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ABSTRACT

In the present work we report two new Cu'/Cu'-Gd"" mixed valence heterometallic coordination polymers
(HCP), [Gd(H,0)4,Cu'Cul(IDC),] 1 and [Gdy(H,0):(C504),Cu(IDC),Cu'5(4,4'-bipy)]-4.5H,0 2
obtained under solvothermal synthesis using 1H-imidazole-4,5-dicarboxylic acid (H;IDC) as principal
N, O-bifunctional organic linker. In both compounds, the stabilization of the Cu! cations is achieved only
by the coordination of N-atoms belonging to the organic ligands. While, 1 presents a 2D honeycomb
network obtained by the coordination of single organic linker (IDC?), 2 contains three different organic
ligands (IDC?*, C,04* and 4,4’-bipy), which allow the construction of a 3D network. From a magnetic

point of view, 1 and 2 behave as simple paramagnets at high temperature, presenting ferromagnetic

interactions below 50 K, a positive magnetic coupling constant of /= 0.60 cm™ and /= 0.22 cm-'was

obtained for 1 and 2 respectively. To the best our knowledge 1 and 2 correspond to the second and third

reported examples containing a Cu!/Cu! mixed valence system assembled with Gd'' cations, thus

enriching the chemistry involved in the 3d-4f metal-organic materials.

KEYWORDS. Coordination Polymers, Copper, Gadolinium, Mixed-Valence, 3d-4f, Magnetism

1. INTRODUCTION

In recent years coordination polymers (CP) have been widely studied in materials science due

to their excellent chemical and physical properties, such as porosity, chemical and thermal

stability and catalytic activity, making the rational design of new CP a continuous challenge for
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researchers.’234 |n this sense, the combination of two different metal cations in the same

structure, such as first row transition (3ad) and lanthanide (4/) cations has been used as a strategy

to obtain new CPs with novel structures and potential applications such as magnetic

refrigeration, solid state luminescence and catalysis.>67.89.10 Compared with the lanthanide

series, first row transition metals have a richer chemistry as a consequence of the various

oxidation states (from +1 to +7) and coordination geometries. Specifically, Cu' and Cu' cations

can adopt a wide variety of coordination geometries (linear, trigonal, tetrahedral, trigonal

bipyramid, square base pyramid, octahedral) as compared to other transition metal ions. The

coordination plasticity of the copper cations to accommodate different amounts of donor atoms

has been also exploited in the construction of 3d-4fextended structures.

From a magnetic point of view, Cu'' CPs have been widely studied due to the simple

paramagnetic ground state (S=1/2) of this cation, which allows magneto-structural

correlations.'213 After Bencini et al.’* found a compound showing ferromagnetic coupling

phenomenon between Cu' and Gd", great efforts have been made to obtain Cu'-Ln'!

heterometallic compounds with higher dimensionality, seeking for new magnetic materials.'®

Thus, Cu'-Ln"" heterometallic networks have been reported in the last decade presenting
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ferromagnetic behavior based on different A, O-bifunctional organic ligands, such as,

iminodiacetic acid,'® glycine,'” glycinehydroxamic acid,’ pyrazoledicarboxylic acid'® and

benzotriazolecarboxylic acid.?°

On the other hand, considering that the full shell of Cu' (3¢'%) can be used as an antenna to

improve lanthanide luminescence, Cu'-Ln'!' heterometallic coordination polymers (HCPs) have

been the focus of research in the solid state light emissive materials.2'-22 Literature presents a

very rich Cu'-Ln"" coordination polymer chemistry in which Cu' is stabilized into extended

structures using principally functionalized A-heterocyclic ligands, such as pyridine and

pyrazine.?3:2425.26.27 For the maijority of the reported Cu'-Ln"" CP the stabilization of Cu' is not

always done by the coordination of only a A~organic ligand, but also the presence of coordinated

halides anions is found.28:29.30,31,32,33,34

To the best of our knowledge, the only example of a 3d-4f HCP containing Cu'/Cu' has been

obtained by Luo et al. [Gd,Cu''sCu's(IN)1o(H2-Cl)(H2-OH2)o(u3-OH),](ClO4), (HIN= isonicotinic

acid),3% probably due to the coordination requirements of Cu', Cu'' and Ln'" cations present in

the same structure are not easily satisfied. Furthermore, considering the instability and the poor

solubility of the Cu' compounds and the fact that usually compounds based on this cation are
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obtaining for reduction of Cu" cation, the possibility to have in the same structure Cu', Cu'' and

Ln'! cations it is a great challenge from a synthesis point of view.

In the present work, we report two novel mixed valence Cu'/Cu'-Ln" HCP,

[Gd(H20)4CU”CUI(|DC)2] 1 and [Gdz(HzO)z(C204)QCU”(|DC)20U|2(4,4'-bipy)]'4.5H20 2, obtained

using 1H-imidazole-4,5-dicarboxylic acid (H3IDC) as the principal AN, O-bifunctional organic

linker. H3IDC has been already used by our research group, proving to be an excellent ligand to

obtain new 3d-4f compounds, giving rise to HCP including a 2D Cu'"-Gd"' network,36 Co'-Gd""!

3D frameworks3” and recently two 3a-Ce'"" compounds (3a= Cu', Co").38 In the present work,

two new HCP were prepared under solvothermal conditions. 1 presents a 2D structure showing

a honeycomb type arrangement, while 2 corresponds to a 3D structure. Structural, thermal

stability, spectroscopic and magnetic properties are discussed in detail.

2. EXPERIMENTAL SECTION

All reagents and solvents used to obtain 1 and 2 were of p.a. quality and were used without

any previous purification. Figure 1, summarizes the synthesis of the two compounds.

2.1. Synthesis of [Gd(H,0).Cu''Cu/(IDC),] 1
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A mixture of Cu(NOj3),:3H,O (0.5 mmol), Gd,O3 (0.13 mmol), H3IDC (0.5 mmol) and

H,C,04:2H,0 (0.5 mmol) in 14 mL of H,O and 1 mL of ethanol (EtOH) was treated with 80 pL

(0.6 mmol) of triethylamine (TEA). The resultant mixture was placed in a 23 mL Teflon-lined

stainless-steel autoclave vessel and heated at 165 °C under self-generated pressure for 4 days.

Finally, the reaction vessel was cooled down to room temperature at 3°C/h rate (48 hours); olive-

green needle-like crystals of 1, suitable for X-ray diffraction, were separated by filtration.

Although oxalic acid is not present in the final product, without the addition of this reagent 1 is

not obtained. MW: 662.59 g/mol. Yield of 62%, based on the lanthanide salt. Calculated analysis

for Cu,GdC1oH1oN4O+2 (%): C, 18.13%; H,1.52%; N,8.46%. (%) Found: C, 18.76%; H, 1.56%;

N, 7.72%.

2.2. Synthesis of [Gdz(HzO)z(CgO4)QCU”(|DC)2CU|2(4,4'-bipy)]'4.5H20 2

2 was obtained using the same procedure as that of synthesis of 1 but adding 4,4'-bipyridine

(0.5 mmol) to the mixture; olive-green prismatic crystals of 2, suitable for X-ray diffraction were

mechanically separated from the reaction medium. MW: 1260.68 g/mol. Yield: 13%, based on

the lanthanide salt. Calculated analysis for CuzGd,Co4H23NgO225(%): C, 22.86; H, 1.84; N, 6.67.

(%) Found: C, 22.52; H, 1.76; N, 7.06.
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2.3. X-ray Data Collection and Structure Determination

Single-crystal X-ray diffraction data of compound 1 and 2 were collected at 150 K on a D8

VENTURE Bruker AXS diffractometer and processed with the APEX3 program suite,3® using

Mo-Ka as X-ray wavelength. Frame integration and data reduction were carried out with the

program SAINT,*0and SADABS was employed for multiscan-type absorption corrections.*’

Using the Olex24? package, the structures were solved with the ShelXT#3 structure solution

program using Dual Space Methods and refined with the ShelXL** refinement package, using

least squares minimization based on F2. Crystallographic data, details on data collections and

refinement parameters of the crystal structure are summarized in Table 1. Structure drawings

have been made with TOPOs software.*® Additional data concerning the crystals and the

refinement parameters are detailed in the supporting information (Table S1).

All hydrogen atoms where properly localized, expect the one belonging to O4W in 1 and O1W,

O2W, O3W, O4W and O9 in 2. Nevertheless, all hydrogen atoms were considered in the final

formula. Additionally, crystallization H,O molecules O1W, O2W, O3W and O4W located into the

interstitial spaces of 2 present disorder and were modelled by parts, giving a total amount of four
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water molecules per unity of complex. The amount of H,O of crystallization in the bulk material

was obtained experimentally using thermogravimetric analysis.

In situtemperature-dependent X-ray diffraction (TDXD) was performed for 1 in a flux of N, with

a Malvern Panalytical Empyrean powder diffractometer, using a germanium incident-beam

graphite monochromator, selecting the radiation Cu Ka,, and a P1Xcel 3D detector and equipped

with an Anton Paar HTK1200 oven chamber. /n sifu measurements were carried out at various

constant temperatures from ambient temperature until 800°C. Between each measurement

step, the sample was heated at a rate of 1.0 °C min-! to the desired temperature. Diffraction

patterns were collected over the angular range 5-60°(26) with a counting time of 40 s step-! and

with a step length of 0.013°(28).

2.4. Magnetic Measurements

Magnetic measurements were carried out using a Quantum Design Dynacool Physical Properties

Measurement System (PPMS), equipped with a Vibrating Sample Magnetometer (VSM). The dc data

were collected under an external applied field of 1 kOe in the 1.8-300 K temperature range.

Isothermal magnetizations were performed between 0 and +90 kOe at temperatures varying

from 1.8 to 8 K. All Magnetic measurement were performed under crystalline power samples in
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plastic sampleholder. Diamagnetic corrections (estimated from Pascal constants) were

considered.46

2.5. Thermogravimetric analysis

Thermogravimetric analysis was performed on a Mettler Toledo TGA/DSC STAR system. The

samples were introduced in an alumina holder and heated under a N, atmosphere from room

temperature to 900 °C with a heating rate of 5 °C/min.

2.6. Spectroscopic measurements

UV-Vis-NIR spectra were obtained on a Perkin EImer Lambda 1050 spectrophotometer UV-

Vis/NIR, equipped with a Perkin EImer 150 mm InGaAs Integrating sphere. The measurements

were carried out in the 200-1200 nm range using the solid sample without any support.

3. RESULTS AND DISCUSSION

3.1 Structural Characterization of [Gd(H,0)4Cu''Cu'(IDC),] 1 and

[GdZ(H20)2(0204)2CU”(|DC)QCU|2(4,4'-bipy)]'4.5H20 2

X-ray diffraction analysis reveals that compound 1 crystallizes in the P1 triclinic space group,

presenting an asymmetrical unit with two different copper (Cu', Cu'') and one gadolinium cations,

four water molecules and two independent fully deprotonated IDC?- species. Both IDC3- anions
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bind two copper and one gadolinium cations, at the same time presenting a n3-k N« O’ 0"k O",N'

coordination mode (Figure 2a). Cu1 cations are bonded to two IDC* anions, which are
connected in a monodentate mode through N atoms with a frans conformation, with bond
distances of Cu1-N2=1.872(2) A and Cu1-N3=1.880(2) A. Cu1 is also weakly interacting with
the two carboxylates groups belonging to each IDC? ligand with Cu-O bond distances of Cu1-

0=2.576(2) A and 2.781(2) A (Figure 3a). Meanwhile, Cu2 cations present a coordination

environment formed by two IDC* anions (Figure 3b) bonded by N-imidazole and O-carboxylate,
forming two independent NCCO five member rings, with bond distances of Cu2-N1=1.933(2) A,
Cu2-N4=1.922(2) A, Cu2-01=1.973(2) A, Cu2-05=1.976(2) A and N-Cu-O angles of 98.99(9)°
(N1-Cu2-0O5) and 82.44(9)° (N4-Cu2-05). Taking into account the bond distance for both
copper cations, Cu1 should be better described with a CuN, environment, having a linear
geometry with a N-Cu-N angle of 177.28(1)°. In the case of Cu2, the cation can be well described
with a CuN,O, environment presenting a distorted square plane geometry, since the Cu-O and
Cu-N bond distances are comparable in length, and N-Cu-O angles are close to 90°.

Furthermore, comparing the bond distances and coordination geometries of the two types of

copper cations, it is possible to infer that Cu1 should present a 1+ oxidation state, while Cu2

10
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must present a 2+ oxidation state, which is in perfect agreement with the charge balance of the
framework.

On the other hand, Gd1 presents a GdOg coordination sphere, with Gd-O bond distances in

the range of 2.558(2)-2.260(2) A, formed by two KOZO”—IDC3' species, bonded by two O-
carboxylate atoms generating two independent seven member rings. The coordination around
Gd'! cations is completed by four H,O molecules (Figure 3c), leading to a bicapped trigonal
prism geometry, corroborated by a continuous shape measurement using the SHAPE
software.4”

Furthermore, 1 presents a honeycomb topology formed by heterometallic [Gd,Cu'sCu'l;]
hexagonal moieties (Figure 4a). Each corner of the [Gd,Cu',Cu',] hexagon is formed by an IDC?
anion connected to each other by one Gd"" and one copper cation (Cu1 or Cu2), forming an
alternating Gd"'-Cu'-Cu' ordering. The hexagonal honeycomb topology is shown more clearly in
a simplified structure in figure 4b, in which it is easy to see how the cations Cu', Cu" and Gd'"
are behaving as linear nodes, while the IDC? linker can be defined as a tritopic trigonal plane
spacer. Moreover, it is interesting to note how of the H-bonding produced by the H,O molecules

coordinated to Gd cation are the key of the resulting crystal packing of the layers. In this sense

11
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if we only consider the arrangement of the four water molecules around of Gd"' belonging to one

layer, it is possible to observe how this disposition produces two types of interaction between

the adjacent layers. Thus, the three water molecules forming a tripod are localized in such way

that they are inserted in the hexagons of the cavity of one adjacent layer (Figure 4c), interacting

by H-bonding with the carboxylate groups of IDC3 (Table 2 for H-bonding). This interaction

produces a displaced-layer stacking, with each hexagonal cavity filled by a water-tripod avoiding

the existence of porosity in the structure, defining a double-layer arrangement. Furthermore, the

last H,O molecule coordinating the Gd"' cations is pointing just opposite to the former water-

tripod, allowing a second H-bond interaction between the double-layers (Table 2 for H-bonding),

giving the final crystal packing (Figure 4d).

Since Cu1 and Cu2 cations have an unsaturated coordination sphere (linear and square plane

respectively) in the 2D structure of [Gd(H,0)4Cu''Cu'(IDC),] 1, this heterometallic compound is

a good candidate as starting material to generate a 3D coordination polymer using a linear ligand

such as 4,4'-bipyridine as interlayer linker (two step synthesis). However, by adding the 4,4'-

bipyridine ligand in the same reaction media used for 1 (one pot synthesis) a new compound 2

12
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was formed. This compound is also a Cu'-Cu'-Gd"' mixed valence HCP, but now presenting a
3D network [Gd,(H20)2(C204),Cu'(IDC),Cu's(4,4'-bipy)]-4.5H,0.

Compound 2 crystallizes in the P1 ftriclinic space group and presents a 3D coordination
framework, with an asymmetrical unit formed by one and a half copper and one gadolinium
cations, one water molecule, one independent fully deprotonated IDC? species, one oxalate
anion (C,04%) and half 4,4'-bipyridine (4,4'-bipy). Additionally, the compound also presents
disordered crystallization H,O molecules. The coordination mode of the IDC3 species is the
same as the one observed in 1, N3-k Nk O, 0"k O", N'(Figure 2a). The 4,4'-bipy molecule serves
as a ditopic ligand, connecting two copper centers in a -k A-k V'coordination fashion, while the
C,04% anions coordinate Gd"!' in y,-O,0«k0O" 0" mode (Figure 2b-c). Similarly, as in 1, to
achieve the electron neutrality of the network and balance the negative charge belonging to

IDC3 and C,04% species 2 must present copper cations in two different oxidation states. Cu1

presents a CuN,O, environment formed by two IDC® anions (Figure 5a) coordinated by N-
imidazole and O-carboxylate, forming two NCCO five-member rings, with Cu1-01=1.962(3) A
and Cu1-N=A, Cu1-N1=1.915(3) A bond length distances. Moreover, since the N-Cu-O angles

are near to 90° (N1-Cu1-01=96.01(12)°, N1-Cu1-O1=83.99(12)°), the geometry around Cu1

13
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can be well defined as square planar. On the other hand, Cu2 is bonded to one IDC* anion and
one 4,4'-bipy, connected by means of nitrogen atoms, presenting Cu2-N2=1.846(3) A, Cu2-
N3=1.852(3) A bond lengths. Cu2 is also weakly interacting with one carboxylate group
belonging to IDC? with a distance of Cu2-04=2.627(2) A (Figure 5b). Furthermore, the N2-Cu2-
N3 angle is 178.71(14)°, while the N-Cu2-O4 is 105.58(12)° and 74.87(10)°; therefore the
environment around Cu2 can be defined as lineal CuN,.

Considering the type of coordination environment, Cu1 can be assigned a 2+ oxidation state

with a square planar geometry, while Cu2 presents a 1+ oxidation state with linear geometry.
Meanwhile, Gd1 presents a GdOg environment formed by two IDC* molecules coordinated by

one (KO,O’-IDCB') and two (KOjO”-IDC3') carboxylate groups. Also, two KO,O«kO", O"-C,04%
anions and one H,O molecules are bonded to Gd1 centers with Gd-O bond distance in the range
of 2.547(2)-2.387(2) A, leading to a capped square antiprism geometry, corroborated by an
continuous shape measurement using the SHAPE software (Figure 5c).4’

Moreover, the 3D extended structure of 2 can be disassembled in two different homometallic
substructures. The first one corresponding to a cationic 1D substructure formed by

[Gd,(H50),(C204)-]%* building units, in which the Gd"' centers are bridged by two different oxalate

14
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anions (Figure 6a) forming a zigzag chain along ¢ axis. Meanwhile, the second substructure

corresponds to anionic mixed valence Cu'/Cu" linear chains, formed by [Cu'(IDC),Cu',(4,4'-

bipy)]* as building units (Figure 6b). Figure 6c depicts the cross-linked connectivity between

both homometallic substructures, showing clearly the role of the IDC3- anion in the assembly of

both homometallic chains. The IDC?3- anion of the Cu'/Cu'' chains anchors Gd'" centers of two

adjacent [Gd,(H,0)2(C204),]?* chains, with a kO, O-IDC3 coordination fashion, generating the

3D framework. As stated in the introduction section, the unique example of a 3d-4f mixed

valence compound is [Gd,Cu",Cu's(IN)1g(u2-Cl)(H2-OHa)2(u3-OH)2](ClO4),,  which  was

synthesized by hydrothermal reaction of isonicotinic acid (HIN) as bifunctional ligand, Gd,O3 and

CuCl, as metal precursors in the presence of HCIO4 and (NH4)HCOO, giving a 3D structure

constructed by the self-assembly of 12-connected Gd'"',Cu", subunits interconnected by Cu'-IN-

fragments.3® In the case of 1 and 2, the inclusion of a Cu'/Cu'" mixed-valence compound was

also achieved by the partial hydrothermal reduction of a cupric salt precursor. Furthermore, it

has been reported by Truong et al. that under hydrothermal condition oxalic acid can act as

reducing agent; therefore, this reactive could be the responsible for the reduction of copper salt

under autogenerated pressure. This could be related with the fact that if oxalic acid is not present

15
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as reagent in the corresponding synthesis, 1 and 2 were not obtained. Moreover, Truong et al.

propose that oxalic acid degrades to carbon monoxide or carbon dioxide and that a copper oxalate

complex act as intermediate in the Cu'/Cu" reduction process.*® Another interesting feature in

the compound reported by Luo et al. is the presence of Cu' centers in linear CuO, and CuN,

environment, similar to that of 2. Linear conformations are common in other ¢'° coordination

polymers such as Au' 4950 and Ag',5"%2 however Cu' is usually reported presenting trigonal3:54

and tetrahedral®®%¢ geometries, while Cu!/Cu" and Cu' CPs containing linear Cu' are more

scarce.®” On the other hand, according to the Robin and Day classification, 1 and 2 can be

described as Class | mixed valence compounds, since in both structures the Cu'and Cu'! cations

can be identified by the difference in their coordination geometries.58:5°

Additionally, another structural comparison can be made between 1 and two 3D frameworks

{[Zn3(IDC)2(4,4'-bipy)s]-(4,4'-bipy)-8H,0}, obtained by Lu et al.®® and {[Co3(IDC),(4,4'"-

bipy)s]-6H,O-DMF}, obtained by Wang et al.?" It is quite surprising that although these both

frameworks are constructed only by M" cations (M" = Zn' and Co'), presents [M3(IDC),], 2D

sub-structures with exactly the same honeycomb topology as the one observed in 1. In both

cases, the layers are formed by M" cations, connected through alternating imidazolate p-x NV, V-

16
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IDC?3- and anti-anti n>-« O,0-IDC?* carboxylate, which are further pillared by p,-N,N4,4'-bipy

connections, presenting hexagonal cavities into the 3D CP. This fact suggests that the property

of generate 2D structures with honey comb topology is an intrinsic property of the IDC?- ligands,

being independent of the metal ions used.

3.2 Thermal stability 0f[Gd(H20)4CU“CUI(|DC)2] 1 and [Gdz(HzO)z(C204)2CU”(|DC)QCU|2(4,4"

bipy)]-4.5H,0 2

Thermogravimetric analysis between 25 and 900°C under N, atmosphere was performed to

characterize the thermal stability of 1 and 2 (inset Figure 7). Thermogram of 1 shows two

consecutive weight losses, between 95-220° (7.56 wt%) and 220-290°C (2.75 wt%) attributed

to the release of the four coordinated water molecules (10.3 wt%). After these two steps, a third

weight loss of 27.9% is observed from 350° C, indicating the thermal decomposition of the

framework. On the other hand, 2 presents a first weight loss between 40-210 °C with a value of

6.38 wt%, which can be associated to the thermal outflow of the 4.5 crystallization H,O

molecules, occluded in the interstices of the 3D structure of 2. The percentage associated with

this weight loss is a little higher than the obtained from X-ray diffraction analysis (4.0 H,O

molecules). Later, three consecutive smooth weight losses are observed between 210° and

17

ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design Page 18 of 58

330°C with a total percentage of 39.17 wt%, associated with the thermal decomposition of the

framework. The stability of this type of networks can be associated to the hydrogen bonding

interactions between the water molecules and carboxylate oxygen atoms belonging to organic

linkers, stabilizing significantly the network packing,t26364 Furthermore, in 3D frameworks the

guest molecule evacuation from interstitial cavities can be accompanied by collapse of the

structure of the extended networks.65.66

In sifutemperature-dependent X-ray diffraction (TDXD) was performed for the 1 framework to

establish structural correlations with TG analysis (Figure 7). Comparing the experimental 1

powder diffractogram with the calculated pattern from single crystal (Figure S1), it is clear that

the 1 powder phase is pure. Unfortunately, it was no possible to perform the TDXD of 2, due to

the low yield in the synthesis of this compound.

When 1 is heated from room temperature to 290°C under N, atmosphere, TDXD experiments

show that the diffraction pattern is maintained, proving that the release of the coordination H,O

molecules does not affect the structural integrity of 1. Until 300°C no changes are registered in

TDXD, showing that the framework is stable even after the dehydration process. From 300°C to

350°C the principal diffraction peaks of 1 begin to disappear. Considering that the TG analysis

18

ACS Paragon Plus Environment



Page 19 of 58

oNOYTULT D WN =

Crystal Growth & Design

shows a non-significant weight loss in this temperature range, the loss of the crystallinity process

can be suggested. Moreover, above 450°C new peaks start to appear at higher 20 values,

indicating that new crystalline phases are formed. The peaks position at 43.3° and 50.4° correlate

well with (111) and (200) diffraction planes of metallic Cu® phase (ICDD PDF2 No. 01-089-

2838),67:88 indicating that the reduction of Cu!/Cu' cations to 7fcc-Cu® is taking place. Starting

from 650°C, new peaks at 28.6°, 33.1° and 47.5° can be associated to the (222), (400) and (440)

diffraction planes of cubic-Gd,O3 (ICDD PDF2 No. 03-065-3181).6°

3.3 Spectroscopic characterization

UV-Vis-NIR electronic spectra are interesting to complement the characterization of 1 and 2.

Cu' complexes show d-d absorption bands in the Vis-NIR range, while the complete 3d'shell in

Cu' compounds prevents metal-centered electronic transitions. At the same time, Cu!

compounds may present metal to ligand charge transfer (MLCT), which are generally more

intense and at higher energies as compared to the d-dtransitions.”® Figure S2 shows the solid

state UV-Vis-NIR spectra of both compounds in the region between 200 and 850 nm. A broad

band covering almost all the studied region is observed in both spectra. At lower wavelengths,

a band centered near 260 nm can be associated to a ligand-centered absorption, belonging to
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the organic species.”! At higher wavelengths, a band centered at 582 and 535 nm for 1 and 2,

respectively can be related with the overlapping of the three spin allowed a@-d transitions of Cu'

centers in a square planar geometry, d,,/d,,—d2_y2, dz—=de2_ and dy,—de2_,2."2 An

additional band can be observed at 376 and 395 nm for 1 and 2 associated to metal to ligand

charge transfer between Cu' centers and the heterocyclic organic ligands.” These results also

permit to corroborate the existence of a mixed-valence Cu'/Cu' system in 1 and 2.

In compound 1 and 2, two separate emission process could be expected, one of them in the

UV region corresponding to a 7 transition belonging of Gd"' cation,”* and the other one an

emission of the Cu'-ligand fragment which should appear in the visible region.222 To explore

the luminescence properties of 1 and 2, solid state emission spectra were recorded at room

temperature using as excitation the energy maxima observed in the absorption spectra.

Nevertheless, no emission was observed at the studied conditions. These results could be

related with the fact that in 1 and 2 the Ffexcited states of Gd"' are above of the excited state of

the organic ligand, inhibiting a possible ligand—Gd antenna effect.”>7¢ On the other hand, the

Cu" cations in 1 and 2 could be acting as a quencher of the Cu'-ligand emission, since the
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divalent copper cation presents a broad intense d-d absorption band in the Vis-NIR regions,
which can deactivate emissive excited states in non-radiative pathways.””
3.4 Magnetic Properties

Figure 8 shows y T vs T plots for [Gd(H20),Cu'Cu(IDC);], 1 and

[Gd2(H20),(C204),Cu'(IDC),Cu',(4,4'-bipy)]-4.5H,0 2 between 300-1.8 K at 1 kOe. The y,T
value observed at 300 K for 1 and 2 is 8.4 and 16.0 emu K mol-' respectively, which is close to
the expected value for non-interacting paramagnetic centers in both frameworks. For 1 a value
of 8.25 emu K mol' should be expected for one Cu' and one Gd"' cations, while in the case of
2 a value of 16.13 emu K mol' is expected for one Cu'" and two Gd'"" cations, considering for
both compounds a Scyuy=1/2, Seauy=7/2 and gcuce=2.0. 1 and 2 show a constant y,T value {ill
50 K, indicating that a paramagnetic behavior is predominant in this temperature range.
Nevertheless, below 50 K an abrupt increase of the y,T values was observed for both
compounds, reaching a value of 13.06 and 19.46 emu K mol-' for 1 and 2, respectively at 1.8 K,
indicating that a ferromagnetic behavior is displayed.

Additionally, field dependence of magnetization at 1.8, 3, 5 and 8 K represented as Ng vs H is

shown in Figure 9 for 1 and 2. In both cases, the magnetization increases rapidly reaching a
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plateau of 8 uz at 40 kOe for 1 and 15 w5 at 50 kOe for 2, being consistent with the saturation
values expected for the eight unpaired electrons of a core of GdCu''Cu' and fifteen unpaired
electrons of a core of Gd,Cu''Cu',.

Since both 1 and 2 are extended structures, the connectivity of the spin carriers is the key for
the magnetic behavior analysis, i.e. to define the proper magnetic network. In the case of 1, the
structure can be reduced to Cu'-Gd"' chains linked through an anti-anti carboxylate bridge,
where the Cu-Gd-chains are interconnected by Cu' diamagnetic centers. However, the lack of
an analytical model to fit the experimental magnetic data for a regular Cu-Gd ferromagnetic
chain, forces to use a simpler model to quantify the magnetic interaction between both cations.
In this sense, considering the isotropic character of the Cu" and Gd"' cations the magnetic data
were analyzed using the spin-only Hamiltonian H = —2J5.,S., which describes the super-
exchange interaction between one Cu'' and one Gd'' cation. Assuming that Cu' and Gd"' have

equal g values, the experimental data can be fitted with the following analytical expression’87°

()
~ 4Ng2ﬁ2T(7 +15¢""

S N
k7 +9¢""

22

ACS Paragon Plus Environment



Page 23 of 58

oNOYTULT D WN =

Crystal Growth & Design

Where N is the Avogadro number, g is the Lande factor,  is the Bohr magneton, k is the
Boltzmann constant and Jis the coupling constant. The best fit of the parameters was obtained
using a J~0.60 cm™ and g= 2.02, with an agreement factor R=4x103 (R=Z()mTobs)-(}m T exp)
2[Z(Ym Tobs)>.

In the case of 2, the compound presents a higher structural dimensionality, where the Cu''and
Gd'"" spin carriers are bridged by a carboxylate anion and both Gd-Gd interactions can be
produced by carboxylate or oxalate anions. However, it has been previously reported that due
to the internal nature of the 4felectrons, the Gd"-Gd!"' magnetic interaction are sufficient small
to be neglected.8%8'" Therefore, the magnetic network can be reduced to a more simple model
considering only the interaction Cu'-Gd"' hetero-spins carries.'® From a magnetic point of view,
the extended 3D crystal network of 2 can be described as a linear trinuclear Gd"-Cu'-Gd'! core,
with Gd"-Cu'' centers connected through an anti-anti carboxylate bridge. This model leads to a
spin-only Hamiltonian of A = —2JS;4,5 ., —2JS¢uS ;4,» Which gives rise to the following analytical

expression8?
Ng?B*TAA

ol =1 BB
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@), ), o ), 10l gl

(_%) + 165e(:§)

AA=1+10e"" + e 35e Z +10e . 84e o 35e . h 84e
+ 286e(kT) + 165e(_kT) + 84e(kT) + 286e(_kT) + 680e(kT) + 455e(_”)
JY(LEy oy (LYY () (L4 gy (5 5
BB=2+ 4e(kT) + 2e(6] "T) + 6e6(]kT) + 4e( ’;]T) + 8e(kT7)]+ 6e( "T)J 1Oe(kT) + 8e( "T) + 12e(kT)
+ 10e(_”) + 14e(”) + 12e(_’”) + 16e(kT) + 14e(_kT)

A nonlinear least-squares fit between 300-1.8 K leads to a value of J = 0.22 cm™, g=2.0

(R=8%10, R=Z(ym Tobs)-(Am Texp) 2/Z(xm Tobs) 2). For 1 and 2 the positive Jvalue corroborates the

ferromagnetic nature of the interaction between the Cu'-Gd'" spin carriers as has been reported

for analogous systems,16:83.84 however the quality of the fit are different. In 1, the dinuclear model

cannot reproduce the experimental data in the low temperature range, due to the y,T value at

1.8 K (13.06 emu K mol') is higher than the expected for a ferromagnetic coupled Cu-Gd

isolated binuclear system (10 emu K mol'). This fact indicates that a higher magnetic

dimensionality should be consider for 1, i.e. a genuine 1D magnetic network is observed.

Meanwhile in 2, the experimental data are well reproduced in the whole temperature range by

the use the trinuclear Gd-Cu-Gd model, indicating that in the case of 2 the Gd-Gd interactions
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are small enough to be hidden by the stronger Gd-Cu-Gd interactions, thus behaving as isolated

trinuclear cores in the crystal lattice.

Spin polarization has been postulated by Gatteschi et al. to explain this magnetic interaction

between Cu'-Gd'! cations.8586 This mechanism is based on the partial delocalization of the 3d

unpaired electron of the Cu' toward the empty 6s or 5d orbitals of Gd'! with the same spin of the

seven f electrons, in order to obey Hund’'s rule. Thus, a ferromagnetic pathway can be

established when a magnetic orbital of one paramagnetic site has a non-zero overlap with an

empty orbital of the other site.8” Most of the studied Cu'-Gd'' systems are 0D complexes formed

by dioxo bridges (alcoxo or phenoxo). The magneto-structural correlations show that planar

conformation in Cu-dioxo-Gd moieties and shorter Cu~Gd distances lead to stronger

ferromagnetic interactions.®8 On the other hand, carboxylate bridges have been less studied

since this group mediates weaker magnetic interactions than the oxo bridge due to the longer

Cu~Gd distances; as far as we know no systematic studies have been made up to date.

Regarding the different types of carboxylate bridges, the syn-anti conformation has been

reported to mediate poor®® or null magnetic interaction between Cu' and Gd'",%0-°" while the ant/-

anti conformation produces weak ferromagnetic interactions. ¢3¢ For example, Liu et al reported
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a 3D HCP {[GdCu(L"),(L?)(H,0)2]:-mH»0}, (H,L' = quinolinic acid, HL2 = nicotinic acid), in which

the anti-anfi carboxylate bridges of quinolinate and nicotinate ligands generate a Cu-Gd

distance of 6.010 A, with a ferromagnetic coupling of J= 0.426 cm™'.92 On the other hand, Zou

et al. found a slightly stronger magnetic interaction of /= 1.30(3) cm™~' between Cu"-Gd"' for a

shorter inter-cation distance of 5.991 A in the 1D compound [Gd(H,0)3(NO3)(CuL),]-H,0O (HsL=

glycylglycine-N-[1-(2-hydroxy, phenyl)-propylidene]).?® These facts are in agreement with that

observed in 1 and 2, in which the shorter Cu--Gd= 6.1378 A distance, presentin 1, produces a

slightly higher magnetic coupling (/= 0.60 cm-') compared with the coupling constant in 2, (/=

0.22 cm-' for a Cu-~Gd= 6.226 A). Hence, beyond of the structural complexity that present 1 and

2 networks, the simplification of the structures leads to some interesting magneto-structural

correlations.

4. CONCLUDING REMARKS

Despite the difficulty to include at the same time Cu' and Cu" in an 3d-4f heterometallic

extended network, two novel Cu'/Cu-Gd" HCP [Gd(H,0),Cu'Cu(IDC);] 1 and

[Gd2(H20),(C204),Cu'(IDC),Cu's(4,4'-bipy)]-4.5H,0 2 have been successfully synthesized by

solvothermal synthesis, using 1H-imidazole-4,5-dicarboxylic acid (H3IDC) as principal N,O-
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bifunctional organic linker. Both 1 and 2 was obtained by the partial reduction of Cu'" under

autogenerated pressure, being the stabilization of Cu' achieved only thanks to the coordination

of N-donor ligands. Interestingly, in the case of 1, the simplicity of the chemical composition it is

highlighted offering a path of synthesis where only one ligand is necessary to coordinate and

stabilize three different cations. The proposed modification of the synthesis of 1 result

successfully in the obtention of a second new mixed valence 3d-4f HCP 2, with a superior

structural complexity. Compound 1 presents a honeycomb topology 2D network in which the

crystal packing is achieved by hydrogen bonding between coordinated water molecules and the

carboxylate groups. Meanwhile, in the case of 2 the addition of the extra organic linker permits

to obtain a 3D structure.

From a magnetic point of view, 1 and 2 behave as paramagnets at high temperature, showing

ferromagnetic interactions from 50 K to 1.8 K. It is important to point out that the use of simple

analytical models was useful to determine which interactions are predominant, thus extracting

the magnetic coupling constant for the principal exchange interaction between the 3d-4fspin

carriers. Remarkably, the inclusion of Cu'/Cu' mixed valence cations in a 3d-4f coordination

polymers offers a potential strategy to the rational design of new metal-organic materials, where
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the individual properties of the lanthanide cations can be used to the generation of new

multifunctional materials.

TABLES

Table 1. Crystal data and structure refinement for 1 and 2

Table 2. Table 2 Hydrogen Bonds for 1

Table 1 Crystal data and structure refinement for 1 and 2

Compound code

Compound formula

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

1 2

Il | "
[Gd(H20),Cu''Cu(IDC),] [Gd2(H20)2(C204).Cu'(IDC),Culx(4,4

bipy)]-4.5H,0
C10H10Cu2GdN4O 12 Cu45GdC12H115N3011.25
662.53 630.34
150 150
Triclinic Triclinic
P1 P1
6.6701(5) 8.5247(7)
11.3064(9) 9.6931(9)
12.0027(11) 12.0429(11)
62.710(3) 102.413(3)
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B/ 82.646(3) 102.608(3)

vP° 78.035(3) 111.608(3)

oNOYTULT D WN =

Volume/A3 786.39(11) 853.70(13)

11 Z 2 2

14 Pcaicg/cm?3 2.790 2.407

17 p/mm-? 6.930 5.769

19 F(000) 628.0 585.0

22 Crystal size/mm3 0.15 x 0.03 x 0.025 0.08 x 0.05 x 0.04
. Radiation MoKa (A = 0.71073) MoKa (A = 0.71073)

20 range for data
28 . 4112 to 55.024 4.78 to 55.064
29 collection/®

32 Reflections collected 3614 19557

Independent 3614 [Rint = 0.0191, Rsigma 3923 [Rint = 0.0214, Rsigma = 0.0170]
36 reflections = 0.0307]

39 Data/restraints/para 3923/18/278
40 3614/18/281
41 meters

Goodness-of-fiton F2  1.096 1.131

46 Final R indexes R1=0.0232, wR2 = 0.0619
47 R1=0.0192, wR2 = 0.0453
48 [1>=20 (1)]

Final R indexes [all R1 =0.0251, wR2 = 0.0632
R1 =0.0234, wR2 = 0.0464
52 data]
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Largest diff. 1.39/-1.40
. 1.03/-0.83
peak/hole / e A3
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Table 2 Hydrogen Bonds for 1

D

Oo1W

Oo1W

o2w

Oo3wW

H

H1WA

H1WB

H2WB

H3WB

A

051 0.825(9)
042 0.827(9)
043 0.89

014 0.90

FIGURE CAPTIONS

d(D-H)/A

d(H-A)/A
1.916(15)
1.931(11)
1.85

1.96

Figure 1. Scheme of synthesis of 1 and 2.

d(D-A)/A
2.721(3)
2.756(3)
2.683(3)

2.840(3)

D-H-A/°
165(4)
176(5)
155.4

165.0

Figure 2. Coordination modes of (a) IDC?, (b) 4,4’-bipiridine and C,04% in 1 and 2.

Figure 3. Coordination environment of (a) Cu1, (b) Cu2 and (c) Gd1 cations presentin 1.

Figure 4. (a) Hexagonal honeycomb 2D extended structure, (b) simplified structure of 1, (c)

scheme for the [Gd(H,0),4]3* tripod moiety inserted in a hexagonal cavity and (d) supramolecular

packing of 1 layers through H-bond.
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Figure 5. Coordination environment of (a) Cu1, (b) Cu2 and (c) Gd1 in 2.

oNOYTULT D WN =

Figure 6. View of the assembly of the extended structure of 2 through a axis, (a) in pink, Gd''-

1 oxalate based chains, in green, Cu'/Cu" mixed valence chains and (b) scheme of the connection

14 between Gd'"-oxalate and Cu!/Cu'' through IDC?- linking.

19 Figure 7. Thermogram between 25° and 900°C under N, atmosphere for 1 and 2 (inset) and in

22 situ temperature-dependent X-ray diffraction (TDXD) under N, atmosphere was performed for

30 Figure 8. ymT vs T plot at 1 kOe between 300 and 1.8 K for 1 and 2. In the inset, scheme of the

Cu'-Gd" and Cu"-Gd"-Cu'"' moieties used in 1 and 2 for magnetic data analysis.

38 Figure 9. Isothermal magnetization represented by reduced magnetization (Ng) at 1.8, 3, 5 and

41 8 K between 0-90 kOe for (a) 1 and (b) 2.
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Synopsis

Two new Cu!/Cu'-Gd"™ mixed valence heterometallic coordination polymers are reported,
[Gd(H,0)4Cu'Cul(IDC),] 1 and [Gdy(H,0)(C;04),Cul(IDC),Cu'y(4,4'-bipy)]-4.5H,0 2. Compound 1
present a 2D honeycomb network constructed by a single organic linker (IDC3-) while 2 present a 3D
structure with three different organic ligands (IDC3*-, C,04* and 4,4’-bipy). Both 1 and 2 exhibit
ferromagnetic interactions below 50 K.
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