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A highly stable metal—organic framework, [{Fe3(ACTBA),}X-6DEF], (1; X = monoanion), based on trinuclear
iron(in) secondary building units connected by tetracarboxylates with an anthracene core, 2,6,9,10-tetrakis-
(p-carboxylatophenyl)anthracene (ACTBA), is reported. Depending on the direction of light polarisation,
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Introduction

Metal-organic frameworks (MOFs) are an attractive class of
porous solids with potential applications in gas storage and
separation, energy conversion and catalysis."> All of these ver-
satile physical and chemical properties or niche applications
have been shown to be heavily reliant on their unique struc-
tures. On the other hand, Fe-based MOFs have attracted wide
scientific attention owing to their low toxicity and magnetic
properties, medical and biological functions (drug release,
imaging) and application in lithium-ion batteries and hydro-
carbon separations.®® However, most recent research has con-
centrated on the exploration of Cu- and Zn-based MOFs,'
while studies on Fe-based MOFs are relatively scarce.” The
main reason is the difficulty in controlling methodology and
experimental conditions, as iron salts exhibit a strong ten-
dency to undergo hydrolysis resulting in stable hydrated iron
oxide and precipitation instead of crystallisation.’

The research presented here is focused on a tetratopic
anthracene-based ligand, namely, 2,6,9,10-tetrakis(p-carboxyl-
atophenyl)anthracene (referred to as anthracene tetrabenzoate
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crystals of 1 exhibit anisotropic optical properties with birefringence An = 0.3 (A = 590 nm).
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Fig. 1 The tetracarboxylate linker, ACTBA.

(ACTBA), Fig. 1), as conjugated or fused aromatic compounds
may exhibit interesting optical features, acting as charge donors
or acceptors. Furthermore, with iron ions, such compounds are
capable of exhibiting unique optical properties due to strong
spatial anisotropy on the nanoscale, as was discovered for the first
time in this class of materials described here. This feature opens
up broad prospects for the use of MOF single crystals in mana-
ging photoexcitation under the influence of light.'’

Results and discussion

Single crystals of [{Fe;(ACTBA),}X-6DEF], (1; X = monoanion)
were obtained by solvothermal synthesis from FeCl;-6H,0 and
the corresponding acid of the linker, H;-ACTBA, in diethyl-
formamide (DEF). The colour of the crystals ranges from dark
yellow to brown, depending on their thickness and the angle of
incidence of a light beam. Compound 1 crystallises in the triclinic

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The SBU Fe3(RCO,)s.

space group P1 (see ESI, Table S1f) forming a porous network
consisting of Fe3(RCO,)s as a secondary building unit (Fig. 2).

The central iron atom (Fe2) is located on a crystallographic
inversion centre and exhibits perfect octahedral coordination,
whereas the coordination environment of Fel/Fel' is best
described as distorted tetrahedral if the two chelating carboxy-
lato groups are regarded as occupying one coordination site.
The eight carboxylato groups belong to eight separate ACTBA
linkers and exhibit different bonding modes: four are p,,k":k’
(between Fel or Fel’ and Fe2), two are p,,k*:k (k> at Fel or
Fel’ and k' at Fe2), and two are x” (at Fel and Fel’). With
respect to the planar anthracene core, the four phenylene sub-
stituents exhibit different angles between the ring planes,
which range from 40.0 to 73.8° (see ESI, Fig. S11 and
Table S2t). The resulting structure (Fig. 3) is highly porous
and exhibits channels along the a, b and ¢ axes (Fig. 4) as well
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Fig. 3 View along the b axis in 1 showing one pore (B) and the connec-
tivity of the linkers.
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Fig. 4 Views along the a, b and c axes in 1 showing the different pores.

as in other directions (see ESI, Fig. S47). Viewed along the a
axis, two different pores are observed, labelled Al (ca. 6.4 x
4.0 A) and A2 (ca. 5.8 x 4.9 A); the largest pores are observed
along the b axis (B, ca. 12.0 x 7.5 A), and the smallest along the
¢ axis (C, ca. 7.2 x 2.6 A) (Fig. 4; the pore dimensions were
obtained from space-filling models based on van der Waals
radii).

All attempts to locate solvent molecules inside the pores
failed due to their high disorder. Therefore, these molecules
were removed with the SQUEEZE routine implemented in
PLATON; the electron count suggests the presence of six poorly
defined DEF molecules in the unit cell. Furthermore, as mag-
netic measurements and Mof3bauer spectroscopy indicate the
presence of three Fe'" cations, an anion X [possibly hydro-
xide or formate (from decomposition of DEF) besides 10%
chloride] must be present for charge neutrality.

TG-DTA analysis was carried out in the range of 30~700 °C and
showed 1 to be stable up to 350 °C (see ESI, Fig. SOt). The
thermal stability is comparable to that of MIL-53,"" whereby the
high stability may be due to the high valence of the metal ions
and the connectivity of the SBU rods.'>" Also, the recently
reported MOFs ROD-6 and ROD-7, based on Mn or In and 1,3,6,8-
tetrakis(p-carboxylatophenyl)pyrene as linker, exhibit similar
stability."

The permanent porosity of an activated sample was con-
firmed by the N, sorption isotherm at 77 K (see ESI, Fig. S27).
The microporosity was assessed by using the Langmuir and
BET theories for surface area analysis and the Dubinin-Asta-
khov (DA) method for pore size distribution (see ESI, Fig. S37).
The BET and Langmuir surface areas are 554 and 715 m> g™ ",
respectively, which were calculated from the nitrogen physisorp-
tion data in the relative pressure range p/p, = 0.06-0.30. The
total pore volume of 1 based on this method is 0.164 cm® g™
associated with an average pore radius of 5.2 A (DA). The data
obtained are in accord with the pore volumes calculated by
using the program package Platon.'* However, in the structure
determination, the SQUEEZE analysis revealed a total volume
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of 1.978 nm® for the solvent-accessible area of the unit cell.
This corresponds to a pore volume of 0.56 cm® g™*, which is
3.5 times higher than the value that was deduced from the
Barrett-Joyner-Halenda (BJH) analysis.

In order to understand the electronic structure of the
trinuclear SBU in 1, microcrystalline samples were studied by
VT-SQUID, VT-CW X-band EPR and zero-field *’Fe M&fibauer
spectroscopy at 77 K (see ESI, Fig. S61). The SQUID magnetisa-
tion measurement (see ESI, Fig. S57), recorded in the tempera-
ture range 2-300 K, revealed a reproducible, strongly
temperature-dependent magnetic moment over the entire
temperature range. The magnetic moment at 2 K was deter-
mined to be 3.9 up, and thus indicates an Sy, = 3/2 ground
state for the SBU. With increasing temperature, the magnetic
moment increases steadily to give a value of approximately
11 up at room temperature. The zero-field Mof3bauer spectrum
of 1, recorded at 77 K (see ESI, Fig. S6%), shows one symmetric
quadrupole doublet with an isomer shift § of 0.52 mm s™' and
a quadrupole splitting AEq of 0.70 mm s~ ". These Mof3bauer
parameters are characteristic for high-spin iron(u) ions (Fe",
d® S = 5/2) in an O-donor ligand environment. However, a
single Mof3bauer feature appears to be inconclusive and not in
agreement with the trinuclear SBU, as the Fe centres in 1 have
significantly different ligand environments. The outer Fe ions
(Fel, Fel") are best described as being situated in a tetrahedral
coordination sphere, while the central ion (Fe2) is clearly octa-
hedrally coordinated. Accordingly, one would expect two
Mof3bauer signals with an intensity ratio of 2:1. In principle,
if both Fe sites were high-spin S = 5/2, they could have similar
Mof3bauer parameters. With that said, the observation of a
relatively sharp (I'pwiy = 0.57 mm s~ ') and symmetric doublet
still would not be anticipated. In addition, the formulation of
three magnetically coupled high-spin Fe ions cannot result in
an electronic ground state Sy, of 3/2, as suggested by SQUID
magnetisation. An EPR spectroscopic study remains equally
inconclusive. CW X-band EPR spectra of two batches, recorded
at 8 and 6 K (see ESI, Fig. S7 and S8t), show very similar fea-
tures with identical g values. A signal at g = 8.47 and 4.13 is
indicative for an S = 5/2 ion, for which the expected high-field
third resonance is broadened into the baseline or hidden
underneath the second, rhombic signal centred at g = 1.81,
2.00 and 2.18. Although these signals are remarkably reprodu-
cible, their intensities are not and, furthermore, they are not
in the expected integer ratio of 2:1 to each other. Accordingly,
a temperature-dependent EPR study (6-290 K, see ESI, Fig. S8t)
was carried out. Clearly, with increasing temperature, the low-
field feature at g ~ 8.5 and 4 loses signal intensity, while the res-
onance at g ~ 2 shifts to slightly lower fields, resulting in a
single, broad resonance centred at g = 2.64, 1.97 and 1.90. The
coalescence temperature of about 80-100 K could explain the
single quadrupole doublet observed in the *’Fe M6f8bauer spec-
trum (recorded at 77 K). In conclusion, the magnetochemical
study (see ESIT) suggests that the electronic structure of 1 cannot
be described as an electronically isolated, trinuclear, molecular
Fe moiety. Instead, the spectroscopic data suggest that the SBUs
engage in intermolecular interactions, most likely in addition to
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intramolecular magnetic superexchange. Accordingly, a simple
interpretation of the electronic structure of supramolecular 1 on a
molecular level (the SBU) is severely hampered by spin-spin inter-
actions, as is most obviously seen in the VT EPR study. This leads
to complicated magnetic phenomena, detailed interpretation of
which is beyond the scope of this work.

From a physical point of view, a central feature of the
crystal structure of 1 are the ordered Fe'™ cations forming
atomically thin metal-ion chains and defined nanoscale chan-
nels. Objects with such structural features have strongly aniso-
tropic physical properties,'® for instance, optical or conductive
properties. At best, they may have unique metamaterial proper-
ties'® due to the combination of metallic (Fe chains) and
dielectric elements (channels) in a single crystal. The latter is
enhanced by the fact that all single elements are nanoscale
and can be considered as a quantum system. In turn, this is
essential for quantum metamaterials.'®” Basically, classical
optical studies on MOF conglomerates and arrays strongly
dominate over specific studies on single crystals of MOFs,
which are mostly dedicated to luminescence.'” Therefore,
studies of the anisotropy of the optical properties of 1 were
carried out. The transmission/reflection spectra (experimental
setup described in ESI, Fig. S101) obtained for a single crystal
at two orthogonal polarisations (E; and E,) were normalised by
the spectra acquired under the same conditions from the slide
in DEF (Fig. 5). Here, the transmission spectra T were recalcu-
lated to optical densities OD (OD = —Ig T), which in turn can
be considered as characteristic of absorption A of radiation in
a crystal of length L (A = 2.3 OD/L).

For single crystals of 1 it can be concluded that the
different amplitudes and shapes of the reflectance/absorption
spectra for light with orthogonal polarisations (E; and E,) indi-
cate a strong anisotropy of the optical properties (Fig. 5): (i)
different band gap for light with orthogonal polarisation (2.7 eV
versus 2.4 eV), and (ii) anisotropy of the refractive index n. The
refractive indices of 1 in the case of normal incidence of light
on a homogeneous dielectric film (i.e., single crystal of 1)'®
can be obtained from the following expression:

R=[(mn, —n?)/(many + n?)?

where R is the reflectance and n,, n, are the refractive indices
of the slide (1.51)" and DEF (1.433)*° in the visible range.
Obtained spectra (Fig. 5) indicate that a single crystal of 1 has
a giant difference of n within the whole visible range. In par-
ticular, 1 has refractive indices of 1.84 and 2.14 for E; and E,
polarisation at a wavelength of 590 nm (An = 0.3), the sodium
D line, which is in the same range as well-known and widely
used commercial anisotropic crystals (calcite, rutile, sodium
nitrate, calomel)*! with extremely large birefringence at the
same wavelength (0.17 < An < 0.68). For the whole visible
range, the value of An varies from 0.19 to 0.34. However, the
geometry of the optical experiment is not optimal due to the
fact that we do not know the orientation of the Fe™ cations
and optical axes with respect to the sides of the crystal of 1
(insert in Fig. 5). Therefore, it can be argued that An can reach

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Reflectance spectra and optical density of a single crystal of 1
irradiated perpendicular to its surface. Red and blue curves correspond
to reflection/absorption of electromagnetic waves with electric vectors
E which are perpendicular (E;) or parallel (E;) to the longest side of the
crystal, as shown in the inset. The oscillations in the reflectance spectra
indicate interference in thin films, and the calculated optical thickness
of the crystal shown is 10 um. The slope of the optical density curves
supports different band gaps of 1 depending on light polarisation (2.7 eV
for E; and 2.4 eV for E,).

much larger values than 0.3 in case of optimal propagation of
electromagnetic waves with orthogonal polarisations.

Also a higher value of birefringence can be achieved in
nanostructured semiconductors®® or liquid crystals.>® However,
the former is valid for the IR range due to small band gaps, and
the latter has a restriction on ultrafast operation.

Polarised transmittance and reflectance spectroscopy was
carried out for 13 single crystals of 1 with lateral dimension
from 2 to 20 um showing consistent anisotropic optical pro-
perties. The observed optical anisotropy directly results from
the crystal structure of 1. Due to the charge-transfer properties
of the anthracene derivative (ACTBA)** and metal-ion chains
ordered in different spatial directions, crystals with a structural
period of less than 1 nm have anisotropic permittivity and
metallic features in the visible spectral range. As a result, the
interaction between polarised optical radiation and a single
crystal of 1 results in the above-mentioned properties.

Conclusions

In conclusion, the novel highly porous MOF reported here
based on a tetracarboxylic linker with an anthracene core

This journal is © The Royal Society of Chemistry 2016
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(ACTBA) and an Fe3(RCO,)s SBU reveals giant optical an-
isotropy arising from metal-ion chains ordered in different
spatial directions allowing the single crystals to change
their reflectance/absorption depending on the direction of
the polarisation vector. We expect that this study, performed
for the first time on individual microcrystals, will motivate
investigations of other anisotropic properties of single crystals
of MOFs and will thus open up unprecedented new
applications.

Experimental
General methods

Reaction vessels. Stainless steel vessels (autoclaves, made
from (X5CrNiMo17-12-2) AISI 316 aka V4A) with PTFE liners
(about 20 ml) were used for the reactions. Solvothermal/tem-
perature-controlled reactions took place in Memmert ovens
models UFE400 and UNE600 controlled via computer software
over RS-232. Unless otherwise noted, chemicals and solvents
were used as purchased. Solvents were dried with an MBRAUN
SPS-800. DEF was dried with Na,SO,, then stirred at room
temperature for 2 h with CaH, followed by filtration and distil-
lation under reduced pressure. Silica used was Merck
VWR Geduran Si60 (40-60 pm). Anthracene was used as pur-
chased. Boronic acid was prepared from destilled p-bromoto-
luene via boronation and, in case of 4-carboxyphenylboronic
acid, followed by oxidation and esterification. 4-Methoxy-
carbonylphenylboronic acid is also commercially available.
4-Methoxycarbonylphenylboronic acid was always a mixture of
free acid and boroxine (trimeric anhydride), but both
compounds can be employed in the reaction. 2,6,9,10-
Tetrabromoanthracene was prepared according to ref. 25. NMR
spectra were recorded with a Bruker AVANCE DRX 400 spectro-
meter; chemical shifts are given in parts per million (ppm) at
400.13 (*H). Internal standard was TMS (tetramethylsilane).
Infrared spectra were recorded on a Perkin-Elmer FT-IR Spec-
trum 2000 spectrometer in KBr. Elemental analysis was con-
ducted with a VARIO EL (Heraeus). ESI-MS was performed with
a Bruker Esquire 3000 plus, for EI-MS a Finnigan MAT 8230
(70 eV) was used. Melting points were determined with a Gal-
lenkamp MPD350.BM2.5 device.

Synthesis of H,-ACTBA. Me,-ACTBA was prepared from
2,6,9,10-tetrabromoanthracene and 1-COOMe-4-B(OH),-C¢H,
via Suzuki-Miyaura coupling (general protocol in ref. 26).
Oxygen-free dioxane and deionised and degassed water (ratio
3:1) were added via cannula to a mixture of 2,6,9,10-tetrabro-
moanthracene (1 eq.), boronic acid (in total 5.8 to 6.6 eq. of
1-COOMe-4-B(OH),-C¢H,, starting with 3 eq. and adding
additional portions of 1.2 eq. after 3, 6 and 9 days), base (7.5
eq. Na,CO;) and catalyst ([Pd(PPhs),], 1.5 mol%) under nitro-
gen. The mixture was refluxed for 10-12 days. Additional
boronic acid was added after every third day. Solvent was
removed on a rotary evaporator. Purification can be achieved
by column chromatography using n-hexane/ethyl acetate (8:1)
with a rising gradient of ethyl acetate as eluent on silica.

Dalton Trans., 2016, 45, 7244-7249 | 7247
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Me,-ACTBA is soluble in warm and polar organic solvents as
well as in aromatic solvents. M.p.: decomp. without melting.
Analytical data for Me,-ACTBA: "H-NMR (CDCl;, § in ppm):
8.34 (d, 8.2 Hz, 4 H, presumably pos. 3'/5" or 3"/5"), 8.07 (d,
8.2 Hz, 4 H, presumably pos. 3'/5" or 3"/5"), 7.87 (d, ca. 1.3 Hz,
2 H, 1,5-pos.), 7.74 (d, ca. 9.1 Hz, 2 H, 4,8-pos.), 7.67-7.64
(m/overlap, 6 H, presumably pos. 3,7 and 2'/6’ or 2"/6"), 7.59
(d, 8.2 Hz, 4 H, presumably pos. 2'/6' or 2"/6"), 4.04 (s, 6 H,
Me), 3.92 (s, 6 H, Me); it is assumed that positions 1,3 and 5,7
couple via g coupling constants in this area are hard to
obtain with certainty. Related compounds with a similar sub-
stitution pattern (e.g. 2,6-dibromo-9,10-anthraquinone) show
a distinct *J;;_y; for these positions. MS (ESI+, DCM/MeOH;
[m/z]): 715.5 [M + HJ", 737.2 [M + NaJ". IR (¥ in cm™"): 3437 (br
s, H,0), 3080-2970 (several w), 2953 (w), 2847 (w), 2380-2320
(several w), 2078 (br w), 1724 (vs), 1680 (m/w-w), 1653 (m/w-
w), 1608 (s), 1570-1500 (several w), 1456 (m/w-w), 1436 (m),
1404 (w), 1378 (w), 1279 (br, vs), 1192 (m/w), 1180 (m/w), 1113
((br) s), 1019 (m/w), 951 (m/w-w), 916 (w), 889 (w), 858 (m/w-
w), 819 (m/w-w), 771 (m), 737 (w), 709 (m/w), 640-580 (several
w), 530-418 (several w). Found C, 74.99%; H, 4.68%; calcd for
C46H34,05 x 1/3 DCM (DCM from workup): C, 74.89%; H,
4.70%.

H,-ACTBA was obtained by saponification by adding
aqueous NaOH and refluxing overnight. Dioxane was removed
on a rotary evaporator. If necessary, more water was added.
The warm mixture was filtrated and the solid washed with
water. The basic filtrate (clear yellow solution) was poured
slowly into ice/water/HCI (aq) under stirring. The product pre-
cipitated as a bright yellow powder. The product was isolated
by filtration, washed with hot water and dried in vacuum at
140 °C for several hours yielding a yellow powder. Typical
yields: 80-86% (4.9 to 12.3 g). The product is not soluble in ali-
phatic solvents, slightly soluble in alcohols at room tempera-
ture (esp. 'PrOH), better at elevated temperature. M.p.:
decomp. without melting. Analytical data for H,;-ACTBA:
"H-NMR (DMSO-d6, d in ppm): 7.67 (d, ca. 2 H, ca. 1.5 Hz),
7.70-7.73 (m(?), ca. 6 H), 7.74 (s, ca. 2 H), 7.84 (s, 2 H, probably
1,5-position, possibly d, 1.5 Hz), 7.87 (probably dd, 2 H, 9 Hz
and small d of ca. 1.5 Hz, likely 3,7-position because of poss-
ible *J;_; with 1,5-position), 8.02 (d, 4 H, ca. 8 Hz), 8.28 (d, 4
H, ca. 8 Hz); COOH not observed. The overlapping signals
from 7.67 to 7.74 ppm integrate to ca. 10 H. MS (ESI-, MeOH;
[m/z]): 328.0 [M — 2H]*", 657.1 [M — H], 679.0 [M — 2H + Na] .
IR (¥ in em™): 3456 (br s, H,0), 2964 (m), 1691 (br s), 1609 (s),
1568 (w), 1409 (br m), 1262 (m/s), 1178 (w/m), 1103 (m), 1019
(w/m), 951 (w), 860 (w), 801 (m), 708 (w). Found C, 75.17%; H,
4.02%; caled for CypH,0g X 0.5H,0: C, 75.55%; H, 4.08%.

Synthesis of 1. About 0.08 mmol of the anthracene-based
ligand (H,-ACTBA) were dissolved in 3 ml DEF (DEF was used
rather than DMF as the latter hydrolyses much more rapidly
with formation of formate and dimethylamine) and added to
the Teflon liner with ca. 0.6 mmol FeCl;-6H,0. Temperature
programme: 5 h rising to 180 °C, keeping at 180 °C for 28 h
and decreasing over 48 h to rt. After the reaction, the crystal-
line material was isolated, washed twice with MeOH and dried
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at room temperature. The colour of the crystals ranges from a
dark yellow to brown (depending on thickness and light). IR
(v in em™): 3438 (br, H,0), 2965 (m), 1691 (m), 1658 (m), 1652
(m), 1607 (br s), 1558-1502 (br, several absorptions, m), 1404
(br s), 1262 (s), 1178 (m), 1098 (br s), 1019 (s), 950 (m/w), 862
(m/w), 803 (s), 709 (m/w), 626 (W), ca. 502 (several absorptions, w).

Crystal structure determination

The X-ray data were collected on a Gemini-S CCD diffracto-
meter (Agilent Technologies) using Mo-K, radiation (1 =
0.71073 A), w-scan rotation. Data reduction was performed
with CrysAlis Pro,”” including the program SCALE 3
ABSPACK”® for empirical absorption correction. Structure solu-
tion with SHELXS-2013 (direct method). Anisotropic refine-
ment of all non-hydrogen atoms with SHELXL-2014.%°
Hydrogen atoms are calculated on idealised positions. Solvent
molecules removed with the SQUEEZE routine
implemented in PLATON.'* Figures were drawn with Diamond
v 3.2i. Structural data of 1: Cy14H;10ClFe;NgO,, ({Fe3(ACTBA),}X:
6DEF), M = 2119.07, triclinic, space group P1, a = 13.3774(7) A,
b =17.0481(7) A, ¢ = 17.4322(7) A, a = 118.491(4)°, /3 = 99.961(4)°,
¥ =100.101(4)°, V = 3285.1(3) A%, Z =1, peaiea = 1.071 Mg m™>, =
0.407 1’1'11'1'1_1, Qmax. = 26.370, R(all data) ~ 0.0817, Rw(all data) ~
0.1772, T = 130(2) K, 13416 independent reflections, 466
parameters, no restraints, maximal residual electron density
0.618 e A~*. CCDC 1062660 (1) contains the supplementary crys-
tallographic data for this paper.
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