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A binuclear CuII compound [Cu2(bpa)2(P2O7)(H2O)2].2.5H2O, 1, (bpa = 2,2'-bipyridylamine), 13 

with pairs of CuII ions bridged by one pyrophosphate tetra-anion, was synthesized and 14 

crystallized. Its triclinic structure was determined by single-crystal X-ray diffraction. Electron 15 

paramagnetic resonance (EPR) spectra of single crystal samples of 1 were recorded for an 16 

orientation of the magnetic field (B0) as a function of temperature (T) between 4.7 and 293 K, 17 

and at T = 4.7, 50 and 293 K, as a function of the orientation of B0. Below ~8 K the spectra are 18 

assigned to two types of mononuclear crystal defects hyperfine coupled to one copper and two 19 

nitrogen nuclei. The g-matrices and hyperfine couplings at these T provide information about the 20 

structures of these defects. Above 10 K the spectrum is dominated by the response of the bulk 21 

binuclear CuII material, showing hyperfine interactions with two copper nuclei, collapsing to a 22 

single peak above 18 K when the units are magnetically connected, and the magnetic behaviour 23 

becomes 3D. We attribute the results above 10 K to the interplay of an AFM intrabinuclear 24 

exchange interaction J0 = -28(3) cm-1 (defined as Hex = -J0S1
.S2), and a three orders of 25 

magnitude weaker exchange coupling with average magnitude |J1| ~ 0.022 cm-1 between CuII 26 

ions in neighbour binuclear units. The interplays between structure, exchange couplings, 27 

magnetic dimension and spin dynamics in the binuclear compound are discussed. A previously 28 

unreported situation where the structure of the spectra arising from the anisotropic spin-spin 29 

interaction term (D) within the binuclear unit is averaged out, but the forbidden half field 30 

transition is not, is observed and explained. 31 

 32 

Introduction 

The diphosphate tetra-anion (P2O7)
4- plays important roles in 

chemical and biochemical processes, such as fat metabolism, 35 

and protein, DNA and RNA syntheses.1,2 In recent years the 

potential use of metal derivatives of the diphosphate tetra-

anion (P2O7)
4- as anticancer drugs attracted much attention. 

Bose et al.3 synthesized and crystallized a class of 

pyrophosphate complexes of platinum(II) and platinum(IV) 40 

exhibiting cytotoxicity comparable to cisplatin and carboplatin. 

Doyle et al.,1,4–13 investigated the coordination chemistry of 

metal-pyrophosphate complexes and the concomitant 

biological, magnetic and catalytic properties of the complexes. 

Ikotun et al.4 and Marino et al.6 demonstrated that mononuclear 45 

and binuclear CoII/NiII/CuII pyrophosphates are toxic for drug-

resistant lines of cancer cells. 

Compounds containing metallic centers connected only by 

pyrophosphate tetra-anions are rare because of the lability of 

the tetra anion to hydrolysis, particularly in the presence of 50 

divalent metal ions.1,14,15 Thus, chelating heterocyclic imines as 

bipyridine, terpyridine or bipyridylamine, have been used to 

control the self-assembly of CuII species in the presence of 

(P2O7)
4-. Ainscough et al.16 and Xu et al.17 studied the capacity 

of pyrophosphate ligands to support magnetic interactions 55 

between paramagnetic ions. Marino et al.18 investigated the 

magnetic properties of the copper dimeric compound 

[Cu(bipy)(cis-H2P2O7)]2
.3H2O (bipy=2,2'-bipyridyne) bridged 

by the pyrophosphate anion [H2P2O7]
2-. 

Within this line of compounds, we reported recently19 the 60 

preparation and structure of two new copper protonated 

pyrophosphates, and the electron paramagnetic resonance 

(EPR) spectra of single crystals of these and of two other 
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related compounds,18,20 as a function of the orientation of the 

magnetic field B0 = µ0H (µ0 is the vacuum permeability), and 

of temperature T between 4.7 and 293 K. Although the four 

compounds are binuclear units, their single crystal EPR spectra 

down to 4 K are characteristic of mononuclear compounds 5 

(|J0|/kB ≤ 2 K), where the intrabinuclear anisotropic spin-spin 

couplings and the hyperfine couplings with the copper and 

nitrogen ligands nuclei average out. The structure and magnetic 

properties of the copper binuclear complex 

[Cu2(bipy)2(P2O7)(H2O)2].nH2O containing pyrophosphate 10 

tetra-anion bridges have been reported.5 This paper describes 

the results of a detailed study of the new binuclear compound 

[Cu2(bpa)2(P2O7)(H2O)2].2.5H2O, 1, using X-ray 

crystallography and EPR spectroscopy. The EPR measurements 

in oriented single crystals show a rich temperature dependent 15 

spectrum that allows characterising the magnetic properties, 

providing a further understanding of the magnetic behaviour of 

pyrophosphate-bridged binuclear compounds. Besides, the 

spectra at low T show traces of crystal defects existing in the 

structure. EPR spectra in powder samples were also recorded, 20 

above 77 K but they do not provide additional information. 

Spectroscopic phenomena at T below 18 K, arising from the 

Bose-Einstein condensation21 of the material and from the 

dynamics of triplet magnetic excitations,22,23 are observed and 

explained. The characteristic splitting arising from anisotropic 25 

spin-spin interactions (D-term)24,25 is averaged out by the 

interdinuclear interactions;26,27 however, the half field 

forbidden transition25,28,29 arising from the same interactions is 

observed. This apparent contradiction is explained and used to 

estimate the D term. Our results exemplify further the 30 

potentiality of single crystal EPR measurements to understand 

the electronic structure, magnetic behaviour and spin dynamics 

of weakly interacting polynuclear compounds with a singlet 

ground state.21,27,30,31 

Experimental Section 35 

Elemental analyses were performed on a Carlo Erba 1108 

elemental analyser. IR spectra were recorded in a diamond 

ATR on a Nicolet 510P FT-IR spectrophotometer. All 

chemicals, were commercially available of analytical or 

reagent-grade purity and used as received. Water was purified 40 

with a Millipore mili-Q system, yielding a resistivity of 18 

MΩcm-1.  

Synthesis of 1 

The compound was obtained from a solution of copper nitrate 

(1 mmol, 0.241 g) in water (40 mL) to which 2,2’–45 

bipyridylamine (bpa, 1 mmol) was slowly added under stirring 

at ambient temperature. After that, Na4P2O7 (1 mmol) was 

added and the pH was adjusted to 2.5 with HNO3 to keep the 

solution clear. The system was filtered and the solution was 

maintained at 40 °C. After two days little pale green rectangular 50 

crystals with sizes up to ~0.5×1×1 mm3, of good quality for 

single crystal X-ray diffraction and EPR measurements, were 

harvested. The yield in terms of large single crystals for EPR 

measurements is low, inhibiting us from preparing isotopically 

enriched single crystals. From the remaining solution 55 

maintained at 40 °C crystallized after 20 days the previously 

reported dehydrated [Cu(bpa)(H2P2O7)]2.
19 

Anal. Calcd. for Cu2C20H29N6O11.5P2: C: 32.85; H: 3.77; N: 

11.6: found: C: 32.6; H: 3.7; N: 11.0%. Main IR bands 

(diamond ATR, cm-1): 3400m, vbr, 3079w, 1747w, 1652s, br, 60 

1589m, 1538m, 1481sh, 1475vs, 1429m, 1370w, 1355w, 

1236m, 1155, 1110, 1095 (vs), 868(m), 775(s), 578(m), 

552(m). 

Crystal Structure Determination 

The crystal structure of 1 was determined at 294 K with an 65 

Oxford Xcalibur, Eos, Gemini CCD area-detector 

diffractometer32 using graphite-monochromated Mo-Kα 

radiation (λ = 0.71069 Å). Data were corrected for absorption 

with CrysAlisPro,32 version 1.171.33.6, applying an empirical 

absorption correction using spherical harmonics. The structure 70 

was solved by direct methods with SHELXS97,33 and refined 

by full-matrix least-squares on F2 with SHELXL-2014.33 

Hydrogen atoms attached to carbon were added geometrically 

and refined as riding, both in coordinates as in (isotropic) 

displacement factors. N-H’s and O-H’s for fully occupied 75 

hosts were located in the Fourier difference map, while those 

for the depleted solvation water molecules were inferred from 

the H-bonding scheme suggested by the O...O short contacts. In 

all cases these N-H's and O-H's were refined with restrained 

(O/N)-H: 0.85A(1) and H...H=1.35(1)A distances. Software 80 

used to prepare material for publication includes SHELXL-

201433 and PLATON.34 Full use of the CCDC package was 

made for searching in the CSD Database,35 and for crystal 

structure visualization.32,36,37 

Electron Paramagnetic Resonance (EPR) Methods 85 

Room T measurements were performed in single crystal and 

powder samples using Bruker EMX Plus (~9.8 GHz) and 

Varian E110 (~34 GHz) EPR spectrometers, with cavities 

operating with 100 kHz field modulation. Measurements 

between 4.7 and 293 K were performed in single crystals with a 90 

Bruker Elexsys E580 spectrometer at ~9.3 GHz. Magnetic field 

and signal amplitude calibration at the sample position were 

achieved using CrIII:MgO (g = 1.9797) and DPPH (g = 2.0035) 

as convenient paramagnetic markers with EPR signals mostly 

outside the field range of the signals of the sample. Microwave 95 

power and magnetic field modulation were chosen and kept 

fixed during all measurements, allowing the spectra to be 

recorded in the whole range of T and orientations of B0 without 

saturation or overmodulation of the signals of the sample and 

the markers, within the range of linear response. Spectra 100 

obtained from powder samples above 77 K, show little 

structure, and do not add new information, so are not presented 

here. The triclinic samples present special difficulties for 

mounting and orienting single crystals for EPR measurements 

and we describe the used procedures.19 Crystal habits were 105 

identified measuring the angles between edges on each sample 
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face with a goniometric optical microscope, and comparing the 

results with crystallographic information.  

 
Fig 1  Sample holder and mounting of the sample for the EPR experiments, 

displaying the relation between the orthogonal laboratory coordinate system xyz 5 

and the crystal system abc. 

The largest natural growth faces are ab (001) planes, displaying 

<100> and <010> edges. Cubic sample holders made by 

cleaving pieces of KCl single crystals (Fig. 1) were used to 

define orthogonal laboratory reference xyz frames to mount the 10 

samples. The ab crystal faces were glued with vacuum grease 

to the xy face of the holder, with a <100> edge parallel to the x 

edge, so x = a, z = a×b/|a×b| = c* and y = z×x = b*, allowing to 

obtain the relationship between the laboratory and the triclinic 

crystal axes.38 Sample holders were mounted on top of a 15 

pedestal inside the cavity with one face (xy, yz or xz) parallel to 

the horizontal plane at 4.7 K, 50 K and 293 K, and the 

orientation of B0 was varied either rotating the holder with a 

goniometer, or rotating the magnet. EPR spectra were recorded 

in these orthogonal planes at 5° or 10° intervals along 180°. 20 

Positions of axes x, y and z in these planes were determined 

within ~1° by comparing results in the three planes. Single 

crystal EPR spectra were also obtained as a function of T 

between 4.7 K and 293 K with B0 at φ = 132° with the x-axis, 

in the xy plane where, according angular dependent 25 

measurements at 4.7 K, the spectrum displays maximum 

resolution. The procedures followed indicated that the sample 

does not change irreversibly within thermal cycles between 4 

and 293 K, showing for different cycles at equal T the same 

spectra. We performed spectral simulations using Easyspin,39 a 30 

package of programs working under Matlab,40 and home-made 

Matlab programs of our lab. 

Crystallographic Results 

Crystallographic data of 1 are given in Table 1 and selected 

bond distances and angles in Table 2. Figure 2 presents an 35 

ellipsoid plot of the asymmetric unit showing the labelling 

scheme. The molecule displays a central µ2κ
4
-P2O7

4- unit 

bridging two independent CuII centres (Cu1 and Cu2 at 4.983 

Å), with two outermost bpa ligands (A and B), and two 

coordinated water molecules (O1W, O2W) completing the 40 

coordination of the metal centres. The structure is further 

stabilized by two and a half water molecules per formula unit, 

Table 1  Crystallographic details for compound 1. 

Crystal data 

Chemical formula P2O7(C10H9N3)2Cu2(H2O)2·2.5(H2O) 
Mr 724.50 
Crystal system, space 
group 

Triclinic, 1P  

Temperature (K) 294 
a, b, c (Å) 7.6495 (17), 9.511 (2), 18.497 (4) 
α, β, γ (°) 82.343 (4), 87.017 (4), 84.233 (4) 
V (Å3) 1326.0 (5) 
Z 2 
Radiation type Mo Kα 
µ (mm-1) 1.80 

Crystal size (mm) 0.28×0.18×0.10 
Data collection 
Diffractometer Oxford Diffraction Gemini CCD 

S Ultra diffractometer 
Absorption correction Oxford Diffraction, Multi-scan 

CrysAlis PRO  
Tmin, Tmax 0.70, 0.88 
No. of measured, 
independent and observed 
[I> 2σ(I)] reflections 

11108, 5657, 4401   

Rint 0.028 
(sin θ/λ)max (Å

-1) 0.658 

 
R[F2> 2σ(F2)], wR(F2), S 0.042, 0.102, 0.997 
No. of reflections 5657 
No. of parameters 430 
No. of restraints 11 
H-atom treatment H atoms treated by a mixture of 

independent and constrained 
refinement 

∆〉max, ∆〉min (e Å-3) 0.64, -0.46 

 

Table 2  Selected geometric parameters (Å, º) for compound 1. 

Cu1 coordination polyhedron Cu2 coordination polyhedron  

Cu1-O2 1.941 (2) Cu2-O1 2.013 (2) 
Cu1-O6 1.989 (2) Cu2-N2B 2.014 (3) 
Cu1-N1A 1.990 (3) Cu2-O2W 2.342 (3) 
Cu1-N2A 1.998 (3) Cu2-O7 1.929 (2) 
Cu1-O1W 2.266 (3) Cu2-N1B 1.974 (3) 
    
O2-Cu1-O6 92.04 (10) O7-Cu2-N1B 167.81 (12) 
O2-Cu1-N1A 167.04 (11) O7-Cu2-O1 95.55 (10) 
O6-Cu1-N1A 90.04 (11) O7-Cu2-O2W 82.70 (10) 
O2-Cu1-N2A 87.22 (11) O7-Cu2-N2B 91.22 (11) 
O6-Cu1-N2A 171.67 (11) N1B-Cu2-O2W 87.67 (11) 
N1A-Cu1-N2A 88.87 (12) N1B-Cu2-O1 91.43 (11) 
O2-Cu1-O1W 97.29 (10) N1B-Cu2-N2B 91.41 (12) 
O6-Cu1-O1W 99.79 (10) O1-Cu2-N2B 132.55 (11) 
N1A-Cu1-O1W 94.95 (11) O1-Cu2-O2W 87.27 (10) 
N2A-Cu1-O1W 88.53 (11) N2B-Cu2-O2W 140.18 (11) 

 

one of them of full occupancy (O3W) and the remaining 1.5 45 

accounted for three disordered moieties of half occupancy 
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(O4W, O5W, O6W). Both copper atoms are penta-coordinated, 

but their environments have clearly different geometries. The  

 
Fig 2: Molecular diagram of Cu2(bpa)2(P2O7)(H2O)2

.2.5H2O, 1; displacement 

ellipsoids are drawn at a 40% probability level. bpa molecules A and B are 5 

associated to Cu1 and Cu2, respectively. 

one around Cu1 is a rather regular square pyramid (SP), with 

N1A, N2A, O2 and O6 defining the base, and the apical 

position being occupied by the coordinated water molecule 

O1W. In this environment the copper cation is shifted 10 

0.1803(4) Å from the basal least squares plane, towards the 

apex, with the Cu1-O1W vector deviating 5.7(2)º  from the 

normal to the plane. This Cu1 coordination polyhedron is fairly 

regular and imposes some restraints to the N-Cu-N angle 

resulting in a large distortion from planarity of the attached 15 

bpaA ligand, with the py units defining a py-py dihedral angle 

∆bpaA = 37.5(2)º. Contrasting with this geometry, the 

environment of Cu2 is described as a distorted trigonal 

bipyramid (TB), with O1, N2B and O2W in the basal plane, 

leaving Cu2 0.009 Å out of the plane, and O7 and N1B at the 20 

apices, with the Cu2-O7 and Cu2-N1B vectors subtending 

angles of 9.4(2) and 2.9(2)º, respectively, to the normal to the 

plane. This particular TB geometry gives room to a more open 

N-Cu-N angle allowing for an almost planar bpaB geometry, 

with py-py dihedral angle ∆bpaB = 6.8(2)º. The pyrophosphate 25 

anion is metrically normal, with the P-O bonds of the two non 

coordinated oxygens slightly shorter than the coordinated ones. 

The symmetry of the group tends to Cm, with a deviation of the 

individual phosphates slightly rotated by ~12º in opposite 

directions relative to the central P-O-P plane. Bond valence 30 

calculations resulted in 2.166 bvu for Cu1 and 2.12 bvu for 

Cu2.41 The structure of 1 is topologically quite similar to 

[Cu2(bipy)2(P2O7)(H2O)2].7H2O, 2, previously reported by 

Kruger et al.,5 with a central (P2O7
4-
) bridge connecting the 

two pentacoordinated CuII cations in a µ2κ
4 fashion, the lateral 35 

bpa/bipy chelating the cations, and a lone aqua completing the 

CuO3N2 cores. Comparing the stereo disposition of both, two 

salient differences are noted, i) the relative positioning of the 

coordinated water molecules, which in 1 are trans, and 

accordingly non-interacting, whereas cis and interconnected 40 

through H-bonding in 2; ii) a large distortion from planarity of 

bpaB in 1 and planarity of the bpaA ligand in 1, and iii) nearly 

planar bipy units, with inter-bipy dihedral angles ∆bipyA = 

3.8(3), ∆bipyB = 3.6(3)º associated with a smaller distortion from 

a “mirror” symmetry in the central pyrophosphate bridge of 5° 45 

in 2. These differences in the distortions of the CuO3N2 

environments from regular SP or TP geometries are reflected 

by their ττττ    parameters42 (τ     = 0.0 for a square pyramid (SP); 1.0 

for a trigonal bipyramid (TB)). Corresponding values of ττττ for 

Cu1, Cu2 are 0.08, 0.46 and 0.02, 0.19 for 1 and 2 respectively. 50 

Compound 1 presents many active sites for hydrogen and 

π..π interactions described in Tables 3 and 4, respectively.  

Table 3  Hydrogen-bridges geometry (Å, º) for compound 1. 

N   D—H···A D—H H···A D···A D—H···A 

 #1 O2W—H2WA···O6 0.85 (1) 2.26 (2) 3.050 (3) 154 (4) 
 #2 O2W—H2WB···O3i 0.85 (1) 1.82 (1) 2.672 (3) 177 (4) 
 #3 N3B—H3NB···O3ii 0.85 (1) 2.01 (1) 2.851 (4) 171 (4) 
 #4 N3A—H3NA···O5iii 0.85 (1) 1.97 (1) 2.818 (4) 172 (4) 
 #5 C3B—H3B···Cg3iv 0.93 2.70 3.496 (4) 144 
 #6 O1W—H1WA···O3Wv 0.85 (1) 1.96 (1) 2.802 (4) 172 (3) 
 #7 O1W—H1WB···O5W 0.85 (1) 1.97 (2) 2.771 (6) 159 (4) 
 #8 O1W—H1WB···O6Wvi 0.85 (1) 2.03 (1) 2.866 (6) 170 (4) 
 #9 O3W—H3WA···O6 0.85 (1) 2.05 (1) 2.884 (3) 168 (3) 
#10 O3W—H3WB···O3i 0.85 (1) 2.10 (2) 2.912 (3) 162 (4) 
#11 C4A—H4A···O5Wvii 0.93 2.49 3.412 (7) 172 
#12 O4W—H4WA···O3Wv 0.85 (1) 2.06 (2) 2.905 (6) 173 (8) 
#13 O5W—H5WA···O5vi 0.85 (1) 1.90 (3) 2.680 (6) 153 (7) 
#14 O6W—H6WA···O5 0.85 (1) 1.84 (2) 2.675 (6) 169 (8) 

Symmetry codes:  (i) x, y+1, z;  (ii) -x+1, -y, 1-z;  (iii) x-1, y, z;  (iv) x+1, y, z, (v) -x+1, -y+1, -z+2; (vi) -x+1, -y+1, -z; Centroid codes 
Cg3:   N2A, C6A, C7A, C8A, C9A, C10A. 

The first entry in Table 3 (#1) corresponds to the sole relevant 

intramolecular H-bond in the structure, and involves one of the 55 

O2W hydrogens. The remaining one, as well as the amino 

H3Nb (#2, #3 in Table 3) are involved in the formation of 

broad 1D structures (Fig. 3a), embedding different inversion 

centres and defining tetranuclear dimeric structures linked 

along <100>. This linkage is enhanced by the concatenation of 60 

π..π interactions involving bpaB (Table 4, #15 and #16).  
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Table 4  π..π-interactions geometry (Å, º) for compound 1. 

#N Cg…Cg icd (Å)  daº mipd (Å) 

15 Cg2…Cg4ii 3.892(2) 6.8(2) 3.74(3) 

16 Cg2…Cg4vii 3.782(2) 6.8(2) 3.54(1) 

17 Cg1…Cg1v 3.561(2) 0 3.420(2) 

icd: intercentroid distance; da: dihedral angle; mipd: mean interplanar 
distance, or mean distance from one centroid to the opposite plane. 
Symmetry codes: (viii) -x+1, -y, -z; (ix) -x+1, -y+1, -z+1; (x) -x+2, -y, 
1-z; Centroid codes: Cg1: N1A, C1A, C2A, C3A, C4A, C5A; Cg2: 
N1B, C1B, C2B, C3B, C4B, C5B; Cg4: N2B, C6B, C7B, C8B, C9B, 
C10B. 

Figure 3b displays the same structure as Fig. 3a, now projected 

along a, and showing the individual <100> “strips” downwards 

(one of them is highlighted in a coloured background). It shows 

the way in which these structures are linked by the remaining 5 

amino bonds and a C-H..π bond (#4 and #5 in Table 3) 

forming broad planar arrays parallel to (001). All the remaining 

H-bonding interactions (#6 to #14 in Table 3) are mediated by 

the hydration water molecules, be it as donors or as acceptors, 

and serving to link planes along <100>. Table 4 (#17) and Fig. 10 

3b show the same effect for the remaining π........π interaction. The  

final result is a strongly connected 3D structure.  

EPR Results 

We hereby present the observed spectra with a basic 

interpretation; followed further by pertinent sections with a 15 

detailed analysis. 

Variation of the Spectra with the Temperature T 

Figure 4 displays selected EPR spectra (dχ”/dB0) recorded in 

the T range between 4.7 and 50 K for B0 at φ =132° with the x 

axis in the xy plane (Fig. 1 and inset of Fig. 4). According 20 

preliminary measurements in this field orientation the spectra 

display the greatest resolution in the whole T range. All spectra 

recorded at T ≤ 50 K are shown in Fig. S1.† The spectral 

changes above 50 K are small and the results are not included. 

At T = 4.7 K (Fig. 4a) the spectrum corresponds to S = ½ spins, 25 

with four groups of peaks assigned to the hyperfine splitting 

with the nuclear spins of copper. Each group shows further 

splitting due to super hyperfine coupling with two 14N ligands 

(IN = 1). The existence of two natural isotopes of copper (63 

~70% and 65 ~30%) with spins 63ICu = 65ICu = 3/2, and magnetic 30 

moments differing by ~7%, reduces the resolution of the 

hyperfine structure. Powder samples for EPR enriched with 

only one copper isotope43,44 may be feasible to improve the 

resolution but isotopically enriched single crystals become too 

expensive for compound 1, as described in the experimental 35 

section. Figure 5 displays a spectrum obtained at 4.7 K for an 

orientation of B0 at 55° off the z-axis in the yz plane (see inset). 

The higher resolution allows observing contributions from two 

types of defects (M1 and M2) containing mononuclear Cu ions, 

both displaying super hyperfine splittings with two nitrogen  40 

 
Fig 3  Packing views of Cu2(bpa)2(P2O7)(H2O)2.2.5H2O, 1: (a) Projected down a, 

showing the formation of <100> strips. (b) Projected down b, showing the way in 

which strips interact to form broad planes parallel to (001). N-H...O and O-H...O 

interactions represented by black broken lines; C-H…π and π…π ones by red 45 

broken lines. All interactions are identified by their # codes in Tables 3 and 4.  

ligands. The lower intensity of one group indicates smaller 

population of species M2, that is also present in the spectra of 

Figure 4a, but with a much weaker contribution as M1. A Curie 
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1/T dependence of intensity of spectra M1 and M2 and a loss of 

resolution of the N hyperfine structure with increasing T are  

 
Fig 4  EPR spectra of a single crystal of 1 observed at 9.26 GHz for B0 along φ = 

132°, θ = 90° in the frame xyz (see Fig 1 and inset) as a function of T between 4.7 5 

K and 50 K, a-g. Spectra a) and d) correspond to two different spin systems and 

the sets of four and seven black arrows indicate the centers of the resonances of 

the mononuclear defect M1 and of the binuclear unit, respectively. The upgoing 

blue arrows in a) indicate the positions of the weak second group of resonances 

(site M2, see text). The red (*) stars in b, c, d indicate the position of the fourth 10 

group of resonances of M1, also appearing in the (mainly) binuclear response of 

spectra in Figs. 4d and S3†. 

observed. At 8 and 10 K (Figs. 4b,c), the defect contribution to 

the spectra show increasing broadening and weakening of the 

hyperfine peaks, and competes with the simultaneous growth in 15 

intensity of another spectrum clearly observed at 12 K (Fig. 4d  

and S3†), presenting seven hyperfine peaks (marked with a set 

of seven black arrows) with amplitudes approximately 

proportional to the sequence ~1:2:3:4:3:2:1. They have ~half 

the copper hyperfine splitting in Figs. 4a,b and are assigned to 20 

binuclear units with two S = ½ spins, each one coupled to its 

nuclear spin ICu = 3/2.24,25,45 At 12 K (Figs. 4d and S3†) no 

binuclear fine structure (D-term) and no hyperfine structure 

with the N ligands is resolved. Above 14 K (Figs. 4e,f,g) 

hyperfine structures are broadened and collapsed, ending up in 25 

a single broad peak that increases intensity with increasing 

temperature, reaching a maximum at T around ~30 K, and then 

decreasing, as expected for an AFM binuclear unit.27,31,46  

 
Fig 5  EPR spectrum observed at 9.26 GHz and 4.7 K for the magnetic field 30 

direction θ = 55° and φ = 90° in the laboratory coordinate frame xyz (see Fig 1 

and inset). For this field orientation the two sets of four groups of lines having 

different intensities are attributed to mononuclear defect M1 and M2. Down 

(red) and up (blue) arrows and triangles indicate the centers of the copper 

hyperfine groups of these sites. The peak at B0 ~ 269 mT was not identified. 35 

Variation of the Spectra with Field Orientation at 4.7, 50 and 

293 K 

Spectra recorded at 5° intervals of B0 along 180°, in the 

laboratory planes xy, xz and zy, at 4.7 K and 9.26 GHz are 

similar to those in Figs. 4a and 5, showing hyperfine coupling 40 

with the copper nuclei and, at some orientations, with two N  

ligands. The centers of the more intense set of lines M1 are 

calculated in the three planes and shown in Figs. 6a,b,c, in 

which the barycenters of the sets for each field orientation  

(dashed lines) are used to obtain the g-values, while the 45 

average splitting <∆Hhyp> between peaks of the groups are 

related to the copper hyperfine coupling, A = gµB<∆Hhyp> of 

M1.
25,47,48 The values of g2 and of g2A2 calculated for M1 from 

the results in Figs. 6a,b,c are displayed in Figs. 7a,b. For some 

orientations of B0, mainly in the planes zy and zx, we also 50 

obtained (Figs. S4a,b,c†) the variation with orientation of B0 of 

the group M2 shown in Fig. 5. The corresponding angular 

variations of g2 and g2A2 of M2 (Fig. S5a,b†) are less accurate 

than those in Figs. 6 and 7 for M1. The position of the single 

resonance with no binuclear or hyperfine structure observed at 55 

T = 50 K and 293 K (Fig. 4g) was calculated for all field 

orientations, 

B0 = B0h =B0(sinθ cosφ, sinθ sinφ, cosθ (1) 

by least-squares fits of the observed spectra to Lorentzian 

derivative line shapes. Figs. 8a,b,c display the corresponding 60 

squared g-factor g2(θ,φ) at 33.9 GHz and T = 293K, a), at 9.8 

GHz and T = 293 K, b), and at 9.26 and T = 50 K, c), in the 

three planes of the system xyz. 

Half Field Contribution to the Spectrum 

An important component of the EPR spectra of binuclear units 65 

is the (forbidden) transition between the components M = ±1 of 

the triplet state.25 This transition has been used as one 

fingerprint of the binuclear behavior for units with spins ½ and 

allows to calculate the value of D and the distance between 

Page 6 of 13Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Dalton Transactions ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Dal ton Trans. ,  2014, 00 ,  1-3 |  7 

spins from powder and single crystal data.28,29 Evaluating the 

interspin distance is not a relevant issue when the structure is  

 
Fig 6  Angular variation of the field positions of the barycenters of the group of 

resonances M1 at T = 4.7 K and 9.26 GHz, for B0 applied in the xy, zx and zy 5 

laboratory planes. Colored dashed lines in a), b) and c) display the average field 

of the four hyperfine components. The dotted vertical line in a) indicates the 

field orientation where the data in Figures 4 were obtained. The dotted line in c) 

is the orientation where the spectrum in Fig 5 was obtained. 

determined, but other previously unknown results arised from a 10 

study of the half field resonance in 1. Fig. 9 displays the EPR 

spectrum of 1 observed between 100 and 400 mT at 12 K at 70° 

with the x-axis in the xy plane. This orientation (indicated with 

an arrow in Fig. 8c). This orientation was chosen because the g- 

and hyperfine factors are smallest, and consequently is the 15 

hyperfine splitting. The inset displays with a vertical 

amplification ×1000 the signal observed around 160 mT. Fig. 9 

indicates that the ratio of the areas of the large peak observed 

around g =2, to the small half field peak is ~1000. For higher 

accuracy, the signal was double integrated to determine the area 20 

and the result is identical within an uncertainty of ~20% arising 

from the baseline (Fig. S6).† The T dependence of of the 

intensity of the half field peak was studied up to 30 K and is 

similar to that of the main peak, but the uncertainty is much 

larger (Fig. S7).†  25 

Analysis of the EPR Data 

We analyse here the spectra of the two kinds of spin systems 

contributing in different T ranges. In addition, when increasing 

T, the defects interact with the binuclear units and the binuclear 

units between themselves, each interaction producing 30 

characteristic effects in the spectra. 

 
Fig 7  Values of g2 and g2

A
2 at 4.7 K calculated for site M1 from the data in Figure 

6. The solid lines are calculated with the components of the g2
 and g2

A
2 

matrices given in Table 5. 35 

The Bulk Binuclear Material 

The energy levels of a binuclear unit u (Fig. 2) are described by 

the spin Hamiltonian:25 

Hu = –J0 SCu1
.SCu2

 + SCu1
.D.SCu2 

+ Σj {µBB0
.gCuj

.SCuj + 

ICuj
.ACuj

.SCuj} + Σj{IN1j
.AN1j

.SCuj+ IN2j
.AN2j

.SCuj} (2) 40 

where  µB is the Bohr magneton, SCuj
 (j = 1, 2) are the effective 

spins of the two copper ions (S = ½) and their g-matrices 

define the Zeeman contribution. The isotropic binuclear 

exchange coupling Hex = -J0 SCu1
.SCu2

 (AFM for J0 < 0) 

displaces the triplet state above the ground singlet state by an 45 

amount ∆E = |J0|. The traceless spin-spin interaction matrix D 

considers anisotropic spin-spin couplings (dipole-dipole or 

anisotropic exchange), splitting the triplet state. ICuj, IN1j and 

IN2j are the nuclear spins of Cu and their N ligands, and ACuj, 

AN1j and AN2j the corresponding hyperfine matrices.25,45 The 50 

EPR behaviour expected from eqn 2 is similar to that for an 

effective spin S = 1, with two allowed transitions, Sz = ±1 ↔ 
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0.25 The matrices g and D could be evaluated from the angular 

variation of the positions of these peaks. The hyperfine 

couplings with each nuclear spin I split these transitions in 2I+1 

 
Fig 8  Angular variation of g2(θ,ϕ) at a) 33.8 GHz and 293 K, b) 9.8 GHz and 293 K, 5 

and c) 9.26 GHz, and 50K, for B0 applied in the xy, zx and zy crystal planes. The 

solid lines are calculated with the components of the g2
-matrices given in Table 

6. The arrow line in c) indicates the field orientation where the data in Figures 9 

were obtained 

components, and their variation with the orientation of B0 10 

allows evaluating the A matrices.25 The binuclear character of a 

spin system alson produces a peculiar hyperfine structure when 

each electronic spin interacts with its own (Cu) nucleus.24,25,45 

The number of components depends of the total nuclear spin 
Cu1I + Cu2I, whose values may be 3, 2, 1 or 0, resulting in the 15 

seven observed peaks with relative intensities 1:2:3:4:3:2:1 and 

half the hyperfine parameter A of the copper ion.24,45,49 EPR 

spectra of a binuclear material have four main characteristics: 

(i) a T dependence of the intensity of the signals following the 

so called Bleaney and Bowers equation,24,25,45 arising from the 20 

splitting |J0| between singlet and triplet states; (ii) a pattern of 

the hyperfine structure such as the one described above for the 

case of two coupled Cu spins, (iii) a “fine structure” arising 

from the anisotropic spin-spin interaction, D term in eqn 2, that 

splits the electronic signal into two peaks (for S = 1/2 spins), 25 

and (iv) a forbidden transition ±1↔m1 within the triplet state at 

half field of the main transitions, arising from admixtures 

produced by the D-term. Our EPR results above ~10 K clearly 

show the binuclear characteristics (i) and (ii), and (iv) but fail to 

show (iii). 30 

 
Fig 9  EPR spectrum of 1 observed with B0 oriented in the xy plane at 70° of the x 

axis. The inset displays with a vertical amplification of 1000 the signal observed 

around 160 mT. 

The Mononuclear Species 35 

The EPR signals below T = 10 K display hyperfine couplings 

and are assigned to traces of two types of crystal defects Mj (j = 

1, 2) containing mononuclear copper, whose intensities grow as 

1/T with decreasing T. The spin Hamiltonian of each of these 

defects should consider one copper spin SMj
 and the 40 

corresponding nuclear spins, thus, 

Hm(j) = µBB0
.gMj

.SMj + ICuj
.AMj

.SMj
+ 

IN1j
.AN1j

.SMj + IN2j
.AN2j

.SMj
 , j = 1, 2  (3) 

The results in Figs. 6 and 7a,b allow calculating the matrices 

gM1 and AM1 of the mononuclear species M1, and the 45 

eigenvalues and eigenvectors given in Table 5. The solid lines 

calculated with these values, are in good agreement with the 

experimental values for M1. The information in Figs. S4† and 

S5a,b† for M2 allow estimating the eigenvalues and 

eigenvectors of gM2
 and AM2

 (Table S1†), although with an 50 

uncertainty greater than for site M1. The eigenvalues of the 

matrices gM1, gM2
, AM1 and AM2

 are typical for CuII in 

tetragonal configurations of ligands. In addition, the axial 

eigenvectors g3 and A3 of M1 are nearly equal, as expected.25,45  

Table 5  Eigenvalues and eigenvectors of the gM1 and AM1 matrices 55 

of mononuclear site M1, calculated from the EPR results at 4.7 K in 
Figure 7. 

 Eigenvalues  Eigenvectors 

g1 2.068(1) −0.3(5) −0.8(5) 0.5(5) 
g2 2.069(5) 0.8(5) 0.0(5) 0.6(5) 
g3 2.298(1) −0.557(3) 0.556(2) 0.618(1) 
     
A1  1(1) 10-4 cm-1 −0.50(5) 0.39(5) −0.76(1) 
A2 25(1) 10-4 cm-1 0.66(3) 0.73(3) -0.06(5) 
A3 181(1) 10-4 cm-1 −0.542(1) 0.546(1) 0.638(1) 
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They form an angle of ~4° with the molecular axial directions 

(normal to the tetragonal plane) of Cu1 in the structure. The 

angle between the axial eigenvector of gM2
 and AM2

 with the 

normal to the best plane through the N1B, N2B, O7 and O1 

around Cu2 is 24°. The result for site M1 suggests that it 5 

corresponds to units where Cu2 is lacking, and where the 

molecular distortion of the Cu1 environment is low. We 

extrapolate and propose that the less abundant mononuclear site 

M2 corresponds to binuclear units in which Cu1 is lacking, even 

though this angle (determined with a much smaller accuracy) is 10 

large. The results of these comparisons are displayed in Figs. 

10a,b where we show the binuclear molecule, distinguishing 

sites M1, (a), and M2, (b), and indicating the direction of the 

axial eigenvectors of the g-matrices in each case. A higher 

distortion of site M2 is compatible with the strong constraint 15 

imposed by the pyrophosphate bond. Expectedly, charge 

compensation processes should occur in these sites but they 

involve non paramagnetic atoms, invisible for EPR. The g and 

A matrices of the defects M1 and M2 are characteristic of CuII 

ions with ground d(x2
-y2) orbitals.25,45,50 As explained before, 20 

isotopically enriched single crystals of 1 are expensive to 

prepare but, since the bulk dinuclear material is not magnetic at 

low T, ENDOR experiments in powder samples (using field 

selection properties51–53) may be more convenient to obtain a 

better structural description. Traces of crystal defects or 25 

impurities behaving as paramagnetic S = ½ mononuclear 

entities in binuclear copper compounds are well known in 

magnetic and EPR measurements,26,27,30,54,55 but, to our 

knowledge, this is the first study describing their structures. 

Their susceptibility and the intensity of the EPR spectra follow 30 

a 1/T Curie-Weiss temperature dependence, and the 

contribution of these traces are relevant at low T when they are 

magnetically isolated from the AFM bulk material which is 

frozen in the singlet state. Zvyagin et al.30 studied by EPR 

single crystals of the binuclear AFM cyclosilicate BaCuSi2O6 35 

observing a fine structure (D-term) and, below 7 K, the typical 

hyperfine pattern of mononuclear CuII.  

 
Fig 10  Comparison of the axial directions of the g matrices of mononuclear 

defect sites M1 (a) and M2 (b) with the structural information for Cu1 and Cu2. 40 

The Exchange 

The singlet-triplet splitting |J0| introduced by the exchange 

interaction produces a T dependence of the intensity of the 

signal, which for AFM units disappears when kBT << |J0| and 

the triplet state is unpopulated.24,25,45 This variation was 45 

analysed plotting in Fig. 11 T times the ratio R(T) between the 

integrated areas of the signals attributed to the sample and that 

of the paramagnetic CrIII:MgO marker in the range 4.7 K < T < 

50 K, considering the spectra in Figs. 4 and S1†. The 

corresponding Bleaney-Bowers equation24,27,31,54 for the 50 

susceptibility of binuclear units normalized to 1 for T→∞, is:  

)/exp(3

4
)(

B0 TkJ
TRT

−+
∝×   (4) 

Fitting eq 4 to the results in Fig. 11 we obtain J0 = -28(3) cm-1. 

This procedure avoids difficult absolute measurements of 

resonance intensities needed to consider changes with T of the 55 

experimental setup. 

 
Fig 11  Temperature variation of T times the ratio R(T) between the integrated 

areas of the signals corresponding to the copper dinuclear unit and the CrIII 

marker given in Fig 4 (symbols). The solid line is the best fit of the equation of 60 

Bleaney and Bowers (eqn 4) to the data. 

Results at High Temperatures 

The EPR spectra at 50 K (Fig. 4) and the angular variation of 

the g-factor shown in Figs. 8a,b,c at 50 and 293 K are 

described by an effective spin S = ½ with no D-term or 65 

hyperfine couplings: 

H1 = µB S.g.B0   (5) 

resulting from the merging of the fine and hyperfine 

structures.56 The observed positions of the single resonance in 

the three studied planes allow to obtain48 g2(θ,ϕ) (Figs. 8a,b,c), 70 

and calculate the components and the eigenvalues of the g2
-

matrices given in Table 6. The solid lines in Figs. 8a,b,c mark 

the values obtained with these matrices. According to the 

crystallographic results, the matrices gCu1 and gCu2
 of the CuII 

ions in the binuclear unit defined in eqn 2 should be differently 75 

oriented. However, the single line observed for T ≥ 50 K 

indicates that the resonances of the two coppers collapse due to 

the intrabinuclear exchange interaction, and gCu1
 and gCu2

 are 

replaced by their average g = (gCu1
+gCu2

)/2 of eq 5.49,56–59 No 
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information about the individual g matrices in the binuclear unit 

can be obtained. 

Couplings Between Binuclear Units 

Changes with T of the spectra may be produced by exchange 

interactions between spins in neighbour units u and u’: 5 

H = Hu +Hu,u’   (6) 

where Hu is given by eqn 2 and the Hu,u’ are coupling terms. 

Each binuclear unit sees a different environment, and Hu,u’ has 

a time dependent distribution of values, consequence of the spin 

dynamics. Anderson and Weiss57 and others58,60,61 showed that 10 

a distribution of time dependent exchange couplings may 

average out the structure of magnetic resonance lines due to 

dipolar, fine and hyperfine couplings, and these ideas have been 

used to estimate the magnitude of small exchange interactions 

from EPR data.26,27,31,56 The case of interacting binuclear units 15 

is particularly attractive because for T << |J0/kB|, when the 

triplet state is unpopulated and the units are frozen in the  

Table 6  Components and eigenvalues of the g2 matrices at 50 and 
293 K calculated from the EPR data in Figs 8a,b,c and the 

corresponding eigenvalues at different microwave frequencies (ν) 20 

and temperatures (T). 

ν  
T 

33.4 GHz 
293K 

9.8 GHz 
293K 

9.4 GHz 
50 K 

(g2)xx 4.816(1) 4.811(3) 4.875(1) 
(g2)yy 4.604(1) 4.603(3) 4.598(1) 
(g2)zz 4.399(1) 4.445(3) 4.378(1) 
(g2)xz -0.291(1) -0.279(4) -0.278(1) 
(g2)zx -0.116(1) -0.173(4) -0.107(1) 
(g2)zy 0.112(1) 0.146(4) 0.090(1) 
    
(g2)1 4.349(1) 4.357(2) 4.345(1) 
(g2)2 4.412(1) 4.416(3) 4.430(1) 
(g2)3 5.059(1) 5.085(2) 5.075(1) 

 

ground singlet these are non-magnetic. As displayed in Fig. 12 

the population of the triplet state increases as the temperature 

increases, triggering the interaction Hu,u’ and making the 

singlet-triplet excitations mobile, as described by the so-called 25 

triplet excitations or triplons analysed by their effect in 

magnetic resonance,22,27,49 and other perspectives.21,23 The 

population of the triplet state in compound 1 allows observing 

the typical binuclear hyperfine structure at ~10 K (Figs. 4d and 

S3); at larger T (Fig. 4e), the number of triplet excitations 30 

increases, broadening the spatial dispersion of the triplet state, 

and averaging out this structure. In compound 1 anisotropic  

exchange and dipole-dipole interactions (D term in eqn 2) may 

be estimated obtaining a value |D| ~ 0.022 cm-1. The observed 

lack of fine structure at any T is attributed to interbinuclear 35 

exchange coupling terms,26,27 that average out the spin-spin 

terms and allow estimating a lower limit |J1| > 0.022 cm-1 for 

the rms exchange interaction between coppers in neighbour 

units.62 

The Half Field Resonance 40 

Even when the structure of the spectrum expected for the 

binuclear unit of 1 does not show a splitting due to the 

anisotropic spin-spin interaction D, it displays a half field 

resonance attributed to the same interaction.25 We have a 

simple explanation to this previously unexplored problem: the 45 

splitting of the depends linearly with the D parameter25 while 

the intensity of the half field transition is proportional to D2.28,29 

Thus, the modulation of the spin-spin interaction introduced by 

the exchange coupling between units averages to zero the 

splitting but does not destroy the forbidden transition. In an 50 

important contribution Eaton et al.28 showed in 1983 that the 

forbidden resonance observed at half field allows to calculate 

the magnitude of the anisotropic spin-spin coupling D and the 

distance between spins in the dinuclear unit. Considering the 

ratio R = 1/1000 between the areas of the forbidden and the 55 

allowed peaks, we estimate28,29 D ~ 0.022 cm-1, in close 

agreement with the value estimated using the point dipolar 

approximation. This result sets a lower limit |J1| ≥ D to the 

interaction between copper ions in neighbor dinuclear units, 

that averages out the structure introduced by the D term. 60 

 
Fig 12  Populations of the singlet and triplet level of the binuclear unit as a 

function of temperature. The figure emphasizes the behaviour of the EPR 

spectrum arising from these populations. Temperature regions a), b) and c) are 

described in the text. 65 

Discussion and Conclusions 

The EPR signals of binuclear [Cu2(bpa)2(P2O7)(H2O)2].2.5H2O, 

1, observed between ~4.7 and 8 K (range (a) in Fig. 12), are 

attributed to traces of two species of mononuclear defects M1 

and M2 with S = ½, each having one CuII ion, with signal 70 

intensities increasing with decreasing T, and two N ligands, as 

for Cu1 and Cu2 in the structure of 1. Comparing the principal 

directions of the g and A matrices with the molecular directions 

of Cu1 and Cu2 (Figs. 10a,b) the agreement is good for site M1, 

and only acceptable for site M2 if one considers the 75 

uncertainties of their g and A matrices and a large site distortion 

for M2. Crystal defects may originate during the crystallization 

of 1 from a solution expected to have a variety of other CuII 

pyrophosphate species containing bpa. Our measurements show 
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that the quantity and properties of the defects do not change 

qualitatively or quantitatively with the cycling of T. No 

structural transitions are shown by the EPR results. 

The complex T dependence of the spectra above 8 K is 

consequence of the interplay between the AFM binuclear 5 

exchange interaction J0 and a much smaller exchange 

interaction J1 coupling neighbouring units, offering information 

about the magnetic behaviour of 1. In range (b) of Fig. 12 

between 8 K and 18 K, when the population of the triplet state 

is small but rapidly increasing, and triplet excitations travel 10 

freely in the material, one observes a binuclear behaviour 

characterized by the hyperfine structure and the T variation of 

the signal intensity, attributed to weakly interacting binuclear 

units. Hyperfine coupling with the two copper nuclei in the 

units shows up above ~8 K and collapses at ~14 K. Above 18 K 15 

(range (c)) the hyperfine structure is destroyed by the increase 

of magnetic excitations and the delocalization of the triplet 

states, indicating that the excitations produce a spin dynamics 

faster than the characteristic times related to the hyperfine 

coupling. The intensity of the signal (a static equilibrium 20 

property) follows the Bleaney and Bowers equation for the 

binuclear susceptibility, consequence of the singlet-triplet 

splitting |J0|. The high T behaviour is attributed to a 3D array of 

coupled interacting binuclear units and the single line observed 

in the range (c) of Fig. 12 results from averaging out the 25 

differences in the g-factors of Cu1 and Cu2, and merging the 

hyperfine structures with the nuclei of Cu and N, and the fine 

structure term D. 

The exchange coupling J0 = -28(3) cm-1 calculated from the T 

variation of the signal intensity of 1 is one order of magnitude 30 

larger than those estimated for the four binuclear copper 

compounds bridged by protonated pyrophosphates,19 indicating 

a more effective exchange path between Cu1 and Cu2 (Cu1-

O2-P1-O1-Cu2  and Cu1-O6-P2-O7-Cu2) for the structure 

described in Fig. 2. A similar value, J0 = -20 cm-1, was 35 

obtained from susceptibility measurements for the compound 

[Cu(bipy)H2O]2P2O7.7H2O studied by Kruger et al.,5 with a 

very similar CuII pyrophosphate-bridged core. Experiments and 

DFT calculations, have shown however, that several other 

factors such as exact bridging angles, orbitals involved, 40 

pyrophosphate protonation and hydration, play a role in 

mediating magnetic interactions between CuII ions.18,63,64 Our 

results add more evidence of the relevant effects of all such 

factors. 
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