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ABSTRACT 

A complete First-Principles Bottom-Up computational study of the magnetic properties of 

[Cu(pz)2](ClO4)2 is presented. A remarkable agreement is observed in the whole range of 

temperatures between simulated and experimental magnetic susceptibility data. Interestingly, 

the simulated heat capacity values show an anomaly close to the Néel temperature of 4.21 K 

associated with a transition from a 2D antiferromagnet to a 3D ordered state. The 

antiferromagnetic behavior of [Cu(pz)2](ClO4)2 is due to a 2D magnetic topology owing to 

two antiferromagnetic JAB interactions through pyrazine ligands. Although presenting a very 

similar molecular arrangement, the numerical values of the two magnetically significant JAB 

couplings differ by 25% (−10.2 vs. −7.3 cm-1). This difference is found it can be ascribed to 

three main contributions: (i) the central pyrazine ring shearing-like distorsion, (ii) the effect of 

the orientation of the perchlorate counterions, and (iii) a hitherto skeleton-counterion 

cooperation arising from different hydrogen bonding contribution in the two most significant 

JAB couplings. The impact of the orientation of the perchlorate counterions is disclosed by 

comparison to JAB studies using structurally similar ligands but with different electronegativity 

(namely BF4
−, BCl4

−, and BBr4
−). Pyrazine ligands and perchlorate counterions prove to be 

non-innocent .  
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INTRODUCTION 

Much work has been devoted for decades to the design and synthesis of materials with 

low magnetic dimensionality, especially since the discovery that copper-based high Tc 

superconductors are well-isolated 2D-Heisenberg antiferromagnets (AFM). Within the 

framework of 2D AFM, previous studies upon copper pyrazine compounds have revealed their 

ability to form chains1 and layered structures.2 Therefore, copper pyrazine based complexes 

have become excellent candidates to obtain 2D AFM topologies. 

Several mathematical models3 have been used extensively to fit the available 

experimental magnetic data (e.g. magnetic susceptibility χ(T)), and ultimately predict the 

magnetic topology of these materials. However, the lack of proper analytical fitting 

expressions to describe some 2D topologies and the fact that different models can produce 

similarly-shaped χ(T) curves make it necessary to resort to other methodologies.4 Among 

them, we would like to highlight the exhaustive evaluation of the magnetic properties through 

theoretical simulations, without a priori magnetic topology assumptions. Specifically, our 

research is conducted according to a First-Principles Bottom-Up approach,5 which has been 

demonstrated to be reliable at interpreting and rationalizing the magnetic properties of both 

organic and metal-based molecular magnetic systems. 6, 7, 8, 9 

We have shown that theoretical studies can help in interpreting the magnetism in several 

copper-based prototype complexes with magnetic topologies ranging from spin-ladders to 3D 

magnets.6 In fact, recently, two copper pyrazine antiferromagnets have been the subject of our 

research, namely, (pyrazine)dinitratocopper(II),7 Cu(pz)(NO3)2, and bis(2,3-dimethyl 

pyrazine)dihalocopper(II),8 Cu(2,3-dmpz)2X2 where X=Cl, Br. Note that in both molecule-

based magnets all ligands and counterions are closed-shell species. The first system was 

supposed to be a prototype of 1D isolated AFM chains until it was discovered that it 

underwent transition to 3D long-range order at 0.107K, facts that were theoretically 

rationalized.7 The latter was found to be a strong-rung (through halide) ladder, and a 

comparative study was performed to unravel why J(Cu···X2···Cu) magnetic exchange was 

similar irrespective of X being Cl or Br, unlike J(Cu···pz···Cu) which was halogen dependent.8 

After studying these two low-dimensional AFMs theoretically, the logical step ahead is thus to 

choose a potential 2D Heisenberg AFM. As stated in the literature,10 bis(pyrazine) 

diperchloratocopper(II) [Cu(pz)2](ClO4)2 (1)2d is a good candidate to explore lattice and 
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exchange anisotropies as well as field-induced anisotropy. Besides, muon spin-relaxation 

(µ−SR+) measurements have revealed that [Cu(pz)2](ClO4)2 undergoes a transition from a 2D 

antiferromagnet to a 3D ordered state at 4.21 K.11 Therefore, [Cu(pz)2](ClO4)2 (1)2d has been 

selected as a new challenge not only for an in-depth First-Principles Bottom-Up study of its 

experimental magnetic properties (magnetic susceptibility and heat capacity) but also for 

exploring the origin of the 2D AFM to 3D ordered state transition. 

[Cu(pz)2](ClO4)2 radicals are formed by copper (II) cations coordinated to four pyrazine 

(pz) molecules and two perchlorate anions, which are arranged in a tetragonally elongated 

octahedron coordination2d,12 (see Figure 1a; note that the perchlorate anions lie on the 

elongated Jahn-Teller axis). Each pyrazine molecule bridges two Cu(II) ions. Experimentally, 

perchlorate ions, ClO4
-, are supposed to be non-coordinating or poorly coordinating anions.2d 

The [Cu(pz)2](ClO4)2 unit has a doublet ground state due to the fact that copper (II) has one 

unpaired electron while pyrazine and perchlorate are closed-shell species. In order to confirm 

the 2D magnetic topology proposed experimentally for this system, a First-Principles Bottom-

Up study of 1 is carried out to evaluate the JAB magnetic couplings present in the crystal and 

reproduce the experimental magnetic data. In addition, the role of the pyrazine ligands and 

perchlorate counterions is fully addressed. The study is done for two crystal structures of the 

same polymorph at two temperatures (10K and 163K) in order to also test the impact of 

thermal expansion on the magnetic properties of this crystal. 

 

(a) (b) (c) 

   

Figure 1: (a) Geometry and (b) spin density of [Cu(pz)2](ClO4)2 radical (color code: Cu=light blue, 
Cl=purple, O=red, N=blue, C=green, H=grey). (c) Representation of the radical SOMO at 0.02 a.u. 
cutoff value. 
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Table 1. Crystal data and structure refinement for deuterated 1 at 10 K and 163 K, which are denoted as 
1-10K and 1-163K, respectively.   

 1-10K 1-163K2d 
Empirical formula: C8D8N4O8Cl2Cu C8D8N4O8Cl2Cu 
Formula weight 430.67 430.67 
Radiation Neutron 1.79803(2) Å X-Ray, λ = 0.71073 
Crystal system  Monoclinic Monoclinic 
Crystal habit Blue powder Blue plate 
Space group C2/c C2/c 
Unit cell dimensions: 
 

  
a (Å) 13.8147(48) 14.072(5) 
b (Å)   9.7108(33)   9.786(3) 
c (Å)       9.7686(33)   9.781(3) 
β (°) 97.3488(40) 96.458(4) 

Z 4 4 
Size(mm) powder  0.4 x 0.2 x 0.02 
   Data collection:   
Temperature (K) 10(1) 163(2)  
Reflections collected 817 8026 (1379 unique) 
θ range (°) 4 – 70 2.55 – 26.52 
Range h, k, l 0 ≤ h ≤ 14 -17 ≤ h ≤ 17 
 0 ≤ k ≤ 10 -11 ≤ k ≤ 12 
 0 ≤  l ≤ 10 -12 ≤  l ≤ 11 
   Refinement:  
 
 

  
Data/rest./para. 817/0/71 1379/0/85 
Rietveld R-factors  R1 = 0.0351 (I>2σ) 

Rp 4.23 % R1 = 0.0347 (all data) 
Rwp  5.58 % 

 
 

Rexp 1.28 %   
 

EXPERIMENTAL DETAILS  

1. Synthesis: 

Cu(d4-pyrazine)2(ClO4)2 was synthesized, according to the published procedure,2d by 

dissolving d4-pyrazine and Cu(ClO4)2 hexahydrate in a 2:1 ratio in D2O and placing the 

resulting solution in a desiccator. Over the course of a week, the blue crystalline product, 

Cu(d4-pyrazine)2(ClO4)2, appeared. It was isolated by vacuum filtration, washed with cold 

D2O and allowed to air dry, giving 74% yield. Powder X-ray diffraction verified that the 

deuterated material was isomorphous with the protonated material. Based upon refinement, the 

material was ~95% deuterated. 
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2. Neutron Diffraction Data Collection: 

Neutron diffraction at 10 K was carried out at the BER-II reactor of the Helmholtz-Zentrum 

Berlin using the fine-resolution powder diffractometer E9. The neutron wavelength provided 

by the Ge monochromator was 1.7980 Å. The sample was encapsulated in a vanadium can and 

cooled in a 4He-flow cryostat. Rietveld analysis of the diffraction data was carried out using 

the WinPLOTR/Fullprof package.13 The diffraction data showed that the sample was a single 

phase. The refinement indicated a degree of deuteration of 93%. The structural parameters 

observed at 10 K, relevant for the present study, are listed in Table 1. The cif file is available 

free of charge at http://www.ccdc.cam.ac.uk/products/csd/request/request.php4 (CCDC-

896598). The 163 K crystal structure of 1 (CCDC-203407) was reported previously.2d  

 

COMPUTATIONAL DETAILS 

The First-Principles Bottom-Up work strategy5 allows the computation of the 

macroscopic magnetic properties of a molecule-based crystalline material from only the 

knowledge of the experimental crystal structure. No assumptions are made concerning the sign 

or size of the radical pair magnetic interactions within the crystal. It is a four-step procedure 

described as follows.  

One must first analyze the crystal packing in order to identify all unique radical···radical 

pairs that are likely to be magnetically active, irrespective of being through-bond or through-

space magnetic interactions. Then, in a second step, one must proceed to calculate the 

radical···radical magnetic interactions (JAB) for all unique pairs previously identified. The JAB 

interactions in crystals of 1 formally originate in the Cu(II) ions. However, although Cu(II) 

ions formally hold one unpaired electron, calculation of the spin density carried out for the 

[Cu(pz)4](ClO4)2 radical shows that the spin density spreads over the adjacent pyrazine rings 

(mostly on its nitrogen atoms) as well as over the Cu(II) ion (see Figure 1b). This is also true 

for the SOMO, which delocalizes mainly over the nitrogen atoms of the adjacent pyrazine 

rings (note the antibonding nature of the SOMO of  character in Figure 1c and 

Supporting Information S1).  In order to reproduce properly the electronic structure of the 

interacting electrons, each Cu(II) radical is coordinated to four pyrazine ligands and two ClO4
− 

counterions at their crystal geometry. The resulting [Cu(II)(pz)4](ClO4)2 radical unit is a 

doublet and has zero net charge. Since the Heisenberg Hamiltonian used for the calculation of 
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JAB exchange couplings is the isotropic Hamiltonian Ĥ = −2 JABŜA ·ŜB∑  (1), the exchange 

anisotropy (XY vs. Heisenberg) will not be evaluated. According to the Hamiltonian (1), the 

value of JAB for each AB pair is computed as the energy difference between the open-shell 

singlet S and triplet T states, ΔES˗T = ES - ET = 2JAB . The Broken Symmetry, BS, approach14 

was used to properly describe the open-shell singlet state. Since the overlap between magnetic 

orbitals is small, ΔES-T = 2(EBS - ET) = 2JAB .15 All energy evaluations were performed using 

the B3LYP functional.16,17 All SCF energy convergences have been set up at 10-7 au., allowing 

an accuracy of 0.04 cm-1 in the evaluation of the magnetic exchange JAB values within the 

UB3LYP framework. The effect of the basis set is discussed in the Supporting Information, 

section S2. In view of the results analyzed therein, a TZVP basis set18 was selected. Atomic 

charges, when required, were computed according to the Merz-Singh-Kollman (MSK) 

scheme.19 All calculations were performed using the Gaussian0920 package. 

Previous experience21 prompted us to employ a crystal structure determined at the 

lowest possible temperature, thus minimizing possible anisotropic thermal effects of the 

crystal packing in the computed JAB. In order to test the relevance of thermal anisotropic 

effects for [Cu(pz)2](ClO4)2 1, the First-Principles Bottom-Up procedure has been applied to 

the already published 163 K2d and to the newly reported 10K crystal structures (referred to as 

1-10K and 1-163K, respectively, throughout the paper), since those are the only available 

crystal structures. 

In the third step, the magnetic topology is straightforwardly defined by the network of 

non-negligible JAB interactions. The lattice anisotropy, i.e. magnetic dimensionality, is thus 

addressed. Then, upon analysis of the magnetic topology, the minimal magnetic model can be 

chosen. This model should include all significant JAB magnetic interactions in a ratio as close 

as possible to that found in the infinite crystal, and whose propagation along the 

crystallographic axes reproduces the magnetic topology of the infinite crystal.  

Finally, in the fourth and last step, the computation of the macroscopic magnetic 

properties (magnetic susceptibility, heat capacity, magnetization, etc.) is performed using 

statistical mechanics expressions.22 Based on a regionally reduced density matrix approach,5 

the matrix representation of the Heisenberg Hamiltonian is built and fully diagonalized using 

the space of spin functions of the selected minimal magnetic model as a basis set. The 

resulting energy and spin multiplicity of all possible magnetic states are then used in the 

appropriate statistical mechanics expression22 to obtain the macroscopic magnetic properties 
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of 1, in this instance χ(T) and Cp(T). In our derivation of χ(T), for simplicity the magnetic 

field is taken to be parallel to the easy axis of alignment (if any) ( ). Accordingly, it 

allows us to compute the magnetic susceptibility parallel to the easy axis (χ║; hereafter χ(T)). 

In the case of [Cu(II)(pz)4](ClO4)2, a g-factor of 2.07 (derived from the fitting of the 

experimental parallel magnetic susceptibility data)10 was used for the simulation of the 

magnetic susceptibility as a function of temperature (see Supporting Information S3 for 

discussion on magnetic susceptibility data from powder or single crystal samples). Let us 

remark that contrary to other approaches, our First-Principles Bottom-Up work strategy does 

not use periodic boundary conditions but a regionally reduced density matrix approach, which 

in turn is inspired by the real-space renormalization group RSRG with effective interactions 

approach.23 Therefore, within the framework of effective Hamiltonian theory, instead of 

working with the Hamiltonian of the infinite crystal space, we use its projection onto a 

subspace of the magnetic topology. 

 

RESULTS and DISCUSSION  

1. First-Principles Bottom-Up analysis of the magnetism of [Cu(pz)2](ClO4)2 (1). 

The analysis of the 10K-crystal structure of 1 yielded seven unique radical dimers within 

a Cu···Cu cut-off distance of 10Å, ranging from 6.876Å to 9.769Å and including intra- and 

inter-layer pairs (see Table 2 and Supporting Information S4). Note that, for a given radical, 

the radical pairs include all its nearest- and next-nearest neighbors. After computation of open-

shell singlet and triplet energies, only four non-negligible24 J(di) values were found (Table 2). 

Dimers d1 and d2 are responsible for most of the magnetic exchange with JAB values of −10.2 

cm-1 and −7.3 cm-1, respectively. These dimers correspond to pairs of radicals that are 

connected through a pyrazine ring (Figure 2a-b) and arranged to form isolated magnetic bc-

layers. In contrast, dimers d3 and d4, with almost negligible JAB values (−0.3 cm-1), 

correspond to neighboring radicals that are not connected through a pyrazine ring but through-

space at a rather long Cu···Cu distance (> 9.7 Å). Interlayer dimers d5, d6 and d7 have no 

significant magnetic interactions despite being in the range of 7.9 to 9.0 Å, i.e. at a closer 

Cu···Cu distance than d3 and d4, indicating that the Cu···Cu distance by itself is not a good 

indicator of the potential JAB values between radicals. Instead, the magnetic topology is driven 

by the presence of pyrazine-mediated through-bond magnetic pathways for the dominant 
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magnetic interactions. Figure 2b shows the 2D magnetic building block of 1. The absence of 

significant magnetic interactions for these d5, d6 and d7 dimers is responsible for the 2D 

magnetic topology of 1. The lattice anisotropy is thus responsible for 1 being topologically a 

2D magnetic system with each Cu having two neighbors of type-1 (J1) and two neighbors of 

type-2 (J2) (see red and blue lines in Figure 2c, respectively). This is in agreement with the 

experimentally suggested magnetic pattern.2d, 11  

 
Table 2: Values of the Ji magnetic exchange interactions computed for the d1-d7 radical pairs of 1 
found in the crystal structures obtained at 10K and 163K.  

 10K 163K 

Dimer, di d(Cu···Cu) / Å Ji (cm-1) d(Cu···Cu) / Å Ji (cm-1) 

d1 6.898 −10.2 6.916 −9.0 
d2 6.876 −7.3 6.920 −8.7 
d3 9.711 −0.3 9.781 <|0.05| 
d4 9.769 −0.3 9.786 −0.13 
d5 7.933 <|0.05| 8.104 <|0.05| 
d6 8.443 <|0.05| 8.570 <|0.05| 
d7 8.955 <|0.05| 9.009 <|0.05| 

 

 
 (a) (b) (c) 

   

Figure 2: (a) Schematic representation of all possible non-symmetry related radical-pairs d1-d7 in 1. 
Note that d1-d4 give rise to bc-planes, which stack along the third direction (a-axis). Only copper 
atoms are shown.  (b) Overlap of crystal structure and representation of non-negligible J(d1)−J(d4), 
which correspond to the magnetic building block. (c) 2D magnetic model of 1. Blue dots represent Cu 
atoms of 1. J(d1), J(d2) and J(d3)&J(d4) magnetic exchange interactions are represented as red, blue 
and orange lines, respectively. 
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The same analysis was also performed using the 163K crystal structure and the results 

showed only minor changes compared to the 10K analyzed data: the magnetic topology is 

preserved and so is the nature of the magnetic interactions within the crystal. However, as 

shown in Table 2, the effect of the thermal expansion is clear: the Cu···Cu distance increases 

for each radical-pair as the temperature increases and the corresponding JAB value is thus 

affected. At 163K, dimers d1 and d2 have similar JAB values (−9.0 vs. −8.7 cm-1) in contrast 

with their analogues at 10K (−10.2 vs. −7.3 cm-1). This is an example of how the anisotropic 

contraction of a crystal can affect the magnetic interactions between spin-carrier units in a 

different way, enhancing or reducing its AFM character. Note that at 163K the decrease of the 

J3 and J4 diagonal terms (see Figure 2b) reduces the competing interactions towards the 

magnetically dominant J1 and J2 interactions, which define a quasi-isotropic 2D magnetic 

topology. It follows that these two similar JAB values (−9.0 vs. −8.7 cm-1) may explain why a 

square lattice model was fairly successful in experimentally modeling the magnetic 

susceptibility data of 1.2d   

It should also be pointed out that the elongation of the Jahn-Teller axis (a-axis) from 

13.825Å at 10K to 14.072Å at 163K does not imply changes in the magnetic topology of 

[Cu(pz)2](ClO4)2, since it consists of magnetic bc-layers which do not interact along the a-axis 

(irrespective of the temperature at which the crystal has been crystallographically 

characterized). Besides, in 1, pairs d1 and d2 are excellent examples (see Figure 4) of how 

unfeasible is to intend to relate the geometrical disposition of the radicals within the crystal 

and the magnitude of the JAB magnetic interactions. Our study reveals that the electronic 

structure changes that are not observed by simple inspection must be taken into account and 

that each system must be approached in a different way. It thus follows that the symmetry of 

the whole radical and its arrangement with radical neighboring molecules play a fundamental 

role in the coupling of such complexes. However, the nature of the magnetic interaction 

cannot always be predicted a priori since subtle contributions arise from the radicals taken as a 

whole, their counterions, and bridging ligands, not just from the 'formal' spin-carrying 

moieties. 

Using the JAB values calculated in the previous step and after analysis of the resulting 

magnetic topology for the 10K and 163K crystal structures, a magnetic model of 16 radical 

centers in the 2D plane (2D16s) (Figure 2c) was chosen to reproduce the experimental 

magnetic susceptibility χ(T) and heat capacity Cp(T) data,  within a regionally reduced density 
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(a) (b) 

  
Figure 3: Comparison between (a) experimental (black line) and computed (red and blue lines) parallel 
χ(T) curves and (b) experimental (black symbols) and computed (red and blue lines) Cp(T) data using 
the 2D16s magnetic model (pictured in Figure 2c) at 10 and 163 K, respectively. See also in (a) an 
inset for the low temperature region of the χ(T) curve. 

 

approach.5 The simulated χ(T) curves show its maximum at 19.5K with a value of 0.0074 

emu·mol-1. Meanwhile, the maximum in the experimental curve is located at 16.5K and 0.0082 

emu·mol-1. Thus, the agreement between simulated and experimental data is remarkable, 

considering that, alternatively to other methodologies, the JAB values are not fitted pursuing a 

perfect agreement with the experimental data. Besides, comparison between calculated and 

experimental χ(T) data indicates that, for the case of 1, the simulation of χ(T) using the crystal 

structure obtained at 10K does not offer notable improvement with respect to the χ(T) data 

computed using the crystal structure at 163K (see Figure 3a). Therefore, the magnetic χ(T) 

response is not significantly dependent upon the thermal lattice expansion of the crystal 

structure as temperature changes, even though the calculated exchange couplings vary slightly 

from 10 K to 163K. Let us clarify that the computed χ(T) curve of 1 behaves as the parallel 

component to the easy axis of χ(T) of a typical single crystal AFM with an abrupt decay 

towards zero as temperature decreases, which it is now compared to the experimental χ║(T) 

data obtained from single crystal sample.  

Regarding heat capacity, we will focus on the low temperature region since it will be 

most sensitive to magnetic dimensionality changes (see Figure 3b and Supporting Information 

S5). The calculated Cp(T) data using the 1-10K magnetic model initially rise more slowly than 

experiment at low temperature, as suggested in the literature.11 It then reaches its maximum 
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value at a slightly higher temperature: 14K in our simulations against an experimental 11.5K 

value. Muon spin-relaxation (µ-SR+) measurements have revealed that 1 undergoes a 

transition from a 2D AFM to a 3D ordered state at 4.21 K. The simulation of Cp(T) shows an 

anomaly ranging from 2.0 to 4.5 K, i.e., around the Néel temperature of 4.21 K. Our results 

also show that the calculated Cp(T) data in the low temperature region (0-10K) does not 

depend on the magnetic field and, thus, this anomaly is not an artifact of it (see Supporting 

Information S5). In order to confirm whether this anomaly could be seen as a signature of 

long-range order, crystallographic data below the transition temperature would be required to 

test if the magnetic topology becomes a set of 3D AFM layers with finite interlayer couplings 

(i.e. with d5-d7 radical pairs showing significant JAB values). 

 
 

  (a)      (b) 

 
 

Figure 4. Overlap of (a) lateral and (b) top views of radical pairs d1 (red) and d2 (blue) of 1. 

 

2. The role of pyrazine ligands and  counterions in JAB dominant magnetic interactions 

Now that the JAB values have successfully reproduced the experimental χ(T) and Cp(T) 

curves, we turn our attention to rationalizing the strength of the dominant magnetic couplings 

(J1 and J2). For years, research has been oriented to understand how the magnetic exchange 

through pyrazine can vary considerably –from roughly 0 to 15 K.25 Very interestingly, 

[Cu(pz)2](ClO4)2 1 is an example of significantly different JAB's within the same compound. 

Note that J1 and J2 correspond to through-bond interactions mediated by pyrazine rings 

(Figure 2a), whose value is notably different (25%) despite presenting an almost identical 

radical pair arrangement (see Figure 4). In the following, we address the numerical difference 

between J1 and J2 by evaluating the role of the copper−pyrazine skeleton (i.e. framework) and 
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the role of the perchlorate counterions. Henceforth, for the sake of clarity, the discussion will 

just concern the results for the 10K-crystal structure, hereafter 1.  

 
2.1 Pyrazine pz ligands 

First, calculations of JAB values using d1 and d2 radical pairs were performed without the 

perchlorate counterions to evaluate the contribution of the pyrazine−copper skeleton to the 

magnetism of [Cu(pz)2](ClO4)2 (for these sets of calculations, we consider the radicals as 

[Cu(pz)2]2+ units). The absence of the counterion affects the JAB values symmetrically: J1 

decreases its antiferromagnetic character from −10.2 cm-1 to −4.9 cm-1 while J2 diminishes 

from −7.3 cm-1 to −4.0 cm-1. It thus follows that the effect that can be attributed to the non-

symmetric nature of the Cu−pz frame contributes ±0.9 cm-1 to the exchange JAB couplings for 

this compound. The question now is to clarify this issue.  

In a first attempt to understand this effect, we performed JAB calculations as a function of 

the dihedral angle pictured in Figure 5a (see (pz)N···Cu···N-C(pz) in light yellow). From this 

set of calculations we concluded that, in the absence of counterions, the canting of the central 

pyrazine is not the origin of the different JAB values for d1 and d2 (see Supporting Information 

S6). Instead, the influence of the shearing-like distorsion of the central pyrazine ring must be 

studied since both Cu···Cu distances as well as Cu···N(pz) and (pz)N···N(pz) distances are 

slightly different in d1 and d2 (see Cu(orange)···Cu(orange), Cu(orange)··N(pz, blue) and (pz, 

blue)N···N(pz, blue) in Figure 5b).  

In order to quantify the relative change estimations in the pz ring, we will resort to the 

bond length alternation BLA parameter,26 which is widely used in non-linear optical materials. 

As for the pz ring, BLA will be defined as   ΔR = r1 - (r2 + r3) 2 .27 Table 3 shows these 

geometrical parameters for d1 and d2 and also how a slight variation of the distance (d1’) 

affects the associated JAB value. Large ΔR suggests larger shearing-like distortions of the pz 

ring. It thus follows that the pz ring in d1 is more asymetrically distorted than in d2. 

Accordingly, in (Cu-pz)-based magnets it appears that large shearing-like distortions are 

connected to larger AFM character. These calculations indicate that, in the absence of 

counterions, the very slight differences in the inter-atomic distances present in the Cu-N···N-

Cu magnetic pathway (see Figure 5b) are responsible for the different value of d1 and d2 

magnetic interactions in 1, irrespective of the canting of this central pyrazine. 
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(a) (b) 

 
 

Figure 5. (a) Dihedral angle (pz)N···Cu···N-C(pz) (highlighted in light yellow) chosen to measure the 
role of the canting of the central pyrazine ring to the Cu−pz frame contribution. (b) Schematic view of 
the Cu−pz−Cu magnetic pathway. The study of the distorsion of the central pyrazine ring includes 
distances between (orange)Cu···Cu(orange), (orange)Cu··N(pz, blue) and (pz, blue)N···N(pz, blue). For 
discussion purposes, the BLA parameter is defined as: . Hydrogen atoms have 
been removed for clarity and perchlorate counterions are not included in this set of calculations. Color 
code: C (gray), N (blue), Cu (orange). 

 

 

Table 3: Values of the JAB magnetic exchange interactions computed for the d1 and d2 radical pairs of 
1 found in the 10K crystal, and for the same radical pairs upon variation on the Cu···N(pz) and the 
(pz)N···N(pz) distances. All distances in Å and JAB values in cm-1. ΔR measures the bond-length 
alternation in the pyrazine ring as [ r1 - (r2 + r3) 2 ] Å.  

 d(Cu···Cu) d(Cu···N(pz)) d(N(pz)···N(pz)) JAB ΔR /Å 
d1 6.898 2.061 2.778 −4.9 0.046 
d1’ 6.898 2.074 2.750 −4.5 0.044 
d2 6.876 2.060 2.757 −4.0 0.037 

 

 
Table 4: Values of the JAB magnetic exchange interactions computed for the d1 and d2 radical pairs of 
1 found in the 10K crystal, and for the same radicals pairs but once the ClO4

− counterions have been 
exchanged. 

Name Cu-pz-Cu Counterion JAB / cm-1 

d1(d1) d1 d1 −10.23 
d1(d2) d1 d2 −7.64 
d2(d1) d2 d1 −9.85 
d2(d2) d2 d2 −7.33 
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(a) (b) 

 

 

Figure 6: (a) Representation of the alpha-hydrogen atoms (α−H, highlighted in blue) and nearest-
neighboring nitrogen atoms (nnN, highlighted in red). (b) Scheme to picture the relation between the 
strength of a hydrogen bond and the charge polarization of the atoms involved. 

 

2.2 Counterions 

Secondly, the impact of the orientation of the ClO4
− counterions was evaluated by 

computing JAB for d1 with counterions placed as in d2 and vice versa. According to Table 4, 

counterions in the d1 orientation enhance the AFM character of the radical···radical coupling 

resulting in JAB's of about −10 cm-1, while for counterions in d2 the AFM exchange strength is 

diminished by ca. 2.5 cm-1 (compare |d1(d1)−d1(d2)| against |d2(d2)−d2(d1)| in Table 4). At 

this point, our hypothesis was that this difference in the strength of the magnetic exchange 

could be due to the presence of hydrogen bonds. From a computational point of view, let us 

mention here that Ruiz and coworkers had already raised the question on exchange coupling of 

transition-metal ions through hydrogen bonding.28 After an analysis of the MSK charges19 of 

the first-sphere of the α−hydrogen atoms around the Cu···counterion moiety (see Figure 6a) for 

d1 and d2, one realizes that the α−H sphere using d2 counterions has more charge (1.96 a.u.) 

than using d1 (1.79 a.u.). This fact could be taken as a signature for a larger degree of 

hydrogen bonding in d2, which is empirically known to enhance FM interactions.29 Note that 

the hydrogen bonding qualitative argument is based on the fact that it is assumed that the more 

polarized the hydrogen atoms are, the stronger the bond is (see Figure 6b). It follows that a 

less AFM JAB value should be thus expected for radical pairs with a larger contribution from 

hydrogen bonding (J2 vs. J1). The presence of hydrogen bonding in crystals of 1 had already 

been confirmed by Choi et al.,30 who suggested that such hydrogen bonding might influence 

the structure and magnetism of this entire family of low-dimensional quantum 

antiferromagnets.  



15 

 

(a) (b) 

  
Figure 7: (a) Representation of the triplet spin density for d1 radical pair of 1 and (b) its analogue 
without ClO4

− counterions. Notice the different spin density carried by the central pyrazine ring. In 
both representations the isosurface is 0.0005 a.u. 

 

A further exploration of the effect of the counterions offers valuable insight into how the 

magnetic coupling could be tuned. For instance, the presence of counterions is manifested by 

an increase in the spin density between the Cu(II) ions, along the Cu···N(pz)N···Cu axis (see 

Figure 7) and, as a result, the magnetic interaction is enhanced. The presence of hydrogen 

bonding between the O atoms of the perchlorate ions and H atoms of the pyrazine rings may 

be partly responsible for this effect, although no clear magneto-structural correlation has been 

yet found. 

 
2.3. Hydrogen bonding 

The next question to put forward is: what will happen if one tunes the strength of the 

hydrogen bonds? The role of the counterions is further analyzed by replacing the perchlorate 

ions of the original crystal structure by a family of counterions with the same tetrahedral 

symmetry (namely BF4
−, BCl4

− and BBr4
−), and computing the corresponding JAB values (see 

Table 5). In all calculations, the experimental crystal structure frame of d1 and d2 pairs of 

radicals has been preserved in order to avoid the effect of a geometry distortion on the JAB 

values if an optimization procedure was performed. Although we describe these new 

counterions (BF4
−, BCl4

− and BBr4
−) with the crystal geometry of the original ClO4

−, the effect 

of their un-optimized structure is approximately cancelled out when obtaining JAB as the 

difference of spin states. Let us stress that these calculations do not intend to predict the exact 

value of the magnetic exchange coupling (JAB) for the corresponding hypothetical structures, 

but to provide an educated tendency as a function of the electronegativity (EN) of the external 
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Table 5: Values of the JAB magnetic exchange interactions computed for the d1 and d2 radical pairs of 
1 found in the 10K crystal once ClO4

- have been replaced by counterions with tetrahedral symmetry, 
namely, BF4

- , BCl4
- and BBr4

-. The electronegativity EN of the external atoms of the counterion and 
the average spin population on the N atoms of the central pyrazine is also shown. 

Counterion J1 /cm-1 J2 /cm-1 EN (N-pyz) 
No Counterion −4.9 −4.0  0.0643 
ClO4

− −10.2 −7.3 3.44 (O) 0.0829 
BF4

− −10.1 −7.1 3.98 (F) 0.0825 
BCl4

− −12.4 −9.3 3.16 (Cl) 0.0881 
BBr4

− −12.9 −11.0 2.96 (Br) 0.0905 

 

atoms of the counterion.31 According to the results shown in Table 5, together with the effect 

pictured in Figure 7a, one can conclude that for this system the spin density on the central 

pyrazine (and, as a consequence, the magnetic interaction Ji) increases when counterions with 

less EN external atoms such as bromide or chloride are used. In accordance, counterions with 

highly EN external atoms such as fluoride or oxygen are able to drain more electron density 

from the central pyrazine, and, in turn, reduce the magnetic exchange coupling. Let us stress 

the fact that for the whole set of counterions that we have studied, the difference between J1 

and J2 is always about ca. 25%, reinforcing the previous analysis on the role of the counterion 

orientation. Furthermore, in the absence of counterions (Figure 7b), the central pyrazine drops 

its spin density and, in turn, the AFM character of the corresponding exchange coupling 

decreases.  

In a last attempt to relate the spin density of the central pyrazine with the presence of 

hydrogen bonding, we have evaluated the charge distribution19 of the Cu ions and their 

environment. For clarity, Table 6 shows only the results using the dimer 1 (d1) radical pair 

arrangement, which is taken as the reference. Again, there is a clear relationship between the 

EN of the external atoms of the counterion and the charge distribution. As the EN decreases 

for the set of calculations with BX4
− ( X = F, Cl, Br ), the counterion remains more positively 

charged as its electron density is transferred to the Cu atoms. This results in a larger charge 

and more electron density carried by Cu and nearest neighbor N atoms (|Cu-nnN| in Table 6) 

as the EN decreases, which is consistent with the picture of the largest atom contribution to the 

[Cu(pz)2](ClO4)2 radical SOMO (Figure 1b). It thus follows that the [Cu(pz)2](BBr4)2 radicals 

can couple better, as the larger JAB indicates. 
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Table 6: MSK atomic charges of d1 radical pair for the counterions (CI), the copper atom (Cu) and the 
polarization of the atoms involved in the SOMO (Cu and nearest neighboring nitrogen atoms, |Cu-
nnN|) relative to the value computed using perchlorate ligands. Electronegativity (EN) value for 
external atoms of the counterions and JAB (in cm-1) values are also given.  

Counterion J1 /cm-1 EN CI  Cu |Cu-nnN| 
ClO4

− −10.2 3.44 ( O ) - - - 
BF4

− −10.1 3.98 ( F ) 0.0 -0.1 0.1 
BCl4

− −12.4 3.16 ( Cl) 0.1 -0.3 0.3 
BBr4

− −12.9 2.96 ( Br) 0.2 -0.3 0.2 
 

Let us now recapitulate the main ideas featured in this section. For 1, we have quantified 

the effect of the copper−pyrazine skeleton in the absence of counterion to be roughly 0.9 cm-1, 

and the effect of the counterion orientation to be 2.5 cm-1. Interestingly, the difference on the 

value of the JAB magnetic coupling for pairs d1(d1) and d2(d2) (see Table 4) is 2.9 cm-1 

instead of 3.4 cm-1 (resulting from the sum of the two effects previously analyzed: 0.9 and 2.5 

cm-1). This numerical discrepancy indicates a cooperation between both effects (skeleton and 

counterions) when the pair of radicals is fully considered. Once the presence of hydrogen 

bonding has been anticipated, one can argue that the origin of this cooperation is the inclusion 

of a different amount of hydrogen bonding in the two conformations (d1 / d2) of the skeleton 

frame that cannot be detected when the counterion is absent. Similarly, one can think of the 

energy of the H2 molecule to be the sum of the energy of the first H atom, the energy of the 

second H atom, and also the energy arising from the interaction between them. This is in clear 

contrast with the study performed on bis(2,3-dimethylpyrazine)dihalocopper(II) complexes, 

Cu(2,3-dmpz)2Cl2 and Cu(2,3-dmpz)2Br2,8 where the strength of the JAB magnetic coupling 

between radicals was arithmetically calculated by dissecting all magnetic components coming 

from skeleton and substituents since there were no counterions that could contribute with 

hydrogen bonding.  

This kind of analysis can be alternatively performed in the framework of wavefunction 

methodologies by adding/subtracting the proper orbitals in the variational (DDCI) or 

perturbative (CASPT2) treatment after the selection of the best active space. This strategy has 

been successfully carried out in the past for similar organometallic systems.32 However, this 

level of calculation is absolutely unaffordable to study [Cu(pz)2](ClO4)2 since it would require 

an excessively large active space.33 Furthermore, the results obtained by the use of different 

counterions in order to study the role of weak interactions in [Cu(pz)2](ClO4)2 are far more 
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intuitive and easy to understand for the experimental community than other more algebraic 

approaches.  

[Cu(pz)2](ClO4)2, 1, can thus be regarded as an excellent example of how different 

effects sum up to reveal a 2D macroscopic magnetic behavior. For instance, we have learned 

that the 2D copper−pyrazine skeleton is not as rigid a packing unit as one could think of upon 

initial examination. The internal structure of the pyrazine could thus result in different values 

of magnetic coupling JAB for the same given radical···radical magnetic interaction. The 

orientation of the ClO4
− counterions −although being closed-shell species− has proven to be 

crucial when evaluating the magnetic coupling strength JAB. The electronegativity EN of the 

counterions is another key factor since low EN favors a better radical···radical coupling, and in 

turn AFM JAB is larger. In addition, hydrogen bonds have been numerically found to be 

enhancers of ferromagnetic interactions (in agreement with experimental literature29). Finally, 

1 is an example of how the anisotropic thermal contraction of a crystal can affect the magnetic 

interaction between radicals either enhancing or reducing its AFM character. Therefore, the 

First-Principles Bottom-Up study of [Cu(pz)2](ClO4)2 teaches us about how to design tailored 

copper−pyrazine based magnets; namely, by controlling: (i) the internal structure of the Cu−pz 

skeleton, (ii) the spin distribution on the pyrazine rings which is driven by the 

electronegativity of the counterions, (iii) the presence of hydrogen bonds between pyrazine 

and counterions, and (iv) the temperature at which the experiment is conducted. 

 

CONCLUSIONS 

A First-Principles Bottom-Up study of the magnetic properties of [Cu(pz)2](ClO4)2 

unravels its 2D magnetic topology due to two antiferromagnetic J1 and J2 interactions through 

bridging pyrazine ligands. Although presenting a very similar molecular arrangement, the 

numerical value of the two magnetically significant JAB couplings differ by 25% (−10.2 vs. 

−7.3 cm-1). The agreement between simulated and experimental χ(T) data is remarkable in the 

whole range of temperatures; in fact, we are even able to reproduce the temperature at which 

the maximum value of χ is reached. This is a fingerprint of molecule-based materials whose 

magnetic response is not significantly dependent upon anisotropic thermal contraction of the 

crystal structure as temperature changes, even though the calculated exchange couplings 

slightly vary from 163 K to 10K. Let us remark that the quasi-isotropic 2D magnetic topology 
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at 163 K may explain why a square lattice model was fairly successful in experimentally 

modeling the magnetic data of [Cu(pz)2](ClO4)2. The available experimental Cp(T) data 

(0−25K) is also well reproduced with our results: in our simulations, it reaches its maximum 

value at 14K against the experimental 11.5K temperature. Interestingly, the simulated Cp(T) 

values show an anomaly close to the Néel temperature of 4.21 K, which has been determined 

by µ-SR+ experiments and associated with a transition from a 2D AFM to a 3D ordered state. 

The canting of the central pyrazine ring appears not to be the origin of the different JAB 

values for d1 and d2, but rather the shearing-like distorsion of the pyrazine rings. The role of 

the ClO4
− counterions is believed to be to increase the spin density along the magnetic 

pathway that links the Cu(II) ions through a pyrazine ring, thus increasing the magnetic 

interaction. Studies performed using a series of counterions with different electronegativity 

(EN) show that the spin density on the central pyrazine increases when low EN external ions 

such as bromide or chloride are used as counterions, while highly EN external ions such as 

fluoride or oxygen are able to drain more electron density from the Cu atoms, and in turn, 

reduce the magnetic exchange coupling. Finally, the authors have considered the presence of 

hydrogen bonding between the O atoms of the perchlorate ions and H atoms of the pyrazine 

rings. In [Cu(pz)2](ClO4)2, the hydrogen bonds have been numerically found to be enhancers 

of FM interactions, since their role consists in diminishing the AFM character of the JAB 

interactions.  

We can conclude that the |3 cm-1| numerical difference between computed exchange J1 

and J2 couplings is due to the effect of the shearing-like distorsion of the pyrazine rings, the 

orientation of the ClO4
− counterions and a hitherto skeleton-counterion cooperation arising 

from different hydrogen bonding contribution in d1/d2, which contribute +0.9 cm-1 (31.0%), 

+2.5 cm-1 (86.2%) and -0.5 cm-1 (-17.2%), respectively –in effect showing how to “divide the 

spoils” between the various contributions to the overall exchange.  
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