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ABSTRACT.  

The Cu2(1,4-diazacycloheptane)2Cl4 (CuHpCl) crystal is a molecular transition metal 

antiferromagnetic complex, whose magnetism has been a long lasting issue. The outcome of 

a variety of experimental studies reported (on magnetic susceptibility, heat capacity, 

magnetization, spin gap and INS) provided many different J values depending on the fitting 

ladder model used. From all available experimental data, one can infer that CuHpCl is a very 

complex system with many competing microscopic magnetic JAB interactions that lead to its 

overall antiferromagnetic behavior. A first-principles bottom-up study of CuHpCl is thus 

necessary in order to fully disentangle its magnetism. Here we incorporate data from ab 

initio computations providing the magnitude of the JAB interactions to investigate the 

microscopic magnetic couplings in CuHpCl and, ultimately, to understand the macroscopic 

magnetic behavior of this crystal. Strikingly, the resulting magnetic topology can be pictured 

as a 3D network of interacting squared plaquette magnetic building blocks, which does not 

agree with the suggested ladder motif (with uniform rails) that arises from direct observation 

of the crystal packing. Computed magnetic susceptibility, heat capacity and magnetization 

data show good agreement with experiment. In spite of this agreement, it is the calculated 

magnetization data that enables to discriminate the different spin regimes in CuHpCl, 

namely gapped singlet, partially polarized and fully polarized phases. Additional analysis of 

the magnetic wavefunction enables to conclude that long-range spin correlation can be 

discarded as responsible for the partially polarized phase, whose magnetic response is in fact 

due to the complex interplay of the magnetic moments in the 3D magnetic topology. 
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Introduction.  

The quest for low dimensional molecular magnets in order to study their intriguing 
physical properties has been a major driving force for synthetic chemists over the years. 
Antiferromagnetic (AFM) systems with spin gaps are a long-lasting subject of great 
theoretical and experimental interest. In particular, ladder systems [1] were first investigated 
theoretically, as toy models for high-temperature superconductivity,[2] and then experimentally.[3] 
We are interested in two-leg spin-½ ladders formed by two antiferromagnetically coupled 
Heisenberg spin chains.[1] In zero external magnetic field, their ground state is a collective 
singlet state (S=0), separated by a ∆ gap from the first excited states which are triplets (S=1) 
with short ranged spin correlations.4a At low energies, many physical properties are dominated 
by the singlet-triplet ∆ gap and do not depend on the underlying dynamical quantum processes 
stabilizing the ground state. For example, thermodynamic quantities (magnetic susceptibility, 
specific heat) are very similar in a number of gapped 1D Heisenberg AFM.[4b,5]  

The molecular transition metal Cu2(1,4-diazacycloheptane)2Cl4 material[6,7] (namely, 
Cu2(C5H12N2)2Cl4 or CuHpCl in short, see Figure 1a for complex formula) has been[8] (and 
still is[9]) the prototypical compound to quote when a magnetically isolated spin-ladder system 
is required due to its crystal packing consisting in well-separated ladder arrangements of 
copper atoms (see Figure 1c). Analysis of these ladder materials has allowed the testing of 
many theories of magnetic cooperative behavior, and has led to unanticipated magnetic 
properties, to the great interest of the magnetism community.[10] Besides being considered a 
prime example of a Heisenberg ladder in the strong coupling limit, the study of CuHpCl is also 
appealing for the reasons listed below. 

Zero magnetic field as well as field-dependent properties of CuHpCl have been 
extensively and comprehensively studied both experimentally[4,7,8,11,12,13,14,15,16,17,18,19] and 
theoretically[5,20,21,22,23,24,25,26,27,28,29,30]. Therefore, our results can be fully contrasted. 

CuHpCl owes its overall AFM properties to the unpaired electron formally located on the 
copper atoms, but actually delocalized over Cu, Cl and N atoms (see Figure 1b). Due to such 
unpaired electrons, the crystal could have many possible ferromagnetic (FM) or AFM 
microscopic JAB exchange interactions between pairs of radicals resulting in the macroscopically 
observed magnetic behavior, which are worth exploring.  

Third, the exchange energy scale is small enough[5,14b] so that by application of an 
external magnetic field, Hc1=∆/gµB (Hc1,exp = 7.4±0.1 T), the ∆ spin gap in the subsystem can 
be overcome, and one can drive the system through a phase transition between a gapped 
singlet phase and a partially polarized phase.[20a] Below Hc1, the magnetization remains zero 
(i.e. in a singlet ground state, whose first excited states are triplets.[8]).[25] Above Hc1, CuHpCl 
reaches saturation at Hc2 (Hc2,exp = 13.2±0.3 T), where all spins are polarized by the magnetic 
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field. Note that when saturation is reached, a fully polarized gapped, i.e. a FM phase is 
achieved. Between Hc1 and Hc2, a second order phase transition appears at low temperature 
involving a small change in spin-entropy and no detectable change in magnetization.[4c] The 
spins could exhibit either a long-range ordered state or a staggered (or canted) spin structure 
with a uniform magnetic moment in the direction of the applied field.[4a,12,13,16b,21,28,30] 
Magnetization data appear to favor an ordered canted state, which is stabilized by anisotropies 
and 3D dipolar interactions.[8] It was suggested[4b,4d,18,21,22,23,29b,30] that this intermediate gapless 
phase could be regarded as a Luttinger liquid magnetic phase. [31] In such a state, there exists 
a quasi-long-range AFM order, and interladder exchange leads, at low enough temperature, 
to the formation of a Néel state.[32] Such field-induced magnetic ordering is the quasi-one-
dimensional analog of a Bose-Einstein condensation (BEC) of magnons.[33] Accordingly, 
there are indications for CuHpCl to be considered as one of the few known realizations of 
BEC.[12,13a,20a,21,22,29b,34]  All these data prompted us to work towards to been able to discriminate 
the different spin regimes in CuHpCl, namely gapped singlet, partially polarized and fully 
polarized phases, and to assess whether the magnetism of the intermediate gapless phase is 
due to long-range spin correlation or to the complex interplay of the magnetic moments in 
the magnetic topology. 

Also, magnetically frustrated systems and systems with competing interactions are additional 
important areas for extensive future development. Note that here we use the physicists 
definition for both systems. For a system to be truly frustrated, the competing interactions 
must create a degenerate magnetic ground state. As mentioned, CuHpCl is considered to be a 
strong-rung spin ladder. It is thus one good candidate to study whether the inclusion of next-
nearest-neighbor (nnn) interactions can introduce geometrical frustration in a 1D AFM. 
Quantum spin models with competing interactions represent an interesting and challenging topic 
for current research.[35] Such models show many unusual features in their ground state 
properties and are very sensitive to the approximations applied to them. It is thus exceedingly 
important to have strategies to handle accurately this magnetic frustration.  

Summarizing, the organometallic compound CuHpCl[6,7] has been long taken as a solid 
representative of Heisenberg AFM S=½ ladders with both small exchange constants and spin 
gap (with Jrung ≈ 9.2 cm-1, Jrail ≈ 1.7 cm-1 and ∆ = 5.5±0.9 cm-1),[4,15,23,28] which makes the 
entire phase diagram [4b-d,12,18,19] experimentally accessible. Accordingly, all workgroups who 
studied CuHpCl used ladder-like models in order to fit the experimental magnetic 

susceptibility χ(T) data using a variety of methods.[36,37,38,39,40,41,42] The outcome of those 

studies provided many different fitting J values depending on the 1D model used, which 

were able to account for the available χ(T) magnetic response. However, it is acknowledged 

that fitting the magnetic data alone is not sufficient to allow the relative strengths of the 
parameters to be fixed extremely accurately.[8,25]  
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Figure 1. (a) Cu2(1,4-diazacycloheptane)2Cl4 complex formula. (b) Spin density of Cu(C5H12N2)Cl2 

monomer (isodensity surface = 0.001 au.) (c) [101] view of crystal packing of CuHpCl consisting of 
well-separated ladder arrangements of Cu atoms (highlighted in blue). Views of isolated ladders 
showing magnetically significant (d) intra-ladder pairs of radicals (first nearest neighbors nn: d1-d5, 
next-nearest neighbors nnn: d6-d9) and (e) inter-ladder pairs (d10-d12, d14 from spatial arrangement 
A). Connections between complex units are Cu−Cl…HN−Cu hydrogen bonding interactions. Colored 
lines have been added between Cu atoms to distinguish different radical···radical pairs. Color code: 
C (black), H (pale pink), N (light blue), Cu (blue) and Cl (green). 
 

 

Magnetization M(H) is a more sensitive magnitude to magnetic dimensionality. Therefore, 

one should focus on M(H) in order to fully disentangle the magnetic dimensionality of CuHpCl 

and, in turn, reproduce and rationalize its macroscopic magnetic behavior. However, according 

to literature, although the techniques employed to calculate M(H) are different,[43] magnetization 

M(H) curves were also computed assuming that the Heisenberg spin-ladder Hamiltonian was 

valid.[4a,5,21,22,23,24,25,26,28,29a] Therefore, up to our knowledge, the possibility of not being an 

isotropic spin ladder was never given, but for one work[5] in which an alternating chain and 
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spin bilayer models were also considered (and ruled out after comparison to experiment). 

Many of the techniques described in the literature are parametric and, thus, depend on the 

original data by Chaboussant et al.[4] in terms of the ratio between Jrung and Jleg. Some rely 

upon normalizing to arbitrary values in order to be able to simulate magnetization as a 

function of (reduced) magnetic field (referred to as h or h/J|| or H/Δ).[21,23,25,28] Others cannot 

evaluate the magnetization for low temperatures due to lack of convergence[22], or are too 

mathematical and the connection to chemical electronic structure information to interpret the 

magnetic response is harsh[20]. Altogether, the main indicator of the goodness of the method 

is the value of Hc1: the closest to the experimental 7.5 T value, the better performs the 

method. Accordingly, although some simulated results (which rely on experiment)[5,22] agree 

with the experimental Hc1 value, others obtain different Hc1 (for instance, 4.38T[23] using 

transfer-matrix renormalization group (TMRG) technique, 6.65T[5] via finite-temperature 

strong-coupling expansions of a spin bilayer model, and 6.8T[24] by extensive renormalization 

group (RG) method). To better agree with experimental data, several factors were taken into 

account, such as random spin impurities (which affect the Hc2 value)[25], the diagonal JAB 

coupling between radicals on adjacent legs (whose inclusion means that the value of Jleg has 

to be modified to keep the ratio between Jrung and Jleg constant)[25], and staggered field 

(Dzyaloshinskii-Moriya) terms (used as fitting coefficient)[21,28]. It must be stressed that none 

of them was conclusive to unveil once for all the magnetic dimensionality of CuHpCl. 

The growth of larger single crystals to make a study of inelastic neutron scattering (INS) 

helped to lift some ambiguities about CuHpCl.[7,15b] Subsequent studies showed that the 

magnetic dimensionality of CuHpCl had to be more complicated than the alleged 

magnetically isolated spin-ladder system.[12,13,18] Therefore, however thoroughly studied, we 

believe that it is necessary to explicitly describe the electronic structure of the Cu-moieties 

within the CuHpCl crystal to unravel its magnetic topology. It is essential to identify and 

assess which microscopic magnetic interactions between radicals (JAB) are decisive to drive 

the electron coupling across the crystal in order to understand its macroscopic magnetic 

behavior. We thus propose a bottom-up study of CuHpCl. For that purpose, the JAB exchange 

interactions will have to be evaluated using computational quantum chemistry methods. 

Once evaluated, the magnetic topology of CuHpCl will be disentangled based on the 

magnitude of the calculated JAB magnetic couplings. The relevant macroscopic magnetic 

response (magnetic susceptibility, heat capacity and magnetization) will then be evaluated 

using Statistical Mechanics by means of a First-Principles Bottom-Up (FPBU)[44] procedure, 

and compared to experimental data. Finally, the importance of long-range spin correlation 

will be assessed by analysis of the magnetic wavefunction.[45] 
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Computational Details 

The FPBU working strategy follows four steps.[44] We use the standard static approach for 

both the interpretation and the simulation of its magnetic properties assuming that these 

properties can be obtained with a single static configuration (an X-ray resolved structure or, 

alternatively, an optimized structure). For CuHpCl, two crystallographically resolved structures 

at room temperature[6] and 4K[7] have been considered. 

First, one has to select all possible magnetically relevant pairs of radicals in the crystal by 

analysis of the crystal packing. As for the CuHpCl crystal, the pairs of Cu(C5H12N2)Cl2 

radicals have been chosen in terms of the Cu···Cu distance, taking into account that the spin 

density of this radical is delocalized over Cu, N and Cl atoms (see Figure 1b). Accordingly, the 

Cu···Cu threshold distance was set to 14.0 Å for within-ladder "di" pairs of radicals and 11.5 Å 

for inter-ladder "di" pairs of radicals (see Figures 1d,e and SI Section 1). 

It is then next required the computation of the radical···radical JAB interaction for each pair 

of radicals selected in the crystal. Note that hereafter the JAB exchange couplings will be 

denoted as J(di), where "di" refers to a given dimer which is identified by the distance 

between Cu atoms. The microscopic J(di) magnetic interaction is evaluated in terms of energy 

differences. Therefore, for the energy calculations, the neutral environment of any given Cu atom 

must be well described. Direct observation of the crystal hints at the Cu2(C5H12N2)2Cl4 molecular 

transition metal complex as the crystal packing building block (Figure 1a). We will explore which 

model is best to calculate the J(di) coupling for a given Cu(C5H12N2)Cl2···Cu(C5H12N2)Cl2 

pair (namely di), and whether this pair can also be taken as magnetic building block. All 

models explicitly evaluate the geometry of the given "di" pair under study, and differ on the 

way the environment is taken into account. Hence, the radicals directly connected to the pair 

were considered either (i) explicitly, (ii) replaced by point charges, or (iii) omitted (see SI 

Section 2). The energy calculations were performed at DFT/UB3LYP[46] level as implemented in 

Gaussian[47] and ORCA[48] package of programs (see SI Section 3 for benchmark against 

CASSCF calculations). The standard 6-31+G(d,p) basis set[49] for carbon, chlorine, hydrogen 

and nitrogen, and Ahlrich-pVDZ basis set[50] for copper were used in all energy calculations. 

Once all intrinsic J(di) exchange couplings have been computed, one must propose the 

magnetic topology of the crystal in terms of the non-negligible J(di) magnetic interactions. In 

order to calculate the macroscopic magnetic properties of the CuHpCl crystal using Statistical 

Mechanics, one needs to select the minimal magnetic model space, which is the smallest set 

of J(di) interactions whose extension along (a,b,c) crystallographic axes would re-generate 

the entire magnetic topology.  



7 

Finally, having chosen the magnetic models, we construct the matrix representation that 

contains all J(di) values required to appropriately parameterize the Heisenberg Hamiltonian. 

Those resulting parameterized matrices are then fully diagonalized on the space of spin 

functions of the minimal magnetic model. The energy eigenvalues and corresponding spin 

numbers obtained as a result allow us to calculate the magnetic susceptibility χ(T), heat capacity 

Cp(T) and magnetization M(H) data for each magnetic model using the corresponding 

expression provided by Statistical Mechanics.[51] Finally the calculated data is compared to 

the experimentally measured data to make sure the FPBU procedure worked correctly. 

Complementary to heat capacity Cp(T), the magnetic capacity Cs(T) will be evaluated to 

assess the importance of long-range spin correlation in CuHpCl,[45] since the analysis of the 

magnetic wavefunction enables both the study of the 3D propagation of two magnetically 

connected spins, i.e. short-range ordering, and magnetically non-connected spin alignment, 

i.e. long-range spin order/disorder. Additionally, we will monitor the temperature dependence 

of the magnetic correlation between all spin units to draw conclusions about the ground state 

of the system under consideration. 

 

Results and Discussion 

About the CuHpCl crystal: Magnetic dimensionality and basic nature of JAB coupling 
interactions  

The space group of the CuHpCl crystal is P21/c (monoclinic, Z=4) with a=13.406 Å, b=11.454 

Å, c=12.605 Å and β=115.01 for the crystal structure obtained at room temperature[6] and 

a=13.354 Å, b=11.246 Å, c=12.724 Å and β=115.2 for the crystal structure at 4 K[7] . As already 

mentioned, direct observation of the crystal packing of CuHpCl hints at a ladder like 

structure (Figures 1c,d). However, crystal packing and magnetic topology do often not agree. 

The calculation of the value of the microscopic exchange J(di) interaction between radicals 

requires the choice of the most adequate cluster model. It is important to realize that the 

CuHpCl complex is formed by two Cu(C5H12N2)Cl2 units bridged by two chlorines atoms 

(see Figure 1a). Although those two Cu(C5H12N2)Cl2 units are not directly related by a 

crystallographic inversion center, the coordination environment around the two copper atoms 

is very similar, and Cu2(C5H12N2)2Cl4 can be regarded as a centrosymmetric binuclear 

molecular unit. Each metal center Cu1 shows a distorted square pyramidal coordination: Cu1 

establishes four short bonds with two nitrogen atoms (N1&N2) of the 1,4-diazacycloheptane 

ligand, a terminal chlorine atom (Cl3), and a bridging chlorine atom (Cl2) (as shown on 

Figure 1a). The long, apical bond involves a basal chlorine atom (Cl1) of the other copper 

atom (Cu2). The presence of two bridged copper atoms indicates that the magnetic unit may 

not be correctly described within a monomeric model, but considering the dimer as a non-
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separable biradical specie. One then should notice that Cu2(C5H12N2)2Cl4 are connected into 

infinite ladder-like chains (see Figure 1d). The ladder motif is found to present two types of 

radicals forming the rails depending on the Cu···Cu distance being: (i) 6.996 Å with 5.774 Å 

and 9.380 Å distances between the radicals forming the two diagonals (d3, d2 and d7, 

respectively, in Figure 1d), and (ii) 7.002 Å with diagonal 5.822 Å and 9.358 Å distances 

(d5, d4 and d7, respectively, in Figure 1d). For both cases, the rung, formed by the two 

coppers of the Cu2(C5H12N2)2Cl4 unit (see Figure 1a), has a unique Cu···Cu distance of 

3.422 Å (d1 in Figure 1d). The equivalent distances obtained at 4K[7] are slightly shorter at 

lower temperatures due to thermal contraction (see Table 1 and SI Section 1). However, no 

significant differences are observed.  

Overall, nine different within-ladder pairs of radicals were selected according to the 14Å 

threshold (see Table 1 for Cu···Cu distances using crystal data determined at Troom and 4 K). 

Among them, there are five d1-d5 nearest neighbors (nn), and four d6-d9 next-nearest 

neighbors (nnn) radical pairs, respectively (see Figure 1d and SI Section 1 for illustration of 

all selected d1-d9 radical pairs).  

Previous studies published about CuHpCl molecular magnet assumed that ladders were 

connected through van der Waals forces.[4a] As a result of this hypothesis, the microscopic 

magnetic exchange between ladders was neglected. In order to check whether they are 

magnetically isolated or not, we also selected fifteen pairs of radicals arising from four A-D 

different spatial arrangements between ladders (see discussion in SI Section 1). Note that all 

selected d10-d24 radical pairs are classified in terms of Cu···Cu distances. Dimers from the 

first spatial arrangement A are schematically illustrated in Figure 1e (see Table 1 for Cu···Cu 

distances using crystal data determined at Troom and 4 K). 

 

Table 1. Cu···Cu distances at the crystal structures resolved at room temperature Troom and 4 K (in Å) 
of selected within-ladder radical pairs (nn stands for nearest-neighbor and nnn for next-nearest 
neighbor radicals in Figure 1d) and between two nearby spin-ladders radical pairs (spatial arrangement 
A identified in the CuHpCl crystal in Figure 1e). See SI Section 1 for spatial arrangements B-D. 
 

Cu···Cu distance within-ladder (intra-ladder) /Å  Cu···Cu distance between 
ladders (inter-ladder-A) /Å nn pairs  nnn pairs  

di Troom 4 K  di Troom 4 K  di Troom 4 K 
d1 3.422 3.376  d6 9.358 9.328  d10 6.998 7.026 
d2 5.774 5.757  d7 9.380 9.344  d11 7.033 7.059 
d3 6.996 6.987  d8 12.380 12.344  d12 7.206 7.156 
d4 5.822 5.814  d9 13.990 13.987  d14 7.552 7.504 
d5 7.002 7.000         
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Therefore, after the analysis of the crystal packing, twenty-four pairs of radicals were 

selected. Accordingly, the magnetism of the CuHpCl crystal might be due to through-bond 

(d1) as well as through-space (d2-d24) microscopic pair interactions between 

Cu(C5H12N2)Cl2 radicals. The next step in our work strategy is to compute the J(di) 

microscopic interaction between pairs of radicals in order to discriminate which pair will 

contribute to the magnetic topology of the crystal. 

Previous experience on J(di) models[52] and observation of the crystal packing hint that 

the very near disposition of the monomers in the closest through-bond d1 dimer, which 

includes two shared Cl atoms (see Figure 1a), will possibly lead to a poor Madelung field 

description for a quantitative J(di) calculation using the simplest dimer approach for pair 

interactions other than d1. Therefore, in order to rule out possible problems related to a 

dimeric cluster model, both intra- and inter-ladder J(di) interactions have been computed 

using a 4-radical tetramer model that always considers the dimer d1 unit as a non-separable 

magnetic moiety (for instance, see Figure 2a for tetramer model to calculate J(d3) and SI 

Section 2 for further discussion on choice of model). Let us mention here that we considered 

J(di) values smaller than |0.1| cm-1 as negligible due to the accuracy of our calculations.[53]  

According to Table 2, the magnetic topology is actually different from a spin-ladder motif 

(see Figure 2b) since only AFM J(d5) and FM J(d1) are magnetically relevant (note that 

J(d3) is one order of magnitude smaller). Therefore, the magnetic topology can be pictured as 

squared plaquettes formed by AFM J(d5) (in green) and FM J(d1) (in red) (and diagonal J(d6) 

in light blue) connected via J(d12) (in orange) and J(d14) (in yellow) in an AFM 2D shape 

along the ab-layer, that pile up antiferromagnetically along c to give rise to a 3D magnetic 

topology. This magnetic picture is preserved at both room temperature and 4 K since no 

significant differences are observed in the values of the J(di) coupling interactions. This can 

be attributed to the fact that, although radicals stack along the c-axis (see Figures 1c-e), their 

crystal packing avoids a π-π overlap of radicals.[54] Note that spatial arrangements B-D do 

not provide magnetically active radical pairs (SI Section 1).  

To sum up, the resulting magnetic topology presents a clear competition of FM and AFM 

J(di) magnetic channels. However, the spin arrangement shows no geometrical frustration, 

i.e. the disposition of the FM J(d1) coupled radicals is compatible with all three remaining 

AFM J(di) intra- and inter-plaquette couplings (see Figure 2c for a schematic representation). 

The inter-plaquette interactions (so-called inter-ladder in Table 2) are revealed to be 

magnetically significant, contrary to common believe.[4a-b,22]  Therefore, the 3D magnetic 

topology has indeed proved to be more complex than expected from direct observation of the 

crystal packing, as hinted from INS[7,15b] and NMR[18] experiments.  
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(a) (b) 

 

 
(c) 

 

Figure 2. (a) Evaluation of J(d3) (in green) using as a cluster model a tetramer (namely d1 in red, d2 
in grey & d7 in purple). (b) Magnetic topology of CuHpCl, where only copper atoms are represented. 
Color code: intra-plaquette AFM J(d5) green, FM J(d1) red, and diagonal AFM J(d6) light blue ; 
inter-plaquettes AFM J(d12) orange and AFM J(d14) yellow. Dashed lines for |J(di)| <0.1 cm-1. (c) 
Possible spin arrangement in agreement with the magnetic topology of CuHpCl showing FM and 
AFM J(di) competition (intra- and inter-plaquettes) but no geometrical frustration. 

 
 

Table 2. Magnetically non-negligible J(di) interactions (in cm-1) of selected radical pairs. Results using 
tetramer cluster models for both intra- and inter-ladder J(di) are shown for the room temperature 
(Troom, HT) and 4K (LT) crystal structures.  

  intra-ladder 
inter-ladder 

   --------- nn --------- ---- nnn ---- 
model T J(d1) J(d3) J(d5) J(d6) J(d7) J(d10) J(d11) J(d12) J(d14) 

tetramer 
Troom +2.37a -0.13 -3.58 -0.29 -0.13 +0.33 -0.11 -1.01 -1.19 
4 K +2.30a -0.37 -3.88 -0.29 -0.12 +0.22 -0.31 -1.05 -1.38 

a Average value using J(d1) resulting from the calculations to obtain J(d3) and J(d5) using a tetramer. 
 

 

 

d5	

d1	

d14	

d12	

AFM	

FM	

AFM	
AFM	



11 

Table 3. Comparison between atomic charges and spin densities for d3 and d5 pairs of radicals. 
Atomic charges and spin densities have been computed using the CM5[55a] and Hirshfeld[55b,c] 
approaches, respectively. Note that the atom numbering is explicitly given in the figure inset, which 
displays the two Cl···H-N magnetic channels present in both d3 and d5 dimers. Color code: Cl in light 
green, H in light pink, N in light blue, Cu in blue, C in black. 

 
           
§ Cu31 Cu29 Cl21   H36 N84  Cu30 Cu32 

atomic charges 
d3 0.4702 0.4707 -0.3013   +0.2908 -0.5566  0.4706 0.4698 
d5 0.4675 0.4735 -0.2877   +0.2898 -0.5515  0.4738 0.4678 

spin density  
d3 0.5733 0.5733 0.084   0.0044 0.0955  0.5733 0.5791 
d5 0.5718 0.5808 0.090   0.0049 0.1007  0.5808 0.5718 

§ Channels Cl21···H36-N84 and N83-H35···Cl22 are equivalent. 

 
 

Further, it is interesting to pay attention to the fact that J(d3) and J(d5) have remarkably 
different magnitude but a very similar geometry (see Figure 1d). This apparent similarity 
does not hold when analyzing the atomic charges[55a] of the Cl···H-N atoms involved in 
channeling the magnetic coupling for d3 and d5 (namely, Cl21···H36-N84 and Cl22···H35-
N83 in figure inset in Table 3). According to Table 3, it is possible to observe that there is a 
larger charge polarization of the atoms channeling the magnetic interaction for d3 than for 
d5, which can be taken as a signature for a larger degree of hydrogen bonding in d3. The fact 
that hydrogen bonding enhances FM exchange coupling between radicals has previously 
been encountered and documented.[56] Note that the hydrogen bonding qualitative argument 
is based on the fact that it is assumed that the more polarized the hydrogen atoms are (i.e. the 
larger their partial positive charge is), the stronger the bond is (see discussion in SI Section 
4). It follows that a less AFM JAB value should be thus expected for radical pairs with a larger 
contribution from hydrogen bonding (J(d3) = -0.37 cm-1 vs. J(d5) = -3.88 cm-1). In addition, 
we have also analyzed the spin density[55b,c] along the Cu-Cl···H-N-Cu path which couples 
Cu(C5H12N2)Cl2 radicals (see Table 3). Note that H36 of d3, which carries the largest partial 
charge, has smaller spin density than H36 of d5, as expected since hydrogen bonding in d3 is 
stronger than in d5. In addition, according to calculations, the spin density is larger in d5, 
which leads to a stronger AFM interaction. 
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Computing magnetic properties: χ(T), Cp(T) and M(H) 

Analysis of the magnetic topology of CuHpCl (Figure 2b) reveals that the magnetic 
building block is a 4-radical plaquette consisting in two binuclear ferromagnetic d1 moieties 
interacting antiferromagnetically by means of d5. The magnetic models contemplated must 
consider both isolated tetramer magnetic building blocks as well as 3D magnetic models 
consisting of plaquettes interacting through AFM J(d12) and J(d14) couplings (see SI 
Section 5). The magnetic response of CuHpCl (namely, magnetic susceptibility χ(T), heat 
capacity Cp(T) and magnetization M(H)) has been simulated considering the J(di) values 
from the 4 K crystal structure[7] obtained by means of the tetramer approach at DFT/UB3LYP 
level. Note that the gyromagnetic factor g is set to be 2.08.[4a]  

Comparison of calculated χ(T) curve with the experimental measurements (black[11b] in 
Figure 3a) shows good agreement, when the magnetic model used enable squared plaquette 
magnetic building blocks interact through AFM inter-plaquette interactions. The situation of 
the χ peak is at ca. 7 K, and its intensity is about 0.030 emu mol-1, just 0.007 emu mol-1 far 
from the experimental 0.023 emu mol-1 value. The same calculation has been done with the 
crystal structure obtained at room temperature.[6] As the magnetic topology is hardly affected 
by the temperature, i.e. the magnitude of the magnetic exchange values is only slightly 
influenced by thermal contraction (Table 2), a re-calculation of the χ(T) curve shows no 
significant differences with respect to the calculations performed using the coupling values 
at 4 K (see SI Section 5 for a full discussion). Note that the calculated and experimental 
magnetic susceptibility data perfectly agree above 60 K. 

Calculated heat capacity Cp(T) data also agree with the available experimental data (see 
Figure 3b). Both calculated and experimental Cp(T) curves have the same shape and their 
intensities are almost identical (namely, the computed heat capacity shows a peak at temperature 
about 4.0 K, which is consistent with the experimental peak at 4.6 K), irrespective of the 
magnetic model.  

It follows that magnetic susceptibility and heat capacity data for CuHpCl are little 
sensitive to magnetic dimensionality, as has been already pointed out by experimentalists.[5] 
This is the reason why a large variety of fitting models performed in good agreement with 
experiment,[4a,5,6,15] although those models did not represent the magnetic topology of 
CuHpCl. Contrarily, magnetization data is more sensitive to magnetic models, and it thus 
will provide more sound information about the dimensionality of the system under study (see 
SI Section 6 for an illustration of the sensitivity of calculated M(H) data on the magnetic 
model). Therefore, hereafter we will focus on reproducing the magnetization M(H) data of 
CuHpCl. Note we have used the reduced definition of magnetic field to compare our results 
to the experimental magnetization data, in line with Refs. [23,25]. 
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(a) (b) 

  
(c) (d) 

 
 

 
Figure 3. Comparison between experimental data (filled symbols) and calculated data (empty 
symbols) using the JAB values obtained by the tetramer approach at 4 K to define a minimal 3D 
magnetic model for (a) magnetic susceptibility χ(T), (b) heat capacity Cp(T), (c) magnetization M/Msat 
as a function of the H/Δ reduced magnetic field, and (d) dM/dH(H/Δ). See Figure S5.2b in SI Section 
5 for minimal 3D magnetic model. Experimental Δ value is Hc1,exp 7.4 T. See inset (c,d) for color code 
referring to simulation temperature. 

 

From the lowest temperature M(H) curve at 0.42 K (Figures 3c,d in red), our data agree 
with a nonmagnetic solid below 5.2 T, whose magnetization remains zero. Below Hc1, a 
singlet ground state separated from S≠0 excitations is thus observed, and CuHpCl apparently 
behaves as a commensurate or gapped phase that has 3D long range ordering due to inter-
plaquette couplings. Boltzmann population corroborates that the ground state is a singlet and 
there are accessible triplet states (see Table S7.1 in SI Section 7). At this point, one can obtain the 
spin gap (∆gap) as the energy difference between the singlet ground state and the first triplet 
state, which is provided by solving the Heisenberg secular equation problem in the space 
defined by the minimal 3D magnetic model. The resulting ∆gap is found to be 5.4 cm-1, which 
is in agreement with the experimental singlet and triplet spin-gap value provided by the 
literature (namely, 7.5[4a], 4.7 and 6.4[15a] cm-1). Note that the ∆gap extracted from the eigenvalues 
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of the full diagonalization of the corresponding Heisenberg hamiltonian results in a 5.5 T 
critical field (Hc1 = ∆gap/gµB), which indirectly supports our estimated value of 5.2 T for Hc1.  

Further observation of M(H) at 0.42 K shows that, with increasing field, the magnetization 
increases until it reaches its saturation value at 10.4 T, above which CuHpCl is fully FM 
polarized (Figures 3c,d in red). The intermediate partially polarized phase is revealed between 
Hc1 and Hc2. The magnetization data has been further simulated at different temperatures 
ranging from 1.60K to 12.30K for which there is available experimental data. Comparison 
between calculated and experimental data is remarkable (see empty vs. filled symbols, 
respectively, in Figure 3c). As temperature increases, the different spin regimes eventually 
cannot be realized because at very low magnetic field not only the ground state singlet but 
also many other higher multiplicity states are populated (see Table S7.1 in SI Section 7) and, in 
turn, CuHpCl cannot behave any longer as a non magnetic solid since magnetization is 
different from zero. Note that the critical fields Hc1 and Hc2 are better estimated from the 
representation of dM/dH as a function of the reduced magnetic field (see Figure 3d for 
comparison between data at 0.42K and 1.60K). We must highlight that, although the magnetic 
topology was hardly affected by the temperature (i.e. the magnitude of JAB magnetic exchange 
values were only slightly influenced by thermal contraction), the calculated Hc1 and Hc2 
values have a non-negligible dependence on the temperature at which the crystal structure of 
CuHpCl has been characterized (see discussion in SI Section 6). Unexpectedly, using calculated 
data at RT, Hc1 is ca. 4.7 T, at 4 K is ca. 5.2 T and at 0.42 K (experimental) 7.4 T. The magnetic 
field range spanning between Hc1 and Hc2 is also temperature dependent. If lower than 4 K 
crystal data was available, no doubt our estimated value of Hc1 would be further improved. 
Also, in view of the high sensibility of Hc1, thermal fluctuations might play a role in fine 
tuning the estimated value of Hc1. Note that the inclusion of thermal fluctuations is done by 
means of ab initio molecular dynamics (AIMD), which are out of the scope of this paper. 
Therefore, the crystallographic data plays a non-innocent role in determining the values of the 
critical field. Having clarified this issue, now we are left with the analysis of the magnetic 
wavefunction[45] of CuHpCl to provide a deeper insight into the origin of the behavior of the 
intermediate partially polarized phase.  

Let us finally draw attention to our recently proposed descriptor of the magnetic topology, 
the magnetic capacity Cs(T),[45] since it is a measure of the thermal variation of the spin 
multiplicity of the system and reflects the importance of magnetically non-connected spin 
alignment and how the dominant effect of long-range spin correlation governs the magnetic 
behavior of molecule-based crystals (and in general of magnetic compounds). In the same 
study it was also concluded that Cp(T) measures the energy variation due to the 3D 
propagation of the interaction of two magnetically connected spins, that is, to short-range 
ordering. Therefore, analyzing the behavior of the critical temperature TC of both magnetic 
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Cs(T) and heat Cp(T) capacities provides information on the importance of long-range spin 
correlation. For CuHpCl, we discover that TC calculated from either Cp(T) or Cs(T) is nearly 
identical (see SI Section 7). We know this is the case only in those molecule-based systems 
in which either the long-range spin correlation can be neglected, or there is no 3D 
propagation of the spin coupling. Since we have determined that the magnetic topology is 
3D, we must conclude that the long-range spin correlation can be neglected. This is in fact 
corroborated by the analysis of the magnetic wavefunction at different temperatures (see also SI 
Section 7), which shows little contribution of long-range spin correlation as already 
appraised (even at very low temperature). It thus follows that the long-range spin correlation 
can be discarded as responsible for the partially polarized phase, which is in fact due to the 
complex interplay of the magnetic moments in the 3D magnetic topology of CuHpCl. 

 
Conclusions 

We have studied the magnetism of the Cu2(1,4-diazacycloheptane)2Cl4 crystal, namely 
CuHpCl, at 4 K and at room temperature using a first principles bottom-up procedure. It has 
been found that the standard dimer model is here of no use to evaluate J(di) interactions 
between pairs of radicals since there is a magnetic Cu(C5H12N2)Cl2···Cu(C5H12N2)Cl2 
moiety that behaves as a biradical and cannot be split in two. Instead, an extended tetramer 
cluster model is needed to obtain quantitative results for all magnetic J(di) radical pair 
interactions. Hydrogen bonding formation has been found to be determinant to enhance 
ferromagnetic interactions and, in turn, reduce (in absolute value) the magnitude of J(di) 
AFM couplings. In addition, J(di)'s have been found to be very little affected by the thermal 
compression, mainly because radicals of CuHpCl do not pile up forming π–stacks in the 
crystal packing.  

The magnetic topology of CuHpCl results from the competition among nine microscopic 
magnetic J(di) pair exchange interactions. Our results agree with a cooperative network of 
ferromagnetic units coupled antiferromagnetically giving rise to squared plaquette magnetic 
building blocks, which are then antiferromagnetically connected: first in a 2D motif along 
the ab-layer, and next piling up along c to give rise to the 3D overall magnetic topology. The 
spin arrangement shows no geometrical frustration. Accordingly, the resulting 3D magnetic 
topology agrees with reported INS/NMR experiments[7,12,15,18] on CuHpCl that predicted a 3D 
transition at low temperatures, i.e. hinted at the magnetic dimensionality to be more complicated 
than that of an AFM spin-ladder system. In this sense, our work clearly calls into question the 
validity of the alleged magnetically isolated ladder motif (with uniform rails) arising from 
direct observation of the crystal packing and from fitting the experimental magnetic 
susceptibility data to a parametric ladder model. 
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The computed χ(T), Cp(T) data and singlet and triplet spin gap fit properly the experimental 

data. The temperature at which χ(T) is maximum is well reproduced (7K vs. experimental 8K) 

and, from the maximum of Cp(T) data, one can infer the critical temperature to be about 4.6K 
(experimentally 4.0K). Interestingly, magnetization M(H) data is found to be more sensitive to 

magnetic models than χ(T) and Cp(T). Therefore, using the most appropriate 3D magnetic 

model, M(H) provides sound information about the magnetic dimensionality and magnetic 
regimes (gapped singlet, partially polarized and fully polarized) of CuHpCl. The analysis of 
the Boltzmann population of the magnetic wavefunction enables to assess which states are 
populated and, thus, contribute to the magnetic response. Finally, by monitoring the temperature 
dependence of the magnetic correlation between all spin units, it has also been concluded 
that long-range spin correlation can be discarded as the origin of the partially polarized phase of 
CuHpCl, which actually results from the complex interplay of the magnetic moments in the 
3D magnetic topology.  

Within the framework of molecule-based magnetism, the first-principles bottom-up 
computational study of CuHpCl aims at capturing the microscopic complexity of the 
molecular material to both attain an adequate understanding and reproduce the available 
experimental magnetic data. In contrast to other strategies that do not explicitly account for 
the electronic structure of the material and simply aim at fitting the experimental magnetic 
data to a parametric model that might (or not) resemble the crystal packing, computational 
chemistry can provide a sound insight into the nature and mechanism of the magnetic 
coupling. Therefore, the information furnished by quantum chemistry is exceedingly 
important in the Materials Science community since it can be envisaged as an exploratory 
tool for the design of new and complex multifunctional materials. 
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