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Reaction of NaN; with the [Cu"(tn)]** ion (tn = 1,3-diaminopropane) in basic aqueous solution yields the azido-
bridged complex of formula [Cu,(tn)2(Ns)] (1), which is characterized by X-ray crystallography. The structure of 1
is made up of dinuclear neutral complexes, of formula [Cu,(tn),(Ns)4], resulting from the assembling of two mononuclear
units through two equivalent end-on azide bridges connecting asymmetrically two Cu(tn)(Ns), entities. These dinuclear
units are connected through two asymmetric end-to-end N bridges to form a chain of dimers. Magnetic measurements
for compound 1 show weak antiferromagnetic exchange interactions between the Cu(ll) ions. The magnetic data
were modeled using the susceptibility expression derived for an alternating AF S = 1/2 chain. A very satisfactory
fit over the whole temperature range was obtained with g = 2.1438(4), J; = —-3.71(2) cm™?, and J, = -3.10(2)
cm~! (J; and J, are the singlet—triplet separations). This magnetic behavior differs from those observed for similar
examples which were reported as having alternating ferro- and antiferromagnetic exchange interactions; thus, DFT
calculations were done to understand the nature of the magnetic coupling in such asymmetric end-on and end-
to-end Nj bridges. Theoretical results show that the double asymmetric end-on bridges produce antiferromagnetic
coupling while the end-to-end ones can present ferro- or antiferromagnetic coupling depending on the copper
coordination sphere.

Introduction Chart 1. Symmetric (a) and Asymmetric (b) End-Omny (1) and End-to-
) N End (41,3 Coordination Modes in the CtAzide System
Studies of polynuclear transition metal complexes have N N
received a great attention because of their rich structural and IL Pll
topological features and their interesting magnetic propétrties. | L
. . N—/N—N - N—/N—N
To build these molecular architectures, a large number of N\ / \
simple or sophisticated bridging ligands have been used;c“\ Cu C“\ /C“ C“\ o L
among them, the azide ion is particularly interesting because N N—N—N N N—N—N"
of its ability to act either in end-oru( 1) or in end-to-end l, }L
IL a I b
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For the Cu-azide system, it is well established that
complexes with double symmetric end-to-epdd) bridges
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ranging from slightly ferromagnetic to slightly antiferro-
magnetict 1> while, for the doubly bridged asymmetric end-

are strongly antiferromagnetic. Those with double symmetric to-end complexes, the magnetic coupling is ranging from

end-on bridgesu; 1) (Chart 1a) are usually strongly ferro-
magnetic, but it has been proposed that, for-Gt-Cu angle
values larger than 104the coupling should be antiferro-
magnetic and there are not still known complexes fulfilling
this geometrical conditiofi.® For complexes with double
asymmetric end-onug:) and end-to-end i) bridges
involving short and long CdN bonds (Chart 1b), the

slightly ferromagnetic to strongly antiferromagnetié; 1°
Finally, for the coordinating polymers involving asymmetric
bridges alternating both kinds of coordination modes (end-
on and end-to-end bridges), only four examples have been
structurally characterized to date!42%2% all have been
reported as presenting alternating weak ferromagnetic and
weak antiferromagnetic exchange interactions assigned to the

situation is less clear since these systems are very scarcelgnd-on and end-to-end Cu-azide bridges, respectively.
reported. Careful examination of the few examples reported Herein, we report the study of a €azide compound of
to date reveals that the magnetic exchange is either ferro-formula [Cu(tn),(Ns)4] (1) with alternating asymmetric end-

magnetic or antiferromagnetic?! For the doubly bridged

on (u1,1) and end-to-endu( 3) bridges. During the course of

asymmetric end-on complexes, the magnetic coupling is this work, the crystal structure df has been reported by
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Huang, X.; Li, J.; Yuen, T.; Lin, C. LChem—Eur. J.2002 8, 2239.
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(13) (a) Maji, T. K.; Mukherjee, P. S.; Koner, S.; Mostafa, G.; Tuchagues,
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otherg? but the magnetic investigations were not done. Since
the magnetic properties reported for a few asymmetric end-
on and end-to-end Cu(Hazide compounds remain unclear,
we report herein the magnetic propertiesland a general
discussion, essentially based on density functional theory
calculations (DFT) of the nature of the magnetic exchanges
in such compounds.

Experimental Section

General Methods. Magnetic studies were carried out on a
powder sample at 0.1 T after zero field cooling, in the temperature
range 2-300 K, with a MPMS-XL SQUID magnetometer from
Quantum Design. The susceptibility was corrected for the sample
holder and the diamagnetic contributions of all atoms.

Results and Discussion

Synthesis and Single-Crystal X-ray Study.One-pot
reaction between copper(ll) chloride and sodium azide in
basic aqueous solution in the presence of 1,3-diaminopropane
(tn) gave, after further workup, the new compound fCu
(tn)2(N3)4] (1) as black prismatic crystaf8 Since the crystal
structure has been very recently reported in the liter&fure,
we just briefly discuss some structural features relevant for
the magnetic studies. The metal ion has an elongated square
pyramidal environment (CufNl) with almost equivalent
Cu—N bond lengths in the basal plane [2.010(3) and 2.009-
(3) A from the azide ligands; 2.011(3) and 2.006(3) A from
the tn ligand]; the elongated apical position is occupied by
the nitrogen atom N1 (N1 for Cu and N1 for C®, Figure
1) of the other equivalent related azide bridge f@L®
2.473(3) A]. A least-squares plane calculation shows that

(15) Sarkar, S.; Mondal, A.; Ribas, J.; Drew, M. G. B.; Pramanik, K.; Rajak,
K. K. Eur. J. Inorg. Chem2004 4633.

(16) Escuer, A.; Font-Bardia, M.; Palba, E.; Solans, X.; Vicente,.Rorg.
Chim. Acta200Q 298 195.

(17) Felthouse, T. R.; Hendrickson, D. Morg. Chem.1978 17, 444.

(18) Dalai, S.; Mukherjee, P. S.; Mallah, T.; Drew, M. G. B.; Chaudhuri,
N. R. Inorg. Chem. Commur2002 5, 472.

(19) Xie, Y.; Liu, Q.; Jiang, H.; Du, C.; Xu, X.; Yu, M.; Zhu, YNew J.
Chem.2002 26, 176.

(20) Li, L.; Jiang, Z.; Liao, D.; Yan, S.; Wang, G.; Zhao, Qransition
Met. Chem200Q 25, 630.

(21) Escuer, A.; Font-Bafd) M.; Pélba, E.; Solans, X.; Vicente, R.
Polyhedron1999 18, 211.

(22) Luo, J.; Zhou, X.-G.; Gao, S.; Weng, L.-H.; Shao, Z. H.; Zhang, C.-
M.; Li, Y.-R.; Zhang, J.; Cai, R.-FPolyhedron 2004 23, 1243.
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the CuN4 base unit is essentially planar with a maximum Figure 2. Thermal variation of theymT product of the title compound
.. . showing the best fit to a$ = 1/2 dimer model (dashed line) and to an
deviation of 0.07 A from the corresponding mean plane. The alternating antiferromagneti = 1/2 chain model (solid line). The inset
structure ofl can be viewed as made up of discrete dinuclear shows the low-temperature region.
neutral complexes, of formula [@n)2(N3)4], resulting from
the assembling of two mononuclear Cu(tn)éNinits through ~ value for two magnetically isolate8 = 1/2 Cu(ll) ions.
two equivalent asymmetric end-on azide bridges (Figure 1). When being cooled, thenT product remains constant down
The N4-N5—N6 azide is terminal while the NAN2—N3 to ca. 50 K, and below this temperature it progressively
azide acts as an asymmetric end-on ligand with a long anddecreases to reach a value of 0.20 é¢muol™* at 2 K. This
a short Cu-N bond (2.473(3) and 2.010(3) A). Careful behavior indicates the presence of antiferromagnetic coupling
examination of the interdinuclear distances reveals that thebetween the copper centers through thebNdges. From
[Cua(tn)z(N3)4] units are connected each other through two the structural data we can assume in a first approximation
equiva|ent |Ong CuN3 distances (C-uN3(”) and C$)—N3: that the CU(”) ions form dimers linked through the double
2.852(5) A). Thus, we can describe the Cu coordination asymmetriqu, ;-Ns bridge. Consequently, we have fitted the
polyhedron as a strongly elongated octahedron and then thenagnetic data to the simple isotropic dimer model of Bleaney

azide bridging unit as an essentially ; zbridging ligand. and Bower<? this model gives a quite good fitting over the
Therefore, the structure df can be described as a mono- Whole temperature range wigh= 2.13 and) = —4.84 cn*
dimensional chain as shown in Figure 1. The<Cu intra-  (the Hamiltonian is written abl = —JSS,).

dinuclear distance across theNoridges, of 3.3178(6) A, TheJvalue is in the range of those observed for the-Cu
is in the range for those observed in other CufMs azide complexes involving similar bridges, but this range is

derivatives (3.16-3.32 A) but significantly shorter than the ~ very large as shown in Table 1 (from16.8 cnt* in [Cu,-
corresponding value observed between two adjacent di-(L2)2(N3)2](ClO,)2 to +24.0 cnt in [Cu(L1)2(N3)2])." "
nuclear units (CaCu™ 5.2562(6) A). Note that the G«Cu However, assignment of thévalue to theus 1-N3 double
distance of 6.835(2) A reported for this structure in the ref bridges remains uncertain since careful examination of Tables
22 as the CuCu distance between two dimers does not 1 and 2 reveals that, with the exception of th&05 cnt?*
correspond to the shortest €Du distance between two Vvalue in Table 2, the exchandevalues through both types
adjacent dinuclear units value but to the-@Quf® distance  of bridges (1 1-N3 double bridges angh N3 double bridges)
(Figure 1). are distributed in similarly wide ranges. In such conditions,
Magnetic Properties. The magnetic properties of the title  theoretical calculations could be the best way to obtain the
compound are displayed in Figure 2 as the thermal variation correct magnetic assignment (see below).
of the product of the molar susceptibility times the temper-  Examination of the magnetic fit shows a rounded decrease
ature fmT)/formula unit (2 copper ions). The room-temper- at low temperatures which is not very well reproduced with
atureymT value (0.85 enmk-mol?) is close to the expected the dimer model (see inset in Figure 2); therefore, according
to the crystal structure (Figure 1), we have to assume two

(23) Anal. Calcd for GH;0CuNs: C, 16.25; H, 4.55; Cu, 28.66; N, 50.54. i . i i
Found: C. 16.43: H. 4.5: Gu, 26.61: N. 50.44. Infrared specita ( magnetic exchange pathways: an exchange interaction

cmY): 3265 s, 3227 br, 3138 w, 2923 w, 2877 w, 2085 s, 2036 br, through the asymmetrig; ;-N3 double bridges o) and a
2016 m, 1581 m, 1468 w, 1436 w, 1398 w, 1338 w, 1273w, 1172 m, second one through the asymmejwics-Ns double bridges

1144 w, 1105 w, 1074 m, 1026 m, 928 m, 882 w, 664 m, 607 w, 501 . -
w, 419 w, 354 m. Crystal structure determinatidn:= 288 K, Xcalibur (‘Jee) (SCheme 1)' The question now Is whether these two

2 diffractometer (Oxford Diffraction), Mo i radiation ¢ =0.71073  asymmetric bridges give rise to alternating ferro/antiferro-
A_). Structure determl.natl_on: direct methods and succesglve Fourier magnetic interactions or to alternating antiferromagnetic
difference syntheses; refinement Bh CH, hydrogen atoms: calcu-
lated d(C—H) = 0.95 A] andUiso = 1.3UeqdC). NHp hydrogen

atoms: located by difference Fourier maps. Scattering factors and (24) (a) Fair, C. KMoIEN, An Interactie Intelligent System for Crystal

corrections for anomalous dispersiolmternational Tables for X-ray Structure AnalysisUser Manua] Enraf-Nonius: Delft, The Nether-
Crystallography Thermal ellipsoid drawing: ORTEP progra¥® lands, 1990. (b)Iinternational Tables for X-ray Crystallography
Crystal data: @HzoN16Clp, M = 443.42,P2;/n, a (A) = 6.8525(2), Kynoch Press: Birmingham, U.K., 1975; Vol. 4.

b (A) = 6.7667(2) ¢ (A) = 18.4164(6) 5 (deg)= 99.6(1),V (A3) = (25) Johnson, C. KORTEP Report ONL-3794; Delft, The Netherlands,
842.1(4),Z = 2, Dcaica (rcm™3) = 1.75. Reflections unique: 1805, 1985.

Rint = 0.016. Reflections with > 4o(1): 1346.Ny, = 109, R(Fo) = (26) Bleaney, B.; Bowers, K. DProc. R. Soc. London, Ser. 1952 214
0.038,Ru(Fo) = 0.055, and GOF= 1.292. 451.
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Table 1. Structural and Magnetic Parameters for Asymmetric Scheme 1. Representation of the Magnetic Coupling Model for
Cu(ll)—u1,1-N3 Complexes Involving Only Azide Bridges & Compoundl
Singlet-Triplet SeparationH = — JSS, or H = —J2SS41) //,,\ /4,

short long 4’ I

compds Cu-N/A  Cu-N/A  Jemt  ref | | NG
[Cuz(L1)2(N3)2] 2.019(4)  2.551(4) +24.0 7 RNy /L/AV ~~~~~ Cu
[Cu2(L2)2(N3)7](ClO)2 2.098(3) 2.513(4) —16.8 8 e/
[Cux(L3)2(N3)o(H20)](PFs)2  1.927(6)  2.851(5) —5.80 9 ¥
[CUz(L4)2(N3)2] 1998(3) 2.505(3) —8.5 10
%guzgtggzgmsﬁ i-ggggé) %-jjg((;)) _%'23 E the whole temperature range but only with negativealues
U2l 2(N3)2 . . —2. _ . . .
[Cus(L7)a(Na)a] 1985(6)  2.447(6) —179 12 (a = JF/|JAF| = JZ/_|J1|), indicating thf’:lt the natureT of the
[Cuz(L8)2(N3)s] 2.016(4) 2.381(4) —3.06 13b exchange interactions must be antiferromagnetic in both
[CU(L9)(N3)2]n 1.969(2) 2.683(3) —2.70 14 cases.
[Cua(L10)(N)2I(CIO): 1972(7)  2563(8) —320 15 Thus to correctly fit the magnetic data, we have used the
aﬁlld% 7r;a|min0-4-m,ethyll_-§-aza-3-hgr;teg-g-onafel_ldﬁ =Medi1e?N= alternating antiferromagnetiS& = 1/2 chain model of

methyldiethylenetriamine; terpy= 2,2:6',2"-terpyridine; L4= 1-(N- . 28 : . .
salicylideneamino)-2-aminoethaneqt L5 = N-(3-aminopropyl)salicyl- Hatfleld_. This m_odel reproduces very satisfactorily the
aldimine(t-); L6 = N-[2-(ethylamino)ethyl]salicylaldimine@); L7 = magnetic properties over the whole temperature range,
7-(ethylamino)-4-methyl-5-azahept-3-en-2-onefl1 L8 = aepi = 1-(2- including the rounded decrease at low temperatures (solid

aminoethyl)piperidine; L9= bpy = 2,2-bipyridine; L10 = N,N-bis(2-

methylpyridyl)(3,5-dimethyl-2-hydroxybenzylyamine. line in Figure 2), with the set of parametays= 2.1438(4),

Jy = —3.71(2) cm?, andJ, = —3.10(2) cm'%; i.e., o =

Table 2. Structural and Magnetic Parameters for Asymmetric J,/J; = +0.83 (50|id line in Figure 2) and; andJ, are the
Cu(ll)—u1,5N3 Complexes Involving Only Azide Bridged & ; ; ; :
Singlet-Triplet SeparationH = — IS, H — —J5SS.1. o H = smglet—_trlplet separations. Therefore,_ from t_he fit of the
—IN(SiSi-1 — 0S5 Sni+1) With o = Je/|Jacl) magnetic data, we can conclude that in the title compound
short long the two kinds of bridges (double asymmetri¢,-N3 and
compdg Cu-N/A  Cu-N/A  Jom?t  ref double asymmetrig; N3 bridges) present weak, although
[Cu(L11:(N)Jl(CIO)2  1.996(3)  2.327(3)  —7.5 16 noticeable, antiferromagnetic couplings. In addition, at this
[Cun(L12)x(N3)2](ClOs),  1.976(4)  2.482(5) —28.0 16 step of study, it is impossible to assignand J, values to
i-ggéggg g-ggg% the two kinds of bridgesJg, and Je since the magnetic
1.983(5)  2.569(7) model gives a very satisfactorily fit with good quantitative
[Cux(L13)x(N3)s](CIOs),  1.996(3)  2.276(3) -36 16 J values {; andJ,) but does not allow their assignment to
[CuxL14)x(N3)7](ClOs),  2.099(5)  2.379(7) +9 8 i i i
[CUL1NIICIOD:  2003(3)  2300(3) —105 8 the Jeo and Jee exchange interactions. As discussed above,
[Cus(L11)(No))(BPh)>  1.985(4)  2.252(5) —13 17 the J; and J; values cannot be assigned correctly from the
[Cu(L16)(N3)2]n 2.029(5)  2.611(6) +1.6 18 experimental values of Tables 1 and 2. However, since the
[Cuz(L17)(Nz)a]n 2.044(4)  2.373(4) +168 19 exchange coupling values summarized in Tables 1 and 2 are
al11 = Mesdien = 1,1,4,7,7-pentamethyldiethylenetriamine; L2 calculated distinctly for discrete doubde -N3 and 1 N3
Etdien = 1,1,4,7,7-pentaethyldiethylenetriamine; L3 EtMesdien = bridges while, in1, these double bridges are alternatively
4-ethyl-1,1,7,7-tetramethyldiethylenetriamine; L& tdien = triethyldi- ’ ’ . .
ethylenetriamine; L15= Medpt = methyldipropylenetriamine; L16= connected (SCheme 1)’ it looks Important to compare also

4-(dimethylamino)pyridine; L17%= bben= 1,2-his(benzylamino)ethane. the J; and J, values to those calculated for the scarcely
reported examples involving similar alternating double
interactions. Careful analysis of the magnetic behaviors of asymmetricu; 1-N3 and 1 s-N3 bridges. Consequently, we
the few discrete and polymeric examples involving only azide have compared the magnetic dataldb those depicted in
bridges (asymmetrig; 1-N3 double bridges in Table 1 and  Table 3 for four similar examples structurally character-
asymmetricu1 N3 double bridges in Table 2) reveals ized!%a142021Examination of the magnetic results reveals
different magnetic behaviors for both kinds of asymmetric that the antiferromagnetic behavior found in compound
double bridges; they display strong antiferromagnetic to (J; = —3.71 cntt andJ, = —3.10 cn1l) does not agree
significant ferromagnetic couplings with two large ranges with the alternating ferromagnetic and antiferromagnetic
of the J values (from—16.8 to+24.0 cnt* for asymmetric behaviors found for the four examples (Table 3). This
u1,-N3 double bridges and from-105 to+16.8 cnt? for unusual behavior df makes the situation of this system more
asymmetriqu; N3 double bridges). Thus, to fit the magnetic unclear and preclude any simple magrettructural cor-
data, we have assumed in a first fit alternating ferro- and anrelation. Note that, for the four reported examples, the
antiferromagnetic interactions through the two kinds of ferromagnetic exchange coupling) was assigned to the
bridges. Accordingly, we have tried to fit the magnetic data double asymmetrig; 1-Ns bridges, while the antiferromag-
using the model of Bofsaet al?’ for an alternating ferro/  netic one {;) was assigned to the double asymmetri-
antiferromagneticS = 1/2 chain with the exchange model Nj; bridges; such magnetic assignment has been justified, by
of Scheme 1 (the Hamiltonian is written ls= —JZ($:iSy-1 the four group$3214.20.2¥rom a magnete structural correla-
— 0SiS;i+1) With oo = Je/|Jarl)). All the attempts made with  tion that has been established for double symmetrie- Cu
this model failed since they led to very good agreements in azide bridged complexes involving only short-€Ns bridges

(27) Borras-Almenar, J. J.; Coronado, E.; Curely, J.; Georges, R.; Gi- (28) Hall, J. W.; Marsh, W. E.; Weller, R. R.; Hatfield, W. Borg. Chem.
anduzzo, J. Clnorg. Chem.1994 33, 5171. 1981, 20, 1033.
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Table 3. Structural and Magnetic Parameters for Asymmetric
Cu(ll)—u1,1,3N3 Bridges (1, Jo = Singlet-Triplet SeparationsH =
—IZ(SSi-1 — 0SiSi+1) With o = Je/|Jarl)?

Cu—N/A andJ values

u1,1(eo) uz(ee)
compd$ short long short long ref
[CUu(L9)(Na)an  1.973(3) 2.604(3) 1.973(3) 2.849(4) 14
Jo=+4.60 cntl J1=-2.90 cnrt
[Cu(L18)(No)2]n 1.994(3) 2.449(3) 1.994(3) 2.710(3) 20
Jo=+12.76 cnrl J;=—6.56 cnrt
2.007(3) 2.648(4) 2.007(3) 2.741(4) 13a
[Cu(L19)(Ne)2]n 2.014(3) 2.520(3) 2.014(3) 2.655(5)
Jo=+0.15cn1? Ji=—-2.80cnt?
2.020(6) 2.847(8) 2.020(6) 2.653(8) 21
[Cu(L20)(No)z],  2.018(6) 2.614(8) 2.018(6) 2.426(8)
Jo =+24.70 cnt Ji1=—7.00cnt?
[Cu(tn)(N)2]n  2.010(8) 2.473(3) 2.010(3) 2.852(5) this work

J,=-3.10 cnrt

Ji=-3.71cm?

aThe magnetic assignment @i and J, values corresponds to that
reported by each group.L18 = phen= 1,10-phenanthroline; L1& aepy
= 1-(2-aminoethyl)pyrrolidine; L20= MesEten = N,N-dimethyl\'-

ethylenediamine.

(Chart 1a)® but not for asymmetric bridges for which the
situation remains unclear. It looks likely that the situation

should be different for the asymmetrics/dridged com-

pounds since the long CtN bonds observed strongly affect

Figure 3. Representation of the molecular structure of the trinuclear model
employed for the calculations. The carbon, nitrogen, and hydrogen atoms
are represented by spheres of different shades of gray, from dark to bright,
respectively. The long CtuN bonds have been indicated with a multiband
cylinder.

a trinuclear model (Figure 3). In this system, we have three
differentJ values {12, J,3, andJ;s; the notation correspond
to the labels of Figure 3): the first interaction corresponds
to a double end-on asymmetrical bridge with a long-Gu

the orientation of the magnetic orbitals. This is in agreement bond distance of 2.473 A on each pathway, the secbnd
with the magnetic data depicted in Tables3land with the

magnetic fit of compound which reveals antiferromagnetic

value is related with the exchange interaction through a
double end-to-end asymmetrical bridging ligand with a

exchange for both bridges, clearly different from that reported Cu—N bond distance of 2.852 A on each pathway, and the
for the four examples involving similar bridges. At last, as third J value, which is not considered usually in the
a supplementary proof of the difficulty to correctly estimate experimental fits, corresponds to the interaction through a
the magnetic exchange values, we can point out that thesingle end-to-end bridging ligand with two long €N bond
compound [Cu(L19)(8)]. (Table 3) has been described by distances (2.473 and 2.852 A).

two different groups. Recently, the magnetic fit of this

compound led to thd values of—3.22 and+17.0 cn?,
assigned respectively by the authors toitheande; ; double

bridges (o = Jo =

—3.22 cmt! and Jee = J; = +17.0

The calculated values using a model considering the three
exchange coupling constants (see Appendix for computa-
tional details) arel;; = —1.0 cm?, J,3 = —4.8 cm't, and
Jiz=+3.2 cntt. As we did in the experimental fit, we have

cm~1).130 This magnetic assignment, which is very different also considered the case with only tdwalues, obtaining
from that given in the first report on the basis of the same in such casel;, = —3.1 cnt! andJ,3 = —3.7 cnt. It is
structural dataX, = J, = +0.15 cnt andJee= J; = —2.80
cmL; Table 3)!1%2was ascertained by MO calculations on small and close to the accuracy of the theoretical method
spin dimers using the extended ¢kel tight binding methodf®
Finally, to understand these unclear magnetic behaviors andand double end-to-end couplings are both antiferromagneti-
the magnetic assignment of tlevalues for the two types
of bridges, we have undertaken DFT calculations.
Theoretical Study Using DFT Methods.To understand

worth to keep in mind that the values obtained are relatively
employed. As conclusion, it seems that the double end-on
cally coupled and the exchange coupling throughthe

N3 asymmetric bridges seems slightly greater than that of
the i1 -N3 asymmetric bridges.

the reason of the unclear magnetic behavior of the asym- Traditionally, the double end-on azido bridging ligands
metrical end-on and end-to-end azido complexes (see Tablesvere considered as one of the prototype ligands to induce a
1-3), we have undertaken a theoretical study using methodsferromagnetic coupling in Cu(ll) complexes as well as the
based on density functional theory (see Appendix for double end-to-end azido bridging ligands for the antiferro-
computational details). Hence, we have selected for the studymagnetic interactions. However, these rules are not as general
the compound described in this work and three recent as it was considered because, for asymmetric complexes,
asymmetrical dinuclear complexes, two of them with a there are end-on and end-to-end complexes with the opposite
double end-to-end coordination and the third one with a behavior showing antiferromagnetic and ferromagnetic cou-
double end-on azido bridging ligand, obtained by Escuer et pling, respectively (see Tables 1 and 2).

al® These dinuclear complexes will allow us to simplify the Hence, according to the analysis of thealues indicated
study of the magnetestructural correlations because they in the literature for the asymmetrical cases, the usual
have only one exchange pathway. We have calculated themagnetic behavior seems to be the opposite of that in the
exchange coupling constants for the chain compdunsing symmetrical complexes. In some asymmetrical compounds
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(ClQOy4), complex, despite a similar relative long €N bond
distance (2.379 A), the exchange coupling is ferromagnetic
with a J values of+9 cnr! (Table 2)8 Our calculated)
value reproduces correctly the sign of these interactions
obtaining for these two end-to-end complexes values of
—22.9 andt-10.4 cn1?, respectively. The difference between
these two complexes was attributed previously by Escuer et
al. to the different Cu-(N----N)—Cu torsion angles (between
the copper atoms and the two external nitrogen atoms), being
for these complexes 11.3 and 35.8espectively?16-°We
have performed the calculation of the exchange constant for
a modified [Cu(L15)2(N3)2](ClO,), (Table 2) with a torsion
angle of 36.0 obtaining aJ value of—14.6 cnt™. This value
indicates that the torsion angle is not the unique structural
parameter that controls the sign and strength of the exchange
coupling in the asymmetrical end-to-end azido complexes
for a fixed Cu-N bond distance. Hence, we have tried a
second model of [C4L15),(N3).](ClO4), where we have
modified the coordination sphere of the Cu(ll) cations until
reaching ar parameter of 0.20 corresponding to the ferro-
magnetic [Cu(L14)2(N3)2](ClO4), complex instead of the
original 0.23 value for the antiferromagnetic complex={

0 square pyramid and= 1 trigonal bipyramid®® obtaining

a value of+4.9 cnt? for such model. This result is relatively
close to that obtained for the [@lL14):(N3)2](ClOy)2
complex (-10.4 cnm?) showing that the symmetry of the
coordination sphere plays a fundamental role in the coupling
of such complexes even more important than the-(it-
-*N)—Cu torsion angle.

In the case of the end-on coordination of the bridging
ligands, we have studied the complex j12)2(N3),](ClO,),
(Figure 4c) that presents an experimertaalue of —16.8
cm -t with a longest Ct-N bond distance of 2.513 A. The
calculated value of-4.0 cm! also corroborates the anti-
ferromagnetic nature of the interaction, being slightly smaller
than the experimental value. The analysis of the experimental
Figure 4. Representation of the molecular structure of the three dinuclear data for similar compounds (Table 1) shows that most of

complexes employed for the calculations: (a) §LA5)x(N3)2](ClO4)2; (b) the complexes have a weak antiferromagnetic coupling in

[Cux(L14)(N3)2](ClO4)2; (€) [CU(L2)2(N3)o](CIO4)2. The carbon, nitrogen,  agreement with our theoretical result.
and hydrogen atoms are represented by spheres of different shades of gray, . .
from dark to bright, respectively. The longest €N bonds have been The main parameter to control the strength of the interac-

indicated with a multiband cylinder. tion for both types of coordination is indeed the value of
the longest CaN bond distance. The variation of thk
with the two types of bridging modes, tlevalues obtained  y3jues with such distance for the [€U15),(N3)2](ClO.),
from the fit of the experimental magnetic susceptibility could and [Cu(L2)»(N2)2](CIO.)> complexes is represented in
be assigned wrong***%?!pecause the authors assumed a Figure 5. In the case of an end-to-end coordination there is
ferromagnetic coupling for the end-on bridge and the 3 strong reduction of the antiferromagnetic coupling when
antiferromagnetic behavior for the end-to-end one, as it is increasing the CuN bond distance, resu|ting even in a weak
well-known for the symmetrical complexes. However, there ferromagnetic coupling for distances larger than 2.6 A.
are also some examples that do not follow such rule as, for However, for the end-on coordination the dependence of the
in;tance, our compound with two antiferromagnetic cou- exchange coupling with the G distance shows a progres-
plings. sive decay being the coupling in all cases antiferromagnetic.
To simplify the complexity of the system with different ¢ \ye tyrn back to our model of the chain compound, the

kinds of interactions, we have calculated thealues for  peyacoordinated copper atoms have a torsion angle for the
some asymmetrical dinuclear complexes recently synthesizedyy-to0-end coordination of 55.&nd a longest CuN(us +

by Escuer et al. (Figure 4).The experimentall value Ns) distance of 2.852 A; theses values are larger than those
obtained for the end-to-end [@l115),(N3)-](ClO4), complex

iS_ astonishingly IargelQS cnt, despite a long CtN bond (29) Addison, A. W.; Rao, T. N.; Reeddijk, J.; Van Rijn, J.; Verschoor, G.
distance of 2.309 A, while for the second [QlLi4),(N3)]- C.J. Chem. Soc., Dalton Tran$984 1349.
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the magnetic interaction through the ;N3 asymmetric
Py bridges should be slightly larger than that of the;-Ns;
asymmetric bridges. For the four examples structurally
similar to1, the magnetic assignment (ferromagneticfor-
N3 bridges and antiferromagnetic for N3 bridges) has
been ascertained by the four different groups from a
magnete-structural correlation that has been established for
symmetric analogue complexes. The theoretical calculations
show that the magnetic exchange couplings in such alternat-
ing asymmetric bridges should be the opposite of that
-60 , , , : established for the symmetric analogues; thus Jthelues

22 2,4 2,6 2,8 obtained from the experimental fit could be wrongly assigned

d(Cu-N) A in the four compounds. Note that one of these compounds

Figure 5. Representation of the dependence of the calculated exchangehas been reported recently by another group with a correct
coupling constants with the longest-€N bond distances for the complexes ; i b
with the coordination end-to-end and enc-on, {CUSHN(CION (black  MagNetic assignment:

circles) and [C(L2)2(N3)2](ClOa), (black squares) complexes, respectively. Acknowledgment. The authors gratefully acknowledge
the CNRS (Centre National de la Recherche Scientifique)
and the framework of a French-Spanish Integrated Action
(PICASSO 2004/No. 07137XK and HF2003-258) for finan-
cial support. The theoretical work was supported by the
Direccion General de EnSemza Superior (DGES) and
Comissio Interdepartamental de Tieia i Tecnologia

end-to-end
-40 1

corresponding to the asymmetric dinuclear complexes. We
have calculated thé value isolating a dinuclear end-to-end
azido complex of our model complex obtaining a weak
ferromagnetic interaction with = +1.0 cnT* in agreement
with the results of Figure 5. This value is different from that

obtained with the trinuclear model and indicates that the (CIRIT) through Grants BQU2002-04033-C02-01 and

coordination of one of the a_2|do groups to three copper aton.1S’2001SGR-0044. The computing resources were generously
must be preserved to describe correctly the magnetic behavior . : Py

: o made available in the Centre de Computad@Catalunya
of this compound. For the end-on coordination, we have also

generated a dinuclear model obtaining\alue of—3.2 cnr?t (CESCA) with a grant provided by Fundadiatalana per a

; ) . ; . la Recerca (FCR) and the Universitat de Barcelona.
in agreement with the weak antiferromagnetic couplings

obtained with the trinuclear model and with the expected Appendix

value for a longest CtN bond distance of 2.474 A in Figure

5 For the calculation of the exchange coupling constants for

any polynuclear complex with different exchange constants,
Conclusions the energy oh + 1 spin configurations must be calculated.
In the case of the studied asymmetrical trinuclear complex
to obtain the twal values, we have calculated the energy
corresponding to three different spin distributions (4ge

This work concerns a detailed study of the magnetic
properties of the asymmetric azido-bridged complex of
formula [Cw(tn)2(N3s)4] (1) with an experimental and theo-
retical magnete structural study of the asymmetric azido
copper(ll) complexes reported by different groups. Com-
poundl displays a monodimensional Cu(ll) chain generated
by alternating u11-N3 and u13N3 asymmetric bridges.
Magnetic measurements show alternating antiferromagnetic
exchange couplingy = —3.71 cn! andJ, = —3.10 et A detailed description of the procedure employed to
on the basis of the analysis of tdevalues indicated in the ~ calculate the exchange coupling constants in dinuclear and
literature for the Cu(ll) complexes involving asymmetric Polynuclear complexes can be found in refs 30 and 31. The
azide bridges (Tables 1 and 2), it was difficult to assign following equations have been employed to calculate the
correctly theJ; and J, values. The magnetic behavior of exchange coupling constants for the asymmetrical trinuclear
compoundl is unusual since the four similar examples complex:
investigated in the literature have been reported as having _ -1 _

. . . . Eus — Elst Jio = Jpg 1)
alternating ferro- and antiferromagnetic exchange couplings.
Thus, to understand this difference and to ascertain the Eis — BElso= —Jdo3 — Ji3 (2)
magnetic assignment suggested for this compound and those E. —Eo.=-J.—1] 3)
reported for the four similar compounds (Table 3), we have HS S8 12718
undertaken a theoretical study on the basis of DFT calculation  The hybrid B3LYP functiond? 34 has been used in all
and careful analysis of the exchange coupling parameterscaiculations as implemented in Gaussiaf0Bhis functional
reported for asymmetrically bridged dinuclear compounds
(Tables 1 and 2). For compouiddthe DFT calculations are  (30) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany,J? Comput. Chenl999
in agreement with the nature of the antiferromagnetic 31) 20, 1391.

. . ; Ruiz, E.; Rodguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany,JP.
exchange coupling for both kinds of bridges and show that Comput. Chem2003 24, 982.
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provides excellent results for the calculation of the exchange solution as the energy of the low spin state within the DFT

coupling in wide spectra of transition metal compleXes?

framework provides good results because it avoids the

The use of the nonprojected energy of the broken symmetry cancellation of the nondynamic correlation effects as stated

(32) Becke, A. D.J. Chem. Phys1993 98, 5648.

(33) Becke, A. D.Phys. Re. A 1988 38, 3098.

(34) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A.; 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, H.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.; 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,
0O.; 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. Saussian 03revision
C.1); Gaussian, Inc.: Pittsburgh, PA, 2003.
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recently by works of Kraka and Cremer grotfg/Ve have
employed a triple: all electron basis set for copper atdfhs
and a double: all electron for the other elements proposed
by Ahlrichs et al*! The convergence in the energy during
the SCF process was reduced untir1@ue to the small
energy differences involved in the studied complexes.
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