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Abstract:

The crystal structure and magnetic properties of two all-pyrazine-bridged antiferromagnetic spin ladders
are reported. The complexes, catena-(bis(3-X-4-pyridone)(u-pyrazine)copper(Il)(-p-pyrazine)diperchlorate
([Cu(pz):5(L),:](C10,4), where L = 3-X-4-pyridone and X = Br (1) or Cl (2)), contain copper(Il)-based
ladders in which both the rung and rail bridges are pyrazine molecules bonded through the x2-y? orbital of
the copper(Il) ions. This structural scaffold is proposed to approach the isotropic spin-ladder regime. 1
and 2 crystallize in the monoclinic space group P2;/c. Due to the bulk of the 3-X-4-HOpy ligands, the
ladders are well isolated in the a-direction (1, 15.6 A; 2, 15.5 A). The ladders, which run in the b-
direction, are stacked in the c-direction with the separation (1, 7.87 A; 2, 7.82 A) between copper(II) ions
caused by the bulk of a semi-coordinate perchlorate ion coordinated in the axial position. Computational
evaluation of magnetic Jag couplings between Cu-moieties of 2 supports the experimentally proposed
magnetic topology and agrees with an isolated isotropic spin-ladder (J,,; = -4.04 cm! (-5.77 K) and Jy, =
-3.89 em! (-5.56 K)). These complexes introduce a convenient scaffold for synthesizing isotropic spin-
ladders with modest superexchange interactions, the strength of which may be tuned by variations in L.
The magnetic susceptibility down to 1.8 K, for both compounds, is well described by the strong-rung
ladder model giving nearly isotropic exchange with Jy, = Jui = -5.5 K (1) and -5.9 K (2) using the a

= —22( A’B)] 4BS 4 ) g Hamiltonian. Theoretical simulations of the magnetic response of 2 using the

isotropic ladder model are in excellent agreement with experiment. The measured magnetization to 5 T
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indicates a quantum-dominated magnetic spectrum. Again, calculated lower and saturation (4.3 and 24 T,
respectively) critical fields for 2 are consistent with experimental measurements, and magnetization data
at very low temperatures indeed suggest the presence of quantum effects. Further, the computational
study of short- and long-range spin ordering indicates that a 2D-to-3D crossover might be feasible at
lower temperatures. Analysis of the Boltzmann population corroborates the presence of accessible triplet

states above the singlet ground state enabling the aforementioned 2D-to-3D crossover.

Introduction:

Spin ladder systems have been of interest since theoretical predictions intended to describe the low-
dimensional magnetic behavior of some potentially superconducting copper-oxide compounds revealed a
rich magnetic excitation spectrum.’->? The synthesis of copper(Il) molecular lattices comprising ladders
has since been pursued**®7 as weakly interacting analogs enabling field dependent investigations of the
magnetic spectrum, ideally to saturation in an applied field of < 20 T. These molecular systems have
provided insightful probes into the ladder phase diagram as a function of the exchange strengths within

the ladders and between ladders.3:%-10-11.12

Chemists have, over the decades, developed experimental scaffolding techniques to engineer complexes
with weak antiferromagnetic interactions restricted to two or fewer dimensions. Copper(Il) spin ladder
complexes, an interesting case of the quasi one-dimensional quantum Heisenberg antiferromagnet (1D-
QHAF), can be achieved via a number of synthetic pathways. However, to design molecular magnets for
detailed studies of a theoretically described regime, more robust synthetic routes are required, especially,

for instance, in the reproducible synthesis of isotropic (Juung = Jrai1) spin-ladders.

Diazine linkages have been used to engineer chains!®»'* and layered systems'>!¢ as well as ladders,
including the compounds Cu(quinoxaline)X, and Cu(2,3-dimethylpyrazine)X, (X = Cl, Br).% In these
complexes, the exchange across the rungs is ~ 50% greater than that along the rails; for example, the
fitted experimental data for Cu(quinoxaline)Br, gave Juyng = -18.8 K, Joi = -11.9 K (Jiyng/Jrait = 1.58). Here,
the rail interaction is propagated via the diazine linkage and the rung interaction via a bridging bihalide
pathway. Copper(Il) halide (CuX,*) based ladders in both the strong rung (BPCB)7%!7 and strong rail
(DIMPY)!®19 limit have been characterized previously in terms of exchange anisotropy and Luttinger
liquid models on the ladder based lattice.” (SNAPH),CuBr4-H,O is a nearly isotropic spin ladder with
Jrung/Jrait = 1.04 (Juung = -10.2 K and Ji,; = -9.8 K) where both the rung and rail bridges are two-halide
pathways.?® (5SNAPH),CuBr;-H,O and Cu(quinoxaline)Br,, while somewhat isotropic, have exchange

interactions strong enough that magnetization experiments to saturation, including low temperature
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magnetization and field dependent neutron scattering experiments, are difficult due to the high saturation
fields ( > 30 T) . Thus, a weaker, isotropic, antiferromagnetic spin ladder allowing detailed field-

dependent studies at lower fields still needed development.

Ladder-based lattices may be equally described as coupled chains or stacked dimers. The coupling along
the chain is J,,; and the dimer coupling is J.,, (Figure 1a). The singlet-triplet gap, A, characteristic of all
dimeric lattices is closed upon application of H., the lower critical field, and the moment is saturated at
H,.?!' Between the two critical fields, the ladder exists as a Tomonaga-Luttinger Liquid (TLL).??> The
magnetic behavior of ladders is dependent on the number of ladder rails, with even numbers giving a
singlet ground state with an energy gap A, the size of which depends on the ratio Jyng/Jrii,> While an odd
number of rails gives a gapless doublet ground state. Coupled-ladder lattices have been investigated for
their quantum critical behavior and quantum phase transitions.?*?42> The isotropic regime, where J.; =
Jung, 18 @ previously understudied TLL state between H., and H, and thus detailed specific heat,
magnetization and NMR experiments probing the attractive or repulsive nature of the fermionic
excitations (a function of K, the TLL parameter) may reveal interesting quantum effects.?® Furthermore,
thermal conductivity reaches a minimum near the isotropic point [J.i = Juume] according to perturbation

theory, and thus experimental examples of this regime should allow an examination of theories.?’
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Figure 1. (a) Convention used for superexchange coupling in a ladder. (b) Line-drawing of the all-
pyrazine bridged ladder scaffolding where L is a substituted capping molecule (anions are not shown).

Pyrazine-bridged systems, in particular, offer a predictable structural scaffold due to the linear nature of

the ligand coordination sites (Fig. 1b), as well as a predictable exchange constant between Cu(ll) ions,



Dalton Transactions

usually 5-18 K, with a diverse range of systems having been demonstrated.!3282%-3031 [t has been suggested
that the “all-pyrazine-bridged” ladder (where the pyrazine bridges lie in the Cu-equatorial plane) would
approach the isotropic regime where J.ij = June in a predictable fashion with modest exchange, thus

enabling said investigations of the field dependent behavior of the full magnetic excitation spectrum.

We recently reported the serendipitous preparation of the first all-pyrazine bridged ladder, [Cu,(pz);(4-
HOpy)4](ClO4), [4-HOpy = 4-hydroxypyridine].* The compound exhibits a Jyi/June ratio of 0.87, placing
it among the most isotropic ladders reported, but with modest exchange strengths allowing for ready
study over the full phase diagram. However, given the unexpected nature of the original synthesis, there
was a question of whether a family of such materials could be prepared with variable Jii/J.e ratios
allowing for detailed studies near the quantum critical point. We report here a convenient route for
preparing isolated, nearly isotropic spin-ladders using the all-pyrazine bridge scaffold through the
addition of two new all-pyrazine ladders, [Cu(pz),s(L),](ClOy4), (where L is 3-X-4-pyridone (3-X-4-
HOpy) and X = Cl, Br), which are investigated structurally, magnetically and theoretically (Figure 1b). A
detailed description of the X-ray crystal structure is used to inform the observed magnetization and
magnetic susceptibility and to provide the basis for theoretical calculations. It becomes clear that variation
of the identity of L allows tuning of the isotropic exchange strength through the pyrazine bridges by
modifying the electronic character of the copper(Il) ion. The Hamiltonian used in this study is shown in
Equation 1, where A (B) stands for a spin-carrying unit, and negative J, represents antiferromagnetic

(AFM) interactions.

= —ZZ(A'B)IABE}A -Sp (Equation 1)

Experimental

3-Chloro-4-hydroxypyridine was purchased from Oxchem Corp. 3-Bromo-4-hydroxypyridine was purchased
from Ark Pharm. Inc. Pyrazine and copper(Il) perchlorate hexahydrate were purchased from Alfa Aesar.
All starting materials were used as received. IR spectra were collected on a Perkin Elmer Spectrum 100
FT-IR. Combustion analyses were performed at the Marine Science Institute, University of California
Santa Barbara, CA. Powder EPR spectra were collected with a Bruker EMX EPR spectrometer operating
at X-Band (9.7 GHz) with a 100 kHz field modulation. Powder X-ray diffraction data were collected
using a Bruker AXS-D8 Focus diffractometer.

Synthesis
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[Cu(pz); 5(3-Br-4-HOpy),](ClO,), [catena-bis(pyrazine)bis(3-bromo-4-pyridone-x-O) (pu-pyrazine)dicopper]
diperchlorate (1): Cu(ClO,),-6H,0O (0.7723 g, 2.084 mmol) was dissolved in 3 ml H,O. 3-Bromo-4-
hydroxypyridine (0.1713 g, 0.9845 mmol) was dissolved in 18 ml methanol and was added to the
Cu(ClQy), solution. Pyrazine (0.1770 g, 2.210 mmol), dissolved in 50/50 H,O/methanol (4 ml), was
added to this solution which was stirred for 5 minutes and then left at room temperature to slowly
evaporate. After seven days, a small amount of precipitate was removed from the solution by gravity
filtration. The filtrate was left to evaporate further and after several weeks green crystals of 1 were
isolated by filtration, washed with water and methanol and allowed to air-dry (120 mg, 33%). IR (cm™)
3289 (broad, w), 3113 (mult, w), 1637 (med), 1571 (med), 1551 (s), 1519 (s), 1430 (med), 1389 (med),
1232 (w), 1123 (s,sh), 1097 (vs), 1062 (vs, sh), 1036 (s), 916 (w), 882 (w), 826 (med), 620 (s), 582 (W),
571 (w). CHN Found (%): C; 25.87, H; 2.42, N; 9.36. Calculated (%): C; 26.3, H; 1.93, N; 9.59.

[Cu(pz);.5(3-Cl-4-HOpy),](ClOy), [catena-bis(pyrazine)bis(3-chloro-4-pyridone-«x-O) (u-pyrazine)dicopper]
diperchlorate (2): Cu(ClO,4),-6H,O (0.5671 g, 1.531 mmol) was dissolved in 5 ml methanol and was
combined with a solution of 3-chloro-4-hydroxypyridine (0.1283 g, 1.323 mmol) in 15 ml methanol with
stirring giving a green solution. Pyrazine (0.2353 g, 2.938 mmol) in 10 ml methanol was added to this
solution giving a green precipitate which was filtered from the solution. The filtrate was left to evaporate
slowly. Two weeks later green crystals of 2 were isolated and washed with methanol (115 mg, 36%). IR
(cm) 3283 (broad), 3113 (w, mult), 1637 (med), 1571 (med), 1551 (s), 1519 (s), 1430 (med), 1389 (w),
1232 (w), 1154 (med), 1123 (s, sh), 1097 (vs, mult), 1062 (vs, mult), 1036 (vs, sh), 882 (s), 697 (w,
doublet), 620 (s), 582 (w), 571 (w, doublet). CHN Found (%): C; 29.55, H; 2.27, N; 10.62. Calculated
(%):C; 29.95, H; 2.20, N; 10.91.

Magnetism

The magnetic susceptibility from 1.8 to 310 K at 1 kOe and the magnetization at 1.8 K from 0 to 50 kOe
of 1 and 2 were collected on a MPMS SQUID magnetometer on powdered samples and corrected for the
temperature independent paramagnetism of the Cu(Il) ion and the diamagnetic contributions of the
sample holder (measured independently) and the constituent atoms (estimated from Pascal’s constants).
No hysteresis was observed in the magnetization of 1 nor 2 (see SI, Section I, Fig. SI.1). The samples
studied were confirmed to be of the same phase as the single crystal structures by comparison of the
powder X-ray diffraction pattern to that calculated from the single crystal data (SI Section I, Figures SI.2
and SI.3 in the Supplementary Information). Minor differences are observed due to the difference in

temperatures: RT (powder) vs. 120 K (single crystal).

X-Ray
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The structures of 1 and 2 were collected at 120(2) K on a SuperNova, Dual Atlas diffractometer and
processed in CryAlisPro.® An absorption correction from spherical harmonics using SCALE3
ABSPACK scaling algorithm was applied to the data. The structures of 1 and 2 were solved with
SHELXS-97.3* 1 and 2 were refined in SHELXL-2018% with all hydrogen atoms placed in geometrically
calculated positions using a riding model with fixed isotropic thermal parameters. Attempts to refine the
positions of the N-H protons of the substituted 4-hydroxypyridine ligands without restraints were
unsuccessful. They were thus fixed in geometrically calculated positions at 0.86 A from N11/N21
(Figures 2 and SI Section I, Figure SI.4). The pyridone molecules in 1 were modeled with 2-site disorder
and final occupancies of 0.558(7)/0.442(7) (N11 ring) and 0.681(11)/0.319(11) (N21 ring). The disorder
of the non-coordinated perchlorate ion in 1 proved particularly difficult to model and thus we considered
the structure with the disordered perchlorate ion present in the lattice, with necessary restraints, as well as
refining the structure by removing the electron density of the disordered perchlorate through the use of
SQUEEZE.?¢ Full details of both refinements are presented in the Supplementary Information. The non-
coordinated perchlorate ion in 2 was disordered and treated with a two-site model. The final occupancies
refined to 0.517(4)/0.483(4). Attempts to further define the disorder did not improve the refinement. The
structures have been deposited with the CCDC as: 209943(1-nm)(without the solvent mask), 209944
(1)(using the SQUEEZE result) and 2099919 (2).

Theoretical Methods

The standard static first-principles bottom-up (FPBU) procedure’” was applied to study and rationalize the
magnetism of 2. According to FPBU, first, after inspection of the crystal structure, the symmetry-unique
pairs of magnetic ions that are likely to be magnetically relevant are identified (using an ion---ion distance
cutoff value between spin-carrying moieties). Second, their magnetic exchange interactions, J,p, are
computed at UB3LYP3® level using Gaussian093° (see SI Theory Sections III.1, II1.2 and I11.3 for further
discussion on the choice of basis set and cluster model to assess J,3 interactions). The evaluation of J,p
was carried out using a 6-31+G(d) basis set,*® which includes polarization and diffuse functions and is
best suited to describe anions such as perchlorate, hydrogen bonding, Cu---O semi-coordination and other
electrostatic interactions. The magnetic topology of the crystal (i.e., the network of connectivity defined
by all relevant J,5 values) is then defined. Third, the Heisenberg Hamiltonian is applied to a model space
(i.e. a subset of the magnetic topology), which is designed in such a way that, ideally, the resulting set of
eigenvalues reproduces those that result from the application of the Heisenberg Hamiltonian to the full
infinite crystal. Next, the resulting energies and total spin numbers are introduced into the proper

statistical mechanics expressions to calculate the macroscopic properties of the system, such as the
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magnetic susceptibility y(T), heat capacity C,(T) and magnetization M(H).*! Finally the calculated data is

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

Complementary to heat capacity C,(7T), the magnetic capacity Cy(7) will be evaluated to assess the
importance of long-range spin correlation in 2, 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
Synthesis

Crystals of 1 and 2 were grown via slow evaporation from aqueous alcohol (1) or MeOH (2). The use of
stoichiometric amounts of the ligands 3-chloro-4-hydroxypyridine and 3-bromo-4-hydroxypyridine was
avoided because they preferentially crystallize from solution. The ligands 3-X-4-HOpy are only
appreciably soluble in methanol and thus synthesis in other solvent systems was not investigated.
Pyrazine can be added in excess to avoid crystallization of the linear-chain complex [Cu(pz)(3-X-4-
HOpy),(H,0),](C104)," and since the complex [Cu(pz),(3-X-4-HOpy),](ClO,4), does not form in these
conditions. Reactions in aqueous solutions are also more likely to precipitate the [Cu(pz)(3-X-4-
HOpy),(H,0),](C104), compounds. The product [Cu(pz),](Cl104),*! is also an issue because it is insoluble
in methanol and thus a small amount of this complex precipitates from solution and oftentimes
crystallizes with the desired products. The precipitation of [Cu(pz),](ClO,4), can be minimized by adding
pyrazine slowly. The ligand 3-X-4-HOpy can exist as either the hydroxypyridine or the pyridone

tautomer; the pyridone tautomer is observed in 1 and 2.

methanol/water
Cu(Cl0O,),-6H,0 + 1-2 (pz) + 0.5-1 (3-X-4-HOpy) »[Cu(pz);.5(3-X-4-HOpy),](ClO,),
slow evaporation

Scheme 1. Synthesis of 1 (X = Br) and 2 (X = Cl).

Structures.

Parameters related to the crystal structure solution and refinement of 1 (with the solvent mask applied via
SQUEEZE, which excludes one disordered perchlorate ion as seen in the parameters in Table 1) and 2 are

shown in Table 1. Full comparison of compound 1, with and without the solvent mask, may be found in
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the supplementary information (Section II). Compounds 1 and 2 are isostructural, thus only the structure
of 1 will be discussed in detail. Compound 1 grows as green rectangular blocks in the monoclinic space
group P2,/c. The asymmetric unit of 1 (see Figure SI.4) contains two 3-bromo-4-hydroxypyridine
molecules, one and one-half pyrazine molecules, one copper ion, and two perchlorate ions. The two 3-Br-
4-HOpy molecules are two-site disordered with the N11 ring occupancies refined to 0.56(1)/0.44(1) and
the N21 ring occupancies refined to 0.68(2)/0.32(2). One of the perchlorate ions is weakly coordinated to
the Cu(ll) ion while the second is four-site disordered in the lattice (details may be found in the
supplementary information, Section II). Cul is six-coordinate with nearly octahedral geometry (cis-bond
angles are close to 90°, see Figure 2 and Table 2) with bonds to three pyrazine molecules, two bonds to
the 3-Br-4-HOpy molecules through the pyridone oxygen atom, and one very long interaction (2.671(4)
A) to the perchlorate ion O1 atom. Thus, the coordination sphere of Cul is best described as a Jahn-Teller
elongated, distorted 4+1+1 octahedron. One dimeric rung of the ladder in 1 is shown in Figure 2. Cul-N
bond lengths to both pyrazine’! and 3-Br-4-HOpy*>** are comparable to those seen previously for related
compounds (Table 2). The 3-X-4-HOpy ligands are O-coordinated and cis. The O14/024-C14/C24
bonds are short (shown in Table 3) indicating significant double bond character and thus the 3-Cl-4-HOpy
molecule exists as the pyridone tautomer.*-4¢47 Weak hydrogen bonding between the substituted pyridone

ligands, N11-H11 and N21-H21, to the semi-coordinate and disordered perchlorate ion is observed.

Table 1. Crystallographic information for 1 (with solvent mask) and 2. For additional details regarding 1

see SI Section II.

1 2
Formula Ci6H4N504CuCIBr, Ci6H14N50,,CuCly
Molecular Weight 631.13 641.66
Crystal System monoclinic monoclinic
Space Group P2,/c P2,/c
a(A) 21.4129(7) 21.3908(5)
b(A) 6.8466(2) 6.83271(13)
c(A) 16.6158(6) 16.4846(3)
a(®) 90 90
B(®) 99.172(3) 99.288(2)
v(°) 90 90
V(A) 2404.83(14) 2377.77(8)
Z 4 4
T(K) 120(2) 120(2)
Pealc (g cm™) 1.73 1.792
p(mm') 4.513 6.020
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MA?) 0.71073 1.54184
Index Ranges -26<h<25 26 <h<26
-6<k<8 -8<k<8
-16<1<20 -20<1<20
Indep. Reflections [[>20(1)] 4577 4233
Parameters 258 371
Goodness of fit 1.127 1.056
R [[>26(])] 0.0469 0.0593
R, [1>26(D)] 0.0927 0.1634
R (all reflections) 0.0565 0.0678
Ry, (all reflections) 0.0961 0.1720

Figure 2. Thermal ellipsoid plot of a rung in 1 with the asymmetric unit labelled. Hydrogen atoms and
the disordered perchlorate ion are omitted for clarity. Only the major component of the disordered
pyridone rings are shown.

Table 2. Bond lengths and angles of the copper(Il) coordination sphere.

1(A) 2(A)
Cul...0l4 1.9393)  2.203(3)
Cul...024 22003)  1.942(2)
Cul...N1 2.0383)  2.037(3)
Cul...N3 2.0313)  2.028(3)
Cul...N6 2.048(4)  2.040(3)
Cul...Ol 2.671(6)  2.652(4)

1) 2(°)

014Cul 024  9547(12)  96.34(11)
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014 Cul N1 171.60(13)  92.14(11)
014 Cul N3 95.02(13)  91.11(10)
014 Cul N6 86.50(13)  93.43(10)
024 Cul N1(°)  91.96(12)  170.70(12)
024 Cul N3 91.81(13)  94.46(11)
024 Cul N6 93.76(13)  86.69(11)

N1 Cul N3 88.65(14)  89.17(11)
NI Cul N6 89.11(14)  89.00(11)
N3 Cul N6 174.06(13)  175.16(12)

Table 3. C=0 bond lengths in 1 and 2 (major contributors).

C=0 1 2
014...C14(A) 1.280(5)  1.253(5)
024...C24(A) 1271(5)  1.268(5)

Table 4. Pertinent Cu...Cu distances in 1 and 2 and the angle between the copper(Il) coordination plane
(Cul, N1, N3, N6, O14) and pyrazine rings (labelled by the bonded nitrogen atom).

1(A) 2(A) 1) 20
Cu...pz...Cu (Jpur) 6.847(1) 6.8327(2) NI 90.5 91
Cu...pz...Cu (Jiung) 6.842(1) 6.8424(6)  N3/N6 51.0 50.9
Cu...Cu (a-direction)  15.560(1) 15.5362(7)
Cu...Cu (c-direction)  7.872(1) 7.8233(6)

There are two types of bridging pyrazine molecules in 1 and 2 creating a ladder structure as shown in
Figure 3a. The pyrazine molecule forming the rungs lies on a crystallographic inversion center, linking
the rails in 1. The rail-type bridging pyrazine molecule links copper centers into chains in the b direction.
Ladders are separated from each other parallel to the g-axis by the bulk of the ligands L (3-Cl-4-HOpy)
giving a very large separation (15.6(1) A). There is a smaller degree of separation between adjacent
ladders parallel to the c-axis (7.87(1) A), giving approximately a lattice of stacked ladders. The ladders,
however, are offset from each other in the c-direction such that the semi-coordinated perchlorate ions are
weakly hydrogen bonded to the pyrazine ligands from the adjacent ladder and thus there is no reasonable
superexchange pathway present. The packing of 1 is shown in Figure 3b, viewed parallel to the ladder ()
direction. The angles that the planes of the pyrazine molecules make with the copper(Il) coordination
plane containing the atoms Cul, N1, N3, N6, O14 are shown in Table 4 alongside the relevant Cul---Cul
distances. The non-coordinated perchlorate ion is severely disordered and full refinement details are

provided in the Supplementary Information (Section II). The disordered perchlorate ion occupies a void

10
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between ladders in the bc plane and causes increased separation of the ladders from one another in the a-
direction (Figure 3b). Compound 2 is isostructural with 1 as shown in Tables 2-4. The asymmetric unit of
2 is shown in Figure SL.5. It appears the size difference between chlorine and bromine does not cause a
drastically larger unit cell, most likely because the 3-substituents occupy a void in the structure. The
largest percent difference in unit cell parameters is 0.8 % in the c-direction, while the angle B increases by
0.1 % in 2 compared to 1 despite the 5.8 % increase in van der Waals radii on going from chloride to

bromide. There are no significant hydrogen bonds to the halogens.

Figure 3. (a) the pyrazine bridged ladder structure of 1, perchlorate ions and hydrogen atoms are omitted
(b) packing of ladders showing separation in the a-direction and stacking in the ¢ direction (vertical). All
non-hydrogen atoms are shown as 50% thermal ellipsoids; hydrogen atoms are spheres of arbitrary size.

Magnetization

As shown in the supporting information for both compounds (SI Section I Figure SI.1), the magnetization
per mol is linear up to 10 kOe, indicating the susceptibility data at 1 kOe is within the necessary regime of
the magnetic field (H) going to zero. At 1.8 K 1 and 2 are still approaching a singlet ground state and thus
H,; is not observable; lower temperature and higher field magnetization studies are necessary to observe
and quantify H,; and H,. The moments at 5 T for 1 and 2 are similar and about 500 emu/mol; the moment
is still increasing indicating the sample is far from saturation (~ 6000 emu/mol) as expected for an
exchange coupled Cu(Il) compound. The upward curvature of the plots of M(H) for 1 and 2 indicates a
low-dimensional lattice dominated by quantum fluctuations, in agreement with the ladder model. The
saturation fields calculated from mean-field approximation?!' are 27 T (1) and 28 T (2) using the average

g-factor from susceptibility measurements (vide infra).

11
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Magnetic Susceptibility

The magnetic susceptibility of 1 reaches a maximum at 9.4 K with a value of 0.0178 emu/mol-Oe before
rapidly decreasing to 0.00447 emu/mol-Oe as the temperature decreases to 1.8 K (Figure 4a). This
behavior suggests the presence of a singlet ground state. With the structure and susceptibility data in
mind, only an array of dimers, isolated or coupled (as in ladders or alternating chains), would be expected
to describe the system. Because the structure of 1 contains pyrazine bridged superexchange pathways
with the topology of isolated ladders, the strong-rail, strong-rung and isotropic ladder models were
investigated toward fitting the magnetic susceptibility data. The susceptibility data of 1 is fit well by the
strong-rung ladder model with J,,, = -6.07(2) K, Juy = -5.27(2) K, Curie constant (CC) = 0.4398(3) (gave
= 2.166) (see Table 5).>?! The strong-rail ladder model gave unphysical results for both 1 and 2, and was
not considered further. Structurally, an alternating chain model was not reasonable, and the fit to the data
was poor as expected. A fit requiring Jyi = Jrung gave J =-5.51(1) K with CC = 0.4407(1) emu-K/mol-Oe,
paramagnetic impurity = 0.179 % and describes the susceptibility of 1 comparably to the fully refined fit
as shown in Figure 4b. The small, fitted value for the percent paramagnetic impurity agrees well with the
lack of a paramagnetic tail in the susceptibility of 1 (Table 5). Addition of a Curie-Weiss term, 0, to
account for potential contributions from weak interactions between ladders (J”) or diagonally across the
ladder, did not improve the fit indicating that the ladders are well isolated thus supporting structural

observations.

The magnetic susceptibility of 2 is analogous to that of 1 and was thus also analyzed using the ladder
models (Figure 5). The fit parameters achieved from the strong-rung ladder model are shown in Table 5.
The strong-rail ladder model similarly gave unphysical results. The fitted values for J;,n, and J; show
that 2 displays even more isotropic interactions than 1. As with 1, addition of a Curie-Weiss parameter
did not improve the quality of fit (0 refined to zero within the error). Likewise, the susceptibility of 2 was
fitted with the requirement that J.j = June Which gave Juiy = June = -5.91(2) K, CC = 0.4399(4)
emu-K/mol-Oe (g, = 2.173) and a paramagnetic impurity = 0.346(14) %, a similar result as shown in

Fig. 5b.

Table 5. Best least squares parameters for Jii, June, average gyromagnetic factor, and paramagnetic
impurity from fits of y(T) to the strong-rung ladder model for 1 and 2. Estimates of the spin gap A from
strong-rung limit and low temperature fitting.

CC (emu'K/mol-Oe)  Zave Jrait (K) Jung (K)  Para (%) JaitlJrung  Mrung AVA L
1 0.4398(3) 2.116  -5.27(2) -6.07(2) 0.82(2) 0.867 0.51 0.58
2 0.4427(3) 2.173  -5.80(2) -6.12(2) 0.621(14) 0.946 0.50 0.55
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Figure 4. (a) Magnetic susceptibility of 1 plotted as y vs. T and T vs. T (open circles) showing the fit to
the strong rung ladder model in red. (b) Magnetic susceptibility from 1.8K to 25K of 1 with the best least
squares fit to the strong-rung ladder model in red with the isotropic fit shown in blue.
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Figure 5. (a) Magnetic susceptibility of 2 plotted as y vs. T and T vs. T showing the fit to the strong rung
ladder model in red with data shown as open circles. (b) Magnetic susceptibility from 1.8K to 25K of 2
with the best least squares fit to the strong rung ladder model in red and the isotropic fit shown in blue.

The antiferromagnetic exchange through the pyrazine linkages is typical of copper(Il) complexes as the
superexchange strength through pyrazine usually varies from -5 to -18 K.163031.324348 The J ;/J,,, ratio
derived from the fits to the strong-rung ladder model shows that these two complexes exhibit nearly
isotropic exchange (1: 0.867, [1.02]; 2: 0.946, [0.978]; the fits from yT(T) are shown in brackets]. Given
the structure of the complexes, being approximately 4+2 with the elongation axis perpendicular to the Cu-
pyrazine coordination plane, the two types of bridging pyrazine molecules are bonded through the dy.y»

orbital of the copper(Il) ion much like the pyrazine bridged layers with less than four-fold symmetry
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which also give nearly square or square interactions.?>3!*8 The previously best realization of an isotropic
spin ladder is (SNAPH),CuBr, H,O with J,, = -102 K and J; = -9.8 K (June/Tat = 1.04).2°
Unfortunately, the magnetization does not saturate up to 30 T due to the strong exchange. It was thus
necessary to find a system with weaker isotropic exchange in order to achieve saturation in an

experimentally convenient field.

Not all spin-ladders consist of perfectly isolated one-dimensional ladders. Theoretical analysis of the
presence of an inter-ladder coupling (J°)** will induce 3D ordering at zero field for isotropic ladders in the
case of J’/J > 0.16. One compound has been demonstrated to undergo such a zero-field transition.'?
However, the excellent agreement between the experimental susceptibility data and the 1D spin-ladder
models supports ignoring the presence of a significant J* in the analysis. The all-pyrazine scaffold has
afforded this regime experimentally, as evidenced by 1 and 2. At J’/J = 0.16 a quantum critical point
occurs.!>?* However as the fits to y(T) with the Curie-Weiss term suggest, J’ is negligible and thus these
compounds are not in this regime. Perhaps a smaller semi-coordinate anion such as NO;~ would allow J’

to increase and thus perhaps this interaction might be likewise tunable.

The identity of L provides only slightly different values for the exchange strength between 1 and 2 as
expected since the only difference is the identity of the substituent at the 3-position of the 4-pyridone
molecule. In order to develop magneto-structural correlations for the all-pyrazine bridged ladders, a large
number of complexes need to be synthesized where the ligand L is varied to give either overall
withdrawing or donating properties. The same process is underway with complexes of the types

[Cu(pz)(L)>(H20),](C104),,* [Cu(pz)(L)4](ClO4),, and [Cu(pz),(L),](ClOy),.

The spin gap was also estimated in this study for 1 and 2 using various methods. The energy gap A
separating the S=0 ground state from the first S=1 excited state is approximately equal to | 0.5-2] | 34
giving | A | =5.8 K (2), 5.6 K (1) based on the isotropic J values Jyii= Jrung = -5.51 K (1) and -5.91 K (2).
According to the expression in second order Ji/Juune from Ref. 50, which agrees well with numerical
results in the strong rung limit,3"52 A/J,,, = 0.51 (1) and 0.50 (2). Fits to the low-temperature region of
=0.58 (1) and 0.55 (2) (see Table

the magnetic susceptibility with Equation 2 from Ref 52 give | JAVA
5). These fitted values may be overestimates because of the small amount of paramagnetic impurity in the

sample which should modify the slope at low temperatures.

A(jrung)

1
XUrungiT)~T "%~ 7 (Equation 2)

Powder EPR
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The powder EPR spectra of 1 and 2 were collected at X-Band at room temperature. The EPR spectrum of
1 is shown in Figure 6 and 2 is shown in Figure 7. The spectra of 1 and 2 appear to be axial rather than
rhombic as is expected from the structure of the complexes. EasySpin®® was used to fit the spectra
assuming one spin; the fit parameters are presented in Table 6. The g-tensor was allowed to refine with
rhombic freedom despite the axial appearance of the spectra, and the fitted g-values agree with previous
Cu(pz) compounds.!>#-4 The linewidth was described using the parameters LWG and LWL which
indicate the contribution of Gaussian and Lorentzian shapes to the line according to an approximate linear
combination. G-strain, or inhomogeneous Gaussian broadening of the line was necessary to fit the data

around g, since G-strain is proportional to g.

The fit parameters for 1 and 2 are similar as expected from the structure of the complexes. The fit to 1
gives a slightly rhombic g-tensor since g, # g, # g, while that of 2 refines to an axial g-tensor with g, =
g, # g, The calculated value for g, (2.144 (1), 2.143 (2)) from EPR results agrees within 1.5% of that
garnered from susceptibility measurements. The nearly axial spectrum is consistent with an isotropic
exchange through the pyrazine rungs and rails (the Jahn-Teller axis, the z-axis, is perpendicular to that
plane), which interact with the x?-y? orbital in a nearly identical fashion as suggested by bond lengths and
angles (Table 2). Furthermore, in line with the fits to x(T), 2 behaves slightly more axial (isotropic) than
1. The linewidth of both 1 and 2 is somewhat large ( & 30 Gauss) compared to similar pyrazine bridged
complexes.!3#3-536 According to the parameters LWG and LWL, the lineshape is primarily Lorentzian as
expected of an exchange coupled system.>” The amounts of g-strain indicated from the fits are somewhat

large compared to similar pyrazine bridged complexes.*
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Figure 6. Powder EPR spectrum of 1 at room temperature and X-Band. Data is shown in black while the
fit to the data is shown in red.
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Figure 7. Powder EPR spectrum of 2 at room temperature and X-Band. Data is shown in black while the
fit to the data is shown in red.

Table 6. Parameters from fits to the powder EPR spectra of 1 and 2 performed in EasySpin.

1 2
2« 2.0604  2.0665
gy 2.0728  2.0665
g, 22981 22951
LWG 0.0039  0.0946
LWL 3.2301  2.8239
gstrain 0.06  0.0575
rmsd 0.0056  0.0035

Theoretical analysis:

The lower degree of disorder in the structure indicated that 2 was the better choice for a theoretical study.
Analysis of the crystal packing of 2 in terms of Cu---Cu distances shows that the pairs of spin carriers that
might be magnetically important first define a spin ladder along the b-crystallographic direction (see
Figures 3 and 8a). Note the distances giving rise to rungs and rails are uniform (6.84 A in red and 6.83 A
in black, respectively, in Figure 8a), which means that 2 might be a nearly isotropic spin ladder. Further
analysis shows that these spin ladders might be then magnetically connected along the c-axis (see
Cu---Cu connected at ~7.8A and ~8.9A in Figure 8b, where spin ladders running along b-axis are
enclosed in blue). No further magnetic coupling is foreseen along the a-direction because the Cu---Cu

distance between spin carriers is too large (>15 A).
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(a) (b) ()

Figure 8. Crystal packing of 2 showing which radical pairs have been chosen in terms of Cu---Cu
distances (a) within a spin ladder (along b-axis), and (b) between spin ladders (along c-axis). Note that the
view in (b) has been chosen according to Figure 3b to enable an easier comparison. (c) Tetramer
[Cud4A4]* cluster model used to compute the Jog magnetic interaction between pairs of Cu-moieties.
Color code: Jag mediated by pyrazines: J(6.83) in black and J(6.84) in red; and through-space Jap
interactions: J(9.63) in cyan, and J(9.71) in blue. Note that # in J(#) stands for the distance between Cu
ions in angstroms (i.e. J(6.83) = J,g for 6.83 A Cu---Cu separation). Note that significant distances as
dashed lines are also shown between main Cu---pz:--Cu scaffolding and ligands (H,O and perchlorates)

(in (c) right).

In order to evaluate the J,g magnetic coupling between Cu-spin moieties, different tetramer models (see
Figure 8c for an example) were selected to calculate Jo5 between intra-ladder spin carriers at 6.833A
(black, along the b-axis) connected by either shortest interdimer contacts, 6.842 A (red in Figure 8a), or
by next shortest interdimer contacts, 7.823 A (green in Figure 8b). Let us remark that the choice of
tetramer models was made paying special attention to which weak interactions have to be included in
order to describe adequately the environment of each spin carrying center (see SI Theory Section II1.3 for
full details on the cluster models used to calculate all J,g magnetically important couplings). Therefore,
the evaluation of the J,g magnetic coupling between pairs of Cu-moieties was suited to include the effect
of anions such as perchlorates, hydrogen bonding, Cu---O semi-coordination and other electrostatic
interactions. Additionally, it was also assessed whether pairs of spin carriers connected along the c-axis at
8.902 and 8.942 A (i.e. inter-ladder couplings) were magnetically important. Notice that magnetic
interactions between Cu-moieties at 6.833 and 6.842 A are mediated by a pyrazine ligand, while all others

are through-space magnetic interactions.
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Our results show that only interactions between Cu-moieties connected by a pyrazine ligand are
magnetically significant (see J(6.83) and J(6.84) in Table 7). This result is consistent with the fact that the
Cu-moieties are significantly further apart in all other through-space Cu---Cu magnetic couplings between
spin carriers. Computed data provide a value of both J, g magnetic couplings of ca. —2.50 cm! (-3.6 K) if
no perchlorate counterions are taken into account, irrespective of the tetramer model used to calculate the
magnetic coupling between Cu-spin carriers (see Cu4 model in Table 7). This value becomes more
antiferromagnetic (AFM) reaching ca. —4.00 cm™ (-5.8 K) when the perchlorates are considered (see
Cu4A4 model in Table 7). Let us stress here that the perchlorate ClO, counterions simply affect the
Madelung field and, thus, their main role is purely electrostatic. It has been found that slightly larger J,g
values are computed if the two-dimensional (2D) Cu---pz---Cu scaffold is only partially described (see
full discussion in SI Section II1.3). It can thus be concluded that it is crucial to include both the all-
pyrazine bridge Cu---pz---Cu scaffold geometry of both meaningful J(6.83) and J(6.84) magnetic
interactions, and the appropriate semi-coordinate counterions, which are inferred to be four anions, to
calculate the Jop magnetic coupling between Cu-moieties in compound 2 (see Cu4A4 model with
J(6.83,rail) = -4.04 cm™!' and J(6.84,rung) = -3.89 cm! in Table 7; see SI Theory Section III.3 for further

discussion).

According to the above results, the magnetic topology consists of isolated magnetic spin-ladders with
almost isotropic J(6.84) AFM rungs (in red) and J(6.83) AFM rails (in black) (see Figure 9), which is
again consistent with the experimental data. Therefore, a single magnetic spin-ladder model will be used
to reproduce the available experimental magnetic susceptibility and magnetization data (Note that the
experimental g,,, value extracted from EPR experiments was employed in all simulations). In addition,
we will estimate whether long-range magnetic order is to be observed and the value of the temperature

below which it would be realized.

Table 7. UB3LYP/6 -31+G(d) computed J,p values (in cm!, values in parentheses are in K). In J(#), #
stands for the distance between Cu ions in Angstroms (i.e. J(7.82) stands for J,g with a Cu---Cu
separation of 7.82 A). Note that "J(9)" stands for the average between J(9.63) and J(9.71) values.

model |J(6.83) |J(6.84) |J(7.82) |J(8.90) |J(8.94) |“J(9)”
Cud 2.41(-3.42) | -2.84 (-4.56) | <0.05| | <]0.05] | <]0.05| | <[0.05|
Cud4A4 | -4.04 (-5.77) | -3.89 (-5.56) | <|0.05| | -0.06 <|0.05] | <[0.05|
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(a) (b)

Figure 9. Magnetic topology of 2 consists of isolated AFM spin ladders, which run along the b-axis
direction. Ladders are: (a) viewed within the Cu-pyrazine skeleton, and (b) schematically represented by
replacing the entire Cu-moiety by a single Cu atom.

The experimental magnetic susceptibility data is nicely reproduced by our calculated data (see Figure 10a
and SI Theory Section II1.4 Figure SII.4.1). The calculated magnetic susceptibility shows a maximum
value of 0.0180 emu/mol-Oe at 9.5K, which compares extremely well with the measured 0.0173
emu/mol-Oe value at 9.4K. The calculated magnetization to 5 T at 1.8K is also in agreement with the
experimental available data at 1.8K (see Figure 10b). Our experimental data also show an upward
curvature of the plot of M(H) which indicates a low-dimensional lattice dominated by quantum
fluctuations (see SI Section I Figure SI.1), in agreement with the ladder magnetic topology. At 1.8 K, 2 is
still approaching a singlet ground state and, thus, the critical field H., is not observable; lower
temperature and higher field magnetization studies are necessary to experimentally observe and quantify
H.; and H,. Our simulations indicate that saturation should be reached at H, ~ 24 T (see SI Theory
Section I11.4 Figure SIII.4.2). This result is in line with the estimates from both mean-field approximation
(24T) and using the average g-factor from susceptibility measurements (vide infra) (28T).2! As for Hy,
our simulations below 1.8K give an estimate of ca. 4.3T and indeed suggest a quantum dominated
magnetic spectrum (see SI Theory Section I11.4 Figure SIII.4.2). However, to be certain, it would be very
useful to perform these simulations using crystallographic data characterized at temperatures ca. 1.8K,
instead of using X-ray data characterized at 120K.3® Further experimental measurements are thus required

to corroborate our computational estimates.
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Figure 10 - Comparison of experimental and theoretical magnetic data for 2. (a) Magnetic susceptibility
as a function of temperature, where full and empty symbols represent experimental and calculated data,
respectively. (b) Magnetization as a function of the magnetic field, experimental (®) and calculated at
1.8K (m), 1.0K (#), 0.5K (®), and 0.2K ( A).

Experimentally, it has long been known that temperature-dependent heat capacity studies, C,(T), at zero-
field exhibit a given critical temperature at which there is either a A-anomaly or a broad peak. The A-
anomaly would allegedly be an indication of a crossover from 2D to 3D magnetic ordering and could be
attributed to long-range spin ordering. On the contrary, a broad peak would allegedly be due to short-
range spin correlations. In our simulations, we work with a subset of the infinite crystal. Therefore, from
our C,(T) data it would be hard to distinguish whether the main contribution to the heat capacity comes
from long- or short-range spin correlations. Recently, we have put forward the magnetic capacity Cy(T),*
as a new descriptor of the magnetic topology, 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 (as well as metal-coordinated molecular magnetic materials). In the same study it was also
concluded that C,(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 T of both magnetic C(T) and heat Cy(T) capacities provides information on the

importance of long-range spin correlation.
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Figure 11. Heat capacity C,(T) (solid symbol, ®) and magnetic capacity Cy(T) (empty symbol, O) as a
function of temperature. See inset for temperature dependence of the magnetic correlation between all
spin units at 0.2 K, 1.8 K (lowest temperature of magnetization measures), 4.8 K (T¢ ), 6.2 K (T¢cp), 9.4
K (Tmax,) and 15 K. Upper / lower plot represents short- / long-range spin correlation between magnetic
units. Note that spins coupled are represented in red, and spins arranged parallel in blue. Note also that the
thickness of the lines connecting radicals is proportional to the strength of the correlation between spins.

For 2, we discover that Tc calculated from Cy(T) is 6.2K and from C(T) is 4.8K (see Figure 11 and SI
Theory Section II1.4 Figure SII1.4.3). We know that a large ratio between the two critical temperatures is
synonymous with a magnetic topology of high dimensionality, and with importance of long-range spin
ordering. The (T¢ s/ Te,cp) ratio is 77 %, which is indicative that a 2D to 3D crossover might be feasible
at low temperatures. This is, in fact, corroborated by the analysis of the magnetic wavefunction at
different temperatures (see inset in Figure 11 and also SI Theory Section II1.4 Figure SIII.4.4), which
shows a large contribution of both short- and long-range spin correlation as already appraised up to 4.8K
(i.e. Tccs). Note that short-range spin ordering is purely AFM (i.e. antiparallel spin alignment, see red
lines in Figure 11), while long-range is mostly FM (i.e. parallel spin alignment, see blue lines in Figure
11). From 4.8K to 6.2K (i.e. Tcp), the contribution from long-range ordering becomes smaller. In fact,
the non-appearance of connections between spin-carrying moieties means that there is a non-ordered spin

alignment (colorless lines in Figure 11). At 9.4K (Tpax,), long-range order is almost lost, and at 15K it
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can be discarded, whereas short-range becomes less important. It is clear that long-range spin correlation

is lost at lower temperature than short-range correlation, in agreement with previous studies.*>8

Analysis of the Boltzmann population corroborates that the ground state is a singlet and there are
accessible triplet states (see Table 8 and SI Theory Section II1.4). In fact, at Tc ¢s = 4.8 K triplet states are
half of the total population within the lowest 10 magnetic states. Let us comment that, below 4.0 K, these
10 states carry up to 90% of the total spin population. At this point, one can calculate the spin gap (Ag,p)
as the energy difference between the singlet ground state and the first triplet state, which is obtained by
solving the Heisenberg secular equation in the space defined by the minimal 2D spin ladder magnetic
model. The A,,, value obtained is 4.9 cm™, i.e. 7.1K, which is in agreement with the experimental singlet
and triplet spin-gap values estimated to be 5.8K. Note that A,,, extracted from the eigenvalues resulting
from full diagonalization of the corresponding Heisenberg Hamiltonian results in a 4.9 T critical field (H,

= Agap/gl), which indirectly supports our estimated value of 4.3 T for H,.

Table 8. Percentage of ground state, first excited state, and 2 to 9 excited states at 0.2 K, 1.8 K, 4.8 K, 6.2
K, 9.4 K and 15 K of 2. Note that temperatures have been chosen in agreement with Figure 13. GS and
ES stand for Ground and Excited States, respectively. GS, and ES6-ES7 are singlets (S=0), ES1-ES4 and
ES9-ES10 are triplets (S=1) and ESS is a quintet (S=2).

%ESi-j % S=1 over 10 States

T/K 70 GS 7 ESI (see below for States) 70 10 States (GS +9ES)
15.0 0.37 341¢ 3.78 69.4

9.4 2.80 14.93¢ 17.74 67.6

6.2 14.57 13.95 24.42° 52.94 61.6

4.8 30.95 21.26 25.71° 77.91 534

1.8 93.64 5.51 0.79 « 99.94 6.3

0.2 100.0 - - 100.0 -

¢ Percentage considering ES2-ES4; ? Percentage considering ES2-ES9; ¢ Percentage considering ES1-
ES9.

Conclusion:

In conclusion, a new pyrazine bridged ladder scaffold is introduced with the formula
[Cu(pz);5(L),:](ClO,),. The susceptibility as a function of temperature was successfully analyzed using the
strong rung-ladder model for both 1 and 2; only a small effect on the magnitude of J is observed as a
function of L. The superexchange strength J.i/Jume 1s nearly isotropic in this pair of isostructural
complexes where L is 3-X-4-HOpy with X = Cl or Br. The potential ambiguity of a strong-rung/strong-
rail evaluation of the experimental results, especially in a system so close to the isotropic point, was

eliminated by theoretical analysis. Employing the computational evaluation of magnetic J5p couplings
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between Cu-moieties of 2 independently verifies the experimentally posited magnetic topology in
agreement with isolated, nearly isotropic spin-ladders (J.,; = —4.04 cm™! (—5.77 K) and J;yp, = —3.89 cm!
(-5.56 K) using H = — 2XJ 4554 - S Hamiltonian).

Theoretical simulations of 2 are in excellent agreement with experimental y magnetic susceptibility and
magnetization down to 1.8 K. In fact, calculated magnetization data at very low temperatures (< 1.8 K),
hints at the presence of quantum effects, as already indicated by measured magnetization to 5T.
Additionally, calculated lower and saturation (ca. 4.3 and 24 T, respectively) critical fields for 2 are
consistent with experimental estimates, although lower temperature and higher field magnetization studies

are necessary to experimentally observe and quantify these two critical fields.

Further, the assessment of the short- and long-range spin ordering of 2 by evaluation of the magnetic
wavefunction indicates that a 2D-to-3D crossover might be feasible at low temperatures. In fact, analysis
of the Boltzmann population corroborates that there are accessible high spin multiplicity states (e.g.
triplet) above the singlet ground state enabling the aforementioned 2D-to-3D crossover, and provides a
value for the spin gap of 4.9 cm™!, which is in turn in agreement with the experimental singlet - triplet spin

gap estimated to be 5.8 K.

Preparation of additional members of this family of isostructural all-pyrazine bridged ladders is in process
along with the associated studies of magneto-structural correlations. Thus, by varying the identity of L we
can observe effects on the isotropic superexchange strength J. High-field, low-temperature magnetization

studies up to saturation will be performed towards exploring the isotropic regime of spin ladders.
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