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Metalla-macro-tricyclic cryptands: anion encapsulation and selective

separation of sulfate via in situ crystallizationwz
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A conformationally flexible bis-pyridyl-bis-amide ligand, namely N,N0-bis-(3-pyridyl)-

isophthalamide (L1), has been exploited to synthesize metalla-macro-tricyclic cryptands

by reacting it with various Cu(II) salts having different counteranions. Out of the five

coordination compounds, namely [{Cu(m-L1)2(H2O)2}�SO4�2H2O�X] (1a), [{Cu(m-L1)(H2O)4}�SO4�
3H2O]p (1b), [{Cu(m-L1)2(H2O)2}�SiF6�CH3OH�4H2O]p (2), [{Cu(m-L1)2(m-Cl)}�ClO4]p (3) and

[{Cu(m-L1)2(H2O)}�(NO3)2�2H2O�X]p (4a) (X = disordered solvents), compounds such as 1a, 2

and 3 are metallacryptands, of which 3 is the first example of a polymeric metalla-macro-tricyclic

cryptand. The effect of the conformation-dependent ligating topology and hydrogen bonding

backbone of ligand L1, and counteranions on the formation of metallacryptands is discussed.

Interestingly, an important anion, namely SO4
2�, has been separated by concomitantly

crystallizing 1a and 1b from a complex mixture of anions, such as SO4
2�, NO3

� and ClO4
�, by

following an in situ crystallization technique. Magnetic interactions in 3 have been investigated as

a typical example. Weak antiferromagnetic coupling is observed in 3, as expected given the

topology of the networks.

Introduction

The journey of anion encapsulation within a cryptand

host started with the seminal work by Park and Simmons.1

Cryptands suitable for cation encapsulation originally developed

by Lehn2 underwent an evolution process and a plethora of

different types of cryptands emerged for anion encapsulation.

For example, Bowman-James,3 Ghosh,4 Nelson5 and others6

have developed cryptands for anion encapsulation. These

anion receptors are accessible only by non-trivial multi-step

organic synthesis. Supramolecular synthesis, on the other

hand, is an alternative approach, wherein non-covalent inter-

actions play a major role in forming an assembly of molecules

that displays intriguing supramolecular architectures and

functions;7 in particular, metal–ligand coordination has been

exploited extensively for constructing various supramolecular

architectures, such as interlocking rings,8 linear and circular

helicates,9 and molecular cages and boxes,10 triangles,11 squares,12

pentagons,13 hexagons;14 these topologies are otherwise

difficult to obtain in an alternative stepwise covalent synthetic

approach.

To further explore our interest in encapsulation and the

selective separation of anions23b,d by metal–organic hosts, we

have considered exploiting a supramolecular approach to

synthesize and evaluate anion encapsulation and separation

by metalla-macro-tricyclic cryptands of the kind depicted in

Scheme 1. This may be considered as metalla-analogue of

tricyclic organic cryptands,15 and may be obtained by coordi-

nating an N-donor bidentate ligand with an appropriate

ligating topology to a suitable metal center.

Success in the synthesis of the metallacryptand lies in the

ligating topology of the ligand, on the coordination geometry

of the metal center and on the nature of the counteranions.

Moreover, numerous secondary factors, such as the lack of

control over the metal : ligand ratio,16 solvents,17 concentration,18

counteranions19 and temperature,20 play crucial roles in the

formation of the thermodynamically (or kinetically) favored

end products, and therefore often make it difficult to predict

the final outcome. Nevertheless, there are a number of

reports pertaining to the synthesis and characterization of

Scheme 1
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metallacryptands of various kinds.21 However, there are not

many reports on metalla-macro-tricylic cryptands of the kind

shown in Scheme 1.22

As a part of our ongoing research endeavour in synthesizing

intriguing coordination polymers (CPs) and/or metal–organic

frameworks (MOFs), we are interested in studying the effect of

the hydrogen bonding backbone of the ligands, the conformation

and positional isomerisation-dependent ligating topology of the

ligands, and counteranions on the resultant MOF structures.23

In this article, we report a systematic study on the effect of

counteranions, the conformation-dependent ligating topology

and hydrogen bonding backbone of the ligand on the final

supramolecular products in an attempt to synthesize

Cu(II)-metallacryptands. When reacted with Cu(II) salts

having various counteranions using an identical solvent

system (aqueous EtOH–MeOH), a bis-pyridyl-bis-amide

ligand, namely N,N0-bis-(3-pyridyl)isophthalamide (L1),

resulted in two discrete metallacryptands [{(4H2O)(2SO4
2�) C

Cu2(L1)4(H2O)4}�H2O�X] (1a) and [(4H2O)(2SiF6) C
{Cu2(L1)4(H2O)4}MeOH�H2O�X] (2), a 1D coordination poly-

meric metallacryptand [{4ClO4 C Cu2(L1)4(H2O)2(m-Cl)2}]p
(3) and a looped chain 1D coordination polymer

[{Cu(m-L1)4(H2O)}�NO3�2H2O]p (4a) (Scheme 2); a 1D zig-

zag coordination polymer [{Cu(m-L1)(H2O)4}�SO4�3H2O]p
(1b) was also isolated as occasionally occurring concomitant

X-ray quality crystals while synthesizing 1a. Based on the

single crystal X-ray data, the role of the counter-

anions, hydrogen bonding backbone of the ligand and con-

formation-dependent ligating topology of the ligand L1 on the

resultant supramolecular structures of 1a–4a is

discussed. It has also been shown that sulfate anion can be

separated from a complex mixture of various oxo-anions, such

as sulfate, nitrate and perchlorate, in the form of 1a (as neat

crystals) and 1b (as a microcrystalline powder) via in situ

crystallization techniques. Magneto-structural correlations in

MOFs have become important in recent years. However, such

studies involving metallacryptands, wherein the magnetic proper-

ties are affected by the counteranions, have rarely been reported.24

Thus, we also report here magnetic studies of the chloride-bridged

1D coordination polymer of metallacryptand 3.

Results and discussion

Ligand L1 has been exploited by Puddephatt’s group

to study various supramolecular structures,25 including

metallacryptands.22e,g We have also exploited ligand L1 and

its positional isomer, namely N,N0-bis-(4-pyridyl)isophthalamide,

to study ligating topology and counterion-dependent supra-

molecular structural diversity, and intriguing anion separation

from a complex mixture.23b In the present study, we decided to

work with L1 because it can adopt a suitable ligating topology,

i.e. anti-syn-anti, conducive to metallacryptand formation

(Scheme 2 and Scheme 3); the hydrogen bonding backbone,

namely bis-amide moieties, are expected to trap counteranions/

guest molecules within the metalla-cage via hydrogen bonding

interactions. On the other hand, Cu(II) was chosen because

it is quite flexible in terms of its coordination geometry

(four, five or six coordinate), allowing a considerable amount

Scheme 2
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of distortion to these geometries, associated with strains that

may be built into the ligand itself during metallacryptand

formation. Counteranions of various sizes and geometries,

such as SO4
2�, SiF6

2�, ClO4
� and NO3

�, have been studied

to observe the effect of counteranions on the supramolecular

structures of the resultant compounds. The crystal data and

selected bond distances and angles are recorded in Table 1 and

Table 2, respectively.

Single crystal X-ray structures of the metallocryptands 1a, 2 and 3

Single crystal X-ray structural analyses reveal that compounds

1a, 2 and 3 are all metallocryptands formed as a result of the

coordination of the ligand via pyridyl N atoms to the Cu(II)

metal center in a 1 : 2 (metal : ligand) ratio. Both 1a and 2 are

isomorphous metalla-macro-tricyclic cryptands displaying

identical space groups (triclinic, P�1) and similar cell dimen-

sions (Table 1). Pd(II) complexes of L1, which are isostructural

with 1a and 2, have been reported by Puddephatt.22e

Compound 3 was found to be the first example of a 1D

coordination polymer of a metalla-macro-tricyclic cryptand,

which crystallized in the centrosymmetric tetragonal space

group I4/m. In this structure, Cl�, Cu(II) and metal-bound

water are all located on a 4-fold axis, whereas the ligands are

positioned on a 2-fold axis. Surprisingly, the metallacryptand

moieties are bridged by chloride. The chloride anion in this

structure appears to have come from impurities in the water

used for the synthesis. Well refined single crystal data of 3, a

nearly superimposable simulated X-ray powder diffraction

(XRPD) pattern with that of the bulk crystals of 3 and accurate

microanalysis data clearly support the presence of chloride as a

bridging ligand in the structure of 3. Metallacryptand 3 was

also isolated in presence of dilute HCl. Thus, it appears that

one of the ClO4
� ions needed for charge balance has been

exchanged by Cl�, either present as an impurity or deliberately

added (vide infra) (see the Experimental and ESIz). Ligand L1

displays a severely non-planar anti-syn-anti conforma-

tion (Scheme 3), as revealed by the dihedral angles involving

the terminal pyridyl rings and the central aromatic ring

Scheme 3

Table 1 Crystal data

Crystal parameter 1a 1b 2 3 4a

CCDC no. 739006 739010 739007 739005 739009
Empirical formula C72H92Cu2N16O34S2 C18H28CuN4O13S C74H88Cu2F12N16

O22Si2

C72H60Cl4Cu2N16O22 C36H35CuN10O13.50

Formula weight 1916.82 604.04 1964.86 1770.24 887.28
Crystal size/mm 0.30 � 0.20 � 0.06 0.24 � 0.18 � 0.08 0.21 � 0.11 � 0.08 0.12 � 0.12 � 0.10 0.20 � 0.12 � 0.08
Crystal system Triclinic Monoclinic Triclinic Tetragonal Monoclinic
Space group P�1 P21/c P�1 I4/m Cm
a/Å 12.874(3) 7.1978(4) 13.089(5) 15.7237(8) 13.3120(12)
b/Å 13.211(3) 16.6218(10) 13.512(5) 15.7237(8) 21.515(3)
c/Å 14.871(4) 20.5689(12) 14.983(9) 14.9552(16) 8.2165(10)
a (1) 103.703(3) 90.00 105.233(12) 90.00 90.00
b (1) 99.287(3) 96.2260(10) 97.716(12) 90.00 122.978(5)
g (1) 112.473(3) 90.00 113.793(8) 90.00 90.00
Volume/Å3 2179.4(9) 2446.4(2) 2251.1(17) 3697.4(5) 1974.1(4)
Z 1 4 1 2 2
Dcalc/g cm�3 1.460 1.640 1.449 1.590 1.492
F(000) 998 1252 1014 1812 916
mMo-Ka

/mm�1 0.630 1.053 0.601 0.810 0.633
Flack parameter Not applicable Not applicable Not applicable Not applicable 0.498(16)a

T/K 100(2) 100(2) 100(2) 150(2) 100(2)
Rint 0.0471 0.0364 0.0687 0.0680 0.0601
Range of h, k, l �12/12, �12/12,

�14/14
�8/8, �19/19,
�24/24

�12/12, �13/13,
�14/14

�20/20, �20/20,
�19/19

�15/17, �27/27,
�10/10

ymin/ymax 1.47/20.00 1.58/27.24 1.46/20.58 1.88/28.26 1.89/27.48
Reflections collected/unique/observed
[I 4 2s(I)]

12647/4062/3285 23124/4317/3653 14018/4545/3339 16240/2351/1896 7263/3602/3329

Data/restraints/parameters 4062/4/539 4317/0/390 4545/4/594 2351/0/181 3602/2/277
Goodness of fit on F2 1.051 1.056 1.057 1.053 1.012
Final R indices [I 4 2s(I)] R1 = 0.0457 R1 = 0.0273 R1 = 0.0568 R1 = 0.0658 R1 = 0.0551

wR2 = 0.1207 wR2 = 0.0738 wR2 = 0.1508 wR2 = 0.1639 wR2 = 0.1356
R indices (all data) R1 = 0.0577 R1 = 0.0345 R1 = 0.0795 R1 = 0.0833 R1 = 0.0585

wR2 = 0.1288 wR2 = 0.0779 wR2 = 0.1660 wR2 = 0.1743 wR2 = 0.1382

a We used BASF and TWIN commands to refine Flack and obtained a value of 0.498(16), which could point to a 50 : 50 twin. It may be mentioned

that we started refining the BASF parameter with 0.4 in order to avoid a pseudo-minimum BASF.
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(62–64 and 30–571 in 1a, 64–661 and 31–551 in 2, and 491 in 3).

It may be noted that L1, being highly flexible due to the free

rotation of Namide–Cpyridyl bond, displays various conforma-

tions in the reported structures;22e,25g among them, syn-anti-anti

was found to be the most frequent. While the hydrogen bond

acceptor amide carbonyls all protrude out of the metall-

cryptands, the hydrogen bond donor amide N–H bonds are

all disposed inside the metallcryptands in the structures of 1a,

2 and 3, resulting in interesting anion and other guest recogni-

tion inside the cage. The Cu(II) metal center in these structures

adopts a six-coordinate slightly distorted octahedral geometry

(see Table 2), resulting in partial occupation of the cage space

by metal-bound water molecules.

Thus, in 1a the cage is filled with two sulfate counter-

anions, four guest water molecules and two metal-bound

water molecules, displaying various hydrogen bonding

interactions among themselves, as well as with the amide

N–H; each sulfate is hydrogen bonded to the amide N–H

[N� � �O = 2.768(5)–2.780(5) Å; + N–H� � �O = 153.1–157.61],

the metal-bound water [O� � �O = 2.765(6)–2.803(6) Å;

+ O–H� � �O = 162(5)–164(6)1] and two guest water [O� � �O =

2.656(6)–2.781(6) Å] molecules, which were found to be a

hydrogen bonded dimer [O� � �O = 2.733(6) Å]. One of the

guest water molecules also forms hydrogen bonding interac-

tions with the amide N–H of the ligand molecule [N� � �O =

2.918(5)–2.955(5) Å; +N–H� � �O = 165.8–170.71] (Fig. 1a).

The cage of 2, on the other hand, is filled with two SiF6
2�

anions, four guest water molecules and two metal-bound

water molecules. Two of the guest water molecules were found

to be disordered over two positions with site occupancy factors

(SOFs) of 0.64 and 0.36. Each SiF6
2� anion was held in the

cage via hydrogen bonding interactions with amide N–H

[N� � �F = 2.831(7)–3.104(7) Å; +N–H� � �F = 142.9–157.91],

disordered guest water [O� � �F = 2.576(15)–2.82(2) Å]

and metal-bound water [O� � �F = 2.656(7)–2.739(7) Å;

+ O–H� � �F = 155(7)–173(7)1]. The ordered guest water

molecules were found to be hydrogen bonded with the amide

N–H [N� � �O = 2.961(8)–2.969(8) Å; +N–H� � �O =

167.8–174.71] and disordered water molecule [O� � �O =

2.576(15)–2.624(18) Å] (Fig. 1b).

Interestingly, in 3, no guest molecule was detected; instead,

the cage is filled with four ClO4
� counteranions having a

0.75 SOF that are curiously disordered over the 4-fold axis and

two metal-bound water molecules. The counteranion ClO4
� is

held in the cage via hydrogen bonding interactions involving

amide N–H [N� � �O = 3.030(7) Å; + N–H� � �O = 148(5)1]

and metal-bound water molecules [O� � �O = 2.978(8) Å;

+ O–H� � �O = 175(15)1] (Fig. 1c).

Table 2 Selected bond lengths and bond angles

1a

Bond length Bond length Bond angle Bond angle
Cu(1)–N(47) 2.021(4) N(47)–Cu(1)–N(1) 90.22(17)
Cu(1)–N(1) 2.031(4) N(23)–Cu(1)–N(25) 90.48(16)
Cu(1)–N(23) 2.008(4) N(1)–Cu(1)–N(25) 89.86(16)
Cu(1)–N(25) 2.025(4) N(23)–Cu(1)–N(47) 89.60(17)
Cu(1)–O(49) 2.427(4) N(23)–Cu(1)–O(49) 94.48(16)

N(47)–Cu(1)–O(49) 89.13(15)
N(25)–Cu(1)–O(49) 88.95(15)
N(1)–Cu(1)–O(49) 90.47(16)

1b

Cu(1)–O(28) 2.0050(16) O(26)–Cu(1)–O(27) 96.31(7)
Cu(1)–O(26) 1.9860(16) O(26)–Cu(1)–N(23) 87.60(7)
Cu(1)–N(23) 2.0147(17) O(28)–Cu(1)–N(23) 91.52(7)
Cu(1)–N(1) 2.0197(17) O(26)–Cu(1)–N(1) 91.54(7)
Cu(1)–O(27) 2.3730(17) O(28)–Cu(1)–N(1) 89.43(7)
Cu(1)–O(25) 2.4278(16) O(28)–Cu(1)–O(27) 85.34(7)

N(23)–Cu(1)–O(27) 86.60(6)
N(1)–Cu(1)–O(27) 90.56(6)
O(26)–Cu(1)–O(25) 84.76(7)
O(28)–Cu(1)–O(25) 93.56(7)
N(23)–Cu(1)–O(25) 91.92(6)
N(1)–Cu(1)–O(25) 90.95(6)

2

Cu(1)–N(1) 2.043(5) N(1)–Cu(1)–N(25) 90.5(2)
Cu(1)–N(25) 2.022(5) N(25)–Cu(1)–N(23) 90.3(2)
Cu(1)–N(23) 2.027(5) N(1)–Cu(1)–N(47) 90.3(2)
Cu(1)–N(47) 2.015(6) N(23)–Cu(1)–N(47) 89.0(2)
Cu(1)–O(49) 2.341(5) N(1)–Cu(1)–O(49) 90.7(2)

N(25)–Cu(1)–O(49) 88.5(2)
N(23)–Cu(1)–O(49) 93.2(2)
N(47)–Cu(1)–O(49) 90.0(2)

3

Cu(1)–N(1) 2.025(3) N(1)–Cu(1)–N(1) 89.999(1)
Cu(1)–Cl(1) 2.8817(9) N(1)–Cu(1)–O(2) 89.78(9)
Cu(1)–O(2) 2.478(6) N(1)–Cu(1)–Cl(1) 90.22(9)
4a

Cu(1)–N(1) 2.028(4) N(1)–Cu(1)–N(1) 88.2(2)
Cu(1)–N(23) 2.032(3) N(1)–Cu(1)–N(23) 87.77(12)
Cu(1)–O(25) 2.267(4) N(23)–Cu(1)–N(23) 94.12(19)

N(1)–Cu(1)–O(25) 97.01(12)
N(23)–Cu(1)–O(25) 94.06(12)

Fig. 1 Crystal structure illustration of (a) 1a, (b) 2 and (c) 3; anions

are shown in a space-filling model in the right-most part of the figure

to depict the encapsulated nature of the anions within the metalla-

cryptand cage (symmetry code: * = 1 � x, 1 � y, 1 � z; ** = x, y,

1 � z; # = y, 1 � x, 1 � z; ## = 1 � y, x, 1 � z).D
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The hierarchical self-assembly of metallacryptands 1a

and 2 resulted in 1D hydrogen bonded chain, wherein the

neighboring cages are held together via O–H� � �O hydrogen

bonding [O� � �O = 2.768(5) and 2.775(7) Å; + O–H� � �O =

170(5) and 171(8)1 in 1a and 2, respectively] inter-

actions involving amide carbonyl and metal-bound water.

Such chains were packed in a parallel fashion and further

stabilized by O–H� � �O interactions [O� � �O = 2.822(5) and

2.727(15)�2.82(2) Å in 1a and 2, respectively] involving amide

carbonyl and a guest water molecule of the neighboring chain.

A short contact involving amide carbonyl and amide N [O� � �N=

2.926(6) and 3.024(10) Å in 1a and 2, respectively] indicates the

existence of 4CQO� � �p interactions26 in these two structures

(Fig. 2a and b).

The metallacryptands in 3 are bridged by chloride via

axial coordination to the metal centers of the adjacent

metalla-cages, resulting in the formation of a 1D coordina-

tion polymer of metallacryptands (Fig. 2c). Interestingly, 3 is

the first example of a 1D polymeric metalla-macro-tricyclic

cryptand. Such 1D chains are packed in a parallel fashion and

further stabilized by various non-bonding interactions, such as

p� � �p [3.201(4)–3.385(7) Å] and C–H� � �O [C� � �O =

3.244(8)–3.498(10) Å; +C–H� � �O = 137(4)–160(6)1].

While refining the structures of 1a and 2, disordered electron

densities located outside the cages were observed in the

difference Fourier maps. No meaningful model could be built

for the disordered electron densities in 1a, whereas all the

disordered electron density peaks in 2 could be modelled and

refined (see the Experimental). Thus, in 2, three disordered

water molecules and one disordered MeOH were located

outside the cage. SQUEEZE27 was applied in 1a to discard

the contribution of the unmodelled disordered electron density

peaks. 95.6 e unit cell�1 and a 411.5 Å3 solvent accessible area

volume were found in 1a by SQUEEZE calculations. Thus,

B50 e asymmetric unit�1 in 1a may be attributed to five water

molecules, resulting in a total of nine water (2 metal-bound, 2

located and 5 disordered guest water molecules revealed by

SQUEEZE) molecules. However, thermogravimetric (TG)

data of 1a indicated a weight loss of 6.9% within the

temperature range 26–2261 C, which could be attributed

to 4 water molecules (2 metal-bound and 2 guest already

located in the crystal structure; calcd. weight loss for nine

water molecules = 17%) (Fig. S1z). It appears that the five

loosely bound disordered water molecules, as revealed by

SQUEEZE, were desolvated before loading the sample for

TG experiments.

On the other hand, a weight loss of 15.6% within the

temperature range 30–2601 C in TG data of 2 corroborate

well with the single crystal data (calc. weight loss for six water

molecules + 1 MeOH = 14.3%) (Fig. S2z).

X-Ray single crystal structures of the coordination polymers 1b

and 4a

Coordination polymer 1b—the occasionally occurring con-

comitant product appearing as pale blue X-ray quality crystals

while synthesizing 1a—was found to be a 1D zig-zag

coordination polymer resulting from the extended coordina-

tion of L1 with the adjacent Cu(II) metal center in a 1 : 1

metal : ligand ratio. Thus, the concomitant formation of 1b

with 1a clearly emphasizes the dynamic nature of metal–ligand

coordination bonding that results from the lack of control

over the metal : ligand ratio in such supramolecular syntheses

of metal–organic compounds. Thus, the 1 : 2 metal : ligand

ratio in 1a dictated the formation of a discrete metalla-

cryptand, whereas the 1 : 1 metal : ligand ratio in 1b is

the reason for the formation of a 1D zig-zag coordination

polymeric chain. The organic linker L1 in 1b displays the same

anti-syn-anti (a, Scheme 2) conformation as observed in 1a

with significant non-planarity, as evident from the dihedral

angle of 20–261 involving the pyridyl moieties and the central

aromatic ring. The metal center displays a slightly distorted

octahedral geometry (Table 2), wherein the equatorial

positions are occupied by four water molecules and the apical

positions are coordinated by pyridyl N atoms of the adjacent

ligands in a polymeric fashion, resulting in a 1D zig-zag

coordination network (Fig. 3a). The 1D chains are further

packed in parallel fashion, resulting in a channel type of open

framework structure, wherein the channel space is occupied by

the sulfate counteranions and guest water molecules (Fig. 3b).

Interestingly, the amide N atoms abstain from any hydrogen

bonding interactions, whereas the amide carbonyl O atoms are

found to be involved in hydrogen bonding with the guest

[O� � �O = 2.743(2) Å; + O–H� � �O = 169(3)1] and the metal-

bound [O� � �O = 2.783(2) Å; + O–H� � �O = 179(3)1] water

molecules of the neighboring polymeric chain. The sulfate

counteranion and three guest water molecules are located in

the channel space via various hydrogen bonding inter-

actions; the sulfate forms various hydrogen bonding

contacts with the guest [O� � �O = 2.652(2)–2.722(2) and

2.651(2)–2.770(3) Å; +O–H� � �O = 168(3)–171(3)1] as

well as the metal-bound [O� � �O = 2.701(2)–2.726(2) Å;

+O–H� � �O = 169(2)–176(3)1] water molecules; the guest

water molecules were found to form a hydrogen bonded

trimer [O� � �O = 2.781(3)–2.806(3) Å; +O–H� � �O =

170(3)–174(3)1]. Such interactions lead to the formation of a

1D hydrogen bonded chain of sulfate–water clusters that run

through the channel (Fig. 3c).

Fig. 2 Crystal structure illustrations; hierarchical self-assembly of the

discrete metallacryptand cages via O–H� � �O interactions and their

packing in (a) 1a and (b) 2; (c) 1D polymeric metallacryptand bridged

via chloride and its crystal packing in 3.
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The syn-syn-syn conformation (b in Scheme 3) of L1 and the

1 : 2 metal : ligand ratio resulted in a 1D coordination polymer

with a looped chain topology in 4a. Organic linker L1 in the

structure displays a non-planar conformation with dihedral

angles of 38–541 involving the pyridyl moieties and the central

aromatic ring. The metal center in 4a displays a slightly

distorted square pyramidal geometry (Table 2), wherein the

equatorial positions are occupied by pyridyl N atoms of the

ligand molecules and the apical position is coordinated by a

water molecule. In this structure, extended coordination of the

organic linker with the metal center results in the formation of

a 1D looped chain coordination polymer having a staircase-

like architecture. These chains are held together in a parallel

fashion viaN–H� � �O hydrogen bonding, involving the counter-

anion nitrate [N� � �O = 2.801(4)–2.870(4) Å; +N–H� � �O =

145.4–154.31]. The guest water molecules are trapped

within the interstitial space, and held via hydrogen bonding

interactions involving the amide carbonyl O atoms and

the metal-coordinated water molecules of adjacent chains

[O� � �O = 2.690(7)–2.727(8) Å] (Fig. 4).

SQUEEZE calculations revealed the presence of 54 e unit

cell�1 with a 224.2 Å3 solvent accessible area volume in 4a,

which may be attributed to three water molecules. As a result,

a total of six water molecules (two guest, one metal-bound and

three disordered water molecules, as obtained with SQUEEZE)

are seen in the crystal structure of 4a. TG data showed a

weight loss of 7.5% within the temperature range 29–1381 C,

which does not match well with the single crystal X-ray data

(calcd. weight loss for six water molecules = 11.6%)

(Fig. S3z). This could be because of the loss of some of the

disordered water molecules before TG experiments were

performed.

Separation of sulfate anions via an in situ crystallization

techniques

One of the important aspects of CPs and/or MOFs is their

ability to exchange anions.28 Since the first example of anion

exchange in a MOF,29 it was quickly realized that these

metal–organic systems can be exploited to recognize and

separate important anions.23b,d,30 The widely accepted view

of the anion exchange mechanism in CPs and/or MOFs is solid

state mediated anion exchange, wherein the framework retains

its structural integrity, as in the cases of ion-exchange resins or

zeolites. However, this kind of exchange pathway was recently

challenged; it has been shown that, in at least some 1D CPs,

the mechanism involves dissolution and re-crystallization of

the corresponding CP crystals.31 Thus, in situ crystallization of

CPs has been proposed to be an alternative method to separate

a targeted anion from a complex mixture of anions,28 wherein

the organic linker and metal salts having various counter-

anions are allowed to crystallize together. Since the separation

of sulfate is important,32 a systematic study of in situ crystalli-

zation experiments under non-competitive and competitive

conditions was undertaken in order to separate sulfate anions

from a complex mixture of anions (Scheme 4).

It is clear from Scheme 4 that the observation remained

the same in each set of conditions (Fig. 5). Both the crystals

(A, C, E and G) and the powder (B, D, F and H) were

characterized by X-ray powder diffraction (XRPD), FT-IR,

elemental analysis and energy dispersive X-ray spectroscopy

(EDX).

Fig. 6 depicts the FT-IR spectra of the crystals obtained

under various conditions. It reveals that the chemical nature of

the compounds isolated under various conditions must be

similar to that of 1a, whereas their crystalline phase purity

could not be determined since XRPD patterns recorded on the

crystals harvested under various conditions did not match

Fig. 3 A crystal structure illustration of 1b; (a) 1D zig-zag coordina-

tion polymer; (b) parallel packing of the 1D zig-zag coordination

polymer displaying a channel-type architecture encapsulating sulfate

and guest water molecules (shown in a space filling model); (c) the

sulfate–water hydrogen bonded cluster that runs through the channel

space.

Fig. 4 Crystal structure illustration of 4a; (a) 1D looped chain

coordination polymer; (b) parallel packing of the 1D chains via

various hydrogen bonding (shown as dotted lines).
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with the simulated pattern of 1a (patterns not shown),

presumably due to the rapid loss of the lattice-included

solvents.

Fig. 7, on the other hand, depicts FT-IR spectra of the pale

blue colored powder obtained under various conditions. These

data indicate that the bulk pale blue powder obtained in

condition 1, which is non-competitive in nature, appears to

comprise microcrystals of 1D zig-zag coordination polymer

1b, since the IR spectrum of 1b crystals and the bulk powder of

condition 1 are nearly superimposable. The slight shift of the

peaks near to 1200 cm�1 and the appearance of strong peaks

around 1000 cm�1 may be due to the presence of a different

supramolecular environment, which might occur as a result of

the formation of various other crystalline forms of 1b in the

bulk under these competitive conditions (i.e. 2, 3 and 4).

However, because of the corresponding XRPD patterns being

weak and inconsistent, presumably due to the solvent loss

during diffraction experiments, it is difficult to conclude with

certainty on the crystalline phase purity of the bulk powder

obtained under the various conditions (i.e. 1, 2, 3 and 4).

Nevertheless, elemental analysis results (Table 3) support the

presence of coordination compound 1b. Interestingly, the

presence of a strong band in the range of 1103–1116 cm�1 in

the FT-IR spectra of all the samples (A–H) clearly indicates

the presence of nasymm S–O of the sulfate anion (Table S1z). It
can be seen that the deep blue crystals and the pale blue

powder obtained under the various conditions are the metalla-

cryptand 1a and the 1D zig-zag CP 1b, both having a different

stoichiometry of lattice-included water, respectively.

EDX data collected on both the crystals and the powder

samples supported the presence of all the elements expected

from the corresponding coordination compounds having

sulfate as counteranion (Fig. 8). It is important to note here

that sulfate anion comes early in the Hofmeister series33 which

most often refers to the order of anions in the order of

decreasing anion hydration energy or charge density. Thus,

it is generally difficult to separate anion in anti Hofmeister

fashion. However, in the present study, the separation of

sulfate from a complex mixture of sulfate, nitrate and

perchlorate of which both nitrate and perchlorate appear

much later in the Hofmeister series due to their lower

Scheme 4

Fig. 5 Optical micrographs of the experiments depicted in Scheme 4.

Fig. 6 FT-IR spectra of the deep blue colored crystals obtained under

various conditions as depicted in Scheme 4; conditions 1, 2, 3 and 4 are

shown in i, ii, iii and iv, respectively.

Fig. 7 FT-IR spectra of the pale blue colored powder obtained under

various conditions, as depicted in Scheme 4; condition 1, 2, 3 and 4 are

shown in ii, iii, iv and v, respectively (the FT-IR spectrum of the

occasionally harvested pale blue crystals of 1b is shown in i).
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hydration energy compared to that of sulfate is an example of

anion selectivity that violates Hofmeister bias in this in situ

crystallization of coordination compound. Unfortunately,

when the competitive experiments were carried out in presence

anions (nitrate and perchlorate taken in two times in excess

compared to sulfate), no selectivity was observed. Thus, con-

centration of the anions plays a major role in such selectivity in

the present system.

Magnetic studies. From the crystal structure, compound 3

can be considered as a 1D network, in which copper(II) ions

are linked in an alternating form by the large ligand L1 and by

m-Cl bridges at 2.88 Å (Cu–Cl). From this structural feature,

we can deduce that these two magnetic pathways will be very

close to zero, i.e. negligible. Indeed, the magnetic properties of

complex 3 as a wMT vs. T plot (wM is the molar magnetic

susceptibility for two CuII ions) and the reduced magnetiza-

tion (M/NmB vs. H) are shown in Fig. 9. The value of wMT at

300 K is 0.82 cm3 mol�1 K which, is as expected for two

magnetically quasi-isolated spin doublets (g 4 2.00). Starting

from room temperature wmT values are practically constant to

50 K, and below 50 K they decrease quickly to 0.63 cm3 mol�1 K

at 2 K. This feature is characteristic of very weak anti-

ferromagnetic interactions. The reduced molar magnetization

at 2 K (Fig. 9, inset) clearly corroborates that the anti-

ferromagnetic coupling is very small. The M/Nb value at 5 T

is close to 1.8 NmB but the curve does not follow the Brillouin

law. Before trying to fit these data, we obtained an EPR

spectrum at room temperature to gain a clear idea of the best

g values (Fig. S4z); g values being g8 = 2.17 and g> = 2.06

(gaverage is thus = 2.10). With this gaverage, we can conclude

that wmT at room temperature must be 0.826 cm3 mol�1 K. We

then used the TIP value necessary for each copper(II) to obtain

this wmT value at room temperature. The fit of the suscepti-

bility data was carried out simply assuming a dinuclear entity

Fig. 8 EDX of deep blue colored crystals (top) and pale blue colored

powder (bottom) obtained in condition 3; similar EDX results were

obtained in other conditions.

Table 3 Elemental analysis data

Crystallization
condition

Elemental analysis for deep blue colored
crystals (%)

Elemental analysis for pale blue colored
powder (%)

Elemental analysis for pale blue colored
crystals (%)

Condition 1 For C72H64N16O20Cu2S2�4H2O For C18H22N4O10CuS�H2O For C18H22N4O10CuS�3H2O
Calcd. C 49.80, H 4.18, N 12.90; Calcd. C 38.06, H 4.26, N 9.86; Calcd. C 35.79, H 4.67, N 9.28;
Found: C 50.45, H 3.82, N 12.71. Found: C 38.47, H 3.73, N 10.53. Found: C 35.88, H 4.33, N 9.28.

Condition 2 For C72H64N16O20Cu2S2�6H2O for C18H22N4O10CuS�H2O
Calcd. C 48.78, H 4.32, N 12.64; Calcd. C 38.06, H 4.26, N 9.86;
Found: C 48.90, H 3.91, N 12.30. Found: C 37.99, H 4.35, N 9.64.

Condition 3 For C72H64N16O20Cu2S2. 6H2O For C18H22N4O10CuS�H2O
Calcd. C 48.78, H 4.32, N 12.64; Calcd. C 38.06, H 4.26, N 9.86;
Found: C 48.96, H 4.12, N 12.31. Found: C 38.17, H 3.89, N 9.67.

Condition 4 For C72H64N16O20Cu2S2. 6H2O For C18H22N4O10CuS�H2O
Calcd. C 48.78, H 4.32, N 12.64; Calcd. C 38.06, H 4.26, N 9.86;
Found: C 48.83, H 3.96, N 12.94. Found: C 38.36, H 3.63, N 9.60.

Fig. 9 Plot of wmT vs. T for complex 3. Inset: plot of the reduced

magnetization at 2 K. Solid lines represent the best fit for the two

curves. The dotted curve in the inset is the plot of the Brillouin

function for two independent copper(II) ions with g = 2.10.
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and applying the Bleaney–Bowers formula.34 The best

fit parameters obtained were J = �1.2 � 0.1 cm�1, g =

2.10 � 0.01 and R = 3.7 � 10�5. Very similar J and g values

were obtained by a full-diagonalization method from the curve

of the magnetization at 2 K (Fig. 9, inset). In this case, the

best fit parameters obtained were J = �1.5 � 0.1 cm�1,

g = 2.10 � 0.01 and R = 2.1 � 10�4. Thus, the two methods

give almost identical results. It is important to emphasize that

the M/NmB curve does not follow the Brillouin function for

two isolated S= 1/2 spins (Fig. 9, inset), thus indicating weak

antiferromagnetic interactions.

Conclusions

The role of the hydrogen bonding backbone, ligating topo

logy of the ligand and counteranions in the formation of

metallacryptands has thus been systematically studied. The

conformationally-flexible ligand L1 adopts an anti-syn-anti

conformation that is favorable for metallacryptand formation

only when the counteranions are SO4
2�, SiF6

2� and ClO4
�

(1a, 2 and 3, respectively); whereas in the case of NO3
�, ligand

L1 displays variations of the syn-syn-syn conformation

(Scheme 3) to give a looped chain coordination polymer

(4a). The 3D shape (tetrahedral and octahedral) and hydrogen

bonding interactions of the counteranions (SO4
2�, SiF6

2� and

ClO4
�) with the amide backbone of the ligand appear to be an

important factor in stabilizing the metallacryptand structures.

Thus, these 3D counteranions might have served as templates

for metallacryptand formation, like in cases where counter-

anions act as templates for the synthesis of various metalla-

cages.35 In 4a, the NO3
� anion, being 2D (planar trigonal),

might not have interacted favorably with the ligand hydrogen

bonding bis-amide backbone to facilitate metallacryptand

formation. The concomitant formation of 1D zig-zag coordi-

nation polymer 1b along with the metallacryptand 1a, and the

unknown crystalline product 4b along with 1D looped chain

coordination polymer 4a clearly indicates the complexity

involved in synthesizing a desired metallacryptand. The

in situ crystallization technique proved to be viable for separating

an important anion, SO4
2�, from a complex mixture of anions

containing SO4
2�, NO3

� and ClO4
�, wherein both 1a and 1b

were crystallized out. These results clearly display an example

of sulfate selectivity in an anti-Hofmeister fashion. Magnetic

coupling in complex 3, as an example, is almost negligible.

Experimental section

Materials and methods

All chemicals were commercially available (Aldrich) and used

without further purification. Ligand N,N0-bis-(3-pyridyl)-

isophthalamide L1 was synthesized by following a reported

procedure.25b The elemental analysis was carried out using a

Perkin-Elmer 2400 Series-II CHN analyzer. TG analyses

were performed on a SDT Q Series 600 Universal VA.2E

TA instrument. X-Ray powder diffraction (XRPD)

patterns were recorded on a Bruker AXS D8 Advance Powder

(Cu-Ka1 radiation, l = 1.5406 Å) X-ray diffractometer.

FT-IR spectra were recorded using Perkin-Elmer Spectrum

GX and EDX was performed on a JSM 6700F instrument

(JEOL, Japan).

Safety note

Perchlorate compounds are potentially explosive. Although no

problem was encountered in the present study, care must be

exercised when handling such compounds.

Syntheses of 1a–4a

[{Cu(l-L1)2(H2O)2}�SO4�2H2O�X] (1a) and [{Cu(m-L1)(H2O)4}�
SO4�3H2O]p (1b) (X = disordered solvent of crystallization).

1a and 1b were crystallized together as deep blue and pale

blue colored block-shaped crystals, respectively, by layering a

methanolic solution of L1 (50 mg, 0.158 mmol) over

an aqueous ethanolic solution of CuSO4�5H2O (19.72 mg,

0.079 mmol). Deep blue colored crystals of 1a were obtained

after 1 d (yield = 20 mg, 15%). Only a few crystals of 1b were

isolated (occasionally) after 1 week.

1a: for C72H64N16O20Cu2S2�4H2O (%): Elemental analysis

calcd. C 49.80, H 4.18, N 12.90; found: C 50.45, H 3.82,

N 12.71. IR (KBr pellet): 3248 (m, water nO–H), 3188 (w, amide

n N–H), 3076 (m, aromatic n C–H), 1674 (s, amide n CQO),

1614 (s, amide d N–H), 1587m, 1552s, 1489s, 1421s, 1334s,

1300s, 1244s, 1197s, 1101 (s, SO4
2� n S–O), 1076m, 918m,

804m, 700m, 651m, 617m, 538w cm�1.

1b: Elemental analysis calcd. for C18H22N4O10CuS�3H2O

(%): C 35.79, H 4.67, N 9.28; found: C 35.88, H 4.33, N 9.28.

IR (KBr pellet): 3334 (m, water n O–H), 3097 (m, amide

n N–H), 2925 (m, aromatic n C–H), 2856w, 1670 (s, amide

n CQO), 1616 (s, amide d N–H), 1587m, 1550s, 1488s, 1423s,

1338s, 1299s, 1245s, 1130s, 1103 (s, SO4
2� n S–O), 1078s,

983w, 817m, 721m, 696m, 653m, 619m, 524w cm�1.

[{Cu(l-L1)2(H2O)2}�SiF6�CH3OH�4H2O] (2). Coordination

complex 2 was synthesized by layering a methanolic solution

of L1 (50 mg, 0.158 mmol) over an aqueous ethanolic solution

of a mixture of Cu(BF4)2 (18.73 mg, 0.079 mmol) and

(NH4)2SiF6 (14 mg, 0.079 mmol). Blue colored crystals of 2

were obtained after 1 week (yield = 40 mg, 29%). Elemental

analysis calcd. for C72H64N16O12Cu2Si2F12 (%): C 49.23, H

3.67, N 12.76; found: C 49.62, H 3.86, N 12.92. IR (KBr

pellet): 3437 (m, water n O–H), 3294 (m, amide n N–H),

3132w, 3088 (m, aromatic n C–H), 1678 (s, amide n CQO),

1612 (s, amide d N–H), 1587m, 1548s, 1491s, 1421s, 1336s,

1301s, 1242s, 1197m, 1136m, 1111m, 1074w, 1062w, 1030w,

999w, 923w, 885w, 848w, 813s, 742sb, 723 (sb, SiF6
2� n Si–F),

702sb, 651w, 480w, 424w cm�1.

[{Cu(l-L1)2(l-Cl)}�ClO4]p (3). Coordination polymer 3

was synthesized by layering a 10 ml methanolic solution of

L1 (50 mg, 0.158 mmol) over an aqueous ethanolic solution

(8 ml) of Cu(ClO4)2�6H2O (29.3 mg, 0.079 mmol) containing

0.5 M HCl (2 ml). Blue colored truncated octahedron-shaped

crystals of 3 were obtained within a few days (yield = 60 mg,

43%). Elemental analysis calcd. for C72H60N16O22Cl4Cu2 (%):

C 48.85, H 3.42, N 12.66; found: C 48.57, H 3.42, N 12.29. IR

(KBr pellet): 3479 (sb, water n O–H), 3369 (s, amide n N–H),

3091 (m, aromatic n C–H), 3074m, 3045m, 1687 (s, amide

n CQO), 1647w, 1610 (s, amide d N–H), 1585m, 1541s, 1489s,
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1415s, 1336s, 1307s, 1236s, 1197s, 1091 (sb, ClO4
� n Cl–O),

927m, 881m, 850m, 808s, 796s, 731s, 700s, 655m, 623s, 590m,

534m cm�1.

[{Cu(l-L1)2(H2O)}�(NO3)2�2H2O�X]p (4a) and

[{Cu(m-L1)2(H2O)2}�(NO3)2] (4b) (X = disordered solvent of

crystallization). 4a and 4b were isolated as concomitant violet

and blue colored block-shaped crystals, respectively, after

1 week by layering a methanolic solution of L1 (50 mg,

0.158 mmol) over an aqueous ethanolic solution of

Cu(NO3)2�3H2O (19 mg, 0.079 mmol).

4a: yield = 30 mg, 43%. Elemental analysis calcd. for

C36H30N10O11Cu�2H2O (%): C 49.23, H 3.90, N 15.95; found:

C 49.48, H 4.26, N 16.48. IR (KBr pellet): 3420 (sb, water

n O–H), 3261 (m, amide n N–H), 3076m, 2952 (m, aromatic

n C–H), 1683 (s, amide n CQO), 1614 (m, amide d N–H),

1587s, 1550s, 1487s, 1425s, 1384 (s, NO3
� n N–O), 1317s,

1296s, 1280w, 1240s, 1193w, 1130w, 1108w, 1064w, 1037w,

935w, 811w, 725m, 698m, 649w cm�1.

4b: yield = 20 mg. Several attempts to solve the single

crystal structure of 4b failed, presumably due to poor quality

data. However, the crystal appeared to belong to the centro-

symmetric tetragonal I4/m space group with the following cell

parameters: a = 15.465(3), b = 15.465(3), c = 15.377(3) Å,

v = 3677.7(12) Å3. Data collected on several crystals of 4b

resulted in the identical space group and cell parameters. Since

these parameters matched well with that of 3 and because the

structural model (which failed to refine) obtained from the

electron density map of 4b appeared to be of a metalla-

cryptand type, this suggests that 4b is probably isostructural

with 3. Based on these findings, we assigned the chemical

formula of 4b as [{Cu(m-L1)2(H2O)2}�(NO3)2]. In addition, the

elemental analysis based on this formula matched quite well

with the calculated value. Elemental analysis calcd. for

C72H64N20O24Cu2 (%): C 50.26, H 3.75, N 16.28; found: C

50.48, H 4.06, N 15.76. IR (KBr pellet): 3309 (m, water

n O–H), 3269 (m, amide n N–H), 3153w, 3134w, 3070

(m, aromatic n C–H), 1683 (s, amide n CQO), 1612 (s, amide

d N–H), 1585m, 1545s, 1489s, 1419s, 1392 (s, NO3
� n N–O),

1332s, 1300s, 1234s, 1195s, 1134w, 1111w, 1101w, 1082w,

920w, 827w, 808s, 700s, 651m, 615w, 594w, 532w cm�1.

Single crystal X-ray diffraction

X-Ray single crystal data were collected using Mo-Ka

(l = 0.7107 Å) radiation on a SMART APEX diffractometer

equipped with a CCD area detector. Data collection, data

reduction and structure solution/refinement were carried out

using the software package of SMART APEX. All structures

were solved by direct methods and refined in a routine manner.

In most cases, non-hydrogen atoms were treated aniso-

tropically. Whenever possible, the hydrogen atoms were located

on a difference Fourier map and refined. In other cases, the

hydrogen atoms were geometrically fixed.z

Magnetic measurements

Magnetic measurements were carried out in the Servei de

Magnetoquı́mica (Universitat de Barcelona) on polycrystalline

samples (20 mg) with a Quantum Design SQUID MPMS-XL

susceptometer working in the 2–300 K range. The magnetic

field was 0.1 T. The diamagnetic corrections were evaluated

from Pascal’s constants. EPR spectra were recorded on

powder samples at X-band frequency with a Bruker 300E

automatic spectrometer at room temperature.
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