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Reaction of CuCl, with 2-amino-5-fluoropyridine and HCl in aqueous solution yields bis(2-amino-5-fluoropyridinium)
tetrachlorocuprate(ll), (5FAP),CuCl,, (1). The complex crystallizes in the monoclinic space group P2i/c with cell
dimensions a = 6.926(7) A, b = 21.73(2) A, ¢ = 10.911(10) A, B = 100.19(2)°, V = 1616(3) A3, and R; =
0.0424 based on 2640 independent reflections. The crystal packing shows that each tetrachlorocuprate ion has
four nearest-neighbor Cu(ll) ions through three types of Cu—Cl---Cl-Cu potential magnetic interactions: one short
Cl-+-Cl distance (d; = 3.657 A) and two longer Cl-+-Cl distances (c, = 4.073 A) that form a layered distorted
honeycomb structure. The third nearest neighbor (ds = 4.239 A) links these layers into a three-dimensional structure.
Both powder and single-crystal magnetic susceptibility measurements on 1, over the temperature range of 1.8-325
K, show significant antiferromagnetic interactions. Attempts to analyze the data using a variety of models showed
a best fit to the strong-rung ladder model, with 2Ju,g = —17.170(14) and 2J = —5.94(5) K [-11.92(1) and
-4.13(3) cm™Y, respectively] for the powder, although a comparable result is obtained using an alternate chain
model. However, neither of these two models is compatible with a layered distorted honeycomb crystal packing
structure. A first-principles bottom-up theoretical study using the 165 K crystallographic data reproduces the
macroscopic properties and reveals that at low temperature the crystal has a 3D magnetic topology (all three
magnetic pathways are significant) and a singlet ground state.

Introduction creased continuously due to the discovery of high-temper-

Over the past several decades the study of magnetism onature superconducting materials, where the superconductivity

low-dimensional systems has been of major interest and 's thought to be propagated through low-dimensional anti-
. . . ferromagnetic network&? The existence of strong antifer-
played an important role in the understanding of phase

transitions and critical phenomehdalhis interest has in-
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romagnetic intraplanar interactions with very weak interac- system or the existence of a first-order transitionHat.
tion in the third dimension has been demonstrated by There is a clear need for additional spin-singlet ground-state

experimental investigations of superconductors such gs La magnets which have been well characterized for further study
CuQ:.* In general, an antiferromagnetic lattice can be of field-induced ordering.

described by the following Hamiltonian Copper(ll) coordination compounds are an especially

attractive source of model systems in the study of low-
dimensional systems since a large body of theoretical work
exists’® 17 and analysis of data for complicated structures
where&, and&; are the spin operators acting on radicals A May be readily obtained for use in magneto-structural
and B: A runs over all sites, and B runs over the Ath site’s correlations. The Yconfiguration of the Cu(ll) ion has one
neighbors. In cases where the magnetic exchange is notinPaired electron§= 1/2), and the nearly quenched orbital
isotropic, the Hamiltonian must be modified to take account @ngular momentum of the Cu(ll) ion provides éactor close
of the different values of the exchange in different directions t0 2, suggesting the absence of any large internal magnetic
as determined by the crystal structure. fields.

One class of antiferromagnets contains cooperative singlet We have been interested in the design and preparation of
ground states, separated from the lowest lying triplets by low-dimensional magnetic lattices with antiferromagnetic
energy gapa. The gaps can arise from single-ion anisotropy properties for some time. One route for generating such

H=-2 g JABASA'ASB 1)

as in NiCb—4SC(NH),,° singlet-triplet splitting within
antiferromagnetic copper dimers [such as TIGAGhd Cs-
CuCly,” spin ladders [(6H12N2).CwCl4],® or the Haldane
gap found in antiferromagneti® = 1 Heisenberg chairfs.

lattices is via crystal packing of transition-metal-ion com-
plexes. Following this method we have been preparing and
studying a series of compounds with the formulgMX 4],
where A is an organic cation, usually a protonated base, M

The existence of the energy gap prevenf[s these magnets fromy 5 transition-metal ion (usually €9, and X is a halide
spontaneously ordering. However, application of an external (Cl, Br).18.19 Complexes of tetrahalocuprates with different

field will close the gap at a critical fieltHc: = A/gug and

ultimately drive the system to saturation at the upper critical

field Heo. ForH > Hey, the presence of 3D interactions will

lead to an ordered state at sufficiently low temperature. The
phase diagrams of these systems are generic, independe

of the origin of the gap®
At T= 0 and in a field equal tbélc;, S= 1 magnons can

be created at low energy cost and will produce a net

magnetization. This process can be descib&das the
Bose-Einstein condensation (BEC) of the triplet magnets,

organic cations provide a wealth of structural types as the
packing of the CuX~ ions is highly dependent upon the
size and shape of the organic cations. A number of these

rﬁompounds have also been prepared using the same synthetic

method where the cation is a protonated N-heterocycle such
as pyridine?® morpholine?! or pyrimidine?? The magnetic
exchange in these compounds is essentially mediated by the
direct overlap between the orbitals of the halide ions of the
MX 42~ pseudo-tetrahedra, and these overlaps are determined

implying that the details of the BEC process can be explored PY the crystal packing. We have been studying the use of
in systems other than ultracold gases. Due to the 3D 5-substituted-2-aminopyridines (5-SAP) as potential bases
antiferromagnetic interactions, a dleorder perpendicular ~ for this purpose. We are interested especially in how the size
to the applied field is induced. Increasing the field beyond and shape of the 5-substituent of the 2-aminopyridine affects
Hc: increases the transverse moment and enhances tie Ne the symmetry of the crystal lattice and separation between
temperature according to the power |&g(T) = Hcy + T¢ the MX,2~ ions. Over the past decade we have reported our
with a being a universal exponent. However, experimental

studie$®1*have found different exponents. The differences

may be due to the presence of competing interactions in the
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Tylczynski, A. Phys. Re. Lett.2002 88, 137203/1-4.
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work with 2-amino-5-iodopyridinium (5-1AP32 2-amino-5-

Table 1. Crystal Data and Structure Refinement for

Li et al.

bromopyridinium (5-BAPY¥# 2-amino-5-chloropyridinium (5-

empirical formula GoH12N4FCl4,Cu
CAP)2> and 2-amino-5-methylpyridinium (5-MAPY. To fw 431.58
; i} T(K) 165(2)
extend .the family of 5-SAP compoun.ds, we rep_ort.the wavelength () 071073
synthesis, crystal structure, and magnetic characterization of ¢rys syst monoclinic
the fluoro-substituted complex (5-FARUCL [5-FAP = srz%e group P21/c( )
; g a 6.926(7
2-amino-5-fluoropyridiniumy. b (AA) 21.73(2)

: ; 10.911(10
Experimental Section E%d)eg) 100.19((2))
2-Amino-5-fluoropyridine was purchased from Aldrich andused Y (A9) 1616(3)
as received. Copper(ll)_chloride (anhydrous) was purchased from density (calcd) (mg/md) ‘11_773
Aesar and used as received. IR spectra were recorded as KBr pellets gps coeff (mm?) 2208

on a Perkin-Elmer Paragon 500 spectrophotometer (4660
cm~1) and referenced to polystyrene.

Synthesis of (5-FAP)CuCl,. 2-Amino-5-fluoropyridine (0.336
g, 3mmol) was slurried in 15.0 mL of water. Concentrated
hydrochloride acid (0.939 g) was added dropwise to the mixture
with stirring and a light yellow solution resulted. A solution of
CuCl (0.200 g, 1.5mmol) in 18.0 mL of water was added to the Magnetic Data Collection. Magnetic susceptibility data for
above solution. After stirring for 0.5 h, the resulting dark brown complex 1 were measured on a Quantum Design MPMS-XL
solution was transferred to a small vial and allowed to evaporate SQUID magnetometer. Crystals afwere powdered and packed
slowly at room temperature. After nearly 1 month, long, green, into a #3 gelatin capsule. There was no hysteresis observed in the
rod-shaped crystals suitable for X-ray analysis were isolated by magnetization of the sample as a function of applied field from 0
vacuum filtration, washed quickly with cold ethanol, and dried under to 50 kOe at 1.8 K. The moment is linear with the applied field up
vacuum overnight to give 0.319 g (49%). No attempt was made to to at least 10 000 Oe. Susceptibility data of the same powdered
maximize the yield. IR (KBr): 3391 (m), 3306 (m), 3186 (m), 3050 sample and a carefully selected single crystak[2 x 1.5 mm,
(m), 1676 (m), 1630 (vs), 1552(s), 1467 (m), 1353 (m), 1260 (m), 15.6 mg] were taken over the temperature range from 1.8 to 325 K
1136 (w), 777 (s), 688 (W), 511 (w) crh in an applied field of 1000 Oe.

X-ray Crystallography. Crystals of compound were removed The data were corrected for temperature-independent paramag-
from the container; a suitable size (0.810.40 x 0.58 mm) crystal netism of the Cu(ll) ion¥ = 60 x 10°® emumol~t) and for the
was selected, attached to a glass fiber, and mounted on a Brukertliamagnetism of the constituent atoms using Pascal’s constants
Siemens SMART system (Mod<radiation,. = 0.71073 A) using (—219.5 x 108 emumol™). The high-field magnetization data
@ andw scans for data collection at 165 K. Cell parameters were were collected using a vibrating sample magnetometer (Lake Shore
determined using SMAREP software and refined using SAINT-  model 7600 VSM), a helium cryostat, and the 325 kOe Bitter
Plus?’ Data reduction and corrections were performed using magnet at the National High Magnetic Field Laboratory in
SAINTPIlus?’ Absorption corrections were made via SADABS. Tallahassee, FL. Temperatures were determined by calibrated
The structure was solved via direct methods using SHELXS97 Cernox resistors and the vapor pressure of the helium bath.
and refined via least squares using SHELXI29Hydrogen atoms Theoretical Methods. We performed a first-principles bottom-
bonded to carbon atoms were placed in calculated positions andup theoretical study of the magnetic interactions of the (5-
refined as a riding model with fixed isotropic values. The positions FAP),CuCl crystal. This procedure computes the macroscopic
of H atoms bonded to nitrogen atoms were refined with anisotropic magnetic properties using the crystal structure as the only input,
thermal parameters. Details of the data collection parameters andthat is, without making any starting assumptions about the nature
crystallographic information for complek are provided in Table or strength of the magnetic interactions established between the
1. The structure has been deposited with the CCDC (CCD #619501).radicals of the crystal. This first-principles bottom-up approach is

final Rt indices | > 20(1)]
Rindices (all data)
largest diff. peak and hole (e &)

ARy = Y IFol — IFcll/ZIFol; WRz = { T[W(Fo> — FAA/ 3 [W(Fo)Z} 2

R;=0.0424, wB=0.1108
R=0.0521, wR = 0.1335
0.72 and—0.80

A Bruker D8 powder X-ray diffractometer was used to verify that

an improvement in comparison to the usual first-principles studies

powder samples used for magnetic measurements were the samen radicat-radical magnetic interactions, where only the first two

phase as the single crystal.

(23) (a) Giantsidis, J.; Galeriu, C.; Landee, C. P.; Turnbull, MJMCoord.
Chem2002 55, 795-803. (b) Landee, C. P.; Turnbull, M. M.; Galeriu,
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2001, 63, 100402/1-4.
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2002. (b) Woodward, F. M.; Landee, C. P.; Giantsidis, J.; Turnbull,
M. M.; Richardson, Clnorg. Chim. Acta2001, 324, 324—330.
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Landee, C. PJ. Appl. Phys1997, 81, 4615-4617. (b) Woodward,
F. M.; Albrecht, A. S.; Wynn, C. M.; Landee, C. P.; Turnbull, M. M.
Phys. Re. B: Condens. MatteR002 65, 144412/1-13.

(26) SMART, Bruker Molecular Analysis Research Td&tuker AXS:
Madison, WI, 19971998.

(27) SAINTPIus, Data Reduction and Correction PrograBnuker AXS:
Madison, WI, 1999.

(28) Sheldrick, G. MSADABS.2.01: an empirical absorption correction
progrant Bruker AXS Inc.: Madison, WI, 1999.

(29) Sheldrick, G. M.SHELXS97; Program for the Solution of Crystal
Structures University of Gottingen: Gottingen, Germany, 1997.
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steps of the first-principles bottom-up procedure are performed,
without connecting the data obtained with the macroscopic proper-
ties. The approach can be described as the successive realization
of the following four steps.

Step 1: Analysis of the crystal structure to find all unique
radical-radical pairs present in the crystal. The only spin carrying
units in the (5-FAP)CuCl, crystal are the CuGi~ anions. Each
CuCl? unit is a doublet radical by means of the unpaired electron
of Cu(ll), which does not belong entirely to the Cu(ll) atom since
it is also shared over the Cl atoms due to spin polarization. The
magnetic interactions between CyClunits are through space (also
called direct magnetic interactions). Previous studies involving Cu-
(I1) radicals have shown that radieatadical magnetic interactions
become negligible with Gu-Cu distances above 8.53abThus,

(30) Deumal, M.; Bearpark, M. J.; Novoa, J. J.; Robb, MJAPhys. Chem.
A 2002 106, 1299-1315.
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Scheme 1
F HCI F
Q + CuCl, ——= CuCl,
H,0
N” NH, NH,/ 2

I= T= O

when looking for all unique radical pairs, only those radical pairs
showing a Cer-Cu distance smaller than 10 A were taken into
account (this cutoff includes all first nearest neighbors and the
closest second nearest neighbors).

Step 2: Computation of the radiealadical magnetic inter-
actions (ag) for each unique radicalradical pair found in the
crystal. There are only two possible states for the radirzdical

pairs selected in step 1: a singlet and a triplet state. Therefore, the cy(1)-ci(1)

value of Jag for each pair is obtained from the energy difference

between the open-shell singlet and triplet states of the selected C(15)-F(15)

anion—radical pairs (at their 165 K crystal geometry). The

computations were done using the embedded cluster approxima-C|(1)_Cu(1)_C|(2)

tion3ti.e., surrounding each aniemadical pair by their four nearest
counterions (previous calculations indicate that this allows simula-
tion of the main effects induced by the Madelung field in the singlet

and triplet states). We compute the singlet and triplet energies using

the B3LYP functionaP? an Ahlrich-pVDZ basis set for Cu, and

a 6-3H-G(d)** basis set for the remaining atoms as implemented
in Gaussian03® The broken symmetry approaéhvas used to
compute the open-shell singlet for a proper description of this
state. Within this approximation the valueXg for the Heisenberg
Hamiltonian (1) is obtained a2Jys = 2(Egs® — ET), where

ET is the energy of the triplet state aml@sS is the energy of the

singlet state computed using the broken symmetry approach (the

expression forJag derives from the original broken-symmetry

(31) The original reference on embedded cluster models is given in Ellis,
D. E.; Benesh, G. A.; Byrom, EPhys. Re. B 1977, 16, 3308-3313.

For a recent application, see: (a) Shapiro, A.; Landee, C. P.; Turnbull,
M. M.; Jornet, J.; Deumal, M.; Novoa, J. J.; Robb, M.JAAmM. Chem.
S0c.2007, 129 952-959. (b) Deumal, M.; Giorgi, G.; Robb, M. A ;
Turnbull, M. M.; Landee, C. P.; Novoa, J. Bur. J. Inorg. Chem.
2005 4697-4706.

(32) (a) Becke, A. DPhys. Re. A: At. Mol. Opt. Phys1988 38, 3098
3100. (b) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens.
Matter 1988 37, 785-789. (c) Becke, A. DJ. Chem. Phys1993
98, 5648-5652.

(33) Ahlrichs’ pVDZ basis set: Schafer, A.; Horn, H.; Ahlrichs, RChem.
Phys.1992 97, 2571-2577.

(34) 6-31+G(d) split-valence basis set: (a) Hariharan, P. C.; Pople, J. A.
Theor. Chim. Actd 973 28, 213-222. (b) Francl, M. M.; Petro, W.

J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D. J.; Pople,
J. A.J. Chem. Physl1982 77, 3654-3665.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y., Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(36) (a) Noodleman, L.J. Chem. Phys1981 74, 5737-5746. (b)
Noodleman, L.; Davidson, E. RChem. Phys1986 109, 131-143.

Figure 1. Asymmetric unit for (FAP)CuCl, (1) showing 50% probability
thermal ellipsoids.

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for
(5-FAP)CuCls?

2.225(2)  Cu(L¥Cl(2) 2.250(2)
Cu(1)-CI(3) 2.2681(18) Cu(1yCl(4) 2.2371(17)
1.344(4)  C(25YF(25) 1.349(5)
Cl(4)--CI(4A) 3.657(3)  CI(1)--CI(3B) 4.073(3)
Cl(2)---CI(4D) 4.239(3)
98.01(6) Cl(1»-Cu(1)~ 96.06(7)
Cl(3)
Cl(1)-Cu(1}-Cl(4)  146.90(5) Cl(2»Cu(L)y- 140.92(5)
cl(3)
Cl4)—Cu(1)-Cl(2)  93.80(6) Cl(4y-Cu(1)- 93.92(8)
cl(3)
Cu(1)-Cl4)--- 137.54(6) Cu(1yCI(1)- 149.81(4)
Cl(aAL Cl(3B)
Cu(1)-CI(3)-+ 149.55(6) Cu(1)Cl(4)--- 180.0
Cl(1C)#2 Cl(4A)—Cu(1A)
Cu(1)~Cl(1)-- 96.0

CI(3B)—Cu(1B)#3

aSee Figure 3a for Cug™ atom numbering. #1: +x,1—y,1—z
#2: X, 3/2— Y, 112+ z #3: X, 3/2—y, z— 1/2.° Not shown in Figure 3a.
CI(4D) lies in an adjacent plane.

equations when the SOMO orbitals of the two radicals do not
overlap, which is the usual situation in through-space mag-
netic interactions). Our experience indicates that this expression
gives results closer to the experimental values than alternative ones
where projection is used. It is worth pointing out here that there
has been some controversy about the use of projection when
computing the values of thé,gs parameters using the broken-
symmetry approach within the DFT context (for detailed discus-
sions, see refs 37).

Step 3: Determination of the magnetic topology of the
crystal and its minimal magnetic model space. The magnetic
topology is defined as the network of connections that the non-
negligible Jag magnetic interactions (i.eJas > 10.05 cm™?)
establish among the radicals. The minimal model space is the
smallest subset of radicals that includes all non-negligible
Jas Magnetic interactions in a ratio similar to that found in the
infinite crystal. Its extension along the three crystallographic axes
must obviously reproduce the magnetic topology of the infinite
crystal. Consequently, when a proper minimal magnetic model space
is selected, the computed macroscopic properties must converge
toward the experimental result.

Step 4: Calculation of the macroscopic magnetic properties of
the crystal using adequate statistical mechanics expressions. Once
theJag values are computed in step 2, we can diagonalize the matrix
representation of the appropriate Heisenberg Hamiltonian. This

(37) (a) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, ¥. Chem. Phys2005
123 164110/%7. (b) Adamo, C.; Barone, V.; Bencini, A.; Broer, R.;
Filatov, M.; Harrison, N. M.; lllas, F.; Malrieu, J. P.; Moreira, I. P.
R. J. Chem. Phys2006 124, 107101/%3.
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Figure 2. (a) View of the packing pattern in which the organic cations 5FABparate the Cugl ions into layers (viewed parallel to tieaxis; theb
axis is horizontal; H atoms are omitted for clarity). (b) CyfClpacking, indicating the shortest three contact distances between Cu atoms withirptare
(organic cations are omitted).

Table 3. Hydrogen Bonds fod [A and deg?} the crystal geometry, and no assumptions are made about the
D—H---A dD-H) dH-A) dD+A) O(DHA) r_lature_of _the radicairadical interactions found in the crystal. Thls_

NIZ_H12B--Cl3#1 _ 0.85(5) 2406)  3.2270) 164(5) first-principles bottom-up strategy has been successfully applied

N12—H12A-Cl3#2 0:86(5) 2:42(6) 3:272(4) 169(4) to a series of crystals representative of a variety of macroscopic

N22—H22B:+-Cl1 0.87(6)  2.37(6) 3.232(5)  169(5) behaviors®®
N22-H22A--Cl2#3  0.79(5)  2.48(6) 3.247(5)  162(5)

] ] Results and Analysis
a Symmetry transformations used to generate equivalent atoms:x (#1)

L=y z- L #2)x— 1, -y +3/2,z- 12, #3)—x, ~y+ 1, -z Crystal Structure. Reaction of copper(ll) chloride with
representation is computed on the basis of spin eigenfunctions of2 equivalents of 2-amino-5-fluoropyridine in aqueous HCI

the minimal magnetic model space. We used the following form solqtlon gave (S-FA@:UCL‘ (1) as shown N .Scheme L.
of the Heisenberg Hamiltonian Single crystals swtabI.e for X-ray dlffractlon were .har-
vested by slow evaporation of the solution over a period of
5 weeks. Crystals of are monoclinic in the space group
P2,/c. The asymmetric molecule unit is shown in Figure 1.
Relevant bond lengths and angles are given in Table 2.
where lag is the identity operator whileSy and S are The corresponding bond lengths and angles of the two
the spin operators acting on radicals A and B. Notice that the rings are slightly different with bond lengths varying from
energy spectrum computed using either Hamiltonian 1 or 2 1 299 (N21-C22) to 1.419 A (C12C13) and bond angles
results in the same energy differences between different eigen-f.om 114 (N21—C22-C23) to 132 (C22-N21-C26). The
values. Using these eigenvalues, the macroscopic magnetic ProPer-=_F ponds are 1 344(4) and 1.349(5) A as expected for an
ties are computed using the proper statistical mechanics expres- . 139,40 = I
. . . . . aromatic C-F bond*®*#°The organic cations are nearly planar
sions. Notice that the size of the matrix representation of the . h I deviation f he ol £0.0439 and
Heisenberg Hamiltonian increases with the number of doublet with a small mean deviation from t .e planes o . an
radicalN centers ad\l/[(N/2)!(N/2)!]. Currently, we can reach up ~ 0-0159 A for the N(11) and N(21) rings, respectively. The
to 16 different doublet centers. two rings are also nearly coplanar with an angle of°4.3
This approach is an objective four-step procedure for con- between their mean planes.
necting the microscopic to the macroscopic magnetic infor-  The bond lengths of Cugl™ anions are unremarkable and
mation, step 3 being the key step for this micro to macro con- comparable with similar compound&,242253arying from

nection. We must stress the fact that this first-principles bottom- 2 225 t0 2.268 A. The bond angles show significant distortion
up procedure benefits from well-known theoretical methods

from chemistry (step 2) and physics (step 4) as part of a (38) (a) Deumal, M.; Bearpark, M. J.; Robb, M. A.; Pontillon, Y.; Novoa,

N A A 1.
H=-2 z JAB(SA'SB + Z lAB) 2

global strategy to study molecular magnetism. It bettom- %- J-Che&“-wllfug- Jéog‘é 1& 6/:122;6432- Sb)MDEi‘urgﬁl, l\/é-(;)(l;/éotl%f.;

B : . : earpark, . J.; RODD, . A.; Novoa, J. Wol. yS. 3
up because _the mac_roscoplc ma_gnetlc propgrtlgs are pbtalned 857-873, () Jornet, J.. Deumal, M.: Ribas-AginJ.. Bearpark, M.
from the microscopic radicalradical magnetic interactions, J.: Robb, M. A.: Hicks, R. G.: Novoa, J. Chem. Eur. J2006 12,
i.e., it connects the macroscopic magnetic properties with their 3995-4005.

microscopic origin (theJas values) in a numerically accurate (39 Iihi\ihk\c/)i\lll,((l)-\/ F'I?_Klt"iﬁte,\r/‘llg?' é’tr\ﬂétsz%rggaégiﬁ“}nf%sen' S.; Volden,
and unbiased form. It is aldost-principlesbecause thésg values (40) Chou, Y.: H[Jar',g"sl'; Koner, T.: Lee, G.: Huang, Y.: Mohanta, S.:

are computed by first-principles calculations. Its only input is Wei, H. Inorg. Chem.2004 43, 2759-2761.
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4073A

(lC)
CuC1A) CI(]C)
CK4)

7 CI4AY 1(3)
CK2)

?é CIK1) ~ CI{BB)
;ﬁ

(a) (b)
Figure 3. CuCl?~ contacts through G#-Cl, forming a distorted honeycomb structure by one nearest (GIQIJ4A) at 3.657 A (dotted line)) and two next
nearest (Cl(1)-CI(3) at 4.073 A (dashed line)) neighbors in the layer. Top (a) and lateral (b) views of a lgivelane.

g%
=

3.657 A

%{W

Table 4. Results Using Different Models for the Powder Data

models dimer unif. chain square layer strong-rail ladder alt. chain strong-rung ladder
C (emuK/mol) 0.391(3) 0.300(15) 0.496(7) 0.46(23) 0.412(4) 0.4168(5)
23 (K) —17.5(1) —20.4(5) —10.63(10) —14.8(3) —18.149(5) —17.170(14)
27 (K) 2.8(2.5) —7.717(4) —5.94(5)
P (%) 5.31(8) 665(55) —0.48(14) —0.034(21.9) 1.90(1) 0.0192(1)
R? 1.49E-7 1.39E-6 4.70E-7 7.62E-7 1.72E-9 1.46E-9

ap = 9% paramagnetic impurityR2 = goodness of fit.

shortest contacts occur via inversion-related chloride ions
with a separation of 3.657 A (Cl(4)CI(4A)), significantly

Table 5. Results of the Best Fit with Antiferromagnetic Strong-Rung
Ladder Model for All the Magnetic Data

sample x axis y axis zaxis powder shorter than seen in similar compouriéi® The Cu(1)-
C(emuK/mol)  0.4144(4)  0.4218(8) 0.4128(5) 0.4168(5) ClI(4):+-CI(4A) and Cl(4)--Cl(4A)—Cu(1A) angles are both
gj (fU_rllg) K(K) —12-85(1) —11-83(5) —11-85%) —1;-3105(14) 137.5, and the dihedral angle Cu@gl(4)---CI(4A)—Cu-
P(((,/rf)")( ) 0'_4053()7) 6.051)8(1) '0.3(9;(7) '0.81)92(1) (1A) is 180 as required by symmetry. The next nearest
R? 1.14E-9 3.19E-9 2.17E-9 1.46E-9 neighbor Ci--Cl contacts occur between CI(1) and CI(3)

ap = 9% paramagnetic impurityR? = goodness of fitx, y, z are the
three orthogonal directions based on the shape of the single crystal.

from an ideal tetrahedron as expected for GuXons, with

[4.073 A, with a Cu(1)-ClI(1)-+-CI(3B) angle of 149.81(4)
and CI(1)--CI(3B)—Cu(1B) of 149.55(6)). The dihedral
angles of these connections aré, 98hich is not an effective
angle for magnetic superexchange according to magneto-

a mean trans andfeof 143.9(1). structural correlation: Thus, within the layer, each Cugi

The packing structure df can be described as composed anion has one short nearest neighbor contact and two next
of CuCl?™ anion layers separated by the organic cations, asnearest neighbor contacts, forming a distorted honeycomb
shown in Figure 2a. Viewed parallel to tleeaxis, CuCl>~ structure as shown in Figure 3.
anion layers are isolated by two organic cation layers. The  However, unlike some of the other 5-SAP compofid%,
CuCl?~ anions in the layers are not strictly on flat sheets ipe CuC§?>~ layers are not well isolated by the organic
but rather form zigzag layers as shown in Figure 2b. The cations. The shortest €ICI contacts between layers (CI-
structure is stabilized by hydrogen bonding between the (4D)---CI(2)) are 4.239 A, only slightly longer than the next
amino groups and chloride ions as shown in Table 3 (not nearest neighbor contacts within the layers. All other
shown in Figure 2). Although there are possible hydrogen intermolecular Gt+Cl distances are longer than 5 A. The
bonds via the pyridinium hydrogen atoms, they are at larger gyerall packing of the CuGi~ anions can be described as
distances ¥3.2 A) and thus may be significantly weaker. linked, distorted honeycomb layers.

Analysis of the chloride-chloride contacts in the structure Magnetic Data. Magnetization data as a function of field
reveals three potential magnetic pathways (Figure 3a). TheWere collected for a powder of compldxat 1.8 K from 0

to 50 kOe. A smooth curve was obtained, and the moment
varied linearly with the applied field up to 10 kOe.

(41) Turnbull, M. M.; Landee, C. P.; Wells, B. MCoord. Chem. Re
2005 249, 2567-2576.
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Figure 4. Plot of ymoi vs T (&) andyT vs T (O) for 1. The solid line is T(K)
the fit to the strong-rung ladder model with parametekgg= —17.170-
(14) K and Zrai = —5.94(5) K [-11.92(1) and—4.13(3) cnt?, respec- Figure 6. y vsT for three different directions of a 15.7 mg single crystal
tively]. and the powder sample. The insert is an expansion of the region from 5 to
35 K.
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Figure 5. Fits to the magnetic susceptibility data using different models. H (T)

Dash-dot, dimer; solid, strong-rung; dash, square layer; dot, strong-rail; dash-jgure 7. Magnetic moment as a function of applied field of complex
dot-dot, uniform chain. The alternating-chain model is V|rt_ually superim-  5¢°4 33 and 1.65 K (4 T/min scan rate).

posable on the strong-rung model and not shown for clarity. The percent

paramagnetic impurity was fixed to zero when a negative value was obtained

in the fit.

Magnetization data as a function of temperature were
collected at 1000 Oe from 1.8 to 325 K. Figure 4 shows the
results plotted ag vs T andy T vs T. A maximum Ofyme =
1.83x 102 emu/(motOe) near 11 K is observed in the curve
of ¥ vs T and clearly indicates the presence of antiferro-
magnetic interactions. A fit to Eho from 1.8 to 325 K yields
a Curie-Weiss § = —10.5 K. The antiferromagnetic
properties are also reflected in tp€ vs T plot, which shows
downward curvature at low temperature.
Due to the lack of models for either a honeycomb structure
or a 3D system with different exchange constants, a variety rigyre 8. Selected GiCu++CuCl pairs with Cu-Cu distance shorter than
of known models were used to attempt to fit the magnetic 10.0 A, whose magnetic strength should be evaluated. Lines in different
data. The best fit for the powder magnetic data was obtainedcolors represent all five possibté, i = 1—5, magnetic interactions.
when using a strong-rung ladder model, which is shown by
the solid line in Figure 4, giving Zung = —17.170(14) K impurity (P = 0.0192%). However, a comparably good
[—11.92(1) cm], 2Jra1 = —5.94(5) K [-4.13(3) cn?Y], and fitting of the powder magnetic data was obtained when using
Curie constant of 0.4168(5) with a very small paramagnetic an alternating chain model, givingJ2= —18.149(5) K
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Figure 9. (a) Differentdi aniorn radical pair models whose §Zu---CuCl, distance is given inset. (k) aniorp—catiorn; cluster models with non-negligible
magnetic interactions. Notice antiferromagnéfidi) numerical values are given in cth The values in thermal units are3.5,—11.8, and-7.1 K, respectively.

well, and only small differences are seen between zhe
direction and any other direction or powder as shown in the
insert to Figure 6.

Analysis of the single-crystal data using a variety of known
models also showed a best fit to the strong-rung ladder
model, although that model has no physical meaning when
compared to the packing structure and gave similar results
to the powder sample as shown in Table 5.

From Table 5, we notice that the agreement for the rung
exchange is much better than that in the rail direction. The
goodness of fit is virtually the same for changes of several
percent in the weaker interaction, while a comparable change
in the strong interaction makes a major difference. In fact,
the insensitivity of the goodness of fit to the weaker magnetic
interaction is confirmed by theoretical calculatidis.

At this point it was clear that the two best-fitting models
obtained using the powder and single-crystal data (strong-
rung ladder and alternating chain model) were not consistent
with the known crystal structure fdr. Thus, theJag values
obtained from these fits should not be directly associated

Figure 10. (a) Three-dimensional magnetic topology (consisting of With real radicat-radical magnetic interactions. Given this
interacting two-dimensional hexagonal-shaped layers alongakis; each fact we decided to employ a first-principles bottom-up study

2D unit consists of twd(d2), two J(d3), and twoJ(d4) magnetic contacts, I ; ;
which then interacts with adjacent layers throulfti4) interactions). (b) to analyze the main issues related with the magnetic

3d12s minimal magnetic model consisting of a 12 radical site three- Properties ofl.

dimensional model. Calculated exchange values-@&d4 (—3.5 K), —8.21 High-FieId Magnetization Data. The molar magnetiza-

— _ 1(—

(711.8 K), and—4.91 cm* (~7.1 K). tion as a function of applied field for a single crystal of

(5FAP)CuCl, is shown in Figure 7 at 4.33 and 1.65 K. The

[—12.60(3) cm] and 2) = —7.717(4) K [-5.36(3) cn’] data exhibit upward curvature, indicative of the low-

with a small paramagnetic impurity>(= 1.90%). Poorer  dimensional nature of the sample, and saturate at ap-

fits or unphysical values were obtained using other models. proximately 20 T (200 kOe). In the low-temperature data

The results are listed in Table 4 and also shown in Figure 5. set (165 K) a critical field at approximajeg T (80 kOe) is
Single-crystal magnetic data support the powder measure-a|so observed, which indicates that a gap exists between the

ments. A crystal of 15.7 mg (2 2 x 1.5 mm) was chosen  singlet ground state and first excited triplet state. The

for the eXperlment. The measurements were made using thre%|ng|et—tr|p|et gap was determined to be approximate|y

arbitrary orthogonal directions calledly, zaxes separately 11 .3(5) K experimentally based on the equatioh = E; —

(thex, y, andz axes may or may not be the same asahe g, = gusmsHcy, whereg is the gyromagnetic factoig(=

b, and c axes of the X-ray structure). All three directions

show maxima near 11 K in the plots pfo VST, as seenin  (42) Johnston, D. C.; Troyer, M.; Miyahara, S.; Lidsky, D.; Ueda, K.:

the powder sample df. Figure 6 showg as a function of Azuma, M.; Hiroi, Z.; Takano, M.; Isobe, M.; Ueda, Y.; Korotin, M.

temperature for the three different directions of the single A, Anisimov, V. 1., Mahajan, A. V.; Miller, L. L. Los Alamos National

Laboratory, Preprint Archive, Condensed Matter (2006)63, arXiv:
crystal and also for the powder sample. All data sets compare  cond-mat/0001147.

Inorganic Chemistry, Vol. 46, No. 26, 2007 11261



Li et al.

Table 6. ComputedJag Values for Each Selected fu---CuCly Pair Shown in Figure 8 Using Both an AnipModel and Anion—Catiory Model;
the Most Significant Intermolecular Distances Are Also Given

Jas (di) K (cm™Y) Jae (di) K (cm™?)
dimerdi dCur--Cu/A AminCl-+-CI/A anior, model anion—cation, model
di 6.926 5.087 —0.12 (-0.08)
d2 6.972 4.239 —5.96 (—4.14) —3.5 (-2.44)
d3 7.585 3.657 —37.15 (-25.80) —~11.8 (-8.21)
d4 8.129 4.073 —10.08 (-7.00) —7.1(-4.91)
ds 8.221 6.135 —0.04 (-0.03)

2.11, calculated from the powder magnetic data)is the xT(T) curves, except for the region of the maximum.
Bohr magnetonms = —1 for the lowest sublevel for the  Although this difference can be due to various factors,
triplet excited state, anHl; is the critical field. detailed studies in other crystals suggest that it is mostly

Theoretical Calculations. We applied a first-principles ~ due to the use of a 165 K crystal structure rather than a
bottom-up four-step strategy to study the magnetism of the structure determined at a temperature closer to the region of
(5FAP)CuUCLl, antiferromagnet using a crystal structure magnetic interest. The singtetriplet spin gap has been
determined by X-ray at 165 K. computed to be 6.03 crh(8.68 K), in good accordance with

In Step 1, after analysis of the crystal packing in terms of the experimental value of 11.3 K. Therefore, we can conclude
Cur--Cu distances shorter than 10 A, we found five pairs that the 3d12s minimal magnetic model space, which
d1—-d5 whose magnetic strength should be evaluated: the represents the 3D magnetic topology of Figure 10a, repro-
relevant Cer-Cu distances ranging from 6.926 to 8.221 A duces well the experimental macroscopic magnetic data for
(see Figures 8 and 9a and Table 6). If all five pairs were this crystal.
non-negligible, the three-dimensional (3D) magnetic topology ~As mentioned before, the experimental magnetic suscep-
shown in Figure 8 would be obtained. tibility curve is best fit by low-dimensionality empirical

The Jag values for each of the five radical pairs selected Models: the strong-rung ladder model (a predominantly 1D
in Step 1 were then evaluated (Step 2) using neutral anion model) or the alternating chain model (a 1D model).
cation, clusters rather than anigrmlusters, as the former  Therefore, as a final test in our theoretical study of the
better reproduces the environment of the anions within the Magnetic properties of we evaluated whether the experi-
crystal?t The four SFAP counterions selected were those Mental magnetic susceptibility curve could also be repro-
presenting the shortest distances with the GiiGinions of ~ duced by 2D or 1D minimal magnetic model besides the
the pair. The computed)s interactions are collected in Table 3d12s model. The first model tested was a 2D model obtained
6. The values computed using the animtusters (Figure Dy turning off J(d2), the smallestlas in the Heisenberg
9a) are always larger than those obtained with the anion Hamiltonian. This produced a set of isolated honeycomb
cationy clusters (Figure 9b), a fact that is mostly due to the layers (see Figures S2 and 12a). The second model tested
compression effect induced by the cations in the shape ofWas a 1D model obtained by turning dfid4). This produced
the orbitals of the anions. Notice that the angation; cluster ~ an isolated chain topology (see Figures S1 and 12a). The
model supports the argument on the magnetic exchangeminimal magnetic models that best represent the 2D and 1D
occurring via the nonbonding halidehalide contacts rather ~ Magnetic topologies of Figure 12a are named as 2d16s and
than any direct interactions between the metal ions. The 1d8s in Figure 12b (see Figure $$2). According to Figure

strength of the exchange correlates well with the-<Cl 12c, none of them appropriately reproduces the shape of the
distances but does not correlate at all with the--€Zu experimental(T) curve: the 2d16s model does not go to
distances. zero whenT goes to zero, while the 1d8s model goes to

J(d2), J(d3), andJ(d4) are the only non-negligible anti- 2o atT > 0 but fails to reproduce the position of the
ferromagnetic interactions with values-68.5 (—2.44 cnt?), maximum.

—11.8 (-8.21 cm?Y), and—7.1 K (—4.91 cmY), respectively.
They define a 3D magnetic topology (Step 3) of interacting
2D hexagonal-shaped layers (see Figure 10a). Each unit of Halide—halide nonbonding contacts between GiiXons

the hexagonal-shaped layer consists of 8d®), two J(d3), have been known to propagate magnetic exchange for many
and twoJ(d4) magnetic contacts, which then interacts with years®> A number of parameters appear to affect the strength
the adjacent layers through{d4) interactions. The most  Of the exchange, including the-XX distance, Ct-X-+-X
adequate minimal magnetic model for such 3D magnetic angles, and CaX-:-X—Cu torsion anglé! Shorter X--X
topology appears to be a three-dimensional 12 radical sitesdistances, larger CtX---X angles, and torsion angles near

model (name|y, 3d125) formed by two interacting hexagona|- 0° and 180 correlate with Iarger antiferromagnetic eXChange
shaped units (see Figure 10b). constants. The magnetic exchange interaction decreases

Using the three-dimensional 3d1.25. minimal magnetl? (43) (a) Block, R.; Jansen, IPhys. Re. B: Condens. Matted982 26,
model space we computed the variation of the magnetic 148-153. (b) Snively, L. O.; Haines, D. N.; Emerson, K.; Drumheller,

susceptibility as a function of temperature (Step 4). As shown J. E. Phys. Re. B: Condens. Matterl982 26, 5245-5247. (c)

. . . L. . Straatman, P.; Block, R.; Jansen,Rhys. Re. B: Condens. Matter
in Figure 11, there is a good qualitative and quantitative 1984 29, 1415-1418. (d) Marsh, W. E.; Hatfield, W. E.; Hodgson,

agreement between computed and experimer(Bl and D. J.Inorg. Chem.1988 27, 1819-1821.

Discussion
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Figure 11. Computed (a)(T) (emu/mol-Oe) and (b} T(T) (emu-K/mol-Oe) curve for (SFAREUCL crystal using a 3d12s minimal magnetic model (blue
diamonds). The experimental curv@)(is also shown.

rapidly with the increase of the %X distance, with] O change in the organic cation may also affect the packing
r—", where the parameterhas been variously estimated to structure of the crystal and hence the space group.
be between 10 and 2. The magnetic susceptibility data show a best fit to a strong-

The substituent in the 5-position on the 2-aminopyridine rung ladder model, although that does not agree with the
ring protrudes into the copper tetrahedra layer (see FigureX-ray structure. By comparing the strong-rung ladder with
2a). The larger substituent forces the tetrahedra farther apartthe distorted honeycomb structure, we can find some
increasing the XX distance between adjacent tetrahedra topological similarities as shown in Figure 13. They both
and causing a decrease in the magnitude of the intralayerhave three connections with their neighbors: two neighbors
exchange interactioff.>> Therefore, a large exchange of one type and one neighbor of a second type. Although
interaction is expected when using the small F atom as athe fit is good, the question is still open: should we build a
substituent instead of Cl, Br, or I in the 5-position of the new superexchange magnetic simulation model for the
ring, if the packing motif is retained in the new structure. honeycomb structure or more accurately a 3D model if we
On the other hand, the copper anion layers are also separatedontinue to consider the next shortest--€Il distance,
by the organic cations. Therefore, if a small substituent is reflecting its own geometry instead of borrowing from other
placed in the 5-position of the ring, the CifX layers might  models. Complex is an excellent example for such a study.
be less separated and, thus, a larger interlayer exchange A first-principles bottom-up analysis of the (5-FABLCL,
interaction should also be expected. Furthermore, a Sma”crystal discards the variety of known models that were

: : used to fit the magnetic susceptibility data (see Table 4).
(44) (cegnﬁglr:/;%;te%szug”’5?4&%3%??3%%&& Egﬁ'sﬁghgh The results from the present study corroborate the fact
Solids1966 27, 881—885. that although the best fit to the data is a strong-rung ladder
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Figure 12. (a) 1D isolated chain magnetic topology resulting from turningJ¢d); 2D magnetic topology resulting from turning affd2) yields a set

of isolated honeycomb layers; 3D magnetic topology resulting from applying a first-principles bottom-up analysis toCaEAR)rystal. (b) Minimal
magnetic models required for H22D—3D magnetic topologies. (c) Simulated magnetic susceptibi(ify data using all three magnetic models. Comparison
to experimental data is also shown. Calculated exchange values2ad (—3.5 K), —8.21 (-11.8 K), and—4.91 cnm! (=7.1 K).

model, it does not agree with the connectivity suggested 3.66 and 4.07 A, which can be identified witt8 and d4,

by the X-ray structure. However, the analysis also pre- respectively. Any two such layers could then be connected
cludes the linked distorted honeycomb layer motif pointed through the next shortest GICI contact at 4.24 A, which
out from the crystal packing structure. According to-&Zl corresponds tad2. According to Table 6, althougtl3
distances (see Figure 3 and Table 6), each honeycombandd4 haveJass values of—8.21 and—4.91 cm! (—11.8
layer would result from the shortest ‘GICl contacts at  and—7.1 K), anyd2 contact has a-2.44 cm? (—3.5 K)
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" Rammn¥ —_— = —17.170(14) K [F11.92(1) cm?] and 2,5 = —5.94(5)
— e Y . \ K [—4.12(3) cml], although that model does not agree with
‘\ . Y e ' o the crystal packing structure. In addition, it is clear that it is
T — ,)_" not only the geometrical arrangement of‘@Cl contacts that
7 N Y K '\‘ decides the magnitude of the magnetic interaction. The
. ) Y ! ' S 5-FAP' counterions play a role in such magnetic interaction
h— —_— — via 5-FAP"---CuCl?> contacts as can be seen in the
---9--"-"9-"-"-"9-"-"-"°9---- significant reduction of calculated exchange values when the
1 —[ —[ —[ 5-FAP' cations are introduced into the calculation. Tests
_— - L ___L_-_-_-L_-_-_L_-__ done using 1D and 2D alternative magnetic topologies do

Figure 13. Topological similarity between honeycomb and ladder models. not satisfactorily reproduce the experimental curve of the

Both show two neighbors of one type (dashed line) and one neighbor of a magnetic susceptibility and thus demonstrate that the strong

second type (solid line). . L . . .
correlation to the best-fitting model is fortuitous. First-

non-negligibledas value. It follows that the resulting 3D principles bottom-up calculations indicate the existence of

magnetic topology is a consequence of the interplay of thesetlre€ non-negligiblg(di) magnetic pair intera(l:tions:—8.21
three antiferromagnetidxs exchange interactions and, thus, (~11.8 K), =4.91 (7.1 K), and—2.44 cm* (—3.5 K),
cannot be inferred only from direct analysis of the crystal Which agrees well with the crystal packing structure. As a
packing. result, the macroscopic experimental antiferromagnetism of
A series of simulations using alternative magnetic topolo- %(T) is fully reproduced, and the computed spin gap (8.68
gies (assuming one of the thrae; values to be zero in each K) is also in agreement with Fhe experimental datq (11.3 K).
case) demonstrates the true three-dimensional nature of th&inally, one must emphasize that (5-FAB)CL is an
material. Thus, our first-principles bottom-up procedure has €xample of a three-dimensional antiferromagnet having a spin
proven its utility once more in understanding the mechanism 9ap which prevents spontaneous ordering.
of the magnetic interactions within a molecule-based mate-
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A new complex, (5FARCuUCL (1), has been synthesized
and characterized by X-ray diffraction and magnetic sus-
ceptibility measurements. Along with other members of the
(5SAP)}CuX, family, it shows significant magnetic interac-
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