

p° 90.495(3)

V/A® 6491.0(8)

z 4

D,/g cm™ 1.772

u/mm™" 1.747

F(000) 3448

0 range/° 2.350 to 25.056

Refls. collected 89118

Refls. unique 11486

R(int) 0.1025

GooF 1.123

Ry (1> 26(D] 0.0548

WR, (all data)® 0.1673

Largest diff. peak and 0.841 and —0.607

hole/A™3

“Ry = Y| |Fo| = |Fe|[/Z|Fol- "WR, = Z[W(Foz - Fcz)z]/Z[W(Foz)z]l/z'

been deposited in the CIF format with the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge
CB21EZ, UK as supplementary publication no. CCDC
1559842.F
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