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A B S T R A C T   

The reactions of 1,4-bis(n-alkyloxy)-2,5-bis(3,2′:6′,3′’-terpyridin-4′-yl)benzene ligands with methoxy (1), ethoxy 
(2), n-propoxy (3), n-butyloxy (4), n-pentyloxy (5), n-hexyloxy (6), n-heptyloxy (7) and n-octyloxy (8) sub-
stituents with [Cu(hfacac)2].H2O (Hhfacac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione) under conditions of 
crystal growth by layering have been investigated using different combinations of solvents. The products have 
been structurally characterized and in all cases, Cu(II) is octahedrally sited in a trans-{Cu(hfacac)2(N)2} envi-
ronment in which N is a pyridine donor in one of the outer rings of a 3,2′:6′,3′’-tpy unit. The coordination as-
semblies fall into four categories. The most populated class consists of (4,4) nets in which each bis(3,2′:6′,3′’-tpy) 
ligand 1 and 4–8 acts as a 4-connecting node and the Cu(II) centres lie within the plane defined by the nodes; 
changes in conformation of the 3,2′:6′,3′’-tpy units do not affect the assembly of the (4,4) network. One of two 
assemblies isolated with ligand 2 is also a (4,4) net, but powder X-ray diffraction (PXRD) data indicate that this is 
not representative of the bulk material. [Cu2(hfacac)4(3)]n

.5.5nC6H5Cl exhibits a unique structure consisting of a 
(4,4) net with the Cu(II) centres lying above and below the plane of the net. A third class of assembly was found 
for [Cu3(hfacac)6(5)2]n and comprises a (4,4) net in which half of the ligands are 4-connecting nodes and half 
coordinate through two pyridine rings and are therefore linkers; the efficient packing in this structure leaves no 
solvent-accessible voids. A 1D-coordination polymer in which all the bis(3,2′:6′,3′’-tpy) ligands are 2-connecting 
linkers was observed for [Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH and PXRD data confirm that the structure is 
representative of the bulk material. Structural studies have been complemented by thermogravimetic analyses of 
selected compounds.   

1. Introduction 

Over the past few years, we have been developing the coordination 
chemistry of 3,2′:6′,3′′-terpyridine (3,2′:6′,3′′-tpy) ligands with a recent 
focus on those containing two or three 3,2′:6′,3′′-tpy units [1–5]. In 
contrast to the more popular 2,2′:6′,2′′-terpyridine which is typically a 
bis(chelating) ligand (2,2′:6′,2′′-tpy, Scheme 1), 3,2′:6′,3′′-tpy co-
ordinates only through the outer pyridine N-atoms making it a diver-
gent, rather than convergent, metal-binding domain. Note that there are 
numerous examples of 2,2′:6′,2′′-tpy acting as a hypodentate ligand [6]. 

Moreover, rotation about the inter-ring C-C bonds in 3,2′:6′,3′′-tpy leads 
to three limiting planar conformations of the unit as shown in Scheme 1. 
Conformations I and II are more commonly observed than conformation 
III for which there are relatively few examples [7–16]. 

Yoshida et al. were the first to report a bis(3,2′:6′,3′′-tpy) ligand as a 
4-connecting node for the assembly of a 2D-network. Reaction of [Co 
(acacCN)2] (HacacCN = 3-cyanopentane-2,4-dione) with the ligand L 
shown in Scheme 2 led to assembly of [Co2(acacCN)4(L)]n with each 
3,2′:6′,3′′-tpy unit adopting conformation II. Significantly, Yoshida et al. 
also demonstrated that when L reacted with [Co(acacPh2)2] (HacacPh2 
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= 1,3-diphenylpropane-1,3-dione), the steric hindrance of the phenyl 
substituents directed the assembly to a 1D-coordination polymer [Co 
(acacPh2)2(L)]n in which L behaved only as a ditopic ligand, leaving one 
outer pyridine ring in each 3,2′:6′,3′′-tpy unit uncoordinated [17]. The 
{Cu(acac)2} and {Cu(hfacac)2} units (Hacac = pentane-2,4-dione, 
Hhfacac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione) are complemen-
tary to {Co(acacPh2)2} and {Co(acacCN)2}, and both copper(II) motifs 
are well represented in the Cambridge Structural Database (CSD) [18], 
with coordination assemblies incorporating {Cu(hfacac)2} being more 
numerous than those containing {Cu(acac)2} motifs. We have suggested 
that a factor contributing to the dominance of {Cu(hfacac)2}-containing 
assemblies may be that the CF3 substituents enhance the solubility of the 
copper(II) salt in a greater variety of solvents than with [Cu(acac)2] 
[19]. For structures containing octahedral {Cu(hfacac)2(N)2} (N = N- 
donor ligand) units, a trans-arrangement of the N-donors is usual [3], 
unless the two N donors belong to a chelating ligand. 

We now present a systematic investigation of reactions between a 
series of 1,4-bis(n-alkyloxy)-2,5-bis(3,2′:6′,3′’-terpyridin-4′-yl)benzene 
ligands and [Cu(hfacac)2]. The bis(3,2′:6′,3′′-tpy) ligands are related to 
Yoshida’s ligand shown in Scheme 2, with the introduction of two 
alkyloxy substituents ranging in length from methoxy to n-octyloxy. In 
addition to improving ligand solubility, we were motivated to discover 
how the coordination assembly was influenced by the differing steric 
demands of the alkyloxy chains. Crystals of the coordination assemblies 
were grown under ambient conditions using a solvent-layering tech-
nique (see Supplementary Materials for details) and we address the ef-
fects that different solvents have on the solid-state structures. 

2. Materials and methods 

2.1. General 

1H and 13C{1H} spectra were recorded on a Bruker Avance III-500 
spectrometer equipped with a BBFO probehead at 298 K. The 1H and 13C 
NMR chemical shifts were referenced with respect to residual solvent 
peaks (δ 7.26 ppm for CHCl3 and δ 77.2 ppm for CDCl3, respectively with 
δ TMS = 0). Matrix-assisted laser desorption ionization time-of-flight 
(MALDI-TOF) mass spectra were recorded on a Shimadzu MALDI 8020 
instrument without matrix. PerkinElmer UATR Two and Shimadzu UV- 
2600 instruments were used to record FT-IR and UV-vis absorption 
spectra, respectively. Melting points were determined using a Stuart 
melting point SMP 30 device. Elemental analyses and high-resolution 
electrospray (HR-ESI) mass spectra were performed using a Vario 
MICRO Cube device and Bruker maXis 4G QTOF instrument, 
respectively. 

Thermogravimetric analyses (TGA) were performed on a TGA5500 
instrument coupled to a Discovery II MS, Cirrus 3 mass spectrometer. 
The analyses were carried under nitrogen, using a Barchart scanning 
method in the mass range 10–125 or 12–160 in the case of 1,2-dichloro-
benzene. In all experiments, the temperature of the TGA instrument was 
initially stabilized at 30 ◦C. The samples were heated to 170 ◦C (210 ◦C if 
1,2-dichlorobenzene was involved) and this temperature was main-
tained for 30 min. During this time, it was possible to detect the solvent 
being released from the coordination network (see text) and solvents 
were identified using mass spectrometry. 

Analytical thin-layer chromatography was conducted with pre- 
coated silica gel 60 F254 aluminium sheets (Merck KGaA) and visual-
ized using UV light (254 nm and 366 nm). Flash column chromatog-
raphy was performed on a Biotage Selekt system with pre-packed silica 
gel columns (50 g Biotage Sfär Silica High Capacity Duo 20 μm) using 
ethyl acetate in cyclohexane (gradient) as eluent and monitoring and 
collecting at 366 nm. 

3-Acetylpyridine, 1-bromopropane, 1-bromobutane and 1-bromo-
heptane were purchased from Acros Organics and 1-bromoethane, and 
1-bromohexane were from Alfa Aesar. 1-Bromopentane, 1-bromooctane 
and 2,5-dimethoxybenzene-1,4-dicarbaldehyde were bought from 
Sigma-Aldrich, and 2,5-dibromobenzene-1,4-diol from Fluorochem. [Cu 
(hfacac)2]⋅H2O was purchased from abcr GmbH. All chemicals were 
used as received. 

All crystal growth experiments were carried out under ambient 
conditions using glass test-tubes (i.d. = 13.6 mm, 24 mL). 

2.2. Ligand syntheses 

Synthetic procedures for the synthesis of ligands 1–7 are given in the 
Supplementary Materials, along with characterization data. Ligand 8 
was prepared according to a previously reported method [1]. 

2.3. Crystallography 

Single crystal data were collected on a STOE StadiVari Eulerian 4-cir-
cle diffractometer (CuKα radiation) equipped with a Dectris Eiger2 1 M 
detector, or using a STOE StadiVari diffractometer equipped with a 
Pilatus300K detector and with a Metaljet D2 source (GaKα radiation) 
with data processing using STOE software (X-Area 1.90, STOE, 2020). 
Structures were solved using Superflip [20,21] and Olex2 [22]. The 
model was refined with ShelXL v. 2018/3 [23]. See the Supplementary 
Materials for the radiation type (Cu or Ga) for each structure. All H 
atoms were included at geometrically calculated positions and refined 
using a riding model with Uiso = 1.2 of the parent atom. Structure 
analysis and structural diagrams used CSD Mercury 2021.3.0 [24]. 
Crystallographic data for all compounds are given in the Supplementary 
Materials. 

In most structures, one or more of the CF3 groups was rotationally 

Scheme 1. Top: 2,2′:6′,2′′-tpy as a bischelating ligand. Bottom: Limiting planar 
conformations I–III of 3,2′:6′,3′′-tpy and metal-binding sites. 

Scheme 2. The bis(3,2′:6′,3′′-tpy) ligand L reported by Yoshida et al. [17].  
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disordered, and the longer alkyloxy chains also suffered from disorder. 
Details of the treatment of the disorders and site occupancies are given 
in the Supplementary Materials in the relevant figure captions. 
[Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH was refined as a two- 
component inversion twin. The solvent molecules in all the structures 
with solvate were disordered. In [Cu2(hfacac)4(5)]n

.3.5nC6H4Cl2, 
geometrical restraints for the aromatic ring and restraints for the ther-
mal parameters had to be used to treat the C6H4Cl2 molecules. A solvent 
mask was applied to part or all the solvent region in [Cu2(hfa-
cac)4(1)]n

.3nCHCl3, [Cu2(hfacac)4(2)]n
.1.2nCHCl3, [Cu2(hfacac)4(3)]n

. 

5.5nC6H5Cl, [Cu2(hfacac)4(4)]n
.4nMeC6H5, [Cu2(hfacac)4(4)]n

.3.5nC6 
H4Cl2, [Cu2(hfacac)4(6)]n

.2.4nMeC6H5, [Cu2(hfacac)4(7)]n
.2.4nCHCl3, 

[Cu2(hfacac)4(7)]n
.2.6nCHCl3 (both polymorphs), [Cu2(hfacac)4 

(7)]n
.2nMeC6H5, and [Cu2(hfacac)4(8)]n

.1.6nCHCl3. In each case, the 
electron density removed was accounted for in terms of added solvent 
molecules and these were added to the formulae and all appropriate 
numbers. 

Powder X-ray diffraction (PXRD) data were collected at room tem-
perature (ca. 295 K) in transmission mode using a Stoe Stadi P diffrac-
tometer equipped with CuKα1 radiation (Ge(111)) monochromator and 
a DECTRIS MYTHEN 1 K detector. 

3. Results and discussion 

3.1. Ligand syntheses and crystal structure of dialdehyde 6b 

Ligand 1 was prepared from the commercially available 2,5-dime-
thoxybenzene-1,4-dicarbaldehyde according to Scheme 3, and ligand 
8 was prepared as previously reported [1]. The strategy shown in 
Scheme 4 was used to synthesize compounds 2–7. While other routes 
have been described in the literature to access 1,4-dibromo-2,5-bis(alky-
loxy)benzene intermediates (for example, bromination of hydroquinone 
diethers [25]), the route we selected via the commercially available 2,5- 
dibromobenzene-1,4-diol proved to be very efficient. The functionali-
zation of 2,5-dibromobenzene-1,4-diol with an alkyl bromide was car-
ried out under basic conditions with yields in the range 62–89 % for 
compounds 2a–7a (Scheme 4). Compounds 2b–7b (Scheme 4) were 
prepared using a Bouveault aldehyde synthesis [26] with n-BuLi and 
DMF. The dialdehydes were converted to the bis(3,2′:6′,3′′-tpy) ligands 
2–7 by reaction with 3-acetylpyridine using the one-pot strategy of 
Hanan [27]. Full synthetic details for the intermediates and final prod-
ucts shown in Schemes 3 and 4 are provided in the Supplementary 
Materials. The 1H and 13C{1H} NMR spectra of 2a–7a and 2b–7b are 
shown in Figs. S1–S24. 

Single crystals of dialdehyde 6b grew from a hot petroleum ether 
solution of the compound as it was allowed to cool to room temperature 
(ca. 22 ◦C). The compound crystallizes in the triclinic space group P–1, 
and the asymmetric unit comprises two independent half-molecules 

with each arene-centroid lying on an inversion centre. The structure of 
one of the independent molecules of 6b is shown in Fig. 1; both mole-
cules are structurally similar with the n-hexyloxy chains in extended 
conformations. Crystal packing is dominated by intermolecular O… 
H–C hydrogen bonds. 

3.2. Characterization of ligands 1–7 

Ligands 1–7 were characterized by 1H and 13C{1H} NMR, solid-state 
FT-IR and solution absorption spectroscopies, as well as MALDI-TOF 
mass spectrometry, and either elemental analysis or high-resolution 
electrospray (HR-ESI) mass spectrometry. In the MALDI-TOF mass 
spectrum of each compound, the base peak corresponded to the [M +
H]+ ion as shown in Figs. S25–S31. Where elemental analytical results 
were not within acceptable limits, a high-resolution electrospray mass 
spectrum was also recorded (Figs. S32–S35). The 1H and 13C{1H} NMR 
spectra were assigned using 2D methods (COSY, NOESY, HMQC and 
HMBC spectra) and were in accord with the structures shown in Scheme 
3 and 4. Figures S36 to S63 display the 1H NMR, 13C{1H} NMR, HMQC 
and HMBC spectra of each of compounds 1–7, and full assignments are 
provided in the experimental sections in the Supplementary Materials. 
Fig. 2 illustrates that the length of the alkyloxy substituent has little 
effect on the aromatic regions of the 1H NMR spectra of 1–7 except in the 
case of the OMe group, when signal for the HB3 (the aromatic proton on 
the central pyridine ring, Scheme 3) was shifted to lower frequency (δ 
8.00 ppm in 1 compared to δ 8.03 or 8.04 ppm in 2–7). 

Fig. 3 displays the solution absorption spectra of compounds 1–7. 
The spectra exhibit similar absorption bands arising from spin-allowed 
π*←π transitions. The length of the n-alkyloxy chain on the phenylene 
spacer of the bis(3,2′:6′,3′′-tpy) ligands does not significantly influence 
the absorption spectra. The values of λmax = 277 (shoulder), 315 and 
353 nm for 1 are characteristic of all the ligands, and of the previously 
reported n-octyloxy derivative 8 [1]. The solid-state IR spectra of 1–7 
(Figs. S64–S70) show characteristic absorptions in the fingerprint region 
and peaks around 3000 cm− 1 arising from aliphatic C-H stretches which 
increase in relative intensity as the length of the alkyloxy substituents 
increases. 

3.3. Crystal growth experiments 

Reactions between each of ligands 1–8 and [Cu(hfacac)2].H2O were 
carried out under conditions of crystallization by layering at room 
temperature (ca. 22 ◦C). In addition to probing the effects of the 
different alkyloxy substituents on solid-state structure, we were also 
interested in the effects of solvent. Table 1 summarizes the solvent 
combinations from which X-ray quality crystals were obtained; full de-
tails of crystal growth conditions are given in the Supplementary Ma-
terials. Many of the crystals were sensitive to loss of solvent and this can 
be rationalized in terms of the porosity of the structures described 
below. 

Single crystals grew from more than one solvent combination in the 
case of the ligands 4, 5 and 7 and X-ray diffraction data were collected 
for all crystals. For the combination of 5 and [Cu(hfacac)2].H2O, crystals 
of [Cu3(hfacac)6(5)2]n were obtained from two solvent combinations 
(Table 1) and the space group (P21/c) and cell parameters (a = 11.9727 
(2) Å, b = 37.6012(4) Å, c = 14.5251(2) Å, β = 102.3690(10)

◦

for 
crystals grown from MeOH and toluene; a = 11.96060(10) Å, b =
37.6107(5) Å, c = 14.5313(2) Å, β = 102.3980(10)

◦

for crystals grown 
from MeOH and CHCl3) were consistent with a common structure. Only 
that for crystals from MeOH and toluene is discussed in detail below. 
Note that the coordination network in [Cu2(hfacac)4(5)]n

.3.5nC6H4Cl2 
(Table 1) differs from [Cu3(hfacac)6(5)2]n and is discussed separately. 
Reactions between 7 and [Cu(hfacac)2].H2O using four different solvent 
combinations (Table 1) produced X-ray quality crystals of [Cu2(hfa-
cac)4(7)]n

.2.4nCHCl3 (from MeOH/CHCl3), [Cu2(hfacac)4(7)]n
.2.6n 

CHCl3 (polymorph A, from EtOH/CHCl3), [Cu2(hfacac)4(7)]n
.2.6nCHCl3 

Scheme 3. Synthesis of ligand 1. Conditions: (i) 3-acetylpyridine, KOH, EtOH, 
aqueous NH3, room temperature. 
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Scheme 4. Synthesis of ligands 2–7. Conditions: (i) RBr, anhydrous K2CO3, dry DMF, 100 ◦C; (ii) nBuLi, dry Et2O, 0 ◦C; dry DMF, 0 ◦C warmed to room temperature; 
(iii) 3-acetylpyridine, KOH, EtOH, aqueous NH3, room temperature. 

Fig. 1. Structure of one of the two independent molecules of 6b with H atoms omitted for clarity; ellipsoids are plotted at a 40 % probability level. Symmetry code i 
= 1–x, 1–y, 1–z. Selected bond parameters: C1–O1 = 1.2098(15), C1–C2 = 1.4771(17), O2–C4 = 1.3634(14), O2–C5 = 1.4400(14) Å; C4–O2–C5 = 116.79(9)o. 

Fig. 2. The aromatic regions of the 1H NMR spectra of compounds 1–7 (500 MHz, CDCl3, 298 K). Scale in δ/ppm. * = residual CHCl3.  
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(polymorph B, from tBuOH/CHCl3) and [Cu2(hfacac)4(7)]n
.2nMeC6H5 

(from MeOH/ toluene). All crystallized in the triclinic space group P–1, 
and an overlay of the repeating units (Fig. 4) showed the ligand con-
formations and connectivities to be virtually identical, and propagation 
into a 2D-network (see below) was also the same. The crystal structure of 
[Cu2(hfacac)4(7)]n

.2.6nCHCl3 (polymorph B) obtained from tBuOH/ 
CHCl3 will be described in detail as being representative of the four 
networks. In the case of [Cu(hfacac)2].H2O and ligand 4, single crystals 
of [Cu2(hfacac)4(4)]n

.3.5nC6H4Cl2 and [Cu2(hfacac)4(4)]n
.4nMeC6H5 

(Table 1) were obtained and the differences in network assembly war-
rant separate discussion of these structures. For ligands 1, 2, 3, 6 and 8 
good quality single crystals were obtained only for the solvent combi-
nations given in Table 1. 

Overall, fifteen crystal structures were determined and these fall into 
four structural groups: (4,4) nets directed by the 4-connecting ligand 
nodes with Cu(II) centres lying in the plane of the net, a (4,4) net with Cu 
(II) centres lying above and below the plane of the net, a (4,4) net in 
which half of the ligands are 4-connecting nodes and half are linkers, 
and a 1D-coordination polymer in which each ligand coordinates 
through only two N-donors. Each structure-type is discussed in detail 
below. 

3.4. Bis(3,2′:6′,3′′-tpy) ligands as 4-connecting nodes: Assembly of (4,4) 
nets 

Each of [Cu2(hfacac)4(1)]n
.3nCHCl3, [Cu2(hfacac)4(2)]n

.1.2nCHCl3, 
[Cu2(hfacac)4(4)]n

.3.5nC6H4Cl2, [Cu2(hfacac)4(4)]n
.4nMeC6H5, [Cu2(hf 

acac)4(5)]n
.3.5nC6H4Cl2, [Cu2(hfacac)4(6)]n

.2.4nMeC6H5, [Cu2(hfac 
ac)4(7)]n

.2.6nCHCl3 (polymorph B, see Section 3.2) and [Cu2(hfa-
cac)4(8)]n

.1.6nCHCl3 crystallizes in the triclinic space group P–1 and the 
structures of the asymmetric units are shown in Figs. S71–S78. Each bis 

(3,2′:6′,3′′-tpy) ligand acts as a 4-connecting node with each outer pyr-
idine ring coordinating to one Cu atom of a different {Cu(hfacac)2} unit, 
and the structures propagate into 2-dimensional (4,4)-nets. Each Cu 
atom has a trans-arrangement of pyridine donors, and the Cu–N and 
Cu–O bond lengths are unexceptional (Table 2). In [Cu2(hfa-
cac)4(1)]n

.3nCHCl3, [Cu2(hfacac)4(2)]n
.1.2nCHCl3, [Cu2(hfacac)4(5)]n

. 

3.5nC6H4Cl2 and [Cu2(hfacac)4(8)]n
.1.6nCHCl3, the 3,2′:6′,3′′-tpy 

domain in each of ligands 1, 2, 5 and 8 adopts conformation II (Scheme 
1), while in [Cu2(hfacac)4(4)]n

.3.5nC6H4Cl2, [Cu2(hfacac)4(4)]n
.4nMe 

C6H5, [Cu2(hfacac)4(6)]n
.2.4nMeC6H5 and [Cu2(hfacac)4(7)]n

.2.6n 
CHCl3, all 3,2′:6′,3′′-tpy units in ligands 4, 6 and 7 adopt conformation I 
(Scheme 1). However, the change in conformation does not affect the 
ability of the ligand to direct the assembly into a (4,4) network. Table 3 
summarizes how the ligand conformation varies throughout the series, 
and the network is exemplified for [Cu2(hfacac)4(1)]n

.3nCHCl3 in Fig. 5. 
In all the structures in this series, the Cu atoms lie in or close to the plane 
through the 4-connecting nodes that define the (4,4)-net. Fig. 6 shows a 
view into this plane in [Cu2(hfacac)4(1)]n

.3nCHCl3 and 

Fig. 3. Solution absorption spectra (CHCl3, 2.0 × 10–5 mol/dm− 3) of li-
gands 1–7. 

Table 1 
Crystalline products and solvents used for the layering experiments, and space groups; cell parameters are given in the Supplementary Materials.  

Compound Solvent for [Cu(hfacac)2].H2O Solvent for ligand Space group 

[Cu2(hfacac)4(1)]n
.3nCHCl3 EtOH CHCl3 P–1 

[Cu2(hfacac)4(2)2]n
.1.5nCHCl3.4nMeOH MeOH CHCl3 Pca21 

[Cu2(hfacac)4(2)]n
.1.2nCHCl3 MeOH CHCl3 P–1 

[Cu2(hfacac)4(3)]n
.5.5nC6H5Cl Chlorobenzene CHCl3 P–1 

[Cu2(hfacac)4(4)]n
.3.5nC6H4Cl2 MeOH 1,2-Dichlorobenzene P–1 

[Cu2(hfacac)4(4)]n
.4nMeC6H5 MeOH Toluene P–1 

[Cu3(hfacac)6(5)2]n MeOH Toluene P21/c 
[Cu3(hfacac)6(5)2]n MeOH CHCl3 P21/c 
[Cu2(hfacac)4(5)]n

.3.5nC6H4Cl2 MeOH 1,2-Dichlorobenzene P–1 
[Cu2(hfacac)4(6)]n

.2.4nMeC6H5 MeOH Toluene P–1 
[Cu2(hfacac)4(7)]n

.2.4nCHCl3 MeOH CHCl3 P–1 
[Cu2(hfacac)4(7)]n

.2.6nCHCl3 (polymorph A) EtOH CHCl3 P–1 
[Cu2(hfacac)4(7)]n

.2.6nCHCl3 (polymorph B) tBuOH CHCl3 P–1 
[Cu2(hfacac)4(7)]n

.2nMeC6H5 MeOH Toluene P–1 
[Cu2(hfacac)4(8)]n

.1.6nCHCl3 EtOH CHCl3 P–1  

Fig. 4. Overlay of the repeating units in [Cu2(hfacac)4(7)]n
.2.4nCHCl3 (blue), 

[Cu2(hfacac)4(7)]n
.2.6nCHCl3 (polymorph A, red), [Cu2(hfacac)4(7)]n

.2.6n 
CHCl3 (polymorph B, orange), and [Cu2(hfacac)4(7)]n

.2nMeC6H5 (green). 
(Colour online.) 
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[Cu2(hfacac)4(8)]n
.1.6nCHCl3 with methoxy and octyloxy substituents, 

respectively. With the exception of the ethoxy substituents, the alkyloxy 
chains are directed above and below the network and the longest chains 
are accommodated in cavities in an adjacent sheet. 

As previously mentioned, the crystalline samples were sensitive to 
solvent loss and in the crystal structures, the solvent molecules were 
disordered to an extent that a solvent mask was used to treat part or all of 
the solvent regions (see experimental details). Fig. 7 illustrates the 
solvent-accessible channels in [Cu2(hfacac)4(4)]n

.3.5nC6H4Cl2 and 
[Cu2(hfacac)4(6)]n

.2.4nMeC6H5. For these two compounds, TGA 
coupled with mass spectrometry was used to verify the identity and 
amount of solvent in the lattice. The results are summarized in Table 4. 

3.5. Structure of [Cu2(hfacac)4(3)]n
.5.5nC6H5Cl 

[Cu2(hfacac)4(3)]n
.5.5nC6H5Cl crystallizes in the triclinic space 

group P–1. The asymmetric unit (Fig. S79) contains two crystallo-
graphically independent half-ligands 3 and two independent copper(II) 
centers, Cu1 and Cu2; the second half is generated by inversion. Each Cu 
atom is octahedrally sited with a trans-arrangement of N-donors. The 
Cu–N (2.009(5), 1.992(4), 1.987(4) and 2.012(4) Å) and Cu–O bond 
lengths (range 2.082(6) to 2.188(6) Å) are unexceptional. In both in-
dependent ligands, the 3,2′:6′,3′′-tpy unit adopts conformation II 
(Scheme 1), and since Cu1 and Cu2 do not lie on inversion centers, there 
are three possible coordination modes for the trans-arrangement of the 
terpyridine units at each Cu centre (Scheme 5). At both Cu1 and Cu2, the 
pairs of 3,2′:6′,3′′-tpy domains adopt the arrangement shown in Scheme 
5c. 

Each molecule of coordinated 3 is a 4-connecting node, and the 
structure propagates into a (4,4) net with close to square shortest- 
circuits (internal angles 89.7 and 90.3◦, Fig. 8a) with the {Cu(hfacac)} 
linkers lying above and below the plane containing the ligand nodes 
(Fig. 8b and 8c); the two crystallographically independent ligand nodes 
are topologically identical. A comparison of Fig. 8b and 6 shows that the 
positions of the Cu atoms in a sheet in [Cu2(hfacac)4(3)]n

.5.5nC6H5Cl 
are noticeably different from those in the 2D-networks described in 
Section 3.3. 

Solvent molecules in [Cu2(hfacac)4(3)]n
.5.5nC6H5Cl suffered severe 

disorder and a solvent mask had to be applied to the solvent region (see 
experimental section). The solvent-free structure exhibits large voids 
and channels running along all three crystallographic axes which ac-
count for ca. 44 % void space (calculated in Mercury 2021.3.0 [24] using 
a contact surface map with probe radius = 1.2 Å). As a result, the crystals 
were highly sensitive to solvent loss. 

3.6. Structure of [Cu3(hfacac)6(5)2]n 

Of the coordination networks described in this work, [Cu3(hfa-
cac)6(5)2]n is unique in crystallizing without lattice solvent and in 
forming an intriguing 2D-network in which half the ligands 5 act as 4- 
connecting nodes, and half are merely linkers. The compound crystal-
lizes in the monoclinic space group P21/c, and the asymmetric unit 
comprises two crystallographically independent half-ligands 5. There 
are two independent Cu atoms, and atom Cu1 lies on a special position, 
giving 1.5 Cu atoms per asymmetric unit. Each of Cu1 and Cu2 is 
octahedrally sited and is bound by two [hfacac]– ligands and two pyri-
dine rings of two different ligands 5, the latter being mutually trans 
(Fig. S80). Each crystallographically independent 3,2′:6′,3′′-tpy domain 
adopts conformation II (Scheme 1), although the angles between the 
pyridine ring planes in each 3,2′:6′,3′′-tpy unit are distinct (6.8◦ and 
19.8◦ for the tpy unit with N1N2N3, and 20.0◦ and 35.1◦ for the tpy 
containing N4N5N6, see Fig. S80 for numbering). The Cu–N (2.028(5), 
2.010(5), 2.008(5) Å) and Cu–O (range 2.042(5) to 2.250(5) Å) bond 
lengths are typical. The two independent ligands exhibit different co-
ordination modes. While that containing N1, N3, N1i and N3i (Fig. 9a) 
acts as a 4-connecting node, that with N4, N6, N4iii and N6iii (Fig. 9a) 
coordinates only through N4 and N4iii and is therefore a linker in the 
coordination assembly (Fig. 9a). The structure propagates into a (4,4) 
net as shown in Fig. 9b with one dimension of the shortest circuits being 
approximately doubled compared to those in the (4,4) nets containing 
ligands 1, 2, and 4–8 described above (compare Fig. 9b with Figs. 5 and 
8a). 

Fig. 10 displays part of one sheet in [Cu3(hfacac)6(5)2]n viewed 
down the b-axis. The upper and lower faces of the sheets are decorated 
with CF3 groups and non-coordinated pyridine rings. In contrast to the 
non-coordinated pyridine ring found in [Cu2(hfacac)4(2)2]n

.1.5n 
CHCl3.4nMeOH (see next section), non-coordinated N6 (Fig. 9a) shows 
no short contacts. The pentyloxy chains are in folded conformations and 
are accommodated within the sheet (Fig. 10). The sheets are efficiently 

Table 2 
Cu–O and Cu–N bond lengths in [Cu2(hfacac)4(1)]n

.3nCHCl3, [Cu2(hfa-
cac)4(2)]n

.1.2nCHCl3, [Cu2(hfacac)4(4)]n
.3.5nC6H4Cl2, [Cu2(hfacac)4(4)]n

.4n 
MeC6H5, [Cu2(hfacac)4(5)]n

.3.5nC6H4Cl2, [Cu2(hfacac)4(6)]n
.2.4nMeC6H5, [Cu2 

(hfacac)4(7)]n
.2.6nCHCl3 (polymorph B) and [Cu2(hfacac)4(8)]n

.1.6nCHCl3.  

Compound Cu–O/Å Cu–N/Å 

[Cu2(hfacac)4(1)]n
.3nCHCl3 2.229(6), 2.028(7), 2.242 

(7), 2.037(7) 
2.003(6), 1.998(7) 

[Cu2(hfacac)4(2)]n
.1.2nCHCl3 2.015(6), 2.253(7), 2.333 

(6), 2.012(5) 
2.017(6), 1.995(7) 

[Cu2(hfacac)4(4)]n
.3.5nC6H4Cl2 2.260(3), 1.990(3), 2.058 

(3), 2.226(3), 2.040(3), 
2.208(3), 2.209(3), 2.053 
(3) 

1.999(4), 1.981 
(4), 2.017(4), 
2.010(3) 

[Cu2(hfacac)4(4)]n
.4nMeC6H5 1.9848(17), 1.9838(17) 

2.2747(17), 2.2877(17), 
1.9623(17), 1.9637(17), 
2.2984(17), 2.2732 
(19) 

2.022(2), 2.0230 
(19), 2.0276(19), 
2.0244(19) 

[Cu2(hfacac)4(5)]n
.3.5nC6H4Cl2 2.062(5), 2.225(6), 2.308 

(4), 1.970(4) 
1.998(5), 2.008(5) 

[Cu2(hfacac)4(6)]n
.2.4nMeC6H5 2.048(4), 2.201(4), 1.983 

(4), 2.285(3) 
1.992(4), 1.995(3) 

[Cu2(hfacac)4(7)]n
.2.6nCHCl3a 2.159(4), 2.091(5), 2.132 

(4), 2.142(4) 
1.996(5), 2.006(4) 

[Cu2(hfacac)4(8)]n
.1.6nCHCl3 1.968(3), 2.336(3), 1.988 

(4), 2.287(4), 2.250(4), 
1.994(4), 2.005(4), 2.295 
(5) 

2.023(3), 2.004 
(4),2.001(4), 
2.005 
(4)  

a Polymorph B. 

Table 3 
Conformational differences in the 3,2′:6′,3′′-tpy domains in the compounds that 
form (4,4) networks.  

Compound Conformationa Angle 
between 
planes of 
adjacent py 
rings/o 

Angle 
between 
planes of 
central py 
and arene 
rings/o 

[Cu2(hfacac)4(1)]n
.3nCHCl3 II 16.0, 17.7 52.1 

[Cu2(hfacac)4(2)]n
.1.2nCHCl3 II 8.7, 31.1 33.4 

[Cu2(hfacac)4(4)]n
.3.5nC6H4Cl2 I 36.1, 38.8b 

32.1, 40.7c 
34.3b 

42.0c 

[Cu2(hfacac)4(4)]n
.4nMeC6H5 I 3.8, 30.1b 

3.8, 29.4c 
48.2b 

50.3c 

[Cu2(hfacac)4(5)]n
.3.5nC6H4Cl2 II 2.8, 34.5 40.7 

[Cu2(hfacac)4(6)]n
.2.4nMeC6H5 I 4.8, 37.0 36.8 

[Cu2(hfacac)4(7)]n
.2.6nCHCl3d I 4.3, 37.6 39.2 

[Cu2(hfacac)4(8)]n
.1.6nCHCl3 II 15.3, 17.6b 

9.6, 13.5c 
46.1b 

45.3c  

a See Scheme 1; bfor 3,2′:6′,3′′-tpy unit containing N2; cfor 3,2′:6′,3′′-tpy unit 
containing N5; dPolymorph B. 
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packed with close F…F contacts and face-to-face π-stacking between the 
coordinated pyridine ring containing N4 in one sheet and the pyridine 
ring containing coordinated N3vi (symmetry code vi = x, 1/2–y, 1/2 + z) 
in the adjacent sheet (centroid…centroid distance = 3.56 Å and the 
angle between the ring planes = 8.8◦). The packing efficiency is such 
that the void space is only 3.4 % (calculated in Mercury 2021.3.0 [24] 
using a contact surface map with probe radius = 1.2 Å). and comprising 
small cavities and no channels. 

3.7. Structure of [Cu2(hfacac)4(2)2]n
.1.5nCHCl3.4nMeOH 

Reactions between ligand 2 and [Cu(hfacac)2].H2O using MeOH and 
CHCl3 as solvents (Table 1) led to single crystals of [Cu2(hfa-
cac)4(2)]n

.1.2nCHCl3 (see Section 3.3) or [Cu2(hfacac)4(2)2]n
.1.5n 

CHCl3.4nMeOH. The crystallization conditions, including solution con-
centrations, were essentially the same and PXRD measurements were 
consistent with the single crystal structure of [Cu2(hfacac)4 

(2)2]n
.1.5nCHCl3.4nMeOH being representative of the bulk material 

(Fig. S81). However, a comparison of the predicted PXRD from the 
single crystal structure of [Cu2(hfacac)4(2)]n

.1.2nCHCl3 with the PXRD 
of the bulk material from the crystallization tube (Fig. S82) was 
consistent with the presence of another component. Note that the PXRD 

Fig. 5. Part of the (4,4) network in [Cu2(hfacac)4(1)]n
.3nCHCl3; the 4-connecting node lies at the centre of the arene ring of the ligand and is marked in green. H 

atoms, [hfacac]– ligands and solvent molecules are omitted. (Colour online.) 

Fig. 6. View into the plane of the (4,4) nets in (a) [Cu2(hfacac)4(1)]n
.3nCHCl3 

and (b) [Cu2(hfacac)4(8)]n
.1.6nCHCl3. H atoms, F atoms of the [hfacac]– li-

gands and solvent molecules are omitted. 

Fig. 7. Representations of the solvent-accessible void space in the crystal lat-
tices of (a) [Cu2(hfacac)4(4)]n

.3.5nC6H4Cl2 (ca. 30 % void) with channels 
following the a-axis, and (b) [Cu2(hfacac)4(6)]n

.2.4nMeC6H5 (ca. 17 % void). 
Contact surface map with probe radius = 1.2 Å. 
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and single XRD data were collected at 298 and 150 K, respectively. 
[Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH crystallizes in the ortho-
rhombic space group Pca21, and the asymmetric unit which contains a 
complete ligand 2 is shown in Fig. S83; atom numbering is given in the 
figure caption to Fig. S83. Each 3,2′:6′,3′′-tpy unit adopts conformation 

II (Scheme 1 and Fig. 11a). The angles between the pyridine rings in 
each 3,2′:6′,3′′-tpy domain are similar (31.1 and 32.0◦ for the unit with 
N1, N2, N3 compared to 20.4 and 31.9◦ for that with N4, N5, N6); the 
angles between the pyridine ring with N2 or N5 and the central arene 
ring of 2 are also similar (33.9 and 31.7◦). Ligand 2 coordinates to two 

Table 4 
Summary of TGA experiments to confirm solvent added to two of the crystal structures when a solvent mask was applied.  

Compound Initial mass of TGA sample/mg Weight loss/mg Weight loss/% Calculated solvent molecules per {Cu2(hfacac)4(L)}  

[Cu2(hfacac)4(4)]n
.3.5nC6H4Cl2  0.90  0.19  21.1 3.0 C6H4Cl2 

[Cu2(hfacac)4(6)]n
.2.4nMeC6H5  1.95  0.22  11.3 2.3 MeC6H5  

Scheme 5. Possible coordination modes (a)–(c) for the trans-arrangement of 3,2′:6′,3′′-tpy units at a Cu centre that does not lie on an inversion centre. Limiting 
conformations are shown. 

Fig. 8. (a) Part of the (4,4) net in [Cu2(hfacac)4(3)]n
.5.5nC6H5Cl; the 4-connecting node is the centroid of the arene ring in 3. (b) View down the c-axis of one sheet of 

[Cu2(hfacac)4(3)]n
.5.5nC6H5Cl (no H atoms, [hfacac]– ligands or solvent molecules shown); the ligand nodes are shown as turquoise spheres. (c) The same view as in 

(b) showing only the Cu atoms and ligand nodes. 
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Fig. 9. The assembly in [Cu3(hfacac)6(5)2]n: (a) the two topologically different ligands 5 (symmetry codes: i = –x, 1–y, –z; iii = 1–x, –y, 1–z, consistent with 
Fig. S80), and (b) part of the (4,4) net with the ligand nodes depicted as turquoise spheres. 

Fig. 10. Part of one sheet in [Cu3(hfacac)6(5)2]n, viewed down the b-axis (H atoms omitted).  

Fig. 11. (a) Repeat unit in [Cu2(hfacac)4(2)2]n
.1.5nCHCl3.4nMeOH showing hydrogen-bonded MeOH molecules. Face-to-face π-interactions between [Cu2(hfa-

cac)4(2)2]n 1D-chains viewed (b) down the b-axis and (c) down the a-axis. 
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{Cu(hfacac)2} units through atoms N1 and N4, while N3 and N6 in the 
remaining two outer pyridine rings form hydrogen bonds to MeOH 
solvent molecules (Fig. 11a); hydrogen bond metrics are N3…O7 =
2.780(8) Å, N6…O8 = 2.788(8) Å, N3…H7–O7 = 168.7◦, N6…H8–O8 
= 168.7◦. The hydrogen-bonded MeOH molecules account for half of the 
MeOH molecules in the structure; the remainder are accommodated in 
channels (see Section 3.7). The copper(II) centre is in a six-coordinate 
environment with a trans-arrangement of ligands 2 (Fig. 11a). The 
Cu–O and Cu–N bond lengths are unexceptional (Cu–N = 1.999(5) and 
2.009(5) Å, Cu–O = 2.066(4), 2.196(5), 2.212(5), 2.050(4) Å). 
[Cu2(hfacac)4(2)2]n 1D-polymer chains follow the crystallographic a- 
axis, and adjacent chains are threaded over one another, engaging in 
face-to-face π-interactions between tpy-arene units as shown in Fig. 11b 
and 11c. The stacking interactions are consistent with the comparable 
twist angles between aromatic rings in the independent 3,2′:6′,3′′-tpy 
units (see above). Centroid…centroid distances for pairs of stacked rings 
containing N4/N1ii = 3.88 Å, N5/N2ii = 3.78 Å, C8/N3ii = 3.64 Å, N6/ 
C8ii = 3.63 Å (symmetry code ii = 1/2–x, y, –1/2 + z); the corresponding 
angles between the planes of pairs of these stacked rings are 11.6, 4.1, 
2.3 and 2.9◦. 

3.8. Thermogravimetric (TGA) investigations 

We selected the 1D-polymer [Cu2(hfacac)4(2)2]n
.1.5nCHCl3.4n 

MeOH for TGA analysis since PXRD confirmed the composition of the 
bulk sample, and no solvent mask was used to treat the solvent region. 
Fig. 12 shows a representation of part of the crystal lattice in which all 
solvent molecules except the hydrogen-bonded MeOH are omitted. 
Large channels follow the c-axis, accounting for ca. 42 % void space 
(calculated in Mercury 2021.3.0 [24] using a contact surface map with 
probe radius = 1.2 Å). 

First, TGA measurements coupled with mass spectrometric detection 
were used to investigate removal of solvent from the crystal lattice of 
crystals of [Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH from the crystal 
lattice. In the first cycle (Table 5), crystals were heated to 170 ◦C and 
loss of both MeOH and CHCl3 was detected with mass peaks at m/z 31.0 
(arising from CH3O+) and m/z 83.0 and 85.0 (arising from CH35Cl2+ and 
CH35Cl37Cl+) respectively (Fig. 13a). A weight loss of 14.2 % corre-
sponded to 4.8 molecules of MeOH and 1.8 molecules of chloroform per 
formula unit. The number of solvent molecules is higher than reported in 
the formula in the single crystal structure, but is probably within 
experimental error. During this first cycle, the sample retained its 
crystallinity, which is consistent with a robust framework established by 
the threading of the 1D-coordination polymer chains (Figs. 11 and 12). 
We were therefore motivated to investigate the ability of the coordina-
tion network to re-absorb solvent molecules. 

The same sample obtained after the first cycle was exposed to a 
mixture of CD3OD and CDCl3 vapour (solvent ratio 1:1, 99.8 atom % D 

for both solvents) for 24 h and was again analysed using TGA. Deuter-
ated solvents were used in order to unambiguously demonstrate re-entry 
of solvent molecules. Loss of CDCl3 and CD3OD was confirmed by the 
presence of mass peaks at m/z 84.0 and 86.0 (C2H35Cl2+ and 
C2H35Cl37Cl+) and m/z 33.0 (CD2HO+) (Fig. 13b). The weight loss of 
11.9 % (Table 5) was consistent with two molecules of CDCl3 and one 
CD2HOD per formula unit. Finally, a TGA measurement was carried out 
to examine whether MeOH could be replaced by EtOH. The resulting 
sample after the second cycle TGA was exposed to EtOH vapour for 24 h. 
The subsequent TGA/MS analysis showed only a small loss of H2O (mass 
loss of 0.06 mg, accuracy limit of the used crucibles) but no loss of EtOH, 
consistent with no uptake of EtOH in the crystal lattice. 

4. Conclusions 

We have described the syntheses and characterization of seven 1,4- 
bis(n-alkyloxy)-2,5-bis(3,2′:6′,3′’-terpyridin-4′-yl)benzene ligands 1–7 
and have investigated the reactions between ligands 1–8 with [Cu(hfa-
cac)2].H2O under conditions of crystal growth by layering at room 
temperature using different combinations of solvents. The single crystal 
structures of a series of coordination 2D-networks and one 1D-polymer 
were determined, showing that the bis(3,2′:6′,3′’-tpy) ligands typically 
function as 4-connecting nodes, binding four {Cu(hfacac)2} units, either 
with the 3,2′:6′,3′’-tpy unit adopting conformation I or II (Scheme 1). 
However, the bis(3,2′:6′,3′’-tpy) may also serve as a 2-connecting linker. 
The coordination assemblies fall into four classes. The most prevalent 
class [Cu2(hfacac)4(L)]n

.nSolv (L = 1, 4–8; Solv = solvent, see Table 3) 
comprises (4,4) nets with the Cu atoms residing in the plane defined by 
the ligand nodes. Despite the differing lengths of the alkyloxy chains, the 
(4,4) net remains a robust motif; with the exception of the OEt sub-
stituents, the alkyloxy chains are directed above and below the network 
and the longest chains are accommodated in cavities in an adjacent 
sheet. One of two assemblies isolated in different experiments with 

Fig. 12. Representation of the solvent-accessible void space in the crystal lattice of [Cu2(hfacac)4(2)2]n
.1.5nCHCl3.4nMeOH viewed down the c-axis (contact surface 

map with probe radius = 1.2 Å); all solvent molecules except the hydrogen-bonded MeOH are omitted. 

Table 5 
Results of the TGA investigation of loss and re-entry of lattice solvent in 
[Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH.  

Cycle Initial 
mass/mg 

Weight 
loss/mg 

Weight 
loss/% 

Calculated solvent 
molecules per formula unit 

1st 
cycle  

2.11  0.30  14.2 4.8 MeOH; 1.8 CHCl3 

2nd 
cycle  

1.59a  0.19  11.9 1.0 CD3OD; 2.0 CDCl3 

3rd 
cycle  

1.22a  0.06  4.9 –  

a The starting mass in the 2nd cycle is less than the final mass in the 1st cycle 
because the sample was transferred to a new crucible in the TGA instrument; 
similarly for the 2nd and 3rd cycles. 
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ligand 2 is also a (4,4) net, but PXRD revealed that this was not repre-
sentative of the bulk material. The second assembly with 2 was 
[Cu2(hfacac)4(2)2]n

.1.5nCHCl3.4nMeOH, a 1D-coordination polymer in 
which all the bis(3,2′:6′,3′’-tpy) ligands are 2-connecting linkers; PXRD 
confirmed that this structure was representative of the bulk material. 
[Cu2(hfacac)4(3)]n

.5.5nC6H5Cl is unique in assembling a (4,4) net with 
the Cu(II) centres lying above and below the plane of the net. A third 
class of assembly was observed for [Cu3(hfacac)6(5)2]n; the structure is 
an unusual (4,4) net in which half of the ligands are 4-connecting nodes 
and half are 2-connecting linkers, and the efficient packing of layers 
leaves no solvent-accessible voids. Because of solvent disorder, most 
structural determinations employed a solvent mask, and TGA-MS mea-
surements were used for selected compounds to confirm the identities 
and amounts of solvent molecules that were added to the crystallo-
graphic data. 
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