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Magnetic and Sorption Properties of Supramolecular Systems Based on
Pentanuclear Copper(Il) 12-Metallacrown-4 Complexes and Isomeric
Phthalates: Structural Modeling of the Different Stages of Alcohol Sorption
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Metathesis of the perchlorate anions in [Cus(ahpha),](Cl1O4),-
4H,0, where ahpha?" is the dianion of 3-amino-3-hydroximi-
nopropane hydroxamic acid, with m- and p-phthalates re-
sulted in formation of [Cus(ahpha),(m-CgH,04)(H,0)]-9H,O
(1), [Cus(ahpha)s(m-CgH,04)(H,0)]:2MeOH-DMF (1a) and
[Cus(ahpha)s(p-CsH,O4)(H,0),],:14H,O  (2). Molecules in
the structures of 1, 1a and 2 are held together by noncovalent
interactions, and the lattices contain voids filled with water
molecules. Compounds 1 and 1a differ in the mode of m-
phthalate coordination, solvent type, and crystal lattice con-
tent. Desolvated 1 and 2 sorb gaseous MeOH and EtOH.
Whereas the MeOH sorption capacity was very similar for 1
and 2 (about 0.14 cm®/g at PPg! = 0.9, where P is the current
methanol pressure and Pg the saturation vapor pressure of

methanol at 293 K), the capacity of 2 to sorb EtOH was about
1.5 times as high as that of 1. To a certain extent, the struc-
tures of 1 and 1a can be considered as models of compounds
that can form at different stages during alcohol sorption by
desolvated 1. The ypT vs. T data for 1 and 2 could be fitted
with a model based on the Hamiltonian H(Cu'ls) = -2J;(S;-S,
+ S1+S3 + S-Sy + S1+Ss) — 2J5(S2°Ss + S3:S3 + S3:Sy + S4-Ss),
where S; represents the spins of the central Cu ions and S,-
S, correspond to the spins of the peripheral Cu® ions. The
best fits corresponded to J; = -129(3) cm™?, J, = —66(1) cm™
and zJ' = -2.5(2)cm™ at gg, = 2.12(1) for 1, and J; =
-163(3) cm™, J, = -78(1) cm™! and zJ’ = -1.5(1) cm™ at g¢, =
2.05(1) for 2.

Introduction

Interest in coordination compounds that possess the abil-
ity to sorb various substrates is stimulated by the possibil-
ities for their application for selective sorption,!'! the sepa-
ration of different compounds,?! and catalysis.l?! Porous co-
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ordination polymers as sorbent lattices can contain para-
magnetic metal ions that may lead to the polymer dis-
playing nontrivial magnetic properties. In contrast to dia-
magnetic sorbents, such as porous carbons or zeolites, the
interaction of coordination polymers with sorbed substrates
may cause structural rearrangements and hence changes in
the physical properties e.g. magnetic properties of the poly-
mer.l Such compounds may be considered as a basis for
the generation of chemical sensors,®! as well as magnetic
materials with tunable properties, which makes studies of
the interaction of coordination polymers with various sub-
strates an important field in contemporary coordination
chemistry and material science.!®!

Among the variety of compounds called “porous coordi-
nation polymers”, two types can be distinguished: sorbents
with rigid structures!” and “breathing polymers” with flexi-
ble structures.[®! In the latter case, sorption and desorption
of certain substrates induce changes in the crystal structure,
which may be associated with changes in the solvent access-
ible void volume.”1% It has also been shown that com-
pounds built from discrete units (i.e. not polymers), can
sorb small molecules.''?! Such sorption is usually associ-
ated with specific host-guest interactions between the sorb-
ate and structural elements of the sorbent.['3] It is impor-
tant to understand the nature of such interactions as well
as any attendant structural changes that can occur during
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Figure 1. Scheme showing the formation of complexes 1 and 2 from [Cus(ahpha),]**. Note that for compound 2 only the asymmetric

half of the dimer is shown.

such sorption and desorption processes. In addition, the de-
velopment of new systems based on polynuclear “building
blocks” and that are capable of interacting with small mole-
cules is important for obtaining compounds with predeter-
mined magnetic and spectral properties, which may be gov-
erned by the properties of the starting polynuclear units.

Metallacrowns have been attracting attention for several
reasons, which include their intramolecular magnetic ex-
change interactions,'*!*! bioactivity!'® and their ability to
exhibit selective recognition of cations and anions.l'”l Due
to the presence of coordination positions on the metal ions
that are vacant or occupied by readily displaceable ligands,
metallacrowns can be linked by appropriate bridging li-
gands, such as carboxylates, to give novel supramolecular
assemblies.['8 Such systems, along with the intrinsic proper-
ties of the constituent metallacrowns, may possess proper-
ties that result from the specific crystal packing, such as
the capacity to sorb certain substrates.['”] Sorption may be
achieved by filling of the voids in crystal structures, as well
as by substrate-induced rearrangement of the crystal lattice.
A few examples of compounds based on metallacrown units
with large void volumes have been reported, however infor-
mation on the sorption properties of such systems is
scarce.l12:19]

The aim of this research was to study the possibility for
the generation of porous structures by linking pentanuclear
metallacrowns with dicarboxylates, to examine the capacity
of the resulting compounds for the sorption of various sub-
strates, and to obtain information about possible changes
that occur in the crystal structure of the sorbent due to its
interaction with sorbates. An additional aim of this study
was to see to what extent structural deformation of the
pentanuclear cation, induced by coordination of an ad-
ditional ligands, can change the magnetic coupling (J val-
ues) associated with the intramolecular Cu'---Cu'! interac-
tions. In order to have more data to enable comparison of
the J values, we used the well characterized cationic penta-
copper metallacrown [Cus(ahpha),]*>*, which has previously
been reported, as a constituent of several different com-
pounds.['>2% [Cus(ahpha),]** has vacant positions in the
coordination spheres of the Cu®* ions, it has a planar struc-
ture and is stable in solution, which makes it a suitable
“building block” for assembling high nuclearity systems
and supramolecular architectures.
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In this paper we report the synthesis, XRD determined
structures, alcohol sorption and magnetic properties of
three coordination compounds, 1, 1a and 2, which were ob-
tained by the combination of the cationic metallacrown
[Cus(ahpha),]** with anions of the isomeric m- and p-
phthalates 1,3- and 1,4-benzenedicarboxylate (Figure 1).

Results and Discussion

Synthesis

Formation of 1 vs. 1a, which differ in the coordination
mode of m-phthalate and in solvent composition (vide in-
fra), was governed by the solvent used in the reaction
(DMF/H,O and DMF-methanol mixtures, respectively).
Coordination of m- or p-phthalate dianions to the Cu'' ions
in [Cus(ahpha),]** results in anion metathesis that leads to
the formation of neutral complexes 1, 1a and 2, which con-
trast with the ionic starting compound. In addition, the re-
action involves dimerization of the [Cus(ahpha)** units,
which results in decanuclear compounds (Figure 1). Several
complexes containing the cation [Cus(ahpha),]** have pre-
viously been reported, such as the nitrate salt in which Cus
cations are stacked in a 1D polymer,?” and the adduct with
Cr(C,0,);* that contains a trimeric Cu;s core.l'”l It may
be noted that there is a connection between the degree of
pentacopper block oligomerization and the charge of
counter —anions: 1D chains have anions with a —1 charge,
dimers or stacks of weakly bonded pentanuclear cations
have anions with a -2 charge, and trimers have anions with
a -3 charge. The perchlorate salt of [Cus(ahpha),]** also
follows this trend (see Supporting Information). However,
formation of a given type of structure is definitely directed
not only by the anion’s charge, but also by its coordination
ability, as well as the lattice energy of the resulting com-
pound.

XRD Determined Structures

Crystal data, data collection parameters and structure re-
finement details for complexes 1, 1a and 2 are given in
Table 2 (see Exp. Sect.).

4827
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Complex 1 [Cus(ahpha)(m-CgH,04)(H,0)]-9H,0. The
crystal structure of complex 1 consists of neutral centro-
symmetric stacks of weakly bonded (vide infra) pentanu-
clear units of [Cus(ahpha)4(m-CsH404)(H,0)], and 18 non-
bonded water molecules per [Cus], unit. Two m-phthalates
are bonded to the “external” sides of the [Cus], unit, each
m-phthalate dianion is coordinated in a monodentate fash-
ion to two peripheral Cu' ions through two oxygen atoms
from two deprotonated carboxylic groups (Figure 2). Indi-
vidual neighboring [Cus(ahpha),(m-CsH404)] units are re-
lated by an inversion center and are linked by rather long
[2.894(5) A] out-of-plane hydroxamate Cu3-O10’ contacts,
which may be considered as very long Cu-O axial bonds,
although the O10" atoms may simply be residing in an elec-
trostatic energy minima that is adjacent to the neighboring
Cus unit (Figure S1).

Figure 2. The structure of a [Cus(ahpha)(m-CsH404)(H,O)] unit
that is present in 1. Two such units are stacked, and exhibit long
Cu3-010' [2.894(5) A] contacts. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are drawn at the 50% probability level.

Each pentanuclear cation [Cus(ahpha)y?* consists of
four peripheral Cu'! ions, located in the Cu, metallacrown
ring of the [Cus(ahpha),]** unit, and one central Cu'" ion.
The cavity in which this central copper ion sits is formed
by four hydroxamate oxygen atoms. Each of the four depro-
tonated ahpha® ligands binds to three Cu'l ions — two pe-
ripheral ions and one central ion. The peripheral Cu' ions
have two oxygen donors (one from a carbonyl group, and
the second from the deprotonated hydroxamate N-O group)
and two nitrogen donors from two different oximate and
hydroxamate N-O groups in the equatorial positions. While
the CuOs chromophore containing the central Cul! ion,
Cul, is unequivocally square pyramidal (z = 0.004),[>!] the
peripheral Cu'! ions have slightly distorted square pyrami-
dal N,O; coordination environments [t(Cu2) = 0.18].211
The axial positions of the Cul and Cu2 ions in 1 are occu-
pied by a water molecule [Cul-O18w, 2.468(5) A] and a
carboxyl oxygen atom, O15, from a m-phthalate ligand
[Cu2-015, 2.640(4) A], respectively. Atom Cu3 is bound by
an N,O, donor set with elongated octahedral geometry.
The axial positions of the Cu3 ion are occupied by a car-
boxyl oxygen atom, O14, from a m-phthalate ligand [Cu3-
014, 2.591(5) A] and a hydroxamate oxygen atom, O10’,
[Cu3-010’, 2.894(5) A] from a neighboring Cus unit. The
4828
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m-phthalate dianion is bound to two peripheral copper
atoms (Cu2 and Cu3). Copper ions Cu4 and Cu5 exhibit
distorted square planar geometry and are bound by N,O,
donor sets. In the case of Cu5 the square planar distortion
is greater (the angle between the O11-Cu5-N9 and O10-
Cu5-N7 planes is 12.6°) than for Cu4 (the O7-Cu4-N4 and
08-Cu4-N6 planes are twisted by 2.6° with respect to each
other).l??!

All the equatorial Cu—O and Cu-N bond lengths lie
within the range 1.885(3)-1.987(3) A, while the bonds with
the donor groups in the axial positions are longer, evidenc-
ing the Jahn-Teller distortion of the Cu'" chromophores.
Selected bond lengths and angles are presented in Table S1.
The non-hydrogen atoms of the metallacrown fragment
[Cus(ahpha),]** in 1 are close to being coplanar: the devia-
tion of the central copper ion, Cul, from the plane defined
by the peripheral copper ions Cu2, Cu3, Cu4, and Cu5 is
0.099(2) A, while the largest deviation from this plane by
the non-hydrogen atoms is 0.883(3) A (for N11). The angle
between the mean plane defined by the peripheral copper
ions (Cu2-Cu3-Cu4-CuS5) and the m-phthalate’s aromatic
ring plane (C14-C15-C16-C17-C18-C19) is only 12.0(1)°.

n-Stacking between the aromatic rings of the m-phthal-
ates [the separation between the parallel benzene ring mean
planes is 3.279(4) A] leads to the formation of pseudo-1D
chains comprising [Cus(ahpha)s(m-CsH404)(H,0)], units
(Figure 3). An extended system of hydrogen bonds [O8—
HI2B, 2.2024)A; OI12-H5D, 2.225(3)A; O14-HSD,
1.941(2) A; O15-H11D, 2.035(4) A] leads to packing of
these 1D chains in the other two dimensions, so that com-
paratively large channels [16.5X 6.1 A?] are formed in the
crystal lattice that extend along the « axis (see Figure 3 and
Figures S2 and S3 in the Supporting Information). These
channels are filled with water molecules.

Figure 3. Fragment of the crystal structure of complex 1, as viewed
along the a axis. Solvent molecules (both coordinated and noncoor-
dinated) are omitted for clarity.

Eur. J. Inorg. Chem. 2011, 4826-4836
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PLATONI?3 calculations (with a probe molecule that has
a radius of 1.4 A) indicate that removal of all coordinated
and noncoordinated solvent molecules from the otherwise
intact lattice would leave voids in 1 corresponding to
397 A3, which is 20.6% of the unit cell volume (as an upper
limit).

Complex 1a [Cus(ahpha),(m-CsH,0,4)(H,0)]-2MeOH:-
DMF. The crystal structure of complex 1a consists of neu-
tral [Cus(ahpha)y(m-CgH404)(H,O)] and noncoordinated
methanol and DMF molecules. The m-Phthalate dianion is
coordinated to a peripheral Cu4 ion of the [Cus(ahpha)**
cation through carboxylate oxygen O14 [Cu4-Ol4,
2.360(3) A], the phthalate’s other carboxylate group re-
mains uncoordinated. The Cu containing molecules are ar-
ranged centrosymmetrically, with their phthalate groups po-
sitioned on the symmetry element, they also lie parallel but
slipped with respect to each other, and interact weakly via
long Cu5-09’ contacts [2.988(3) A] (Figure 4, S4 and S5).

Figure 4. The structure of a [Cus(ahpha)(m-CgH404)(H,O)] unit
that is present in 1a. Hydrogen atoms are omitted for clarity. Ther-
mal ellipsoids are drawn at the 50% probability level.

The pentanuclear crowns in la are arranged as stacks
that lie along the « axis and are connected by multiple H-
bonds. The arrangements of the [Cus(ahpha),]*>* units in 1
and 1la are further compared in the discussion of the sorp-
tion properties of these complexes (vide infra).

The structure of the metallacrown fragment, [Cus-
(ahpha),**, in 1a is generally similar to its structure in
complex 1, although slight differences in the coordination
environments of the Cu'l ions are observed, but only at the
axial positions. Copper ions Cul and Cu3 in 1a exhibit dis-
torted square-planar geometries and are bound by N,O,
donor sets. The axial position of Cu2 is occupied by a water
molecule [Cu2-O13w, 2.315(4) A], while Cu4 binds, at its
axial position, with carboxyl oxygen Ol4 from the m-
phthalate ligand [Cu4-014, 2.360(3) A]. Copper ion Cus5 is
bound by an N,O; donor set and exhibits a distorted
square pyramidal coordination geometry (r = 0.15),2!
while the axial position of Cu5 is exposed to the hydrox-
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amate atom, O9’, from a neighboring metallacrown unit.
Selected bond lengths and angles are presented in Table S2.

PLATONI?3 (as described above) estimates the total void
volume in 1a to be 1879 A3, which is 18.7% of the unit cell
volume.

The cation [Cus(ahpha),]** in 1a is almost planar, the
deviation of the central copper ion, Cul, from the plane
defined by the peripheral copper ions Cu2, Cu3, Cu4, and
Cu5 is 0.127(4) A, while the largest deviation from this
plane is 0.480(3) A (for N8). The angle between the plane
defined by the peripheral copper ions (Cu2-Cu3-Cu4-Cu5)
and the plane of the m-phthalate’s aromatic ring (C14-C15-
C16-C17-C18-C19) is 53.6(1)°, which is significantly larger
than the corresponding angle in complex 1.

The formation of an extended system of hydrogen bonds
[O5-H13B, 1.903(5) A; 014-H2C, 1.999(4) A; O16-HSC,
1.996(4) A; O16-H9, 1.813(5) A; O17-H13A, 1.831(3) A]
leads to packing of decanuclear units in such a way that
comparatively large voids [12.3 X 6.6 A2] are formed in the
crystal lattice (Figure 5 and Figure S6). These voids can be
represented as channels directed along the b axis. Similarly,
as in the case of 1, the voids in 1a are filled with solvent
molecules (DMF and methanol).

Figure 5. Fragment of the crystal structure of complex 1a. [Cus(ah-
pha),(m-CsH404)(H,0)] units are linked through long Cu5-09’
[2.988(3) A] contacts. Solvent molecules, both coordinated and
noncoordinated, are omitted for visual clarity.

Complex 2 [Cus(ahpha) (p-CsH,04)(H,0),],-14H,0. The
crystal structure of complex 2 (Figure 6) consists of dimer-
ized metallacrown [Cus(ahpha),]** units with coordinated
p-phthalate dianions in the ratio of 1:1, and water molecules
that are both coordinated and captured in the voids.

The structure of the initial pentacopper metallacrown
building block [Cus(ahpha),]** is mainly retained within 2,
and several types of coordination polyhedra for the Cul!
ions can be found within this complex. Copper ion Cu5
exhibits an essentially square planar geometry (the angle
between the O10-Cu5-N7 and O11-Cu5-N9 planes is
12.7°) and is part of a CulN,O, chromophore, while the
other Cu'! ions have slightly distorted square pyramidal
geometries (7 ranges from 0.017 to 0.2) and are also compo-
nents of CulN,O5; chromophores. The axial positions of Cu2
and Cu3 are occupied by oxygen atoms (O17w and O19w)
of water molecules that are located on different sides of the
[Cus(ahpha)4)** unit; atom O17w is on the side opposite to
4829

WWW.eurjic.org



FULL PAPER

A. W. Addison et al.

Figure 6. The structure of the [Cus(ahpha),(p-CsH40,4)(H,0),] unit
that is one half of a decanuclear [Cus(ahpha),(p-CsH,04)(H,0),],
unit that is present in 2. Two such units are dimerized through
Cu4-010’(oximate) bonds [2.677(4) A]. Hydrogen atoms are omit-
ted for clarity. Thermal ellipsoids are drawn at the 50% probability
level.

the phthalate ligand, and O19w on the same side as the
phthalate ligand (Figure S6). The phthalate dianion is
bound in a monodentate manner to the central copper ion,
Cul [Cul-0O13, 2.335(3) A]. Formation of an axial Cu4—
010’(oximate) bond [2.677(4) A] leads to face-to-face
metallacrown dimerization, which also occurred in com-
plexes 1 and 1a. The metallacrown fragment in 2 is, in gene-
ral, more distorted than the corresponding fragment in
complex 1. The deviation of the central copper ion Cul
from the mean plane defined by the peripheral copper ions
Cu2, Cu3, Cu4, and Cu5 is 0.139(3) A, which is greater
than the corresponding deviations in 1 [0.099(2) A] and 1a

Figure 7. Fragment of the crystal structure of complex 2, as viewed
along the ¢ axis. Solvent molecules (both coordinated and cap-
tured) are omitted for clarity.

4830
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[0.127(4) A]. Among the non-hydrogen atoms, the largest
deviation from the Cu2-Cu3-Cu4—Cu5 plane is 0.696(4) A
(for C2), while the angle between the metallacrown plane
(Cu2-Cu3-Cu4-CuS) and the mean plane of the coordi-
nated p-phthalate dianion (C14-C15-C16-C17-C18-C19)
is 19.2(1)°. Table S3 contains selected bond lengths and
angles for complex 2.

The decanuclear [Cus(ahpha)(p-CgH404)(H>0),], units
are connected via an extended system of hydrogen bonds
[H19B-016, 1.799(2) A] (Figures S7-S9), and are packed
in such a way that 7x4 A2 channels are formed that lie
along the ¢ axis of the crystal lattice (Figure 7 and Figure
S10 in the Supporting Information).

PLATONI3 estimates that the potential void volume for
the crystal lattice of 2 is 441 A3, which is 11.8% of the cell
volume.

Magnetic Properties of Complexes 1 and 2

Magnetic susceptibility measurements over the tempera-
ture range 5-300 K were performed with polycrystalline
samples of complexes 1 and 2 (Figure 8). The room tem-
perature values of y,,7T for complexes 1 and 2 are 1.10 and
0.96 cm? K mol !, respectively, which are lower than the ex-
pected spin-only value (1.875 cm?K mol ") for five nonin-
teracting Cu®>* (S = 1/2) ions with g¢, = 2.000. With
decreasing temperature the y,,7 values fall, and at 5 K are
to 0.37 and 0.36 cm* K mol™! for 1 and 2, respectively, indi-
cating that antiferromagnetic interactions dominate in both
these compounds.

1.14

50 100 150 200 250 300

T.K

Figure 8. T vs. T plots for complexes 1 ({J) and 2 (O). The solid
lines correspond to the curves calculated with parameters derived
from the best fits to the data (Table S4).

The y,T vs. T data were fitted with an expression?” de-
rived from the Hamiltonian, see Equation (1).

FH(Cu'ls) = 2J1(S1°Sy + S1°S3 + Sy°S4 + S4°Ss) — 2J5(S°Ss + S5°S;
+ S3'S4 + S4's5) (1)

Jy is the exchange integral between the central Cu?* ion and
each of the four peripheral Cu?* ions, and J, is the ex-
change integral between each pair of adjacent peripheral
Cu?* ions. Nonadjacent interactions between copper ions
(like S>—S5 and S4—Ss) were considered small enough to be

Eur. J. Inorg. Chem. 2011, 4826-4836
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ignored. Potential intermolecular interactions were taken
into account by application of the following molecular field
model, see Equation (2).24

IuT

zf ,_3:_‘,%
N.g f 2)

Zurl =

The best fits for complexes 1 and 2 correspond to J; =
~1293)ecm !, J, = —66(1)cm™! and zJ' = -2.5(2) cm ! at
gcu =212(1) for 1, and J; =-163(3) cm™!, J, = —78(1) cm™!
and zJ' = -1.5(1)cm™" at g, = 2.05(1) for 2.1>

The values obtained for the exchange parameters are
very close to those reported previously for similar systems
(Table 1). For all these compounds, J; lies in the range from
—120 to 165 cm !, and J, varies between —65 and -85 cm .
We note that for the ahpha? complexes (1-4 in Table S4)
the compounds with the highest deviations of the central
Cu?* ion from the mean plane of the four peripheral Cu”*
ions tend to have the highest absolute values for J;. How-
ever, there is no obvious correlation between any structural
parameter and the J values.

Table 1. Magnetic properties of the complexes containing the
pentanuclear cation [Cus(ahpha),]**. Data for an analogue is also
included.

gcu Jiflem Jy[em] zJ Devia- Ref.
[em™] tionl!

1 2120) S1293)  -66(1)  -2.52)  0.099 this

work

2 205(1) 1633)  -78(1)  -15(1)  0.139 this

work

382066 153(5)  712)  -0.0584) 0.17741 012
(fixed)

4% 20663)  -1199(7) -79.04) -0.69(7) 0 20)

S9 20893)  -1632) -85.1(6) -0.61(7) 0.032 20)

[a] Complex 3: {[Cus(ahpha),]5[Cr(C504);],*4H,0}-8H,0-
1/3(DMF). [b] Complex 4: [Cus(ahpha),](NO3),-4H,0. [c] Complex
5: [Cus(hbha)4](NO3),-8H>0, where H,hbha = 3-(hydroximino)bu-
tanehydroxamic acid. [d] Average value for three Cus blocks within
one discrete molecule. [¢] Deviation of the central Cu®* ion from
the mean plane of the four peripheral Cu?* ions [A].

Thermogravimetric Analysis and Sorption Properties

Thermogravimetric (TG) data for complexes 1 and 2 did
not show any weight losses corresponding to the elimi-
nation of all the water molecules from the structures until
220-230 °C. Plateaus could be distinguished in the TG
curves at 130-180 °C for compound 1 (weight loss of 7—
9.5%, corresponding to 3.5-5 H,O molecules remaining per
Cus unit) and 115-140 °C for compound 2 (weight loss of
6-8%, corresponding to 7-9.5 H,O molecules remaining
per Cuy, unit; Figures S11 and S12). Of the water molecules
that are removed from 1 one is presumably the single coor-
dinated H,O molecule (per Cus unit), and of those removed
from 2 four are the coordinated H,O molecules (per Cuyq
unit). The remaining water molecules that are removed are
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those situated within the lattice void spaces. Desolvation of
1 and 2 is also associated with at least partial collapse of
their crystal structures, which is indicated by their powder
X-ray diffraction patterns (decrease of intensity and shift
of reflections to higher angles upon removal of the water
molecules, Figures S13 and S14). Consequently, not all of
the volume of the voids estimated by PLATON will be ac-
cessible to a sorbate after thermal desolvation of the lat-
tices. Based on these TGA results, a sample activation tem-
perature of 130 °C (at 10> Torr) was chosen for the sorp-
tion measurements, because these conditions seem to be
sufficient for the elimination of the weakly bound lattice
water, while avoiding the potential decomposition of the
complexes that will occur at higher temperatures. Sorption
isotherms were thus measured for compound 1 minus five
water molecules (1 —5H,0) and compound 2 minus nine
water molecules (2 — 9H,0).

Compounds 1 and 2 showed only surface sorption of N,
and H, at 77 K (their apparent surface areas, as estimated
from the N, sorption isotherms, were less than 5m?/g).
However, both compounds 1 and 2 sorbed substantial
quantities of methanol and ethanol (Figures9 and 10).
Methanol uptake was almost zero at PPg ' < 0.05 for both
compounds, but above this pressure the quantity of sorbed
methanol increased sharply to ca. 0.01 cm*/g (about 0.6
CH;0H molecule per Cuy, unit, how these volumes were
calculated is defined in the Exp. Section), which may be
associated with structural rearrangements that result in an
increase in the accessible volume — a situation that has been
previously referred to as a “gates opening” phenome-
non.!?%271 Sych rearrangements may be caused by interac-
tions of methanol molecules with the structural elements of
the coordination compounds (vide supra).>-!!°l The second
sharp increase in methanol binding was observed at a PPg!
value of about 0.7, and the final sorption capacity was
about 0.15 cm?/g (ca. 9 CH30H per Cu; unit, Figure S15)
for compounds 1 and 2. Over the full range of PPg! values
the methanol sorption isotherm for 2 was higher than that
for 1. Except for this difference the methanol sorption and
desorption curves for 1 and 2 were very similar. Hysteresis
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Figure 9. Isotherms recorded at 20 °C for methanol sorption and
desorption by activated complexes 1 (@) and 2 (H).
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was observed in the curves for both compounds, and some
methanol could not be desorbed even at 102 Torr and
room temperature, which may additionally evidence for a
difference in the structures of the MeOH- and H,O-sol-
vated lattices. Though these isotherms are not typical of
“classical sorption”, they were reproducible with no sub-
stantial differences being present between data collected in
several independently conducted experiments.

0.12+
2y
o 0.08+
£
o
=
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0.0 02 04 086 0.8 10
PP,

Figure 10. Isotherms recorded at 20 °C for ethanol sorption and
desorption by activated complexes 1 (@) and 2 (H).

The features within the ethanol sorption/desorption iso-
therms for 1 and 2 (Figure 10) were generally similar to
those in the methanol sorption/desorption curves. For both
compounds, the ethanol sorption capacity was lower than
in the case of methanol sorption, which is consistent with
the larger size of the ethanol molecule compared to meth-
anol. However in contrast to the methanol uptake, the total
ethanol sorption capacity was approximately 50% higher
for complex 2 in comparison to complex 1, reaching
0.097 cm?/g (3.4 C,HsOH molecules per Cu,, unit, Figure
S16) for compound 2 at PPg! = 1. The quantity of sorbed
alcohol substrate is comparable to the sorption capacity of
other porous coordination polymers with the same sub-
strates.[?8]

Estimation of the Sget (Sget is the surface area calcu-
lated with the Brunauer-Emmett-Teller model®”)) from the
initial parts of the methanol or ethanol sorption isotherms
gave values between 24 and 50 m?/g for both 1 and 2. These
values exceed the surface accessible for N, sorption (less
than 5 m?/g, vide infra), so the interaction of compounds 1
and 2 with alcohols is not classical physical sorption, but
rather some sort of host-guest interaction that involves
weak binding of the alcohol molecules by the complex-
es.118121 These weak interactions most likely involve hydro-
gen bonds between the alcohol molecules and the structural
elements of 1 or 2 and their strongly bound water mole-
cules. Coordination to copper by the alcohol molecules is
considered less likely, as the water ligands appear to remain
attached to the copper ions after activation.

The nonclassical alcohol sorption and desorption iso-
therms!®?! of 1 and 2 imply that interaction of complexes 1
and 2 with these alcohols results in structural rearrange-
4832

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ments, most likely associated with separation of the chains.
The maximum sorption capacity is governed not by the to-
tal volume of voids as estimated from the X-ray structure
determinations, but by the interplay between the energy of
interaction of substrate with structural units of the coordi-
nation compound and the energy of interaction of the
structural elements within the crystal lattice (in other words,
between the force that separates the Cus units and the force
that holds them together).[*” Since the N, sorption experi-
ments indicated that the desolvated samples of 1 and 2 con-
tained no pores (note that N, suffusion without sorption at
77 K is not possible), different host-guest interaction ener-
gies and different crystal lattice energies may be the reason
for the differences in the sorption capacities found for com-
pounds 1 and 2 in methanol and ethanol sorption experi-
ments.

Comparison of the structures of 1 and 1a can be helpful
for understanding the changes that can occur on interaction
of desolvated 1 with substrates like alcohols. Direct infor-
mation about the structures of the desolvated compound,
and the structures of the complexes at certain PPg/ values,
cannot be obtained by X-ray single crystal analysis because
such single crystals usually collapse upon desolvation (espe-
cially when it is associated with structural rearrangements,
as in the case of 1 and 1a). In the sense that compounds 1
and la represent two possible combinations of building
blocks, [Cus(ahpha)s** and m-CgH,O,>, which corre-
spond to local free energy minima, they could to a certain
extent be considered as models of frameworks that can exist
at different stages of alcohol sorption or desorption.

The events involved in the changes of the framework dur-
ing alcohol sorption may be similar to the structural
changes that would transform framework 1 to 1a. For in-
stance, such a process would include: (i) disassociation of
one carboxylic group of the coordinated m-phthalate ligand
in 1; (ii) breaking of axial Cu—O’ bonds that link the penta-
nuclear metallacrown units in the Cuy, unit, thus increasing
the distance between the mean planes of these metallac-
rowns; (iii) “shifting” of the pentanuclear metallacrown
units within a Cu, unit that is accompanied by the forma-
tion of new Cu-O bonds (Cu5-09’ in 1a). These transfor-
mations are schematically represented by the arrows in Fig-
ure 11. The orientations of the metallacrown planes with
respect to the crystal lattice (a, b and ¢ axes) are similar in
both 1 and 1a, which further indicates some similarity be-
tween the crystal structures of these two compounds.

The methanol sorption isotherms for 1 and 2 show that
the uptake of methanol significantly increases at a PPg!
value of about 0.6. This raises the question, as to whether
or not the opening of the channels in the crystal lattices of
the sorbents due to their interaction with methanol mole-
cules is cooperative. Noting that in the case of noncoopera-
tive sorption the relationship between sorption capacity and
pressure should be linear, we examined A/A,,,. vs. PPg!
plots (where 4 and A,,,, are the sorbed amount of solvent
at partial pressure P and the maximum amount of sorbed
solvent, respectively), while paying heed to the possibility
of an increase in dA/dP as P approaches Pg due to sorbate
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Figure 11. Comparison of crystal structures or 1 (A) and 1a (B),
also illustrated is a possible pathway for the transformations in
desolvated 1 that can occur on alcohol sorption. Such a process
may involve breaking of one bond between a coordinated mi-
phthalate ligand and a Cu" ion in each [Cus(ahpha),]** unit,
breaking of axial bond Cu3-O10’, which holds the [Cus-
(ahpha),]** cations together within the Cu,, unit, and “shifting” of
the [Cus(ahpha),]** units that is associated with the formation of
dimers due to creation of new axial Cu5-09’ bonds.

condensation (i.e. abrupt increase in the the isotherm at
PPg' > 0.98).

For ethanol sorption the values of dA/dP oscillate
around unity (Figure 12, Figure 13), and have high values
only in the regions of very low and very high pressures,
which may signal “classical” filling of some of the rigid
micropores followed by interparticle condensation, respec-
tively. In contrast, for methanol sorption the dA/dP curves
for 1 and 2 have a clear maxima at PPs ! = 0.85, and this

1.0,

0.0 - T - .
0.0 0.2 0.4 0.6 0.8 1.0

Figure 12. Methanol sorption isotherms in reduced coordinates
(A*Appe’) and  the derivatives of the reduced sorption
d(A+ A,y HId(P-PS) (inset); (@) compound 1, (M) compound 2.
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may be associated with a positive cooperative effect,
namely, the sorption of the (n—1)" portion of methanol
leading to structural changes that facilitate sorption of the
n™ portion.

1.0+

0.8

4 A
(A,.) dA/(PP")
s:p - N W s W

0.24

0-0 o T ¥ T » T = T . T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 13. Ethanol sorption isotherms in reduced coordinates
(A*A,pe’) and  the derivatives of the reduced sorption
A(A+ A, HIA(P-PS) (inset); (@) compound 1, (M) compound 2.

As in the case of alcohol sorption, compound 1 showed
lower n-hexane uptake compared to complex 2 (Figure 14).
Again, noticeable n-hexane sorption by compound 2 begins
at a PPg ! value of about 0.5, and at high pressures (PPs '
> (.8) the sorption curve increases rapidly. The desorption
curve does not follow the sorption one, and there is residual
hexane that cannot be removed from the crystal at
102 Torr. Such behavior suggests the presence of nonpolar
interactions between hexane and the lattice, which parallels
the strong binding of ethanol by compound 2. However, the
size of the substrate molecule is also important in these
host-guest interaction processes because a higher homo-
logue of n-hexane (n-octane) showed only surface sorption,
which is similar to the decrease in sorption capacity of 1
and 2 when exposed to ethanol vs. methanol.
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Figure 14. Hexane sorption and desorption isotherms for activated
complexes 1 and 2 (20 °C); (@) compound 1, (l) compound 2.
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Conclusions

Linking of pentanuclear metallacrown cations [Cus-
(ahpha),>* by m- or p-phthalates leads to the formation
of supramolecular assemblies that possess cavities in their
crystal structures that are capable of sorbing significant
quantities of methanol and ethanol. The shapes of the sorp-
tion and desorption isotherms, as well as their hysteresis,
indicate that sorption/desorption of these alcohols by com-
plexes 1 and 2 is associated with structural rearrangements,
which are probably induced by interactions between the
substrates and structural elements of the complexes. To a
certain extent, 1 and 1a can be considered to represent two
minima in the potential energy surface that includes the
structures of the intermediates that can form during the
sorption of alcohols by these complexes. To the best of our
knowledge this paper presents the first study that gives
some insight into the changes, which are usually called
sorption-induced “structural rearrangements”, that occur
in supramolecular sorbents with non-rigid crystal structures
in which the structural elements are not linked by covalent
bonds.

The magnetic properties of these compounds are gov-
erned by exchange interactions within the pentanuclear
metallacrown units. The differences in the exchange param-
eters between 1, 2 and previously reported complexes con-
taining the same cation [Cus(ahpha),]>*, can be accounted
for by distortions within the metallacrown unit.

Experimental Section

Materials and Measurements: Commercially available reagents and
solvents (Aldrich and Merck) were used without further purifica-

tion. Elemental analyses (C, H, and N) were performed with a
Carlo—Erba 1106 analyzer. IR spectra were measured with KBr
pellets on a Perkin—Elmer Spectrum BX FTIR spectrometer in the
range 4004000 cm™!'. UV/Vis spectra were measured with the sam-
ples in DMF/water solutions and with a Cary 50 spectrophotome-
ter. Thermogravimetric analysis (TGA) was performed with the
samples in air with an MOM Q1500 instrument at a heating rate
of 10°C min!, and in the range 20-300 °C. Sorption measure-
ments were performed with volumetric (for N, and H, at 77 K) and
gravimetric (for methanol, ethanol, n-hexane, n-octane at 293 K)
methods. For all sorption measurements samples were first acti-
vated at 130 °C in vacuo at 102 Torr. Each point on the sorption
and desorption isotherms correspond to equilibrium conditions
(constant sample weight at a given PPg ! value). The volume of
the crystal voids were calculated with the equation V' = m-d, where
m is the weight of sorbate at a given pressure, and d is the density
of sorbate at 293 K; this method gives a good approximation of the
effective crystal volume.?*l X-ray diffraction measurements were
performed at 100 K on an Apex2 diffractometer with graphite mo-
nochromated Mo-K, radiation of wavelength 0.71073 A. Crystals
of 1, 1a and 2 were taken directly from their reaction mixtures.
Crystal data, data collection parameters and structure refinement
details for complexes 1, 1a and 2 are given in Table 2. Temperature-
and field-dependent magnetization measurements were carried out
with a vibrating sample magnetometer from Quantum Design.
Magnetization data were measured at temperatures ranging from
3 to 300 K in applied fields of 1000 and 5000 Oe. At the lowest
temperature the magnetization of the samples was measured for
fields up to 70 kOe. Susceptibility data were corrected for diamag-
netism with Pascal’s constants.[*#!

The ligand H,ahpha was synthesized by a method described pre-
viously.?) The complex [Cus(ahpha),](ClO,4), was prepared by a
modified version of the procedure reported for [Cus(ahpha),](NO3),
4H,0; specifically Cu(ClO4),"6H,O was used instead of copper(Il)
nitrate.['220]

Table 2. Single crystal data and structure refinement details for complexes 1, 1a and 2.

1

la 2

Empirical formula
M /gmol !
Crystal size /mm?

Co0H44CusN1,056
1186.42
0.30X0.15x0.02

Crystal system triclinic
Space group Pl

al 10.3219(15)
bIA 13.3076(19)
clA 15.352(2)
al® 67.301(2)
pr° 88.087(2)
y[° 81.059(2)
Volume /A3 1921.0(5)
Z 2

Range of data collection 1.68°=60=25.76°
Peatc lgem 3 2.051
F(000) 1202
Absorption coefficient, x /mm ! 2.836
J(Mo-K,) 1A 0.71073
T/K 100(2)
Number of reflections 16042
Independent reflections 7280
Number of variables 663

Riny 0.0292
Goodness-of-fit on F? 1.047

R, [I>2c(D)]] 0.0332

WR [I>2a(1)]™! 0.0671

C35H41CusN 130,
1161.41
0.20X0.14 X 0.06

CyoHgaCuyoN24Os
2336.81
0.28 X 0.11X0.03

triclinic monoclinic
Pl P21/C
8.580(5) 16.6804(16)
14.150(7) 19.6675(18)
17.002(9) 11.4711(11)
66.385(2) 90
88.391(2) 98.119(2)
88.562(2) 90
1879.0(17) 3725.5(6)

2 2
1.31°=0=30.24° 1.61°=0=28.28°
2.053 2.083

1174 2364

2.886 2.921
0.71073 0.71073
100(2) 100(2)
21178 37393
10731 9228

596 641

0.0445 0.0604
1.083 1.040
0.0547 0.0458
0.1130 0.0981

[a] Ry = Z||Fo| — |F/ZIF|. [b] Ry = {Z[w(Fo* — F2)VE[w (F)1} 2.
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Caution: Perchlorate salts are potentially explosive and should be
handled with care and in small quantities.

[Cus(ahpha)](ClO4),4H,0: Cu(ClOy),6H,0 (2.79 g, 7.519 mmol)
was dissolved in water (15 mL) and added to a stirred solution of
H,ahpha (1 g, 7.52 mmol) in water (35 mL). After two days, finely
divided prismatic green crystals were obtained (1.54 g, 92% yield).
C5HogCLCusN ;054 (1113.06): caled. C 12,9, H 2.51, N 15.1;
found C 12.5, H 2.56, N 14.8. The identity of the compound was
confirmed by single crystal X-ray structure determination (Sup-
porting Information, Figures S20 and S21).

[Cus(ahpha)(m-CsH40.4)(H0)[9H,0 (1): [Cus(ahpha),](Cl1O0y),:
4H,0 (20 mg, 0.019 mmol) was dissolved in DMF (1.5 mL) and
added to a stirred solution of 1,3-CgH4O4Na, (8 mg, 0.04 mmol,
50% excess) in water (3 mL). After two days prismatic green crys-
tals were obtained (19mg, 84% yield). C,yyH3,CusN;,0,,
(1114.30): caled. C 21.4, H 3.22, N 14.9; found C 21.3, H 2.74, N
14.4. Wet crystals were used for X-ray diffraction.

[Cus(ahpha)(m-CsH,04)(H,0)]-2MeOH-DMF (1a): [Cus(ahpha),]-
(ClOy4)»4H>O (20 mg, 0.019 mmol) was dissolved in DMF
(1.5mL) and added to a stirred solution of 1,3-CgH¢O4 (7 mg,
0.04 mmol, 50% excess) in methanol (3 mL). Slow evaporation of
this solution resulted in the formation of green crystals (15 mg,
68% yield). Cy5Hy CusN 30450 (1161.41): caled. C 25.85, H 3.56, N
15.68; found C 25.63, H 3.92, N 15.87.

[Cus(ahpha)(p-CsH4O4)(H,0),],'14H,0 (2): [Cus(ahpha),](ClO,)y
4H,0 (20 mg, 0.019 mmol) was dissolved in DMF (1.5 mL) and
added to a stirred solution of 1,4-CgH,O4Na, (8 mg, 0.04 mmol,
50% excess) in water (3 mL). After two days prismatic green crys-
tals were obtained (18 mg, 81% yield). Cy4oHgsCu;oN24050
(2336.81): caled. C 20.6, H 3.63, N 14.4; found C 20.7, H 3.62, N
14.3.

Supporting Information (see footnote on the first page of this arti-
cle): Additional figures illustrating the crystal structures of com-
pounds 1, 1a and 2, data regarding the X-ray crystal structure de-
termination of [Cus(ahpha);](ClO4),:2.87DMF, IR spectra for
compounds 1, 1a and 2, UV/Vis spectra for compounds 1 and 2,
and TG curves for 1 and 2.

CCDC-826385 (for 1), -826386 (for 1a), -826387 {for [Cus-
(ahpha),;](ClO,4),-4H,0} and -826388 (for 2) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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