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Abstract 

Reaction of the chloranilate dianion with Y(NO3)3 in the presence of Et4N
+
 in the appropriate proportions 

results in the formation of (Et4N)[Y(can)2], which consists of anionic square-grid coordination polymer 

sheets with interleaved layers of counter-cations. These counter-cations, which serve as squat pillars 

between [Y(can)2] sheets lead to alignment of the square grid sheets and the subsequent generation of 

square channels running perpendicular to the sheets. The crystals are found to be porous and retain 

crystallinity following cycles of adsorption and desorption. This compound exhibits a high affinity for 

volatile guest molecules, which could be identified within the framework by crystallographic methods. In 

situ neutron powder diffraction indicates a size-shape complementarity leading to a strong interaction 

between host and guest for CO2 and CH4. Single crystal X-ray diffraction experiments indicates 

significant interactions between the host framework and discrete I2 or Br2 molecules. A series of 

isostructural compounds (cat)[M
III

(X-an)2] with M = Sc, Gd, Tb, Dy, Ho, Er, Yb, Lu, Bi or In, cat = Et4N, 

Me4N and X-an = chloranilate, bromanilate or cyanochloranilate bridging ligands have been generated. 

The magnetic properties of  representative examples (Et4N)[Gd(can)2] and (Et4N)[Dy(can)2] are reported 

with normal DC susceptibility but unusual AC susceptibility data noted for (Et4N)[Gd(can)2]. 
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Introduction 

Investigations of coordination polymers in the early 1990s commonly focussed on the use of bridging 

pyridyl-based ligands, such as 4,4'-bipyridine, to create open-type structures in which metal centres serve 

as nodes.
[1]

 Whilst the generation of these materials succeeded in demonstrating the potential of a net-

based approach to the design of coordination networks, these types of materials were, in general, not 

particularly robust. The employment of bridging ligands which are charged or contain chelating groups 

offers the prospect of forming stable networks that exhibit microporosity.  

 The dianion of 2,5-dihydroxybenzoquinone (H2dhbq, I, X = H) contains both chelating and charged 

metal binding groups and has been used in the generation of a wide variety of coordination polymers, 

from chains to 2D and 3D networks.
[2]

  As a consequence of its chelating groups and negative charge, it 

binds strongly and predictably to metal centres to yield robust structures.
[3]

  Commonly, the coordination 

polymers generated from the combination of dhbq anions and divalent metals are anionic. For example, 

when octahedral Mn(II) centres are bridged by dhbq
2-

 ligands, a 2D anionic hexagonal network of 

composition [Mn2(dhbq)3]
2-

 is formed with Na
+
 ions providing the charge balance.

[4]
 The connectivity of 

the network has been found to be very sensitive to the nature of the cation. When tetrabutylammonium 

(NBu4
+
) is used as a countercation, the octahedral Mn(II) centres are still linked by three bridging dhbq

2-
 

anions but a 3D network with the (10,3)a topology is obtained, clearly indicating that the countercation 

can play a significant structure-directing role.
[3a]

 Similar structural behavior is apparent when related 

ligands such as chloranilate (I, X = Cl) are employed.
[5]

  

In addition to providing strong, predictable links between metal centres, interest in dhbq-type ligands 

relates to the accessibility of multiple oxidation states. The quinone form (I) is capable of undergoing a 2-

electron reduction to the aromatic form (III). Under certain circumstances an intermediate -3 radical form 

(II) can also be identified.
[6]

 The ability of the bridging ligand to exist in multiple oxidation states 

therefore offers the prospect of forming redox-active networks. 
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Another advantage of the dhbq-type ligand is the possibility to introduce a range of different 

substituents at the 3,6 positions, e.g. X = F, Cl, Br, I, NO2, CN, CH3 etc. thus allowing the physical and 

chemical properties of the ligand to be modified. These groups at the 3 and 6 positions not only affect the 

donor strength of the ligand but also impact upon the reduction potential of the ligand. The most widely 

studied ligands in this system are the dianions of dihydroxybenzoquinone (H2dhbq, I, X = H) and 

chloranilic acid (H2can, I, X = Cl).  

In 2011 we reported a chiral, square grid anionic framework structure of composition [Sn
IV

Ca
II
(can)4]

2-
 

in which 8-coordinate Sn(IV) and Ca(II) centres are bridged by chelating chloranilate ligands.
[7]

 Parallel 

square grid sheets are aligned with each other in a manner that produces open square channels 

perpendicular to the plane of the 2D network. The Et4N
+
 cation plays a similar role in this structure as it 

does in the aforementioned [M2(can)3]
2- 

networks which have hexagonal channels.
[5a]

 The resulting 

material was shown to be porous. Lanthanoids are known to form 6,3-networks with dhbq-related ligands, 

in which each metal centre is bound to three dhbq-type bridging, and co-ligands such as water complete 

the coordination sphere to give coordination numbers of 8 or 9.
[8]

 In 2002 we had shown that that it was 

possible to bridge 8-coordinate Y(III) centres by chloranilate ligands within a diamond-like network
[8b]

 

and recently, Gomez-Garcia and co-workers reported the formation of a square grid network of 

composition (H3O)[Dy(C6O4(CN)Cl)2(H2O)]·4H2O in which each Dy(III) center is linked to four other 

Dy centers by chelating/bridging chlorocyanilate ligands.
[9]

  A water molecule completes a 9-coordinate 
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geometry around each Dy center. The [Dy(C6O4(CN)Cl)2(H2O)] square grid network is slightly 

undulating and has a lower symmetry (monoclinic) than that of the Sn-Ca network.  It was of interest to 

determine if +3 lanthanoids or pseudo-lanthanoids such as Y
III

 could play a structural role similar to that 

of the 8-coordinate Sn
IV

 and Ca
II
 metal ions in forming a tetragonal structure in which 

tetraethylammonium cation serves as pillars between anionic sheets. In addition to the lanthanoid 

elements, the investigation was extended to include trivalent main-group element cations such as In
III

 and 

Bi
III

. 

Herein we describe the synthesis and crystal structures of a series of 2D anionic networks in which a 

variety of relatively large +3 metal ions serve as 4-connecting nodes linked by chloranilate or other 

related dhbq-type ligands. A description of the host behaviour of these materials is also presented with a 

particular emphasis on determining the location of guest molecules within the pores. DC and AC 

magnetic studies on on the paramagnetic compounds (Et4N)[Gd(can)2] and (Et4N)[Dy(can)2] are also 

described. 

 

Results and discussion 

Synthesis and Crystal Structure Analyses of [M
III

(can)2]
-
 Networks 

In the formation of network materials involving dhbq-related ligands it has been found that the slow 

generation of the bridging ligand either by hydrolysis of diamino-benzoquinone or oxidation of 

tetrahydroxy-benzene is a synthetic approach that often produces high purity crystalline products.
[3a, 3b, 5a, 

10]
 In this current work, single crystals of the chloranilate networks have been generated using H4can, the 

tetraprotonated form of III (X = Cl), as a starting material. Aerial oxidation of H4can in the reaction 

mixture leads to a slow and steady generation of the chloranilate dianion in a process that aids the 

formation of good quality crystals. In the case of the dianionic bridging ligands, Bran (I, X = Br, 

bromanilate) and ClCNan (I, X = Cl in one position and X = CN at the other, chlorocyanilate) a similar 

slow oxidation process of H4Bran and H4ClCNan respectively is employed. 
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The acetone solvate of (Et4N)[Y(can)2] was synthesised by dissolving H4can and lithium acetate in 

acetone and carefully layering this above an aqueous solution of tetraethylammonium bromide and 

yttrium nitrate. Slow mixing of the two solutions led to the formation, over a period of a week, of very 

dark purple, square block-shaped crystals of composition (Et4N)[Y(can)2]. A similar synthetic approach 

was employed in the synthesis of (Et4N)[M(can)2] (M = Sc, Gd, Tb, Dy, Ho, Er, Yb, Lu, In and Bi), 

(Et4N)[Bi(Bran)2] and (Et4N)[Bi(ClCNan)2]. When Sc
III

 is used it is possible to obtain a similar structure 

with tetramethylammonium in place of tetraethylammonium to form a compound of composition 

(Me4N)[Sc(can)2]. All of these compounds formed as acetone solvates. 

Single crystal X-ray structural analysis of (Et4N)[Y(can)2]·(CH3)2CO revealed a tetragonal unit cell 

with the adoption of the space group I4/mcm. The structure determination indicated a 2D anionic square 

grid network (Figure 1a). The mean plane of the anionic network is normal to the c-axis. Each Y
III

 centre, 

which is located on a site of symmetry 422, is coordinated by four chelating can
2-

 ligands which bridge to 

four equivalent Y
III

 centres. Structural data are presented in Table 1. The coordination geometry may be 

described as a square anti-prism with the ligands adopting a "propeller-type" arrangement around the 

metal centre with either  or  configuration. Within a single sheet, every Y
III

 centre with a  

configuration is linked via can
2-

 ligands to four Y
III

 centres with a  configuration and vice versa. Thus, 

each sheet consists of a racemic mixture of  and  centres. Each can
2-

 ligand is centered on a site of 2/m 

symmetry. 

The [Y(can)2]
-
 anionic sheets stack in a manner which generates square channels parallel to the c-axis 

as indicated in Figure 1b. Tetraethylammonium cations lie halfway between pairs of Y
III

 centres 

belonging to adjacent parallel sheets with the nitrogen atom located on a site of 4/m symmetry. The 

tetraethylammonium cation is disordered over a pair of symmetry-related sites, with each of the eight 

methylene hydrogen atoms participating in a C–H⋯O hydrogen bond that extends to a coordinated 

oxygen atom as shown in Figure 1c. Charge assisted C–H⋯O hydrogen bonds result in the alignment of 

the sheets and allow the tetraethylammonium cation to serve as a type of pillar in the 3D structure. The 

separation between Y
III

 centres of adjacent sheets corresponds to half the c cell length. Interestingly, the 

tetraethylammonium cation plays a similar role in the 6,3- structures, where the cation fits neatly into an 
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octahedral cavity formed by three Cl atoms from the sheet above and three from the sheet below.
[5a]

 In the 

case of (Et4N)[Y(can)2] the tetraethylammonium cation fits snugly into the cavity defined by the eight 

chlorine atoms which are at the vertices of a distorted square prism. The interaction of the cation with the 

[Y(can)2]
2-

 anionic networks not only results in the alignment of the Y centres but also leads to an 

alternation in the configuration of the Y centres along a direction parallel to the c-axis i.e. 

⋯⋯⋯⋯⋯as is apparent from inspection of Figure 1c. The structure is in fact similar to the 

aforementioned (Et4N)2[SnCa(can)4].
[7]

 In contrast to the Y
III

 structure, the alternation of Sn
IV

 and Ca
II
 

centres results in a chiral crystal. 

a) 

 

 

 

 

 

 

 

 

b)  
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c)  

 

 

 

 

 

 

 

 

 

 

Figure 1. The crystal structure of (Et4N)[Y(can)2] showing a) a section of the square grid [Y(can)2]
-
 

anionic framework, b) the alignment of [Y(can)2]
-
 sheets to produce square channels perpendicular to the 

plane of the sheets; cations have been omitted from this image and c) the location of the 

tetraethylammonium between Y centres of adjacent sheets; striped connections indicate C–H⋯O 

hydrogen bonds Colour code: C black, N blue, O red, Cl green, Y pink. 

 

If the crystal is transferred directly from the mother liquor to a protective oil before being placed on 

the diffractometer at 130 K then electron density consistent with disordered acetone is apparent in the 

square holes of the networks. The disordered solvent was treated using the SQUEEZE routine within 

PLATON
[11]

 which indicated that ~25% of the crystal volume was available for guest uptake. This 

approximates to ~190 Å
3
 of guest accessible space per Y centre. 

An additional single crystal structure of (Et4N)[Y(can)2] was determined at 375 K which showed the 

same 4,4- network structure with open channels devoid of acetone. 
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Single crystal structure determinations of the acetone solvates of (Et4N)[M(can)2] (M = Sc, Gd, Tb, 

Dy, Ho, Er, Yb, Lu, In and Bi) reveal essentially the same type of structure with the adoption of similar 

cell dimensions as well as the same space group, I4/mcm. The separation between metal centres bridged 

by a chloranilate ligand ranges from 8.2802(3) Å for (Et4N)[Sc(can)2] to 8.7120(3) Å for (Et4N)[Bi(can)2] 

(Table 1). The variation in intra-sheet M⋯M separations can be rationalised in terms of the size of the 

trivalent metal cations. Inter-sheet M⋯M separations show much less variation and there is no clear 

relationship between the size of the metal ion and the separation of the sheets. The M⋯M separation 

varies from 10.0539(3) Å for (Et4N)[Gd(can)2] to 10.3349(2) Å for (Et4N)[Ho(can)2].  Across the series 

of compounds considered so far, inclination of the chloranilate ligand to the stacking direction (parallel to 

the c- axis) varies from 18.5 - 26.4° (see Table 1). The crystal structure analyses indicate between one and 

two acetone molecules per metal centre. The fraction of the crystal volume unoccupied by the 

(Et4N)[M(can)2] framework ranges from 23.2 % for (Et4N)[Sc(can)2] to 27.0 % for (Et4N)[Ho(can)2].  

 

(Et4N)[Bi(Bran)2] and (Et4N)[Bi(ClCNan)2] 

The generation of the same square grid metal chloranilate structure with a range of metal centres 

suggested a broad structural tolerance with respect to the size and nature of the trivalent metal ion that can 

be accommodated in this type of coordination polymer. It was thus of interest to determine if the use of 

other anilate ligands would also yield the same structural type or indeed whether the generation of the 

structure was restricted to chloranilate as the bridging ligand. The combination of Bi
III

 and Bran
2-

 in the 

presence of Et4N
+
 led to the formation of (Et4N)[Bi(Bran)2]. The structure of the anionic network closely 

resembles the chloranilate structure. Inspection of geometrical data presented in Table 1 reveal that the 

separation between ligand-bridged Bi
III

 centres is ~0.08 Å longer in the bromanilate case. The separation 

between the sheets is ~0.2 Å greater than in the chloranilate analogue. 

A similar structure to (Et4N)[Bi(can)2] is obtained when chlorocyanilate (ClCNan) is employed as the 

bridging ligand to yield (Et4N)[Bi(ClCNan)2]. This is perhaps unsurprising given that ClCNan
2-

 differs 

from can
2-

 only with respect to the substitution of one of the chlorine atoms for a cyano group. Within the 
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structure the cyano and chloro groups are disordered. Inspection of Table 1 reveal only minor differences 

in structural parameters between (Et4N)[Bi(can)2] and (Et4N)[Bi(ClCNan)2]. 

(Me4N)[Sc(can)2] 

A satisfactory crystal structure determination of (Me4N)[Sc(can)2], in its solvated form, could not be 

obtained. However, when data were collected at a temperature high enough to remove the solvent 

molecules, the structure could be determined. The crystal structure analysis showed an anionic 

coordination polymer similar in structure and connectivity to that of (Et4N)[Y(can)2] with the adoption of 

the same space group, I4/mcm. The inter-sheet length (corresponding to half the length of the c axis) is 

the shortest of the compounds considered here, presumably due to the incorporation of the smaller Me4N
+
 

cation instead of Et4N
+
 and the incorporation of the relatively small Sc(III) centres.  The Me4N

+
 cations 

lie above and below the Sc centres and participate in C–H⋯O interactions with coordinated oxygen 

atoms. These charge-assisted hydrogen bonds are similar to those found for the tetraethylammonium 

cation structures described above.  
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Table 1. Geometrical data obtained from single crystal structure determinations of [M(anilate)2]
-
 network 

structures. All data collected at 130 K unless otherwise indicated. 

Compound Intrasheet 

M-M 

separation 

(Å) 

Intersheet 

M-M 

separation 

(Å) 

Anilate 

inclination 

to c axis 

(degrees) 

Calc.* 

void 

volume 

(%) 

(Et4N)[Y(can)2]·(CH3)2CO 8.57861(14) 10.1285(2) 23.178(12) 24.9 

(Et4N)[Sc(can)2]·(CH3)2CO 8.2802(3) 10.2009(9) 26.43(4) 22.7 

(Et4N)[In(can)2]·1.5(CH3)2CO 8.3564(2) 10.3805(4) 21.04(3) 24.0 

(Et4N)[Gd(can)2]·(CH3)2CO 8.66368(14) 10.0539(3) 23.78(2) 25.3 

(Et4N)[Tb(can)2]·1.5(CH3)2CO 8.63207(14) 10.1176(3) 22.36(3) 25.4 

(Et4N)[Dy(can)2]·1.5(CH3)2CO 8.6195(2) 10.245(6) 20.03(3) 26.6 

(Et4N)[Ho(can)2]·1.5(CH3)2CO) 8.59764(14) 10.3349(2) 18.473(19) 26.9 

(Et4N)[Er(can)2]·(CH3)2CO 8.55005(14) 10.1101(2) 23.974(18) 24.7 

(Et4N)[Yb(can)2]·(CH3)2CO (280 K) 8.5226(2) 10.2479(6) 22.86(3) 25.0 

(Et4N)[Lu(can)2]·1.5(CH3)2CO 8.5006(2) 10.2632(4) 20.41(3) 25.4 

(Et4N)[Bi(can)2]·2(CH3)2CO (293 K) 8.7120(3) 10.2040(9) 18.88(5) 27.4 

(Et4N)[Bi(Bran)2]·1.5(CH3)2CO 8.79499(14) 10.4054(2) 17.734(9) 27.9 

(Et4N)[Bi(ClCNan)2]·1.5(CH3)2CO 8.7336(2) 10.2769(4) 20.2(3) 28.5 

(Me4N)[Sc(can)2]  (400 K) 8.26480(14) 10.0185(3) 27.56(5) 31.1 

(Et4N)[Y(can)2]·0.91Br2 8.5808(9) 10.157(1) 23.55(5) - 

(Et4N)[Y(can)2]·1.87I2 8.6090(2) 10.4318(7) 14.84(5) - 

(Et4N)[Y(can)2]·1.43CS2 8.5979(2) 10.1927(4) 20.998(18) - 

(Et4N)[Y(can)2]  (375 K) 8.5819(2) 10.1465(5) 27.14(9) 25.9 

* Calculated volume of solvent filled voids using the Mercury program Voids tool, with 0.2 Å grid 

spacing and a probe radius of 1.2 Å. 

 

Thermogravimetric analysis  

Thermogravimetric analysis (TGA) of the representative compounds (Et4N)[M(can)2] (M = Y, Tb, Ho, 

Er, Yb) and (Me4N)[Sc(can)2] showed the samples were stable up to 380 °C, after which, decomposition 

occurs (S7, Supporting Information).   

In all of the structures discussed above, the loss of acetone occurs under ambient conditions with 

retention of single crystal character. The existence of channels and retention of the crystalline structure 

upon desolvation, along with the thermal stability of the materials, as indicated by TGA, suggested that 

this family of compounds could potentially serve as host systems for suitably sized guest molecules. The 
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following sections describe investigations of the ability of (Et4N)[Y(can)2], as a representative compound, 

to serve as a host material. These investigations employed both manometric and diffraction techniques. 

Host behavior of (Et4N)[Y(can)2] 

The vast majority of porosity studies on coordination polymers have involved investigations of neutral 

rather than charged networks. This is because of understandable concerns by researchers that counterions 

will either block channels or occupy pore space within the framework, thereby reducing the space 

available for guest molecules. In the type of structure presented here the countercation does not occupy 

pore space but rather plays a key structural role in which it may be considered to act as a pillar. By 

separating the 2D sheets the countercation actually serves to increase the inter-framework void space 

rather than being an obstruction. 

This exploration of the host properties of (Et4N)[Y(can)2] is divided into three sections. The first 

section involves single crystal structure determination of compounds in which the guest molecules CS2, I2 

and Br2 have been incorporated into the square channels. The second section is focussed on gas 

adsorption, in particular, the adsorption of H2, N2, CH4 and CO2 using manometric techniques.  The final 

section, examining the host properties of these materials, is concerned with a detailed structural 

investigation of the H2, CO2 and CH4 uptake employing powder neutron diffraction. In particular, this 

investigation is directed towards identifying the location of the guests in the channel and the order in 

which various sites are filled by the guest molecules. 

Single crystal structural analysis of (Et4N)[Y(can)2] with interstitial guest molecules 

(Et4N)[Y(can)2]·~1.4 (CS2) 

When single crystals of the desolvated material, (Et4N)[Y(can)2] are immersed in liquid CS2 in a 

capped vial and left for 24 hours, CS2 is incorporated into the crystalline material. A single crystal 

structure determination revealed similar cell dimensions to that found for the acetone solvate. Peaks of 

electron density consistent with the incorporation of CS2 into the channels of the crystal were clearly 

apparent.   
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The CS2 molecules are disordered over many positions with two distinct types of interaction with the 

host network apparent. The parallel-to-sheet (site 1) arrangement shown in Figure 2a allows for two CS2 

molecules to be accommodated in a single ‘Y4(can)4 square’. The closest contact between CS2 molecules 

is between C atoms with a separation of 3.54 Å which is a little longer the sum of the van der Waals radii 

(3.4 Å).
[12]

 It is estimated that approximately half of the squares are occupied by CS2 in this manner. Of 

particular note is the relatively close contact of 3.30 Å between a sulfur atom and a chloranilate carbon 

atom bound to the Cl, which is shorter than the sum of the van der Waals radii for these two atoms of 3.50 

Å.
[12]

 Almost all of the remaining Y4(can)4 squares contain only a single CS2 molecule, disordered over 

eight symmetry-related positions (site 2); four of these orientations are shown in Figure 2b. The total sum 

of CS2 molecules per square cavity, as indicated by refinement of site occupancies, is 1.43(4). 

a) 

 

 

 

 

 

 

 

 

b) 
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Figure 2. Square cavities within the [Y(can)2]
-
 framework occupied by CS2 molecules showing a) the two 

site 1 locations of the CS2 molecules (blue); each orientation has 50% occupancy and b) four of the eight 

equivalent site 2 locations of CS2 (red); each of the locations has ~5% occupancy.  
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(Et4N)[Y(can)2]·1.9(I2) 

Single crystals of the desolvated material (Et4N)[Y(can)2] were placed in a capped vial containing 

solid I2, and left for two days. During this time, vapor diffusion of the iodine into the square channels of 

the host occurred to generate a compound of composition, (Et4N)[Y(can)2]·1.9(I2). As with the CS2 

solvate, the host structure is maintained upon inclusion of the guest, as indicated by single crystal X-ray 

diffraction. Iodine molecules were clearly apparent in the square cavities and occupied positions 

corresponding to that of the dominant site 1 location for the CS2 in (Et4N)[Y(can)2]·1.43(CS2). 

Refinement of the site occupancies for the iodine atoms indicated 1.872(14) I2 molecules per square 

cavity. Iodine atoms of the two molecules in the cavity are 4.13 Å apart which is slightly longer than the 

separation in solid I2 of 3.97 Å.
[13]

 Of particular importance is the close contact that is made between the 

iodine atoms and the carbon atoms of the chloranilate that are bound to chlorine atoms (Fig. 3). The 

separation between the carbon and iodine atoms is 3.33 Å, which is significantly less than the sum of the 

van der Waals radii for carbon and iodine of 3.68 Å.
[12]

 The interaction between the iodine molecules and 

the host network causes the bridging chloranilate ligand to tilt towards the iodine molecule. In the parent 

network the Cl⋯Cl vector of a single chloranilate ligand is inclined at an angle of 23° to the direction of 

the channels whereas in the crystal containing iodine the angle is decreased to 14°. Furthermore, the C⋯C 

separation across the channel decreases from 9.71 Å in the acetone solvate (9.86 Å in the desolvated 

crystal) to 9.30 Å in the I2 compound.  
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Figure 3. A square cavity within the [Y(can)2]
-
 framework, occupied by I2 molecules (deep purple). The 

site occupancy for each I2 molecule refined to ~95%, indicating that both orientations are occupied in the 

majority of cavities. The striped connections represent I⋯C interactions (3.33 Å) 

 

(Et4N)[Y(can)2]·0.9(Br2) 

Single crystals of the desolvated (Et4N)[Y(can)2] were placed in a capped vial containing a smaller 

open vial which held a drop of liquid Br2. Over a period of a day the bromine vapor was allowed to 

diffuse into the (Et4N)[Y(can)2] crystals. Single crystal X-ray analysis revealed retention of the host 

network and the incorporation of Br2 molecules in the square cavities of the [Y(can)2]
-
 network (see 

Figure 4). Although the Br2 was disordered, it was possible to identify discrete Br2 molecules and the site 

occupancy of each molecule was refined. Refinement of the structure revealed that 91(1) % of the square 

cavities were singly occupied by a Br2 molecule; the remaining sites are empty. As was the case with the 

iodine, a bromine atom makes close contact with the carbon bound to the chloranilate Cl atom (3.25 Å) 
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which is less than the sum of the van der Waals radii for carbon and bromine (3.55 Å).
[12]

 Unlike iodine, 

the bromine molecule is not long enough to span the C⋯C separation across the channel. 

 

 

 

 

 

 

 

 

 

Figure 4. A square cavity within the [Y(can)2]
-
 framework (Et4N)[Y(can)2]·0.9(Br2) occupied by a 

disordered Br2 molecule (brown). Shown is one of eight symmetry-equivalent orientations. Close contact 

of one of the Br atoms with the C of the chloranilate ligand (3.25 Å) is indicated by a striped connection. 

 

Gas adsorption studies 

  In preparation for gas uptake measurements the host network was activated by heating a sample of 

(Et4N)[Y(can)2] to 200 °C under vacuum. Using a manometric technique, isotherms were recorded for the 

uptake of hydrogen and nitrogen at both 77 and 87 K. Similarly, isotherms measured at 258, 273 and 298 

K were recorded for methane and carbon dioxide. All isotherms exhibit a type I shape.
[14]

 Adsorption 

isotherms for H2, CH4 and CO2 are presented in Figure 5. Adsorption isotherms collected at different 

temperatures are presented in Figures S2.1 and S2.2 (Supporting Information). A summary of the gas 

sorption results including calculations of binding enthalpies at initial loading is presented in Table 2.  The 

results indicate not only significant uptake of gases but also relatively high binding enthalpies for each of 

the gases. For example, the binding enthalpy for methane of 28.5 kJ mol
-1

 is amongst the highest for 

porous coordination polymers.
[15]

 Similarly, the adsorption binding enthalpies for H2, N2 and CO2 are 
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high relative to other coordination polymer systems.
[16]

 In the absence of direct interaction with metal 

centres, the high adsorption enthalpies probably reflect the interaction with multiple surfaces in the crystal 

pores.   
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Figure 5. Adsorption isotherms recorded for the uptake of hydrogen, carbon dioxide and methane by the 

host network, (Et4N)[Y(can)2].  

 

 

Table 2. Selected gas adsorption data for activated (Et4N)[Y(can)2] 

Compound Gas T P
*
 Uptake

†
 -ΔHads

§
 

  (K) (kPa) (cm
3
/g) (mg/g) (n/M) (kJ/mol) 

(Et4N)[Y(can)2] H2 77 190 158 14 4.4 9.6 

 N2 77 25 164 202 4.6 25.0 

 CH4 258 3070 44 31 1.2 28.7 

 CO2 258 1850 86 167 2.4 38.6 

* Pressure at which the uptake values were measured corresponding to the maximum uptake indicated by 

the isotherm. 

† Uptake expressed in: cm
3
 (at STP)/g, mg (of gas)/g (host material) and no. of guest molecules per Y 

center. 

§ Isosteric heat of adsorption at initial loading. For H2 and N2 the values were calculated from isotherms 

measured at 77 and 87 K, for CH4 and CO2 the values were calculated from isotherms measured at 258, 

273 and 298 K. 
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In situ neutron powder diffraction-gas adsorption experiments on Et4N[Y(can)2] 

In order to obtain a better understanding of the interactions between square grid coordination polymers 

and intercalated gases, a microcrystalline sample of Et4N[Y(can)2] was investigated in a series of in situ 

neutron powder diffraction (NPD) experiments performed in conjunction with quantitative adsorption of 

D2 (D = deuterium), CD4, and CO2. The use of deuterated gases was necessary to limit excessive 

background signal due to the large incoherent neutron scattering cross-section of 
1
H. Gas dosing was 

achieved using a manometric apparatus described in the Supporting Information S3. 

The positions of the adsorbed gas molecules were initially determined by dosing the sample with 

known quantities of gas and cooling to 15 K to minimise thermal atomic motion. Fourier difference maps 

obtained from Rietveld refinements against data collected under these conditions revealed nuclear density 

in the pores of (Et4N)[Y(can)2] unaccounted for by the host structure, which was attributed to the 

positions of guest gas molecules (see following sections). Analysis of these data also revealed that the 

incorporation of guest molecules exerts only a minor effect on the cell parameters, with the largest 

observed increase in unit cell volume being ~0.7% observed at a sample loading of 1.5 CO2 molecules per 

metal center. 

Additional in situ NPD data were collected at 3 min intervals during gas adsorption isotherms recorded 

at 258 K (CO2, CD4) and 77 K (D2). These isotherms are in good agreement with those reported in the 

previous section (see Figure S2.3, Supporting Information). Sequential Rietveld refinements allowed the 

fractional guest occupancies at the various identified sites to be quantified as a function of guest 

concentration. 

CO2 

Nuclear density consistent with CO2 guests was apparent at two positions; the dominant position, 

observed in both the high-intensity NPD data at 258 K and the high-resolution data at 15 K, was similar 

to the location of the CS2 molecules in the single crystal X-ray structural analysis (see Figure 2a). The 

location of residual nuclear density at 15 K after dosing with 0.5, 1.0 and 1.5 molecules of CO2 per metal 

center is depicted in Figure 6. The site occupancy refined to 0.78(2) at the final (highest loading) point of 

the adsorption isotherm, corresponding to 1.56(4) molecules of CO2 per Y center, with considerable 
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positional disorder evident in the nuclear density obtained by Fourier difference methods obtained from 

the high-resolution data at a loading of 1.5 CO2 molecules per metal center (Figure 6c). A second binding 

site was also observed at high CO2 loadings in the 258 K isotherm data set only, and was located in the 

same plane as the Et4N
+
 cations which lie between the anionic sheets (see supporting information, Figure 

S3.3). The refined occupancy of this secondary site resulted in an additional 0.161(16) CO2 molecules per 

Y center at the maximum recorded isothermal CO2 loading, for a total of 1.72(10) CO2 molecules per Y 

center identified at crystallographically ordered sites in Et4N[Y(can)2].  

a)            b)     c) 

 

 

 

 

 

Figure 6. Representations of residual nuclear density in (Et4N)[Y(can)2] at 15 K after dosing with a) 0.5, 

b) 1.0, and c) 1.5 eq. CO2. Yellow and light blue features indicate positive and negative residual nuclear 

density, respectively, between +/-0.09 fm/Å
3
. Bonds between framework atoms are represented as 

coloured lines (atoms are omitted for clarity). The crystallographic c axis is vertical. 

 

D2 

At low loadings in the high-resolution NPD experiment, D2 was found to occupy a site (site 1) 

corresponding to the center of the square hole in the anionic [Y(can)2]
-
 network (Figure 7a). This site is 

bounded by the faces of the four surrounding chloranilate ligands. As the loading increased towards one 

D2 per Y centre, a second binding site (site 2) was observed in the plane of the cation layer.  Above this 

loading, site 1 gradually became unoccupied and a third binding site (site 3) appeared, effectively 

corresponding to the splitting of site 1 into 4 equivalent lobes which approach the faces of the chloranilate 
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ligands. Site 1 and site 2 are separated by a distance of 5.1 Å which corresponds to ¼ of the c axis. Site 3 

is located 2.25 Å from site 1 and 3.69 Å from site 2.  

 

(a)     (b)    (c) 

 

 

 

 

 

 

 

Figure 7. Representations of residual nuclear density in (Et4N)[Y(can)2] dosed with a) 0.5, b) 1.0, and c) 

3.0 D2 molecules per Y center. Yellow and light blue features indicate positive and negative residual 

nuclear density, respectively, between +/-0.1 fm/Å
3
. Bonds between framework atoms are represented as 

coloured lines (atoms are omitted for clarity). The crystallographic c axis is vertical. Site 1 is located in 

the plane of the Y(can)2]
-
 and is apparent in (a) and (b); site 2 lies in the plane of the NEt4

+
 cations and is 

located in the middle of the top and bottom faces and also in the center of the unit cell; only one of the 

site 3 positions in (c) is indicated.  

 

This progressive three-site D2 loading model is well supported by the results of density functional 

theory (DFT)-based molecular dynamics (MD) simulations, which were performed for a unit cell of  

Et4N[Y(can)2] containing different concentrations of D2 guest molecules at 70 K. Trajectories of the guest 

molecules can be used to create frequency distribution maps of guest molecules which show guest 

occupancy in the structure. 25 ps calculation results show localised D2 residing at site 2 and considerable 

occupancy distributed over sites 1 and 3 at a loading of 3 D2 molecules per Y center, whereas site 1 is not 

substantially occupied. The “splitting” of site 1 into the four lobes of site 3 is observed more distinctly at 

a loading of 5 D2 molecules per Y center. (Figure 8). 
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(a)      (b) 

   

 

 

 

 

 

Figure 8. Integrated guest occupancy maps (yellow surfaces) illustrating the frequency distribution of  

D2 guest molecules over the course of ~28 ps DFT-MD simulations at 70 K, at guest concentrations of (a) 

3 and (b) 5 per Y centre. 

The maximum recorded uptake of 4.91 D2 per Y centre achieved during the in situ adsorption isotherm 

measurement, which appeared to end slightly before saturation, is consistent with the expected occupancy 

of 5 D2 molecules per Y center if sites 2 and 3 are fully loaded. Site occupancy trends obtained by 

refinement against the isothermal NPD data series also agreed well with the findings of the high-

resolution study, except that the filling of site 3 commenced at the lowest loadings and increased 

continuously over the whole D2 concentration range (Figure 9). We speculate that at the slightly higher 

temperatures used during the isothermal NPD experiment, the D2 molecules are able to move between the 

closely neighboring sites 1 and 3, leading to co-filling of both of these sites until the increased 

concentration renders the low-capacity site 1 unfavorable. Indeed, the MD frequency distribution plot 

obtained for a loading of 3 D2 molecules per Y at 70 K (Figure 8a) illustrates the relative ease with which 

D2 guests can move between sites 1 and 3, while transfers between these sites and site 2 in the cation 

layer do not occur over the timescale of the simulation (~28 ps). 
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Figure 9. Site-specific D2 loadings calculated from fractional occupancies refined against in situ NPD 

data for Et4N[Y(can)2] and plotted as a function of the total D2 uptake (as determined by the volumetric 

dosing system). The dashed line represents a 1:1 ratio between the dosed and total refined loading 

amounts. No constraints were applied to the refined site occupancies. 

CD4 

Although high-resolution NPD data were not available for the CD4-dosed framework, Fourier 

difference methods using the last NPD pattern in the CD4 adsorption isotherm dataset clearly revealed 

residual nuclear density only at the centre of the square holes of the anionic layer, in a comparable 

location to the initial site (site 1) that was occupied by D2 (Figure 10). On the basis of the unit cell 

symmetry and the somewhat isotropic form of the Fourier difference peak, the adsorbed methane 

molecule was considered to be rotationally averaged and was modelled accordingly as a single C atom 

with a large isotropic atomic displacement factor and "fractional occupancy" allowed to exceed 1. The 

refined occupancy of the residual nuclear density arising from CD4 at the highest loading in the isotherm 

NPD dataset, corresponded to the nuclear scattering from 0.857(17) CD4 molecules per Y centre, 

comparable with the final recorded volumetric uptake of 1.0 CD4 per Y center. 
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Figure 10. Representation of residual nuclear density in (Et4N)[Y(can)2] after cumulative 

isothermal  doses of CD4 up to a total of 1.0 per Y centre. Yellow and very light blue features indicate 

positive and negative residual nuclear density, respectively, between +/-0.07 fm/Å
3
. 

 

It is interesting to consider the significance of the NPD study of the methane loaded system in the 

context of the high isosteric heat of adsorption value calculated from the isotherms described earlier (see 

Figure 5 and Table 2). The site occupied by the methane molecule lies at the centre of the square cavity 

and the distance from this site to the centres of the four surrounding chloranilate ligands is approximately 

4.3 Å. Allowing for a van der Waals "thickness" of 3.4 Å for the chloranilate ligand, the separation 

between the centre of the cavity and the van der Waals surface of the anionic network is 2.6 Å [4.3 - 

(3.4/2)]. Given that the estimated van der Waals radius of methane is ~2.3 Å, it is clear that the square 

cavity is a good fit for the methane molecule, and this would seem to be a feasible explanation for the 

high binding enthalpy.
[17]
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Magnetic susceptibility studies on (Et4N)[M
III

(can)2] (M =Gd, Dy) 

The magnetic properties of chloranilate-bridged framework materials are currently of great interest
[3d, 

5b-d, 18]  
not only for those containing diamagnetic can

2-
 bridges but also, particularly, those containing 

radical can
3- 

bridges of the semiquinone type found in d-block anilato families such as [Fe2(can)3]
2-

, the 

latter forming a 6,3- hexagonal network structure.
[5a, 5c]

 The present 2D 4,4-network is an attractive 

system to explore magnetic properties, including magnetic exchange, as each Ln(III) centre is bridged by 

four can
2-

 groups to neighbouring Ln(III) centres. The paramagnetic lanthanide ions, however, show 

much weaker exchange coupling than their d-ion congenors, and some of them display large magnetic 

anisotropy that can potentially lead to slow magnetisation reversal effects. From the present 

(Et4N)[M
III

(can)2] family we chose one orbitally non-degenerate ion, Gd
III

, and one orbitally degenerate 

ion, Dy
III 

for investigation for magnetic susceptibility. 

The χMT vs. temperature plot for (Et4N)[Gd
III

(can)2] is shown in Figure 11(a) under two DC applied 

fields which indicate little or no field dependence except at very low temperatures. The crystalline sample 

had been desolvated by heating in vacuo, for 2 h at 90 °C, prior to loading in to the gel capsule container 

and then into the sample chamber of the Squid magnetometer. The χMT values remain independent of 

temperature between 300 and ~20 K, at 7.4 cm
3
 mol

-1 
K, then decrease rapidly down to 2 K, reaching 5 

cm
3 

mol
-1 

K, due to zero field splitting combined possibly with weak antiferromagnetic exchange. The 

uncoupled free ion value for f
7
(
8
S7/2)  Gd

III
 is 7.86 cm

3
 mol

-1 
K, a little higher than observed. The M vs H 

isotherms are shown in Figure 11(b), in fields of 0 – 5 T at temperatures 2 to 20 K. Saturation is almost 

achieved at 2 K and 5 T, the value of M being 6.4 NμB, a little lower than the spin only value of 7 NμB. 

The magnetic behaviour is essentially single ion with little evidence for exchange coupling being of any 

significance. When M is plotted against H/temperature, at 2, 3, 4 and 5.5 K, the lines all lie on a single 

curve indicative of very small anisotropy (i.e. zero field splitting near zero); see Supporting Information 

Figure S6.1. 
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Figure 11. Plots of a) χMT vs T (top) and b) M vs H isotherms for (Et4N)[Gd
III

(can)2] 

 

The DC magnetic data for (Et4N)[Dy
III

(can)2] are shown in Figure 12. There is a small field 

dependence in χMT between 70 and 2 K in fields of 0.1 and 1 T. The room temperature value in the 1 T 

field is 13.8 cm
3
 mol

-1 
K, in quite good agreement with the free ion value of 14. 17 cm

3
 mol

-1 
K for an f

9
 

(
6
H15/2) system. This difference might be due to partial desolvation of the sample, trace magnetic 

impurities or intrinsic antiferromagnetic exchange coupling. On lowering the temperature, a slow 



This article is protected by copyright. All rights reserved 

                  29 

decrease occurs down to ~50 K, with a χMT value of 4.5 cm
3
 mol

-1 
K reached, more rapidly, at 2 K. The 

overall decrease is suggestive of depopulation of single ion Dy
III 

mJ sub-levels of the ground J multiplet 

combined, perhaps, with weak antiferromagnetic coupling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Plots of a)  χMT vs T  and b) M vs H isotherms for (Et4N)[Dy
III

(can)2] 

The magnetisation isotherms, shown in Figure 12, are typical of Dy
III 

complexes
[19]

 with the 2-4 K 

plots not reaching saturation and tending to overlap above H = 3 T on account of low lying Zeeman levels 

being close together. The 2 K/5 T magnetisation value is lower than the expected saturation value for a 

Dy
III 

ion as a result of crystal-field effects eliminating the 16-fold degeneracy of the 
6
H15/2 ground state 

and the effects of low-lying excited states. 
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AC susceptibility measurements were made to detect any slow magnetic relaxation effects in these 

Ln
III

 framework species. The in-phase (χM’) and out-of-phase (χM″) susceptibility data, measured between 

2 and 10 K in AC frequencies 0 – 1488 Hz, and in a DC fields of 0 T and 0.1 T for Dy and 0 T and 0.35 T 

for Gd, are shown in the Supporting Information, Figures S6.2 to S6.7.  The Dy example shows no 

temperature dependence of χM″ in zero DC field
 
but shows frequency dependent ‘tails’ below 3 K in the 

0.1 T DC field with no clear maxima, suggestive of slow magnetisation reversal occurring. An unusual 

peak occurs at 7 K in higher AC frequencies perhaps suggestive of a long range ordered trace impurity. 

The χM’ data show Curie-like behaviour with no frequency dependence between 2 and 10 K. 

Intriguing AC results were noted for (Et4N)[Gd
III

(can)2] since this isotropic f
7
 ion as a free ion would 

normally be expected to show no frequency dependent χM″
 
behaviour. In zero DC field the χM″

 
values are 

zero and independent of frequency, apart for the 1488 Hz plot becoming a little negative below 4 K 

(Figure S6.4). In Figure S6.7, it can be seen that broad, frequency dependent maxima are observed in a 

DC field of 0.35 T at 3 K (997 Hz) and 4 K (1488 Hz), while frequency dependent tails are observed for 

lower frequencies. There is precedence for such behaviour in the case of a chain structure found in the 

complex Na[Gd(EDTA)(H2O)3]·5H2O.
[20]

 The zig-zag chains are made up of doubly water/η1-carboxylate 

bridged -(O)2-Gd-(O)2-Na-(O)2-Gd- moieties with the intramolecular distance between Gd⋯Gd ions being 

6.0782(5) Å. Dipolar Gd⋯Gd interactions were deemed to be important in the magnetism rather than 

superexchange interactions. The Gd⋯Gd separation in the present network is 8.66368(14) Å, across the 

can
2-

 bridges. The slow relaxation of magnetisation in the EDTA species, observed in a 0.45 T DC field, 

was ascribed to spin phonon transitions between the closely spaced levels (< 1 cm
-1

) brought about by 

spin-orbit splitting of the ground 
8
S ground state, the latter yielding anisotropy. However, it has been 

shown that distortions of the crystal field in polyoxometallate single-ion compounds of type 

[Gd(W5O18)2]
9-

 lead to anisotropy and slow magnetisation relaxation occurring in the milliKelvin 

range.
[21]

 Hence it is not clear which mechanism appears likely to apply to (Et4N)[Gd
III

(can)2] but other 

anilate network solids need to be investigated, along with theoretical (ab initio and DFT) calculations to 

confirm this and to see how widespread slow relaxation is for Gd
III

 species. We have preliminary 

observations for similar frequency dependent AC behaviour in DC fields for lanthanide networks such as 
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(NBu4)2[Gd2(can)5(Na(H2O)3)2] with maxima in χM″ being clearly observed.
[22] 

We also note that slow 

magnetisation relaxation has recently been reported for the 2D transition metal network material 

(NPr4)2[Fe2(can)3].2acetone.H2O.
[23]

 

Conclusion 

The original motivation for this work stemmed from our investigations of a previously reported 

compound, (NEt4)2[Sn
IV

Ca
II
(can)4] and our interest in determining if a large +3 metal cation could fulfil 

the role of the 8-coordinate Sn(IV) and Ca(II) ions in related structures. This current work has clearly 

demonstrated that the porous square grid network is not limited to a single compound but in fact, 

(NEt4)2[Sn
IV

Ca
II
(can)4] is part of a large family of porous materials consisting of parallel square grid 

[M(an)2]
-
 (an = anilate) networks in which M may be one of the following metals: Sc, Y, Gd, Tb, Dy, Ho, 

Er, Yb, Lu, In or Bi. Furthermore, the bridging ligand within the anionic network was found not to be 

limited to chloranilate with both bromoanilate and chlorocyanoanilate each yielding similar structures. 

The tetraalkylammonium cation, mainly NEt4
+
, plays a similar structural role in each compound, located 

between metal centres of adjacent sheets.  

Investigation of the host properties of representative compounds, in particular (NEt4)2[Y(can)2], have 

clearly shown the ability of the network materials to adsorb appropriately sized guest molecules such as 

H2, CH4, N2, CO2, CS2, Br2 and I2 with the location of the guest molecules indicated by single crystal X-

ray diffraction or neutron powder diffraction. High adsorption enthalpies recorded for H2, N2, CO2 and 

particularly CH4 are likely to reflect the ability of these molecules to simultaneously interact with more 

than one internal surface of the square channel.  

Finally, the magnetic properties of (Et4N)[Gd
III

(can)2] and (Et4N)[Dy
III

(can)2] showed magnetic data 

typical of these single ions, possibly with weak coupling, as well as unusual slow magnetisation dynamics 

in the Gd(III) case that deserves further investigation in framework species of this f
7
 ion. 

 

Experimental 

Synthesis 
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H4can was synthesised according to a literature method.
[24]

 H4ClCNan was prepared by a similar 

procedure from K2ClCNan·H2O, which was prepared by the procedure of Atzori et al.
[5f]

 H4Bran was 

prepared from H2Bran by a similar procedure, which was prepared by the procedure of Stenhouse.
[25] 

 

(Et4N)[Y(can)2] ·(CH3)2CO 

A solution of H4can (1.0 mmol, 0.21 g) and LiOAc (2.0 mmol, 0.13 g) in acetone (20 ml) was layered 

above Y
III

(NO3)3·6H2O (0.50 mmol, 0.19 g) and Et4NBr (2.0 mmol, 0.42 g) in water (10 mL).  This 

solution was left to stand in a partially covered flask and crystals appeared at the interface between the 

two solutions within two days. After one week, large block-like, dark purple crystals were filtered from 

the solution and washed with water and acetone. X-ray powder diffraction data (see Supporting 

Information) indicated that the bulk product possessed the same structure as the single crystal used in the 

structure determination. Elemental analysis, calcd (%) for (Et4N)[Y(can)2] C 37.9, H 3.2, N 2.2; found C 

37.3, H 3.3, N 2.2; Yield 0.187 g, 54%. 

(Et4N)[M
III

(can)2]·x(CH3)2CO (M = Sc, In, Gd, Tb, Dy, Ho, Er, Yb, Lu, Bi 1 ≤ x ≤ 2) 

A solution of H4can (0.10 mmol, 0.021 g) and LiOAc (0.20 mmol, 0.013 g) in acetone (5 ml) was 

layered above M
III

(NO3)3·x(H2O) (M = Sc, Tb, Ho, Er, Yb, Lu, Bi, 0.050 mmol) and Et4NBr (0.50 mmol 

0.11 g) in water (3mL).  This mixture was left to stand in a partially covered flask, and crystals appeared 

at the interface between the two solutions within two days. After three days, large, block-like, dark purple 

crystals, for all compounds except for (Et4N)[Bi
III

(can)2] which were red, were filtered from the solution, 

and washed with water and acetone.  

For all of these compounds X-ray powder diffraction data of the bulk product was described well by 

the single crystal determined structure. Elemental analysis, calcd (%) for (Et4N)[Sc(can)2] C 40.8, H 3.4, 

N 2.4; found C 41.6, H 4.0, N 2.3. Yield for (Et4N)[M(can)2]: M = Sc 0.0141 g, 44%; Tb 0.0095 g, 24%; 

Ho 0.0156 g, 39%; Er 0.0162 g, 42%; Yb 0.0142 g; 37%, Lu 0.0101 g, 25%; Bi 0.0297 g, 71%.  

(Et4N)[Bi
III

(can)2]·2(CH3)2CO was dark red; otherwise, the precipitates were uniformly dark purple.  

 (Et4N)[M
III

(can)2]·x(CH3)2CO (M = In, Gd, Dy; 1 ≤ x ≤ 1.5) 
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Microcrystalline samples of the compounds (Et4N)[M
III

(can)2] (M = Dy, Gd, In) could be formed by 

mixing the components at high-temperature, and showed powder diffraction patterns consistent with the 

single crystal structure. Single crystals of the above compounds were formed by layering processes 

described for (Et4N)[Y
III

(can)2]. 

H2can (0.20 mmol, 0.042 g) was combined with M
III

(NO3)3 (M = Gd, Dy) or M
III

Cl3 (M = In) (0.10 

mmol) in 10 ml water and 30 ml acetone containing Et4NBr (1.0 mmol) and LiOAc (0.40 mmol ) was 

added to the solution, and the resulting purple precipitate was stirred at reflux for two hours. On cooling, 

the purple precipitate was filtered and washed with water until filtrate was colourless (approx. 2 x 5 ml), 

then 10 ml acetone, and dried at the pump. For all of these compounds, powder X-ray diffraction data of 

the bulk product were well described by the single crystal determined structure. Yield M = Gd 0.0446 g, 

59%; Dy 0.0224 g, 28%; In 0.0321 g, 43%. 

(Me4N)[Sc(can)2]·((CH3)2CO) 

A solution of 1.0 mmol of H4can and 2.0 mmol of LiOAc in acetone (20 ml) was layered above 0.50  

mmol of Sc
III

(NO3)3·6H2O and 2.0 mmol of Et4NBr in water (10mL).  This solution was left to stand in a 

partially covered flask, and crystals appeared at the interface between the two solutions within two days. 

After one week, large, block-like dark purple crystals were filtered from the solution, and washed with 

water and acetone. Calcd (%) for (Me4N)[Sc(can)2] C 36.0, H 2.3, N 2.6; found C 35.7, H 2.3, N 2.6; 

Yield 0.251g, 94%. 

(Et4N)[Bi(Bran)2]·1.5(CH3)2CO 

A solution of 0.10 mmol of H2Bran in acetone (20 ml) was layered above 0.050 mmol of 

Bi
III

(NO3)3·6H2O and 0.30 M Et4NBr solution in water (3 mL). This solution was left to stand in a 

partially covered flask, and crystals appeared at the interface between the two solutions within two days. 

After one week, square plate, dark red crystals appeared within a flocculant colourless precipitate, 

presumably bismuth oxynitrate. Crystals could be isolated by filtering over a coarse frit, and washed with 

water and acetone. Yield 0.0336 g, yield 66%. 

(Et4N)[Bi(ClCNan)2]·1.5((CH3)2CO) 
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A solution of 0.10 mmol of K2ClCNan in acetone/water (15ml) was layered above 0.05 mmol 

Bi
III

(NO3)3·6(H2O) and 0.30 M Et4NBr solution in water (3mL). This solution was left to stand in a 

partially covered flask and crystals appeared at the interface between the two solutions within two days. 

After one week, square plate dark red crystals appeared within a flocculant colourless precipitate, 

presumably bismuth oxynitrate; crystals could be isolated by filtering over a coarse frit, and washed with 

water and acetone. Yield 0.022 g, 54%. 

Inclusion of CS2, I2 and Br2 into (Et4N)[Y(can)2] 

A sample of (Et4N)[Y(can)2] was heated to 110°C overnight under vacuum in a tube furnace to ensure 

the channels in the structure were empty. This compound was used as the starting material for the 

inclusion experiments involving the guests CS2, I2 and Br2. Single crystals of (Et4N)[Y(can)2]·1.43(CS2) 

were obtained by immersing the activated (Et4N)[Y(can)2] in liquid CS2 for 24 hours at room temperature 

in a capped vial, and transferred directly to a protective oil before being mounted on a single crystal 

diffractometer. In the case of (Et4N)[Y(can)2]·1.87(I2), the inclusion of iodine occurred by adsorption of 

iodine vapor. Single crystals of desolvated (Et4N)[Y(can)2] (approx. 1 mg) were placed in a capped vial 

containing solid I2 (one large crystal, approx. 50 mg) for two days at room temperature. A crystal was 

then transferred directly to protective oil and mounted on a single crystal diffractometer. A similar 

process was employed in the generation of (Et4N)[Y(can)2]·0.91Br2 with single crystals of 

(Et4N)[Y(can)2] placed in a capped vial containing a second smaller vial which contained one drop of 

liquid bromine. After 24 hours exposure to the Br2 vapor a crystal was transferred directly to protective 

oil and mounted on a single crystal diffractometer. 

Single crystal structure determination 

Single crystals were analysed on an Oxford Diffraction Supernova diffractometer with CuKα 

microfocus radiation (λ = 1.5418 Å), with samples held at 130.0(1) K except where otherwise indicated. 

Data collection, reduction and absorption corrections were all performed within using the program 

CrysAlisPro.
[26]

 Absorption corrections were performed, using either numerical
[27]

 or empirical 

methods.
[27, 28]
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Structures were solved using SHELXT,
[29]

 and refined using the full matrix least-squares model on F
2 

with SHELXL.
[30]

 Each structure exhibited disorder of the tetraalkylammonium cation over two 

symmetry-related orientations. Additional details regarding single crystal structure determination are 

presented in the Supporting Information (S1). Crystallographic tables relating to these compounds are 

presented in Table S1.1. 

X-ray Powder Diffraction 

X-ray powder diffraction data for (Et4N)[Ho
III

(can)2]·1.5(CH3)2CO; (Et4N)[Er
III

(can)2]·(CH3)2CO; 

(Et4N)[Sc
III

(can)2]·(CH3)2CO; (Et4N)[Lu
III

(can)2]·1.5(CH3)2CO; (Et4N)[Tb
III

(can)2]·1.5(CH3)2CO; 

(Et4N)[Yb
III

(can)2]·(CH3)2CO were collected using synchrotron radiation at 0.7907(10) Å. Powder 

diffraction data for (Et4N)[Y(can)2]·(CH3)2CO, (Et4N)[Bi(ClCNan)2]·1.5(CH3)2CO and 

(Et4N)[Bi(Bran)2]·1.5(CH3)2CO were collected using synchrotron radiation at 0.7745(10) Å. Powder 

diffraction data for (Et4N)[Gd
III

(can)2]·1.5(CH3)2CO, (Et4N)[Dy
III

(can)2]·1.5(CH3)2CO, 

(Et4N)[Bi
III

(can)2]·2(CH3)2CO, (Me4N)[Sc
III

(can)2]·(CH3)2CO were collected using CuKα radiation at 

1.5418 Å.  

Synchrotron X-ray powder diffraction data were collected on the powder diffraction beamline at the 

Australian Synchrotron. The samples were loaded into Lindemann glass capillary tubes as slurries in 

acetone and mounted on the powder diffraction beamline. The wavelengths were refined from a NIST 

SRM 660b LaB6 standard reference material.  Data were collected using the Mythen microstrip detector 

from 3 – 83° 2. To cover the gaps between detector modules, 2 datasets were collected with the detector 

set 0.5° apart and then merged to a single dataset. 

Laboratory based X-ray powder diffraction data were collected using a CuKα source on an Oxford 

Diffraction Supernova diffractometer. Samples were loaded as powder into Lindemann glass capillary 

tubes and patterns were collected at 130 K. 

 X-ray powder diffraction data are presented in the Supporting Information (S4), where patterns are 

also calculated from the structures determined by single crystal X-ray diffraction. 
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Gas Sorption 

Gas uptake was measured by differential pressure using a Sievert-type BELsorp-HP automatic gas 

sorption apparatus (BEL Japan Inc.). Ultra-high purity CO2, CH4, N2 and H2 gases were purchased from 

BOC and Air Liquide. Samples were prepared by desolvation under dynamic vacuum at elevated 

temperature (200 °C) and reactivated at this temperature under vacuum between measurements. Full 

description of the gas adsorption procedure is provided in the supporting information. 

Gas Sorption-Powder Neutron Diffraction 

In situ neutron powder diffraction (NPD) data were collected using the high-intensity powder 

diffractometer WOMBAT
[31]

 and the high-resolution diffractometer ECHIDNA
[32]

 at the OPAL reactor, 

ANSTO, Australia. All measurements were performed on samples of Et4N[Y(can)2] with a known mass 

which were dried by heating under vacuum at 200 °C and transferred to a sealed vanadium can inside a 

helium-filled glove box. The sample can was attached to a custom-designed gas delivery sample stick
[33]

 

and positioned inside a helium cryofurnace, keeping the sample isolated from air. A Hiden Isochema IMI 

manometric dosing system was used to conduct fully computer-controlled gas dosing experiments and 

maintain sample temperature control throughout the NPD experiments. 

High-resolution NPD data were obtained at 15 K for activated (Et4N)[Y(can)2] and for discrete 

loadings of D2 (0.5, 1.0, 2.0 and 3.0 per Y center) and CO2 (0.5, 1.0 and 1.5 per Y center). NPD data were 

collected on ECHIDNA with a neutron wavelength of 2.4395 Å, using a 2θ step size of 0.05° in the range 

6.5 ≤ 2θ ≤ 165°. 

High-intensity NPD data were collected for continuously and recorded at 3 min intervals during 

isothermal adsorption of CO2, CD4 and D2.
[34]

 The neutron wavelength λ = 2.95314(11) Å was refined 

using data for the NIST 660b LaB6 standard reference material and data were collected in the range 13.5 

≤ 2θ ≤ 133°. 

Rietveld refinements against NPD data were performed using the GSAS-II program.
[35]

 The structure 

of the empty Et4N[Y(can)2] framework, based on the single crystal structure of the solvated 

Et4N[Y(can)2]·(CH3)2CO was first refined against a high-resolution NPD data recorded at 15 K. Details 
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of the collected data and the refinements are presented in the Supporting Information, alongside examples 

of Rietveld refinement profiles and agreement indices. 

Magnetism studies 

A Quantum Design MPMS 7 magnetometer was used to measure DC and AC susceptibilities and 

magnetisations. Polycrystalline samples of mass ~25 mg were contained in a calibrated gel capsule that 

was held at the centre of a drinking straw which was fixed to the end of the sample rod. In the case of 

anisotropic (Et4N)[Dy(can)2], a Vaseline mull of the sample was employed to eliminate any anomalous 

torquing effects. Prior to placing the samples in the capsule the samples were heated in a vacuum at 90 °C 

for 2 hours to remove any solvent molecules from the crystal lattice. 
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