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Abstract: The complex (2,3-dmpyH).CuBr, has been synthesized and its crystal packing determined by
single-crystal X-ray diffraction (2,3-dmpyH = 2,3-dimethylpyridinium). The compound crystallizes in the
triclinic space group P1. The crystal packing is characterized by the formation of a ladder structure for the
CuBr, anions showing short Br-+-Br contacts. The rungs of the ladder are formed via a crystallographic
inversion center, while the rails are formed via unit cell translations. Variable temperature magnetic
susceptibility measurements agree very well with the ladder model [Jung = —3.10 cm™* (—4.34 K) and Jri
= —6.02 cm~! (—8.42 K)]. The assignment as a magnetic ladder is confirmed by first principles bottom-up
theoretical calculations which conclude that Jung = —3.49 cm™! (—4.89 K) and Ji = —7.79 cm™* (—10.9
K), in very good agreement with the experimental values. They also support the absence of additional
significant magnetic exchange within the crystals. Thus, (2,3-dmpyH).CuBr, represents the second reported
example of a weak-exchange limit magnetic ladder (that is, one in which the exchange along the rail is
stronger than that across the rung).

Introduction a superconducting phaskand to play a role in certain phases

The study of low-dimensional molecular magnetic lattices of high-temperature superconductdrs.

has become prominent over the past several dedades Among the best studied ladders are the copper oxide derived
. . . . . . - ,8,10-12
Magnetic ladders consist of two identical magnetic chains (with SYStems: However, the very strong exchange observed

intrachaind,, interaction) linked together by bridging unithg in these materials makes it difficult to study them in their
interaction); there are no interactions betweeeal ladders. disordered state, or in applied fields that constitute a significant

Such ladders have been a special topic of interest owing to th(_:‘fraction'of either the lower or upper critical fields. Molecular
presence of an energy gap in the spin excitation spectrum of Magnetic systems, on the other hand, have the advantage of
even-leg laddef$ and to their connection to other gapped weaker interactions, which allows experiments in all regions
systemd including S = 1 Haldane chain.Under certain of the magnetic excitation spectrum. These systems also are

conditions, ladders have been shown to undergo a transition toMre readily adjusted through tuning of the ancillary portions
of the structure, allowing for tuning of the interactions with
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Il Imperial College London. ladder structures have been repottetf along with a family
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magnetic properties from the organic comporiéAt.A some- strong rail exchange as well as isotropic systems. Thus, we have
what larger number of coordination compounds have been prepared a number of systems which appear structurally as two-
reported which exhibit magnetic-ladder behavior and owe the leg ladders and whose magnetic behavior agrees with that
source of the magnetic moment to the metal species. Theseanalysis using both the crystal-packing and bridging-ligand
include several copper(ll) complexes in which the ladder motif techniqued?21232434n the case of an isotropic magnetic ladder,
results from crystal packing of CuX ions!®22 as well as properties have also been rationalized at the theoretical 12vel.
those where the ladder structure results from bridging diamag- We report here the synthesis, structure, magnetic susceptibility,
netic ligands3-25 and theoretical model of the new strong rail ladder (2,3-
Recent experience shows that the magnetic behavior of admpyH)CuBr, [2,3-dmpyH= 2,3-dimethylpyridinium].

compound may be more complex than first suggested by
knowledge of the crystal structure. The dominant interactions
may occur in directions different than those showing the shortest 2 3-pimethylpyrazine was purchased from Aldrich and used as
inter-radical distances and/or the interladder interactions may received. Copper(ll) bromide was purchased from Aesar and used as

Experimental

not be negligible. The vanadium compound (¥®}O;) has

received. IR spectra were recorded on a Perkin-Elmer Paragon 500

been studied extensively and was originally interpreted as a two- spectrophotometer and referenced to polystyrene.

leg magnetic laddet®~28 However, subsequent neutron scat-

Bis(2,3-dimethylpyridinium) Tetrabromocuprate(ll) [(2,3-dmpyH) ..

tering experiments showed that the principal magnetic interac- CuBra] 1. Copper(ll) bromide (2.172 g, 9.72 mmol) was dissolved in
tions were those of an alternating chain oriented perpendicular3o mL of water, resulting in a bluish green mixture which was filtered

to the structural ladder mot#:3° Other problems result when

the symmetry of the system is lower than that of the ideal ladder
with only the rail and rung exchange pathways. The copper

complex Cy(1,4-diazacycloheptane)Chas reported and stud-
ied as a magnetic laddér3t33 but subsequent studies indicated

to remove traces of insoluble material. AqQueous HBr (21.6 mL of 9
M) was added to 2,3-dmpy (2.084 g, 19.4 mmol) giving a pale-orange
solution. The solution of (2,3-dmpyH)Br was added slowly to the
stirring CuBg solution resulting in a dark red/black solution. The
solution was then placed in a desiccator. Crystal formation was observed
after about three weeks, and the first crystals were harvested after five

that the system is more complex and that the application of a weeks. The majority of the solution was decanted and the crystals were

ladder Hamiltonian is an oversimplificatif3®

then filtered and washed witert-butanol, while the decanted solution

We have been interested in designing a series of magneticVas placed ba_ck in the d_esicpator. Thg harvesting procedure was
ladders in both the limiting cases of strong rung exchange andrepeated four times, resulting in a combined product of 4.66 grams
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Mailly, D. Phys. Re. B: Condens. Matter Mater. Phy4997, 55 (5),
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(80%). The crystals were dark red/purple, essentially opaque, and shaped
as elongated rectangular prisms and parallelepipeds.

X-ray Diffraction. A crystal of 1 was mounted on a glass fiber
using a fluorocarbon oil. Data was collected at 88(2) K using a Bruker/
Siemens SMART system (Mo & radiation,4A = 0.71073) usingp
and w scans. The first 50 frames were recollected at the end of the
data collection to monitor for decay. Cell parameters were determined
using SMART’ software and refined using SAINTPI&s.Data
reduction and corrections were performed using SAINTFléssorp-
tion corrections were made via SADABSThe structure was solved
via direct methods using SHELXS®7and refined via least-squares
using SHELXL97%* Crystallographic details are given in Table 1.
Selected bond lengths and angles are given in Tables 2 and 3. The
structure has been deposited with the CCDC (CCDC No. 607284). A
Bruker D8 powder X-ray diffractometer was used to verify that powder
samples used for magnetic measurements were the same phase as the
single crystal.

Magnetic Data Collection. Data were collected using a Quantum
Design MPMS-XL SQUID magnetometer. Crystalslofere powdered
and packed into a no. 3 gelatin capsule. The magnetization of the sample
as a function of applied field was collected from 0 to 50 kOe at 1.8 K;
no hysteresis was observed. Susceptibility data were taken over the
temperature range from 1.8 to 325 K in an applied field of 1 kOe.

Computational Details. A theoretical study of the magnetic
interactions of this crystal was performed using a first-principtetsom-

(35) Hammar, P. R.; Reich, D. H.; Broholm, C.; Trouw, Phys. Re. B:

Condens. Matter Mater. Phy4998 57 (13), 7846-7853.

(36) Turnbull, M. M.; Galeriu, C.; Giantsidis, J.; Landee, CMRl. Cryst. Liq.
Cryst. Sci. Technol., Sect. 2002 376, 469-476.

(37) SMART, Bruker Molecular Analysis Research T@&liker AXS: Madison,

WI, 1997-1998.

(38) SAINTPIlus. Data Reduction and Correction Prografruker AXS:

Madison WI, 1999.

(39) Sheldrick, G. MSADABS, an empirical absorption correction program,
version 2.01; Bruker AXS Inc.: Madison, WI, 1999.

(40) Sheldrick, G. MSHELXS97 Program for the Solution of Crystal Structures;
University of Gadtingen, Gdtingen, Germany, 1997.

(41) Sheldrick, G. M.SHELXL97 Program for the Refinement of Crystal
Structures;University of Gdtingen, Gatingen, Germany, 1997.

J. AM. CHEM. SOC. = VOL. 129, NO. 4, 2007 953



ARTICLES Shapiro et al.
Table 1. Crystal Data and Structure Refinement for 1 Table 3. Hydrogen Bonds for 1 [A and deg]2
empirical formula G4H20N2CuBry D-H-+-A d(D-H) d(H:++A) d(D+++A) [(DHA)
[‘gm ) 58989('25)°K NI-H1--Br2#l  085(5)  253(5)  3.254(4)  144(4)
NHLeLE  omn  rme)  samg
space group P2(1)h ) ) :

unit cell dimensions

volume

Z

density (calcd)

abs coeff

cryst size

6 range for data collection
index ranges

reflctns collected
independent reflctns
completeness t6 = 26.45
abs correction

max and min transm
refinement method
data/restraints/params
GOF onF?

final Rindices | > 2a(1)]
R indices (all data)

a=7.5037(6) A
b=31.613(3) A = 98.972(2)
c=8.2016(7) A
1921.7(3) A
4
2.072 Mg/t
9.448 mmt
0.25¢ 0.12 x 0.03 mn?
2.58 t0 26%45
-9<h=<9,
—39< k=37,
-10=<1=<10
16513
389Rf = 0.0572]
98.2%
empirical
0.7481 and 0.2749
full-matrix least-squaresrn
3895/0/200
1.039
R1=0.0359, wR2= 0.0672
R£ 0.0573, wR2=0.0724

Table 2. Selected Bond Lengths [A] and Angles [deg] for 12

a Symmetry transformations used to generate equivalent atoms:—#1)
+1-y, —z+ 2, (#2)—x —y, —z+ 2.

obtained from the energy difference between the appropriate states
computed by first-principles methods (accurate ab initio or DFT
method4?). Once thelas values are known, we can diagonalize the
corresponding Heisenberg Hamiltonian. We have used the following
Heisenberg Hamiltonian, which is more convenient for our computer
codes:

H=-2 ; sG-S+ (1) Tag) @)

wherelag is the identity operator an8, ( &) is the spin operator
acting on radical A (B). The energy spectrum computed using this
Hamiltonian results in the same energy differences between different
eigenvalues as those obtained using the more common expression:

H=-2 z JABéA'§B (2

The energy spectra for these Hamiltonians are obtained by diagonal-

Cu-Br1 2.4118(7) CuBr2 2.3842(7) o ; ) . ) L )
Cu-Br3 2.3841(7) CuBré 2.3524(7) ization of its matrix representation on the basis of spin-eigenfunctions
Bri---Br2A 3.905(1) Br3--BraC 4.328(1) of a finite model crystal that mimics the magnetic properties of the
Bri—Cu—Br2 98.61(2) Br:Cu—Br3 126.24(3) infinite crystal (the so-calledninimal magnetic model spaceThis
Brl—-Cu-Br4 102.25(3) Br2-Cu—Br3 101.12(2) allows the rigorous computation of the macroscopic magnetic properties
(B:r27BCllkBBr42 A iggg?l(;) BB?CBU;EMC A ig%gﬁf) using the adequate statistical mechanics expreséioFise minimal

u_ r cee r . r .o r —_— u . . . .
CU—Br3--BraC 1555(1)  Bra-BraC—CucC 155.5(1) magnet!c model space is selected once the_ magnetic topology of t_he
Cu—Br1--Br2A—CuA —2.0(1) Cu-Br3---Br3C—-CuC 180.0 crystal is determined as part of the study in terms of the magnetic

connectivity that théag values define among the radicals. The minimal
aSymmetry transformations used to generate equivalent atoms: model space is formed by the smallest set of radicals whose extension
A)x+1,y.z(C)L-x -~y ~z along the three crystallographic axes reproduces such topology and,
thus, the infinite crystal. Such space must include all significagt
interactions and in the same ratio as found in the infinite crystal.
Furthermore, the macroscopic properties computed with finite spaces
should converge toward the experimental data (which would theoreti-
(2) computation of the radicafradical magnetic interactiondg) for cally correspond to the infinite crystal) as we enlarge the finite magnetic
each unique radicalradical pair found in the crystal, (3) determination space’? Notice that the size of the matrix representation of the
of the magnetic topology of the crystal, and its minimal magnetic model Hejsenberg Hamiltonian increases with the number of doublet radical
space, and (4) calculation of the macroscopic magnetic properties of N centers asll/[(N/2)!/(N/2)!]. In practice, this means that we can reach
the crystal using the full energy spectrum obtained by diagonalization up to 16 different doublet centers.
of the matrix representation of the appropriate Heisenberg Hamiltonian ~ The only spin carrying units in the (2,3-dmpy@uBr; crystal are
(the matrix representation is computed on the space of spin functionshe cuBg2- anions. Each CuB# unit is a doublet radical by means
of the minimal magnetic model space). Such matrix representation is of the unpaired electron of the Cu(ll), which does not belong entirely
only a function of thelas parameters whose values were computed in g the Cu(ll) atom since it is also shared over the Br atoms owing to
step 2. spin polarization. Therefore, only two states are possible for th& A
This approach is an objective four-step procedure for connecting radical pairs: a singlet and a triplet state. The valudgffor each
the microscopic to the macroscopic magnetic information, with step 3 pair is thus obtained from the energy difference between the open-
being the key step for such a micro-to-macro connection. We must shell singlet and triplet states, both at the crystal geometry. We compute
stress the fact that this first-principles bottom-up procedure benefits both energies using the B3LYP functiortal?s the Ahlrich-pvDZz*
from well-known theoretical methods from chemistry (step 2) and basis set for Cu, and a 6-3G(dy"“8basis set for the remaining atoms.
physics (step 4) as part of a global strategy to study molecular The broken symmetry approximation was used to compute the open-
magnetism. It idottom-upbecause the macroscopic magnetic properties shell singlet for a proper description of its open-shell nature. Within
are obtained from the microscopic radicahdical magnetic interactions
using the crystal structure (cluster/periodic apprédas the only input,

that is, without makmg. any Stam.ng assumptlons about the natur? or 44) Lee, C Yang, W.; Parr, R. ®hys. Re. B; Condens. Matter Mater. Phys.
strength of the magnetic interactions established between the radicals’ ~ 1988 37 (2), 785-789.

up approach? consisting of four steps: (1) analysis of the crystal
structure to find all unique radicaradical pairs present in the crystal,

(43) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38 (6), 3098~
3100

of the crystal. It is also first-principles because fiag for each pair is (45) Becke, A. D.J. Chem. Phys1993 98 (7), 5648-5652.
(46) Schafer, A.; Horn, H.; Ahlrichs, Rl. Chem. Phys1992 97, 2751.

)
(47) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28 (3), 213-222.
(48) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S;
DeFrees, D. J.; Pople, J. A. Chem. Physl982 77 (7), 3654-3665.

(42) Deumal, M.; Bearpark, M. J.; Novoa, J. J.; Robb, MJAPhys. Chem. A
2002 106(7), 1299-1315. (See references therein for in-depth discussion.)
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Scheme 1 Br2

HB
2 O + CuBry —r>( O )CuBr4 B
H,0 ) o
|
H 1

Br3

Br4
this approximation the value afag for Hamiltonians (1) or (2) is "

obtained as 2xg = 2(Ess® — ET), whereE" is the energy of the triplet

state andEgs® is the energy of the singlet state computed using the
broken symmetry approatdt® (the expression fodss derives from

the original broken-symmetry equations when the SOMO orbitals of Hia
the two radicals do not overlap, which is the usual situation in through-
space magnetic interactions, such as those found in the (2,3-
dmpyH)CuBr; crystal). Our experience indicates that this expression
gives results closer to the experimental values than alternative ones
where projection is used. It is worth p.0|n.t|ng here that thgre has been Figure 1. A plot of the asymmetric unit ol showing 50% probability
some controversy about the use of projection when computing the valuesgjinsoids, Only hydrogen atoms whose positions were refined are labeled.
of the Jag parameters using the broken-symmetry approach within the

DFT context (for detailed discussions, see references 51 and 52). Also

notice that when the expression for the Hamiltonian is From the structural point of view, nearest neighbor and next
R . nearest neighbor contacts between bromine atoms in the crystal
H=- ; JaeShSs 3) structure ofl suggest that the Cugr radicals form a 2-leg

spin-ladder (Figure 2a), with the ladders separated by the organic
cations (Figure 2b). The rails of the ladder are formed via unit

the values of thel'ag thus obtained are equal tdJz obtained with . . .
eqs 1 or (2) he q & cell translations of the Cugt~ radicals parallel to tha-axis

The first-principles bottom-up procedure has been successfully With & Brl==Br2A (x + 1,7y, 2) distance of 3.905(1) A. The
applied to a series of crystals representative of a variety of macroscopicfUngs of the ladder are formed by short contacts between
behavior$355 It connects the macroscopic magnetic properties with inversion related CuBf~ ions with a Br3--Br3C (1-x, -y,
their microscopic origin (théag values) in a numerically accurate and  —2) distance of 4.328(1) A. The corresponding angles and
unbiased form. The only input required is the crystal geometry. No torsion angles are given in Table 2.

assumptions are made about the nature of the ratliadical interac- The ladders are separated from each other by the organic
tions found in the crystal. cations (Figure 2b). The 2,3-dmpyH ions and C43Bions form
Results alternating layers parallel to ttae-plane, with the N1-containing

) ) L ) 2,3-dmpyH rings and the N11-containing 2,3-dmpyH rings in
Structure. Reaction of 2,3-dimethylpyridine with HBr and  qo51at6 Jayers. The layers alternate in the pattern £uBr
CuBr, in aqueous solution gave the salt (2,3-dmpyE{)Brs N11 rings-CuBrs? —N1 rings—CuBr2 —N11 rings. The dif-
(1)_ in 80% yu_eld as nearly black grystal_s (Schemg 1). Crystals ¢gren packing motifs of the 2,3-dmpyH rings explain the ladder
suitable for single-crystal X-ray diffraction grew directly from structure for the CuB?~ ions. The N11-containing rings are

the solution through slovlsi.evaporart‘tion.. lini _ canted with respect to each other; the angle between rings is
The compound crystallizes in the triclinic space grain nearly 2%. This canting, and the interleaving of the methyl

with two inversion relateq mplecules in the un|t'ceI.I. The groups, forces the rings further apart parallel to thaxis,
a_symmetnc unit Is shown in Figure 1. The CuB_Tanlon ISa resulting in nonbonding Br-Br distances larger than 6 A,
distorted tetrahedron with CtBr bond lengths in the range  oectively isolating the ladders in that direction. The rings
2.35-2.41 A. The mean trans angle about the Cu is 128.42- containing N1 are stacked parallel to thexis with alternating
(4)°, smaller than is usually observed for tetrabromocuprate sr-stacking interactions. Successive rings show alternating
ions*® but comparable with that seen in bis(4-methylpyridinium) distances of 3.47(1) and 3.30(1) A with displacement angles
tetrabromocuprate!. Bond lengths and angles within the two gefined as the angle between the normal to the mean plane of
crystallographicglly independent 2,3-_dimethy|pyridinium ions the ring and the line connecting the ring centroids) of 25.4
compare well with each other and with previous restfs. and 35.2. Closer Br--Br contacts between ladders are observed
(49) Noodlemann, LJ. Chem. Phys1981, 74, 5737. parallel to thec-axis at 4.748(1) A (see Figure 2b). These

g(l)g gopdlgmi?n, Lchsemé Phstlggallogl (1:%1 Phy2005 123 164110 distances are small enough that there could be some magnetic
uiz, E.; Alvarez, S.; Cano, J.; Polo, ¥.Chem. Phy: .
(52) Adamo, C.; Barone, V.; Bencini, A.; Broer, R.; Filatov, M.; Harrison, N. eXChange between ladders.

%:72'&& F.; Malrieu, J. P.; Moreira, I. d. P. R. Chem. Phys2006 124 Susceptibility Measurements.The magnetization of was
(53) Deumal, M.; Bearpark, M. J.; Robb, M. A.; Pontillon, Y.; Novoa, J. J. collected as a function of field from 0 to 50 kOe at 1.8 K. The
Chem—Eur. J. 2004 10 (24), 6422-6432. response was linear to 5 kOe and then showed distinct upward
(54) Deumal, M.; Mota, F.; Bearpark, M. J.; Robb, M. A.; Novoa, .JVdI. 0 kO h istic of | di . | .
Phys.2006 104, 857. curvature to 50 kOe, characteristic of low-dimensional magnetic

(55) Jornet, J.; Deumal, M.; Ribas-Arino, J.; Bearpark, M. J.; Robb, M. A;; i ihili
Hicks R, G.: Novoa, 1 ThemEur 3. 300612 3995, syste_ms. Magnetic susc_:eptlblhty data_ were collected as a

(56) Turnbull, M. M.; Landee, C. P.; Wells, B. MCoord. Chem. Re 2005 function of temperaturenia 1 kOe applied field from 1.8 to
249 (23), 2567-2576. i i

(57) Luque, A Sertucha. J.: Castillo, O.: RomanNew J. Chem. (Nau J. 325 K (Figure 3). The data show a broad rounded maximum at
Chim.) 2001, 25, 1208.

(58) Haynes, D. A.; Jones, W.; Motherwell, W. D. Sryst. Eng. Commun. (59) Harada, A.; Tsuchimoto, M.; Ohba, S.; lwasawa, K.; Tokii, Acta
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Figure 2. (@) Packing diagram of showing the ladder structure of the CyBranions, where rails and rungs are drawn alangndb-axes, respectively
(viewed parallel to the-axis). (b) Packing diagram df shows the isolation of the ladders viewed parallel toakexis. Blue lines show the short BiBr
contacts of the rungs while the green lines indicate the shortest interladder distance (4.748(1) A). (H-atoms have been removed for clarity.)

11 K and decrease rapidly toward zero at lower temperatures.  0.015 ——T
The maximum is characteristic of a low-dimensional Heisenberg
antiferromagnet while the rapid decrease is due to the presence
of a singlet ground state separated by an energy/ydmm

the first excited state. The data were fit to the strong-rail
exchange model for a magnetic ladder using eq
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Figure 3. Magnetic susceptibility as a function of temperature for
where N;; and D;; coefficients were determined mathemati- compoundL. The open circles are the data and the line represents the best
60D ' . . _ fit to a strong-rail exchange magnetic ladder model. The inset is an expansion
cally P is the percent pe_lramagnetlc impurity(o) —_0.4(_)3@1_ of the region from 1.8 to 50 K.
+ 0.098%5, a is the ratioJungJrai, and the Hamiltonian is
H=75 JasSr $.50 The best-fit parameters wedg, = 16.85
K (12.04 cn?), J'rung = 8.68 K (6.2 cn!) and P = 0.065%. neighbors, see Figure 4a). Given the already known exponential
Attempts to fit the data to the strong-rung exchange model gavedecrease with distance of the magnetic interactions, we are

‘]rail)l 3 ‘]rung !
I

i
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+

. - 0.000
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parameters with no physical meanitfgn order to compare’ confident that we have included all relevant radical pairs. The
fitting parameters from eq 4 anihg from egs 1 and 2J'ry five unique CuBs?2+++CuBr,2~ pairs found (d+d5) are shown
and Jyng must be translated asJ/2 resulting in—8.42 K in Figure 4b.

(—6.02 cn1t) and—4.34 K (—3.10 cmY), respectively. The value ofJag for each of these five pairs was then

Theoretical Calculations. We applled our four-step, first- Computed (step 2) for thesolated anion-pairs_ As shown in
principles,bottom-upprocedure with the following results. In Taple 4, only three parameters are non-negligibl¢d1) =
the first step, using the 88(2) K crystal structure, we selected —225 cnr?, J(d2) = —0.22 cnt! and J(d3) = —19.25 cntt
all unique radicatradical pairs with the potential to present (3(d2) being 2 orders of magnitude smaller that the other two,
non-negligible magnetic interactions. In practical terms, this which are almost identical). These interactions established
selection was done by choosing those radical-pairs whose Cu among the radicals of the crystal define the corresponding
-«Cu distance is smaller than a cutoff of 10.0 A (We checked magnetic t0p0|ogy that appears to be a near]y isotropic 2_|eg
that this cutoff includes all first and the closest second nearestspin_|adder in which the rails are due to d1 and the rungs to d3

. . (see Figure 5a). Adjacent ladders present a si(@#) interac-
(60) Johnston, D. C.; Troyer, M.; Miyahara, S.; Lidsky, D.; Ueda, K.; Azuma, . . K R
M.: Hiroi, Z.: Takano, M.: Isobe, M.: Ueda. Y.; Korotin, M. A.: Anisimov,  tion along thec-axis, and no magnetic contacts along lhexis.

V. |.; Mahajan, A. V.; Miller, L. L. Los Alamos National Laboratory, H i inni
Preprint Archive, Condensed Mattet,os Alamos National Laboratory: Prewous_ studies on ionic crys_tals_ hgve_ shown that_ the
Los Alamos, NM, 2000; £63, arXiv:cond-mat/0001147. Madelung field affects the electronic distribution of the anion-
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Table 4. Value of Jxg Computed for Each Unique
Radical—Radical Pair. The Shortest Cu---Cu and Br---Br Distances
between the Radicals of the Pair Are Also Given.

d(Cu---Cu) d(Br=++Br)min J@i) [cm™Y] J(di) em™Y
dimers di A Al anion, anionscation,
di 7.504 3.905 —22.50 —7.79
d2 8.202 4.748 —-0.22 0.00
d3 8.890 4.328 —19.25 —3.49
d4 9.248 6.428 <10.1
ds 9.754 6.494 <|0.1

found previously that a four site (4s) model that includes two
rungs of the spin-ladder model and, thus, 4 radical GtBmits
is the smallest model spate€Thus, we have done numerical
simulations ofy(T) andyT(T) using models of increasing size
© ranging from 4s (2-rung model) to 14s (7-rung model) in order
to study the magnetic susceptibility curve for a spin-ladder
di d4 s @ magnetic topology. Figure 6 shows the computed magnetic
s} e? susceptibility curves for several of these model spaces. We can
® & conclude that an 8s model is an appropriate minimal magnetic
750ah @ 9.248 A 9.754 A model for (2,3-dmpyH)CuBry crystal: (i) simulategy(T) values
Q using smaller 4s and 6s models convergg(ig computed using
9 & % the 8s model; (i) using larger 164.4s models almost overlap
' ¢ © Y those data computed using the 8s model. Figure 7 shows a direct
(%) \o comparison between the experimental and simulateg((B)
d2 _ ds _ and (b)yT(T) data using the minimal 8s magnetic model. The
8.202 by L agreement between experimental and computed curves is an
QV & 890 A indication of the quality of our simulations. Finally, the singtet
@ wo triplet spin-gap for the bulk system has been computed to be
[ ¢ 12.47 K using the 8s model and 3.69 K in the extrapolated case
of an infinite spin-ladder model.

Figure 4. (a) Crystal packing in terms of CuBr radicals, where Gu-

Cu distances shorter than 10.0 A are shown. (b) Geometry of all unique
radical-radical dimers found in the crystal. The GCu distance (in A) is
also given for each pair.

Discussion

It is well-known that halide-halide nonbonding contacts
Jetween Cux?~ions propagate magnetic exchange interacfions.
A number of parameters appear to affect the strength of the
exchange, including the %X distance, CuX---X angles and
the Cu-X:+-X—Cu torsion angl&® Shorter %--X distances,
larger Cu-X---X angles, and torsion angles nedrdhd 180
correlate with larger antiferromagnetic exchange constants.
As mentioned above, from the structural point of view, nearest
neighbor analysis of the BrBr contacts in the crystal structure
of 1 suggests that the compound should be a magnetic ladder.
We thus obtained théxs values shown in the last column of The cry_stal symmetry ensures that therg is only one uniform
magnetic exchange pathway along the rails and only one across

Table 4. Notice there is a significant difference betwdgsn . ! S :
values depending on whether the model used in the computationtN€ rails. The values in Table 2 indicate that the #r distances
long the rails of the ladder [3.905(1) A] are significantly shorter

is anionic or neutral. When the counterions are included, all a )
computedlas values become smaller in absolute value, a fact than those forming the rungs [4.328(1) OA]' The -Gr---Br

that leads d2 to be negligible. The magnetic topology using the 2n91€s across the ladder rungs are 15575(ientical due to
anioncation; Jas values is that of afdeal (isolated) 2-leg spin- the inversion symmetry) and alternate down the rails between

ladder (Figure 5b). It follows that the strength of the magnetic

radicals and must be taken into account using and embedde
cluster modef?! This effect can be corrected by computing the
energy of the radicalradical pairs in the presence of four nearby
2,3-dmpyH cations (including the counterions mimics the real
molecular environment of the CuBr anions within the crystal).
There are many forms of selecting those four cations. Among
all neutral (2,3-dmpyH)4(CuBr,?), models, we have selected
those where the four 2,3-dmpyttounterions established the
shortest distances with their corresponding two GéiBanions.

(62) Block, R.; Jansen, [Phys. Re. B: Condens. Matter Mater. Phy$982

exchange between Cu(ll) atoms results from-#r contacts 26, 148-153.
- . 2— (63) Snively, L. O.; Haines, D. N.; Emerson, K.; Drumheller, JPRys. Re.
as well as 2,3 dmpyH CuBy contac_ts. . . B: Condens. Matter Mater. Phy4982 26, 5245-5247.
The computation of the macroscopic properties (using the (64) Straatman, P.; Block, R.; JansenPhys. Re. B: Condens. Matter Mater.
i i i Phys.1984 29, 1415-1418.
values 0fJag from column 5 of Table 4) r_equwes a prop_er finite (65) Marsh. W, E.- Hatfleld, W. E.: Hodgson, D. lhorg. Chem.1988 27,
model of the crystal (the so-called, minimal magnetic model 1819-1822. _
space). For an isolated 2-leg spin-ladder topology, we have (66) Whangto, M. H.; Koo, H. J.; Dai, D.; Jung, Inorg. Chem.2003 42,
(67) Willett, R. D.; Butcher, R.; Landee, C. P.; Twamley,Blyhedron2005
(61) The original reference on embedded cluster models is given in Ellis, 24, 2222-2231.
D. E.; Benesh, G. A.; Byrom, EPhys. Re. B: Condens. Matter Mater. (68) Willett, R. D.; Twamley, B.; Montfrooij, W.; Granroth, G. G.; Nagler,
Phys.1977 16 (8), 3308-3313. For a recent application, see FinkGftem. S. E.; Hall, D. W,; Park, J.-H.; Watson, B. C.; Meisel, M. W.; Talham,
Phys.2006,326 (2—3), 297307. D. R. Inorg. Chem2006 45, 7689-7697.
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Figure 5. Magnetic topology of the crystal obtained in terms of the compuigcparameters (in ct): (a) using isolated aniemadicat-radical pairs; (b)
using aniopcation, clusters.
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Figure 6. Computed magnetic susceptibility curves using various models of increasing size: 4s (red diamond), 6s (blue triangle), 8s (square), 10s (green
diamond), 12s (circle), and 14s (red triangle). The experimental curve is also given for comparison (filled circle).

151.0(1y and 127.6(1). Torsion angles along both pathways were due to the presence of a magnetic alternating &h#iim

are near the optimal values:2.0(1y for the rails and 180for (VO)2(P,0O7) and to the presence of multiple antiferromagnetic
the rungs. Therefore, it was expected that the rail magnetic interactions in Ci(1,4-diazacycloheptane)Z*35 It is now
exchange would be larger than the rung exchange Jtheand recognized that the susceptibilities as a function of temperature
J'ung Values obtained when fitting the magnetic susceptibility of a strong-rung spin-ladder and an alternating chain can be
curve to a strong-rail modeH6.02 and—3.10 cnT1?, respec- identical, although for different combinations of parameters.
tively) agree well with these expectations. Theoretical studies Therefore, the use of only magnetic susceptibility and structural
confirmed theideal (isolated) 2-leg spin-ladder magnetic data can lead to the wrong conclusion. This is why we have

topology of the crystal at 88 K and found values for thg applied the first-principles, bottom-up approach to support our
andJungof —7.79 and—3.49 cmL. These computedhg should magnetic topology. This procedure has been shown to work well
be thus compared to previously fitteeb.02 and—3.10 cn1?, in other two-leg spin-ladder systerfsAlso, let us point out
respectively, which compare well. that there is less risk of misinterpretation for the studylof
Analysis of the magnetic susceptibility @fhas shown it to owing to its strong-rail nature. A further indication of a two-
behave as a second example adteong rail ladder in which leg spin-ladder is the presence of a spin gap. The energy gap is

Jrung IS weaker thardy,i; for 1, the JungJrai ratio is 0.52 based  due to the presence akung but, for equal rung interaction
on the magnetic data or 0.45 according to the theoretical strengths, the energy gap of a strong rail ladder is significantly
calculations. Onhpiscyclopentylammonium tetrabromocupr@te  smaller than that of a strong rung ladder. Evidence for a small

has previously been reported as a strong rail ladder Jitly energy gap inl is seen in the low-temperature susceptibility
Jrail = 0.45. data (insert of Figure 3) that continues to decrease at lower
As mentioned above, previous studies of (Y®)O;) and temperatures with an increasing slope even at the lowest

Cuwy(1,4-diazacycloheptane)oncluded that they were strong measured temperature. For temperatures less than the gap
rung spin-ladders, based on crystal structures and susceptibilityenergy, the susceptibility initially increases rapidly with positive
data. However, further investigations indicated that both com- curvature ag O exp(—A/KT)/T.%° Since the susceptibility of
pounds indeed had singlet ground states, but the energy gapss displaying negative curvature with temperature, even at 1.8
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(a) Conclusions
0.015 1

] We have prepared the second example of a two-leg, strong-
0012 3 rail antiferromagnetic spin-ladder and characterized its magnetic
: behavior [experimental:Jung = —3.10 cm'l, Ji = —6.02
cm 1. Calculated: Jiung = —3.49 cm?, Ji = —7.79 cnl].
This conclusion is supported by the crystal structure, magnetic
data, and theoretical calculations all of which suggest that the
only significant magnetic exchange interactions in the sample
are those that constitute the rails and rungs appropriate to a
two-leg spin-ladder model. Agreement for the exchange interac-

0.000 P tions and powder susceptibility between the theoretical calcula-
o] 20 40 60 a0 100 120 140 160 180 200
(b)

0.009 1

0.006

%« (emu mal™)

0.003

T (K) tions and experimental data is compelling and shows the utility
of the new first principles bottom-up work strategy for calculat-
0.40 ] et frrmeTTeTT ing bulk physical properties from molecular structure. The small
0355 /"?—' disagreement between the theoretical and experimental predic-
01305 tions of the spin gap energy requires further study. Preliminary
yi neutron scattering measurements indicate that the com-
DY pound fits the two-leg spin-ladder model with the ladder
0203 i extending along the crystallographdeaxis, in agreement with
0-15 4 the calculations and magnetic susceptibility measureniénts.
—[ Further neutron scattering data will be needed for final
°-°5§E experimental confirmation of these conclusions and a better
0.00 - experimental measurement of the spin gap.
o 20 40 60 80 Tl!:t:‘) 120 140 160 180 200
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