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ABSTRACT: The synthesis, structure, and magnetic behavior of the complexes Cu(qnx)Br, (1), Cu(2,3-dmpz)Br, (2),
Cu(qnx)Cl, (3), and Cu(2,3-dmpz)Cl, (4) (qnx = quinoxaline, dmpz = dimethylpyrazine) are described. Both X-ray structural
data and fitting of the magnetic data suggest that the compounds are well-described as strong-rung, two-leg magnetic ladders with
Jeung ranging from —30 K to —37 K, and J,; ranging from —14 K to —24 K. An unexpected decrease in the exchange constant for
Jrail (through the diazine ligand) is observed when the halide ion is changed from bromide to chloride, along with a small decrease
in the magnetic exchange through the halide ion. Theoretical calculations on 2 and 4 via a first-principles bottom-up approach
confirmed the description of the complexes as two-leg magnetic ladders. Furthermore, the calculations provide an explanation for
the experimentally observed change in the value of the magnetic exchange through the dmpz ligand when the halide ion is
changed from bromide to chloride, and for the very small change observed in the exchange through the different halide ions
themselves via a combination of changes in geometry, bond lengths, and anion volume.

B INTRODUCTION other systems with such a gap,'* including Haldane chains.’
A molecular crystal will behave macroscopically as a magnetic Further interest in magnetic ladders comes from their
material if, and only if, the magnetic interactions between relationship to certain phases of high-temperature super-
radicals can propagate in one, two, or three directions. If they conductors.* The ladders themselves are also known to
propagate over only one or two directions of space, the system undergo a superconducting transition when doped.’

is referred to as a low-dimensional magnet, to distinguish it Among the best-studied spin ladders are the copper oxide-
from bulk magnetic compounds. There has been extensive derived systems.”® However, the very strong exchange
study of a variety of low-dimensional molecular magnetic observed in these materials makes it difficult to study them in
lattices over the past several decades.' Among these lattices, their disordered state, or in applied fields that constitute a
there has been particular interest in magnetic ladders, which is a significant fraction of the critical field, again leaving the material

topology where interactions between radicals propagate in two
directions as follows: n radical chains of length L interact
magnetically to generate an n X L system also known as an n-
leg ladder. The magnetic interactions within one of the n chains
are known as J,y, and magnetic interactions between chains are
known as J . In the simplest case, two magnetic chains (n=2;
with interaction J,;) are linked together by a single Jeung
interaction to make a two-leg ladder.

The interest in these materials is due, in large part, to the

in the singlet ground state. Molecular spin ladders, on the other
hand, have the advantage of weaker interactions, which allows
experiments in all regions of the magnetic excitation spectrum.
These systems also are more readily adjusted through chemical
modification of the ancillary portions of the structure, allowing
for tuning of the interactions with respect to both the strength
and sign of the magnetic exchange.

existence of an energy gap in the spin excitation spectrum for Received: March 8, 2012
even-legged ladders” and, as a result, to their relationship to Published: May 23, 2012
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A small number of purely organic ma_gnets with probable
spin ladder structures have been reported,” along with a family
of hybrid metal—organic compounds that derived their
magnetic properties from the organic component.g’9 A
somewhat larger number of coordination compounds exhibiting
spin-ladder magnetic behavior and owing the source of their
magnetic moment to the metal species have been reported.
These include several copper(II) complexes in which the spin
ladder motif results from the crystal packing of CuX,*~
ions,'*™"® and complexes where the spin ladder structure
results from bridging metal species with diamagnetic
ligands."*~

Recent experience shows that the magnetic behavior of a
compound may be more complex than first suggested by
knowledge of the crystal structure.'” The dominant interactions
may occur in directions different from those showing the
shortest inter-radical distances and/or the interladder inter-
actions may not be negligible. The extensively studied
vanadium compound (VO),(P,0,) was originally interpreted
as a two-leg spin ladder.'"®™** However, subsequent neutron
scattering experiments showed that the principal magnetic
interactions were those of an alternating chain oriented
perpendicular to the structural ladder motif.>"** Other
problems result when the symmetry of the system is lower
than that of the ideal ladder, which would have only two
different exchange pathways. For example, the copper complex
Cu,(1,4-diazacycloheptane)Cl, was initially reported and
studied as a spin ladder,'®**7>° but subsequent studies
indicated that the system is more complex, with at least five
different exchange pathways, and that its consideration as a spin
ladder is an oversimplification.”**’

We have been interested in designing a series of magnetic
ladders in the limiting cases of strong rung exchange and strong
rail exchange, as well as isotropic systems. Thus, we have
prepared several compounds that appear structurally as two-leg
ladders and whose magnetic behavior agrees with that analysis
using both the crystal packing and bridging ligand techni-
ques.lo’lz’ll"ls’zg’29 In some cases, the properties have also been
rationalized at the theoretical level.'>* In this general area, we
have previously reported'®'® the structures and magnetic
susceptibility for Cu(qnx)Br, (1) and Cu(2,3-dmpz)Br, (2)
(qnx = quinoxaline; dmpz = dimethylpyrazine; see Figure 1 for
the molecular unit of 2), which crystallize as two-leg spin
ladders where the Cu(Il) ions are the source of the unpaired
electron. The rungs of the ladder are formed by dibromide
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Figure 1. Molecular unit of Cu(2,3-dimethylpyrazine)Br, (2). Note
that (2), and Cu(2,3-dmpz)Cl,, (4) are isostructural compounds.
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bridges and the rails are formed by the bridging diazines. Here
we report the synthesis and structures of the corresponding
chloride complexes, Cu(qnx)Cl, (3) and Cu(2,3-dmpz)Cl, (4),
their magnetic behavior, a study of the impact of temperature
on the crystallographic structures, and a comparative
theoretical-experimental analysis of the magnetic properties of
the chloro and bromo Cu(2,3-dmpz)X, complexes.

B EXPERIMENTAL SECTION

1. Synthesis. Quinoxaline and 2,3-dimethylpyrazine were
purchased from Aldrich Chemical Company and used as received.
Copper(1I) chloride dihydrate and copper(Il) bromide were
purchased from Aesar and used as received. Infrared (IR) spectra
were recorded as KBr pellets on a Perkin—Elmer Model Paragon 500
or Spectrum 100 spectrophotometer (4000—450 cm™) and
referenced to polystyrene.

Catena-quinoxalinedibromocopper(II) (1)** and catena-2,3-
dimethylpyrazinedibromocopper(Il) (2)"* were prepared as previously
reported.

The synthesis of Catena-quinoxalinedichlorocopper(II) (3) has
been previously reported by Lindros and Lumme.* Material for both
magnetic measurements and X-ray diffraction (XRD) was prepared via
slow evaporation. A solution of CuCl, dihydrate [40 mL, 0.1 M in
EtOH] was placed in a 50-mL beaker. A separate 50-mL beaker was
filled with 40 mL of a solution of quinoxaline [also 0.1 M in EtOH].
These beakers were placed in a larger container and the outer
container slowly filled with ethanol until the level of ethanol was 5 cm
above the level of the smaller beakers. The outer container was sealed
and the system left for approximately one month during which time
small crystals grew from the diffusing mixture. The residual liquid was
carefully removed, and the product harvested by filtration, washed with
ethanol and air-dried to give green crystals, 0.46 g (43%). IR (KBr): v
3102(w), 3067(w), 3045(w), 1508(s), 1466(m), 1358(s), 1214(m),
1210(m), 1145(s), 1140(s), 1056(s), 971(m), 876(m), 756(s),
644(w) cm™.

Catena-2,3-dimethylpyrazinedichlorocopper(II) (4) involved the
addition of a solution of CuCl,-2H,0 (0.336 g, 1.97 mmol) in 3:1
methanol/CHCI; to a stirred solution of 2,3-dmpz (0.217 g, 2.00
mmol) in 3:1 methanol/CHCl;, which resulted in the immediate
precipitation of a turquoise powder. After stirring for 10 min, the
precipitate was isolated by filtration, washed with 50 mL of fresh 3:1
methanol/CHCI;, and dried under vacuum to give 0.485 g (84.5%). IR
(KBr): 3094(m), 1438(m), 1405(m), 1376(w), 1188(s), 1166(s),
852(m) cm™". Single crystals suitable for XRD analysis were grown by
slow diffusion of a layered solution of CuCl, in water over 2,3-dmpz in
CH,Cl,. IR (KBr): v 3094(w), 1438(m), 1405(m), 1376(w),
1257(w), 1188(s), 1166(s), 1105(w), 1012(w), 973(w), 852(m),
758(w), 527(w) ecm™.

2. X-ray Crystallography. Data for 1 and 3 were recorded with a
Rigaku-Spider X-ray diffractometer, which was comprised of a Rigaku
MMO007 microfocus copper rotating-anode generator, high-flux Osmic
monochromating and focusing multilayer mirror optics (Cu K
radiation, 4 = 1.5418 A), and a curved image-plate detector.
CrystalClear software®' was utilized for data collection and FSProcess
in PROCESS-AUTO software®* was used for cell refinement and data
reduction. Crystals of 4 were mounted on a Bruker/Siemens SMART
system using ¢ and @ scans for data collection. Cell parameters were
determined using SMART?? software and refined using SAINTPlus.>*
Data reduction and corrections were performed using SAINTPlus.>*
Absorption corrections were made via SADABS.>® All structures were
solved emgloying direct methods and expanded by Fourier
techniques.*® Nonhydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in calculated positions and refined
using a riding model with fixed isotropic U values. Details of the data
collection parameters and the crystallographic information are
provided in Table 1, while selected bond lengths and angles are
given in Table 2, along with previously reported data for 1—4. The
new crystal data have been deposited with the CCDC (1, No. 826786;
3, No. 826785; 4, No. 826787). A Bruker D8 powder X-ray
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Table 1. New Crystallographic Data for Compounds Cu(qnx)Br, (1), Cu(qnx)Cl, (3), and Cu(2,3-dmpz)Cl, (4)

1 3 4
empirical formula CgH¢Br,CuN, CsHCl,CuN, C¢H,ClL,CuN,
formula weight 353.51 264.59 242.58
temperature (K) 138(2) 113(2) 93(2)
wavelength (A) 1.54178 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group C2/m C2/m C2/m
unit-cell dimensions
a (A) 13.1018(3) 13.1229(4) 12.8193(10)

b (A) 6.95350(10) 6.9476(2) 6.9031(5)
c (A) 10.3240(7) 9.7058(3) 9.5759(7)
B (°) 107.547(8) 107.467(2) 105.982(3)
volume (A%) 896.79(7) 844.10(4) 814.65(11)
V4 4 4 4
density (calculated, Mg/m®) 2.618 2.082 1.978
absorption coefficient (mm™") 13.443 3.161 3.265
F(000) 668 524 484
crystal size (mm?®) 0.19 X 0.04 x 0.01 0.68 X 0.34 X 0.13 0.50 X 0.30 X 0.20
data collection range, 0 (deg) 3.55-31.51 3.25-27.57 3.38—22.71
index ranges -15<h<13 —-16 <h<16 -13<h<12
—-8<k<7 -8<k<9 -7<k<7
-1 <111 -12L1<L12 -9<1<L10

reflections collected 4737 8164 1386
independent reflections 792 [R(int) = 0.1133] 1047 [R(int) = 0.0193] 575 [R(int) = 0.0182]
completeness (%) 99.9 99.3 95.4
absorption correction semiempirical from equivalents
refinement method full-matrix least-squares on F*
data/restraints/parameters 792/12/64 1047/0/64 575/0/56
goodness-of-fit on F* 1.132 1.110 1214
final R indices [I > 20(I)]

R17 0.0613 0.0187 0.0259

wR2? 0.1592 0.0531 0.0709
R indices (all data)

R1“ 0.0685 0.0195 0.0260

wR2% 0.2062 0.0537 0.0709
largest diff. peak and hole 1.888 and —1.653 e A3 0.490 and —0.317 e A3 0.626 and —0.443 e A3

“Ry = YRyl — IFAl/YIE; wR, = {X[w(Fe2 — B2)*/ X [w(F2)*]}2

Table 2. Selected Bond Lengths and Angles for Compounds 1—4, at Their Indicated Temperatures®

1 2 3 4
304 K (ref 15) 138 K (this work) 295 K (ref 14) 295 K (ref 30) 113 K (this work) 93 K (this work)
Bond Lengths (A)
Cul—-X1 2.4285(6) 2.438(2) 2.442(1) 2.300(2) 2.3062(6) 2.3138(13)
Cul—-XI1A 2.9162(6) 2.898(2) 2.9011(12) 2.685(1) 2.6605(6) 2.6474(12)
Cul-X2 2.3702(6) 2.377(2) 2.3833(10) 2232(2) 2.2369(6) 2.2458(12)
Cul-N1 2.0610(19) 2.090(7) 2.057(4) 2.068(2) 2.0676(14) 2.065(3)
Bond Angles (deg)
Cul—X1-CulA 90.473(18) 90.05(7) 92.02(3) 91.47(4) 90.70(2) 91.57(4)
N1B—Cul-Nl1 174.16(11) 175.0(4) 173.2(2) 174.07(8) 174.42(7) 173.54(15)
N1-Cul-X2 88.85(6) 88.88(18) 88.73(10) 88.89(5) 88.94(4) 88.72(7)
N1-Cul—X1 90.50(6) 90.52(19) 90.56(10) 90.41(4) 90.35(4) 90.54(7)
X2—Cul-X1 166.72(2) 165.70(10) 167.56(5) 166.04(3) 165.00(3) 166.30(5)
N1-Cul—X1A 92.88(5) 92.5(2) 93.38(11) 92.95(5) 92.77(4) 93.20(7)
X2—Cul—-X1A 103.76(2) 104.35(8) 104.46(4) 105.43(4) 105.70(2) 105.27(4)
X1-Cul-X1A 89.527(18) 89.95(7) 87.98(3) 88.53(4) 89.30(2) 88.43(4)
C2-N1-C3 116.9(2) 117.9(7) 117.9(4) 117.4(2) 117.31(14) 117.9(3)
C2-N1-Cul 119.93(16) 120.6(5) 118.6(3) 119.62(9) 119.78(10) 118.8(2)
C3—-N1-Cul 123.12(16) 121.5(5) 123.5(3) 122.96(10) 122.88(10) 123.3(2)

“Symmetry transformations: A = —x, —y, —z; B = x, -, z.
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diffractometer was used to verify that powder samples used for
magnetic measurements were the same phase as the single crystal.

3. Magnetic Data Collection. Magnetic susceptibility data for
compounds 1—4 were measured on a Quantum Design MPMS-XL
SQUID magnetometer. Crystals of 1—4 were powdered and packed
into #3 gelatin capsules. There was no hysteresis observed in the
magnetization of the sample as a function of applied field, from 0 to 50
kOe at 1.8 K. The moments were linear with the applied field up to at
least 5000 Oe. Susceptibility data were taken over the temperature
range from 1.8 K to 310 K in an applied field of 1000 Oe. The data
were corrected for temperature-independent paramagnetism of the
Cu(II) ion and for the diamagnetism of the constituent atoms using
Pascal’s constants. The data were fitted to the appropriate analytical
function®” to extract fitting ],y parameters, using the Hamiltonian in
eq 1:

A=-2)7,5%%
AB

(1)

4. Theoretical Methods. The first-principles bottom-up proce-
dure®® was employed to gain a rigorous and properly founded
understanding of the magnetic properties of compounds 2 and 4. This
procedure is a four-step working strategy that allows the computation
of the macroscopic magnetic properties with the only input being the
experimental crystal structure (at a representative temperature). No
assumptions of any type are made concerning the sign or size of the
radical---radical magnetic interactions present in the crystal. The four
steps involved in the procedure are as follows: (1) identification of all
unique radical---radical pairs present in the crystal, (2) calculation of
the radical---radical magnetic interactions (J,5) for all unique pairs, (3)
determination of the magnetic topology of the crystal and the finite
minimal magnetic model, and (4) calculation of the macroscopic
magnetic properties of the crystal.

Identification of All Unique Radical---Radical Pairs Present in the
Crystal. This analysis was carried out on all crystals of interest. All
symmetry-unique radical--radical pairs whose distance is smaller than
a given threshold (selected in such a way that all relevant first- and
second-nearest-neighbors radical--radical pairs are included) were
considered in the analysis. As it will be shown below, because of the
two-leg structure of these crystals, some radical---radical pairs present
through-bond magnetic interactions while others present through-
space interactions.

Calculation of the Radical---Radical Magnetic Interactions (J,g)
for All Unique Pairs. The ], in crystals 2 and 4 formally originates in
the Cu(Il) ions and the ligands are all diamagnetic. In order to
reproduce the electronic structure of the interacting electrons
properly, each Cu(Il) radical will be coordinated with all its linked
ligands, that is, each radical in Cu(2,3-dmpz),Br, will be constituted by
one Cu(Il), two (2,3-dmpz) ligands, and two Br ligands in equatorial
positions, at their geometry in the crystal. For each pair of coordinated
Cu(1I) radicals, J,p can be obtained as ]y = [Ess— E*],*® where the
open-shell singlet ESs is computed using the broken-symmetry (BS)
approximation O at the UB3LYP DFT level,*"** as implemented in
Gaussian 03" and the following basis sets: Ahlrich’s DZP** on Cu and
the 6-31+G(d)* on the remaining atoms. This expression assumes
that the overlap between SOMO orbitals on radicals A and B is small,
which is true in most through-space interactions and in some through-
bond magnetic interactions. Energy values and, in turn, J,5 values have
an accuracy of 1077 au (0.05 cm™).

Determination of the Magnetic Topology of the Crystal and the
Finite  Minimal Magnetic Model. The magnetic topology is
straightforwardly defined by looking at the network of connectivities
among the spin centers that make the non-negligible J,p interactions.
Previous tests have shown that, when IJ,5l < 0.05 cm™, the magnetic
interaction can be considered as negligible.

Once the magnetic topology of the crystal is defined, the minimal
magnetic model comprises the smallest group of radicals whose
propagation along the three crystallographic axes reproduces the
magnetic topology of the infinite crystal in an even way. It should
include all significant ], magnetic interactions in a proportion as close
as possible to that found in the infinite crystal. Larger models can also
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be obtained by extending the minimal magnetic model. However, if
the minimal magnetic model is properly defined, the macroscopic
properties computed should converge toward the experimental data as
the minimal magnetic model is enlarged.

Calculation of the Macroscopic Magnetic Properties of the
Crystal. The matrix representation of the Heisenberg Hamiltonian
(defined in eq 1) in the space of all eigenstates of the minimal
magnetic model space is uniquely defined when all of the ], values are
computed. These values were computed in step 2 and the model space
is defined in Step 3. The size of the matrix representation increases
with the number # of doublet radical centers as n!/[(n/2)!(n/2)!]. In
practice, this means that we are computationally limited to models of
16 spin centers or fewer. Finally, it is worth pointing out here that we
have used the form of the Heisenberg Hamiltonian given in eq 2,
which results in the same energy differences between eigenvalues as
those obtained using the more common expression given in eq 1.
Since the energy differences represent the relevant result when
computing any of the macroscopic magnetic properties, the results
obtained using the eigenvalues from eqs 1 or 2 are the same, and this is
true for any macroscopic magnetic property (magnetic suscAeptibilitAy,
heat capacity, magnetization, etc.). Note that in eqs 1 and 2, S, and Sy
are the total spin operators acting on radicals A and B, and I,y is the
identity operator.

. A A 1.
A=-2) ]AB(SA-SB + ZIAB)
AB

)

As a final remark, the procedure is called bottom-up because the
macroscopic magnetic properties are obtained from the microscopic
radical---radical magnetic interactions without any prior assumptions
about the size or topology of the magnetic interactions acting in the
crystal. It is also a first-principles procedure because the ],z magnetic
interaction for each pair is obtained from energy differences between
states computed by first-principles methods (high-level ab initio*® or
DFT methods*).

B RESULTS AND ANALYSIS

1. Synthesis and Structure. Reaction of copper(Il)
chloride or bromide with quinoxaline (qnx) or 2,3-dimethyl-
pyrazine (2,3-dmpz) in alcoholic solution gave the correspond-
ing complexes Cu(qnx)Br, (1), Cu(2,3-dmpz)Br, (2), Cu-
(qnx)Cl, (3), or Cu(2,3-dmpz)Cl, (4) in 40%—80% yield, all
of which present a ladder motif in their crystal packing. High
yields were obtained when solutions of the two reagents were
mixed directly, resulting in an insoluble powder. Diffusion
methods were used to obtain single crystals suitable for X-ray
diffraction (XRD). Single-crystal XRD data were collected for
compound 4 and new low-temperature data sets were obtained
for the previously reported compounds 1'° and 3.*°

New crystal structure data and refinement parameters for 1,
3, and 4 are given in Table 1, while bond lengths and angles for
1—4 at varying temperatures are given in Table 2. All four
complexes crystallize in the monoclinic space group C2/m.
(Only figures for 4 are shown. A view of 4 with thermal
ellipsoids is shown in Figure 2.)

The four complexes crystallize forming the same structural
ladder motif (see Figure 2). The rungs of these ladders are
formed by bihalide bridges (bromide ions for 1 and 2, chloride
ions for 3 and 4). The rails are formed by bridging diazine
molecules (quinoxaline for 1 and 3, 2,3-dimethylpyrazine for 2
and 4). Adjacent ladders are separated by the alkyl groups or
aromatic rings parallel to the c-axis (see Figure 3a). Although
the possibility of significant interactions mediated by the two-
halide exchange pathway®” exists between ladders, these are not
anticipated to be significant here. Adjacent ladders along the a-
axis are offset by 1/2-unit cell (parallel to the b-axis) reducing
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Figure 2. Thermal ellipsoid plot of Cu(2,3-dmpz)Cl, (4) showing the
ladder structure. Only the non-hydrogen atoms in the asymmetric unit
and Cu coordination sphere have been labeled.

the significance of interladder interactions via halide---halide
contacts, as a result of symmetry cancellation, X---X distances,
and Cu—X--X bond angles*® (see Figure 3b and the Theory
section for the calculated interladder exchange values).

2. The Impact of Thermal Expansion on the Crystal
Structures. The temperature at which the crystal has been
determined in XRD can be very relevant when the thermal
expansion of the crystal presents non-negligible magnetic
effects. Consequently, we explored these thermal effects in the
structures of 1 and 3.

Comparison of the unit-cell parameters between room-
temperature (RT) and low-temperature (LT) data shows very
small, but anisotropic, changes (the b-axis expands while the a-
and c-axes contract). In compound 1, the cell parameters are
(RT/LT) a = 13.175(2) A/13.102(3) A, b = 6.929(1) A/
6.954(1) A, ¢ = 10356(1) A/10.324(1) A, B = 107.70(1)
°/107.55(1)°, V = 900.7(2) A3/896.8(1) A® while for
compound 3, they are a = 13.237(5) A/13.123(1) A, b =
6.935(3) A/6.948(1) A, ¢ = 9.775(3) A/9.706(1) A, B =
107.88(2)°/107.47(1)°, V = 853.9(5) A%/844.1(1) A%, This is

only a 0.4% decrease in the volume of 1 and a 1.1% decrease in
the volume of 3. All cell parameters decrease at low
temperature except for the b-axis (ladder axis) length, which
shows a very small (~0.2%) increase. The corresponding
change in bond lengths and angles within the complexes are
equally small (the maximum change in Cu—N or Cu—X bond
length is 0.03 A; see Table 2), suggesting very little change in
the structure of the ladders or the interladders disposition, as a
function of temperature. The slight expansion of the unit cell
parallel to the b-axis (the rail spin-ladder axis) upon cooling in
compounds 1 and 3 is somewhat unusual. Examination of bond
parameters along this axis in 1 indicates that the Cu—N bond
has lengthened slightly (from 2.061(2) A at RT to 2.090(7) A
at 138 K), but this is partially compensated for by a
compression of the quinoxaline ring itself (dy.n = 2.813(2)
A at RT, but is shortened to 2.777(5) at 138 K). The expansion
is even smaller in 3 where the b-axis lengthens by <0.02 A.
Here, although the Cu—N bonds are identical, within error, the
quinoxaline ring expands slightly (dy..y = 2.805(3) A at room
temperature, 2.817(S) at 113 K). In both compounds, the Cu—
X1—Cu bridging angle is compressed at low temperature,
bringing the quinoxaline rings slightly closer together and
increasing the steric hindrance between them. The Cu--Cu
distance (via a combination of change in the Cu—N bond and
quinoxaline ring) increases along the b-axis, to compensate for
the increase in crowding.

3. Magnetic Data. Magnetic susceptibility data (Figure 4)
were collected as a function of temperature for powder samples
of 1—4 from 1.8 K to 310 K. All four compounds exhibit a
maximum in the magnetic susceptibility in the range of 20—30
K, with the temperature of the maximum and value of y at the
maximum varying for each compound. The data could be fitted
by a model for a strong-rung (J.i < Jrune) two-leg ladder.*” The
fitting parameters are given in Table 3.*” Note that, in light of
the ab initio computations (as will be discussed later), there was
no need to explore fitting the data with magnetic models other
than the strong-rung spin ladder.

4. Theoretical Analysis of the Magnetic Properties of
Cu(2,3-dmpz)Cl, and Cu(2,3-dmpz)Br,. In order to
improve our understanding of the magnetic properties of
compounds 1—4, a first-principles bottom-up analysis was done
on two of the complexes: 2 (Cu(2,3-dmpz)Br,) and 4 (Cu(2,3-
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Figure 3. Crystal packing of compound 4: (a) viewed parallel to the b-axis, showing the separation of the ladders; (b) viewed perpendicular to the
ladder face, showing how adjacent ladders are offset by 1/2-unit cell parallel to the b-axis.
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Figure 4. Molar susceptibility as a function of temperature for

compounds 1—4. The solid line represents the fit to a strong-rung two-
leg ladder model.

Table 3. Fitted Magnetic Parameters for Compounds 1—4

C (emu 2 ung/k (K)  2Ja/k (K) impurity

compound K mol™' Oe™") fraction
1 0.406(1) -37.61(12)  -23.8(3) 0.0056(1)
2 0.427(8) —31.75(1) —1839(2)  0.0031(1)

3 0.424(1) —33.87(10)  —20.0(2) 0.012(2)
4 0.435(5) —30.05(1) —13.77(6) 0.0031(1)

dmpz)Cl,), taken as prototypes of the Cl- and Br-substituted
compounds. The results obtained in each of the four steps of
the first-principles bottom-up analysis method are given
hereafter grouped by steps.

Step 1: Identification of All Unique Radical---Radical Pairs
Present in the Crystals of 2 and 4. A comprehensive analysis
of the crystals of 2 (Cu(2,3-dmpz)Br,) and 4 (Cu(2,3-
dmpz)Cl,)) was done in order to identify all symmetry-unique
radical pairs capable of presenting a non-negligible magnetic
coupling between them, that is non-negligible J(di) inter-

actions. The criterion used to decide which pairs of radicals to
consider initially is the distance between spin-carrying groups,
formally the Cu(II) atoms: all Cu(II)--Cu(Il) pairs whose
separation is <10 A were initially considered (this cutoff
criterion included all first- and second-nearest neighbors).
Eight radical pairs have a Cu(II)--Cu(Il) distance of <10 A
in 2, Cu(2,3-dmpz)Br,; they are shown in Figure S, with their
Cu(I)--Cu(1I) distance indicated in Table 4. Among these

Table 4. Values of the J(di) Magnetic Interactions (in cm™")
for All Symmetry-Unique Radical Pairs Found in the
Crystals of 2 and 4“

Cu(2,3-dmpz)Br, (2) Cu(2,3-dmpz)Cl, (4)

Cu--Cu J(di) Cu--Cu J(di)
4) (em™) 4) (em™)
radical pair
d1 3.858 —13.82 3.562 —14.23
d2 6.883 —10.26 6.903 —8.82
d3 7.890 —0.71 7.768 —0.73
d4 7428 +0.84 7.280 +0.35
ds 6.589 +0.16 6.419 +0.13
dé 6.549 -1.05 6.241 —0.86
d7 9.501 —0.13 9.306 —0.11
ds 9.101 —0.01 9.090 +0.01
d9 9.496 +0.03
d1o 9.576 +0.00
experimental fitting
Jeung ~11.03 —10.44
o —639 —479

“The Cu(Il)--Cu(Il) distance is given for each pair. Fitting |
parameters are also given for comparison purposes.*®

eight pairs, three of them (d1, d2, and d3) are intraladder. Note
also that here d1 is the radical pair responsible for the rung
interaction in the 2-leg ladder, d2 is responsible of the rail
interaction, and d3 corresponds to a diagonal intrarail
interaction connecting the two legs of the ladder (other
symmetry-equivalent d1—d3 radical pairs in Figure Sa are not

Figure 5. The eight symmetry-unique radical pairs found in the crystal of 2 (for each pair, the Cu(II)---Cu(II) distance is indicated in Angstroms):
(a) intraladder pairs (d1, d2, and d3 in Table 4) and interladder pairs along the bc-plane (d6 and d7 in Table 4); (b) interplane radical pairs (d4, dS,
and d8 in Table 4). Note that, in panel b, hydrogen atoms have been removed, for the sake of simplicity.
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shown, for the sake of better clarity). Figure Sa also shows the
two radical pairs that connect one 2-leg spin ladder with its
adjacent one along the bc-plane, d6 and d7 (shown twice).
Finally, Figure Sb shows the radical pairs that connect Cu(II)
centers located in different bc-planes. It is also worth noting
that, while d1 and d2 are through-bond magnetic interactions,
all others are of the through-space type.

When a similar analysis is done on 4, Cu(2,3-dmpz)Cl, (see
Table 4 for Cu(II)---Cu(II) distances), three intraladder radical
pairs were identified (d1, d2, and d3, with the same physical
meaning as in 2, and Cu---Cu distances 3.562, 6.903, and 7.768
A) plus seven interladder radical pairs (d4—d10, with Cu--Cu
distances, in increasing order, 6.241, 6.419, 7.280, 9.090, 9.306,
9.496, and 9.576 A). Once again, d1 and d2 are the rung and
rail magnetic interactions, respectively, both of the through-
bond type, while all others are of the through-space type.

Step 2: Calculation of the Radical---Radical Magnetic
Interactions (J,g) for All Unique Pairs of 2 and 4. For each
radical-pair selected in Step 1, the value of the microscopic
magnetic interaction, J(di), was then computed. This magnetic
coupling J(di) is calculated from the energy difference between
the open-shell singlet state and the triplet state, as indicated
above (the Heisenberg Hamiltonian expression is that from eq
1). The broken symmetry approximation has been used to
calculate the energy of the open-shell singlet states.*’

The J(di) results computed for all symmetry-unique radical
pairs found in 2 and 4 are collected in Table 4. In both crystals,
there are seven non-negligible radical pairs: d1—d7. Note that
not all of them are antiferromagnetic, although the dominant
ones have such character. Note also that the strength of each
interaction is not always proportional to the Cu(II)---Cu(II)
distance.

The pair approximation employed up to this point can
sometimes be erroneous, bceause of the presence of polar-
ization effects that radicals adjacent to the radical pair can
induce on the radical pair. The possible existence of these
polarization effects was checked by performing calculations
using four-radical models on crystals of 4, Cu(2,3-dmpz)Cl,. It
is found that the value of ], = J(d1) varies from —14.23 cm™
to —13.87 cm™' when going from the dimer model to the
tetramer model. On the other hand, J,; = J(d2) goes from
—8.82 cm™, using a dimer model, to —8.52 cm™, for a tetramer
model. It is obvious that individual ] values will differ,
depending on the model (2 or 4 radicals) used to perform
the ab initio computations. However, one must keep in mind
that our objective is to reproduce experimental magnetic
properties. Based on our experience in reproducing exper-
imental y(T) data in molecular magnetism, the key point in this
procedure is not only the value of the computed microscopic
magnetic exchange interactions, ], but the relative ratios
between them: J.,/J1 = 1.6 for both dimer and tetramer
models (see Figure S1 in the Supporting Information).
Therefore, the dimer model works well in crystal 4, and is
also expected to work well in the dimers of crystal 2 studied
here.

It is well-known that the least-squares functions used to fit
the experimental data with the desired parameters could
present multiple local minima. As mentioned in the
Introduction, the magnetic behavior of a compound may be
more complex than first suggested by knowledge of the crystal
structure. Therefore, all theoretical ab initio calculations of
microscopic ] magnetic exchange interactions have been
planned to get the right physical interpretation to the
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Cu(2,3-dmpz)X, systems 2 and 4, and to finally assign the
experimental fitting ], and ],y parameters shown in Table 4
amonyg different strong-rung spin-ladder models obtained in the
fitting procedure. This example illustrates the relevance of
computational chemistry methods as tools to theoretically
discriminate which is the best fitting model to be used.

Step 3: Determination of the Magnetic Topology of the
Crystal. The non-negligible J(di) magnetic interactions define a
topology consisting of a set of weakly interacting antiferro-
magnetic 2-leg spin ladders (the largest interladder interaction
is ~I1l cm™ in both cases), where each 2-leg ladder has the
properties of a strong-rung ladder (see Figure 6). It must be

J(d1) J(d?) J(d6)
[ - [ i [ o
J(di‘T -_T /T T T -T>;(a4)
N i S
-I—-— | —|—4 I - —:
T J(d5)
, hid i
s, S R
| | 4 |
an X'\ .
T T v )
] e

Figure 6. Magnetic topology of the Cu(2,3-dmpz)Br, crystal (2).

mentioned here that, although the computed values of J,,, are
in good agreement with the experimentally fitted data (—13.82
em™! vs —11.03 cm™ in 2; —14.23 cm ™' vs —10.44 cm™! in 4),
there is some numerical difference in the J,; values (—10.26
cm™' vs —6.39 cm™' in 2; —8.82 cm ™! vs —4.79 cm ™! in 4). We
emphasize here that the theoretical in-detail study of all
exchange-pair interactions Jup is intended to provide a complete
picture of the microscopic magnetic pathways.

Step 4: Calculation of the Macroscopic Magnetic Proper-
ties of the Crystal of 2 and 4. To obtain a proper estimate of
the magnetic properties, one needs a magnetic model capable
of reproducing the magnetic topology of the crystal as closely as
possible. Such reproducibility can be tested by extending the
magnetic model, as a proper magnetic model should show
convergence in the computed magnetic properties (toward the
experimental data) when it is extended.

To test the importance of the weak interactions between the
two-leg ladders of the magnetic topology, we started using
magnetic models made of isolated ladders (note that the largest
interchain ],y value is in the —1 cm™ range, while the largest
intrachain ], parameters are in the —14 cm™' range, which is
more than 10 times larger) (see Figure S2 in the Supporting
Information). Afterward, we expanded the model by taking into
account the interchain interactions and examining changes
relative to the isolated two-leg spin-ladder model (see Figure S3
in the Supporting Information). All computed y(T) curves
reproduce the shape of the experimental curve well, and
convergence is reached when using the eight-site model, which
is therefore taken as the minimal magnetic model. The impact
on the magnetic susceptibility curves of the interchain magnetic
interactions was explored and we can conclude that, given their
small magnitude, the weak interchain ladder interactions are
not relevant in reproducing the macroscopic magnetic
properties of Cu(2,3-dmpz)Br, (2). Therefore, this system
may be safely considered as an isolated 2-leg spin-ladder
magnet for simulation purposes. The same conclusions are
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Figure 7. Comparison between experimental (in black) and computed magnetic susceptibility curves (in blue using a 8-radical model at 0 T), ¥(T),

for (a) Cu(2,3-dmpz)Br, (2), and (b) Cu(2,3-dmpz)Cl, (4) crystals.

reached when the magnetism of the Cu(2,3-dmpz)Cl, crystal
(4) was studied using the first-principles bottom-up procedure,
although we will not further discuss them. This conclusion
further validates previous treatment of these complexes as
isolated spin ladders.'*'®

Figure 7 shows a comparison between both experimental and
computed magnetic susceptibility curves for Cu(2,3-dmpz)Br,
(2) and Cu(2,3-dmpz)Cl, (4) crystals, using the corresponding
8s minimal magnetic model.

Let us make a final comment on the fact that, for simulation
purposes, often one does not use the magnetic model inferred
directly from the calculated magnetic topology, but rather a
more general model. The theoretical calculation of x(T) is
based on choosing the most appropriate magnetic model for
simulation, which must be an agreement between model size
and comprehensive description of the magnetic topology.
Therefore, the choice of this general or coarse magnetic model
depends on the ratio among microscopic J pair interactions, and
thus one usually neglects IJl < 10%l]j,geql- Accordingly, for the
Cu(2,3-dmpz)X, system, the weakly interacting AFM two-leg
spin-ladder magnetic model evolves into an AFM two-leg
ladder model in order to calculate ¥(T). One must obviously
check that magnetic models with and without neglected Js
converge toward the same y(T) value, which must also agree
with the experimental data.

5. A Comparative Study of the Magnetism in Cu(2,3-
dmpz)Br, (2) and Cu(2,3-dmpz)Cl, (4). As a final step of
this work, we investigated the similarities and differences
between the bromide and chloride analogues, Cu(2,3-dmpz)Br,
and Cu(2,3-dmpz)Cl, (2 and 4, respectively). As shown in
Table 4 and Figure 6, both crystals have similar topology and
J(di) values, which correspond to a strong-rung two-leg spin-
ladder system. Experimentally, the ] /] relative strength is
1.73 for 2 and 2.18 for 4, which should be respectively
compared to theoretical values of 1.35 and 1.61. Interestingly,
although the individual J,,, and J;,; values are different, the
relative strength is maintained; both the experimental and
computed Jyng/ ;i 1atios are larger for the chloride compound.
Therefore, when bromide is replaced by chloride, not only is
the two-leg ladder magnetic topology preserved, but the
dominant magnetic interactions (]mng and J,,;) are preserved as
well. This is at least partially a surprising conclusion, given the
different properties of Cl and Br (electronegativity, polar-
izability, Cu-halogen distance). Thus, a more-detailed analysis
became appropriate.

6322

Let us begin by comparing the crystal packing of 2 and 4.
Figure 8 and Table S collect the most relevant distances (Cu—

Cu(2,3- dimethylpyrazine)Br: (2) Cu(2,3-dimethylpyrazine)Cl; (4)

% ‘!/I‘J - 21.350A, J"{‘
1.341A ' Fa B 4
J'..l/kf 1.417A o l‘f | Lss
L] > 7
1.374A sy T1381AR /-
2 g o

Figure 8. Comparison of the most relevant distances (in Angstroms)
and angles (in degrees) in the crystal packing of 2 (Cu(2,3-dmpz)Br,)
and 4 (Cu(2,3-dmpz)Cl,).

Table 5. Value of the Cu**Cu Distance along the Rail and
Rungs and of the Torsion Angles in the 2,3-dmpz Ring, for 2
and 4“

Cu(2,3-dmpz)Cl, (4) Cu(2,3- dmpz)Br, (2)

dey..cy (rung) 3.562 A 3.858 A
dew-cu (rail) 6.883 A 6903 A
£C3—-C1-N-C2 2.82° 3.08°
£C4—-C2-N-C1 2.85° 3.11°

“See Figure 9a for atom numbering.

halogen, Cu—N, C,;om—Cqom), and a few relevant angles and
torsion angles for the crystals of 2 and 4. As expected, the
chloride analogue (4) shows slightly shorter Cu—X distances,
compared to the bromide analogue 2, IACu—X| ~ 0.25 A. A
very striking point is the way the Cu---Cu distance changes
along the rung or rail (see Table S). The Cu--Cu distance
varies by 0.30 A within the rung, while within rails, it only
changes 0.02 A (see Figure 8). The Cu—N(2,3-dmpz) distance
is practically the same in 2 and 4, and the same applies to the
Carom—Carom distances within the 2,3-dmpz ring (Figure 8). The
planarity of the 2,3-dmpz ring is also preserved (see Table 5
and Figure 9a for the atom numbering). There is also no
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Figure 9. (a) Atom numbering used in Table S to represent the dihedral angles for the 2,3-dmpz ring. (b) Cu—halogen distances (in Angstroms),
angles and torsion angles between the plane of the 2,3-dmpz ring and the halogen bridge (in degrees) (values given in red are data for 2; values given
in blue are data for 4).

Table 6. Variation of J,; = J(d2) Value as the Geometry of the d2 Radical Pair is Modified, in Three Steps (See Text), and is
Converted from 2 (First Column) to the Equivalent Structure of the d2 Radical Pair in 4 (and Vice Versa)

experimental (d2 in

model name 2) Step 1 Step 2 Step 3 (d2 in 4)
model d2 experimental d2 in 2 setting Cu—Br bond lengths equal to Cu—Cl bond  d2 in 4 keeping Cu—Br bonding d2 geometry in 4 replacing
description geometry in 2 lengths in 4 distances as in 2 Cl by Br ions
dey..ca (A) 6.883 6.883 6.903 6.903
dey.x (A) 2.383-2.442 2.248-2.312 2.383-2.442 2248-2.312
a(Cu—X— 92.02 92.02 91.62 91.62
Cu) (deg)
J(d2) (em™)  —10.26 —10.60 -9.59 -9.72
model name  experimental (d2 in 4) Step 1 Step 2 Step 3 (d2 in 2)
model d2 experimental d2 in 4 setting Cu—ClI bond lengths equal to Cu— d2 in 2 keeping Cu—Cl bonding d2 geometry in 2 replacing Br
description geometry in 4 Br bond lengths in 2 distances as in 4 by Cl ions
deg.ca (A) 6.903 6.903 6.883 6.883
deyx (A) 2.248-2.312 2.383—2.442 22482312 2.383—2.442
a(Cu—X—Cu) 9162 91.62 92.02 92.02
(deg)
J(d2) (em™)  —8.82 —-8.85 —9.41 -9.31
apparent difference in the twist of the 2,3-dmpz rings. Finally, The results shown in Table 6 enable us to interpret the
Figure 9b shows the values of the main geometric parameters difference between the values of ] for 2 and 4 (1.60 cm™
defining the relative position of the Br and Cl atoms in the from experiment and 1.44 cm™ from computations). In order
bihalide bridge. As observed there, the main change occurs in to proceed, we will resort to comparison between ] values
the Cu—halogen distances. computed using models based in 2 against ] values computed
Once the main change between crystals of 2 and 4 has been using models based in 4. It is found that this difference can be
shown to be the Cu—halogen distances, it is surprising that the ascribed to be a cooperative effect, which can be decomposed
substitution of CI~ and Br~ ions affects J,; (IA] ilg—ci = 1.60 into one change in J,; because of the halogen and another

change because of the structure. The effect of the halogen can
be evaluated comparing experimental d2 in 2 against Step 2
model in 4: —10.26 cm™' vs —=9.41 cm™" (and experimental d2
in 4 against Step 2 model in 2: —8.82 cm™' vs —9.59 cm™").
The change due to the change in halogen contributes ca. +0.8
cm™! to the total. It is well-known that, with both terminal and
bridging halogens, the polarizing effect of the halogen can
influence exchange to the extent that, with Cl, overall charge is
localized more within the halide subunits, both bridging and
terminal sites, such that exchange is reduced compared with Br

experimentally and 1.44 theoretically). It is thus worth
considering which geometric factors are responsible for the
variation of J.,4 = J(d2) as the geometry of the d2 radical pair is
modified from that in 2 to that in 4 (and vice versa). Such
change can be envisioned as a set of three successive
“hypothetical” steps. In Step 1, the effect of the halogen in
Jeat Will be explored in terms of the Cu—Br distance with a
model that uses the geometry of the d2 dimer in 2 with the
Cu—Br distances modified to be equal to the Cu—Cl distances

that the d2 dimer has in 4 (note there are no changes in the (see Table S1 in the Supporting Information). The effect of the
orientation (bond angles) of any of the atoms). In the second structure can be quantified comparing either the experimental
step, the structural effect of the crystal packing in ] will be d2 in 2 against the Step 2 model in 2 or the Step 1 model in 2
evaluated with a model that uses the geometry of the d2 dimer against the Step 3 model in 2: —10.26 cm™' vs —9.59 cm™,
in 4 and replaces CI with Br atoms, preserving the original Cu— —10.60 cm™! vs —9.72 cm™~.>! The change due to the structural
Br bonding distances. In the final step, both effects will be effect of the crystal packing amounts to ca. #0.7 cm™". The
considered using a model that is the d2 dimer in 4 and simply overall effect is ca. 1.5 cm™’, whose magnitude agrees with the
replacing the CI” ions with Br™ ions. observed |AJ ylg, ¢ value. Therefore, although surprising, the
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substitution of CI™ ions for Br™ ions does affect the exchange,
not only along the rungs but also along the rails of the spin-
ladder magnetic topology of 2 and 4

Finally, we have attempted to explain the difference between
the magnetic interactions through the rung (IA]nmng,_Cl =0.59
cm™' from experiment and 0.41 cm™' from computations).
Calculations of the magnetic interactions by exchanging the
halogen anions into the corresponding analogous crystal
structure show that, in both cases, the magnitude of the
magnetic interaction J,, decreases due to the fact that the
overlap between magnetic orbitals from halogens and copper
radicals becomes less effective. Accordingly, one can argue that
the similar J,,, value in both Br and Cl analogues is due to the
difference of the anion volume, which produces a separation
between copper (pyrazine) chains, i.e., both halogens fit and
magnetically bridge equally well, and the halogen size effect is
offset by the separation between the Cu ions.

B CONCLUSIONS

The synthesis, crystallographic structure at various temper-
atures, and the magnetic properties of Cu(qnx)Br, (1),
Cu(qnx)Cl, (3), and Cu(2,3-dmpz)Cl, (4) are reported. It is
found that these crystals are well-described by a two-leg spin-
ladder magnetic topology, where J.,; > J and that these
values are similar for both bromide and chloride compounds.

Using the first-principles bottom-up procedure, the magnetic
properties of the Cu(2,3-dmpz)Br, (2) and Cu(2,3-dmpz)Cl,
(4) crystals are theoretically characterized and compared.
These computations confirm that the magnetic topology is a
two-leg spin ladder, where Ju, > Jrai 2a0d Vingeradderd < 1 cm™,
and thus there was no need to experimentally explore fitting the
data with magnetic models other than the strong-rung spin
ladder. The computed values of J,, and .3 (—13.82 and
—10.26 cm™ in 2, and —14.23 and —8.82 cm™ in 4) are in
good agreement with the experiment (—11.03 and —6.39 cm™
in 2, and —10.44 and —4.79 cm™ in 4), as well as the computed
and experimental magnetic susceptibility curves.

The substitution of CI” for Br~ ions does not affect the
exchange along the rungs but along the rails of the spin-ladder
magnetic topology of 2 and 4. A comparative study of the rail
radical pairs (d2) of 2 and 4 concludes that both the halogen
and structural effects change the computed J; magnetic
interaction. In this case, the ], value for Cl is reduced,
compared to Br, because of charge localization within the
bridge chloride subunit and at the terminal chloride sites. In
contrast, comparison between the rung radical pairs (d1) shows
a very small difference in J,,g because of an accidental
cancellation of effects: for (4), the Cu--Cu distance is shorter
than for (2), but this is compensated by the larger orbital size in
the Br analogue. The final outcome is an almost-equivalent
magnetic exchange for ], in the two analogues.

B ASSOCIATED CONTENT

© Supporting Information

Dependence of the calculated y(T) value on the Jeung/ Juai
relative ratio for 4. Convergence of calculated y(T), depending
on the spin-ladder magnetic model size and the interladder
exchange models for 2 and 4. Listing of MSK halogen charges
for the tetramer model for 2 and 4. This material is available
free of charge via the Internet at http://pubs.acs.org.
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