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The crystal structure consists of a strongly hydrogen bonded
network of tris(N-ethylammonium)ammonium cations, CusCly,®~
trimeric species, and CI~ anions. The CusCly,®~ trimers are formed
by two distorted tetrahedral CuCl,>~ anions linked to a central
square planar CuCls?~ anion via semicoordinate Cu—Cl+-Cu u;
bridges. The central copper ion shows only small deviations from
ideal Dgy Symmetry, while the terminal copper ions show a mild
distortion from Dog Symmetry with an average trans CI-Cu—Cl angle
of 136.0°. The semicoordinate linkages provide a ferromagnetic
exchange pathway between the copper ions with J/k = 6.91(3)
K. Short Cl---Cl contacts (3.67-3.90 A) lead to very weak
antiferromagnetic coupling between the ferromagnetically coupled
trimers.

The structural chemistry of copper(ll) halides is exceed-
ingly diverse. Typically, monomeric CuX species have
compressed tetrahedral geometries, with the trans X-Cu-X
angles generally in the range 12545, although square
planar ions are also knownA few monomeric CuX~
species with either square pyramidal or a foldett14
geometry are known as well as elongated octahedral GuCl
ions? The structural diversity is particularly evident when
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examining the structures of oligomeric and polymeric
species?* Here a wide variety of bridging geometries can
be observed, involving either the normal Cu-X bonds or the
elongated semicoordinate €tX bonds inu1, uz, or us
bridges. Many oligomers are based on stacked arrangements
of pseudoplanar GXz.+2?~ anions = 2,3,...7,10¥ Also,
a number of isolated nonplanar (CyX~ anions are known
(n= 2,3, or 4)% In this communication, we report on a new
type of trimeric halocuprate anion with stoichiometry
CusCly2,%~ the first (CuCl),2"~ oligomeric species reported.
We also examine the magnetic coupling within this anion.
Red-orange crystals of [(N§€.H4)sNH].CwCly4 were
initially obtained as a byproduct in our study of [(N&G2H2)s-
NH]2(CuClk)Cl4-2H,0 3 The crystal structufe? consists of
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(8) X-ray diffraction data for the structure determination at room tem-
perature were collected with a Synte®, diffractometer, upgraded
to Siemens P4 specifications, and equipped with a graphite mono-
chromator Data collection parameters and refinement results are given
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Figure 1. lllustration of the CyCl12%~ trimer species. Cu1Cl1 = 2.3146-
(8), Cul-CI2 = 2.2969(8), Cut+Cl4 = 2.931(1), Cu2-CI3 = 2.2652(9),
Cu2-Cl4 = 2.245(9), Cuz-CI5 = 2.256(1), Cuz-Cl6 = 2.242(1) A; Clt
Cul-CI2 = 97.97(3), CutCl4—Cu2 = 117.81(4), Cl4Cu2-CI5 =
138.81(4), CI3-Cu2—Cl6 = 113.15(4).

a strongly hydrogen bonded network involving the t¥s(
ethylammonium)ammonium cations (henceforth TAEA
trimeric CyCly12°~ anionic species (shown in Figure 1) and
lattice chloride ions. The strength of the interlocking network

of hydrogen bonds is demonstrated by the very small values
of room temperature thermal displacement parameters for

all atoms in the structurdXso(av) = 0.026 £9).

The presence of this extensive hydrogen bond network
has a second consequence: the stabilization of the highly

negatively charged GCl;.°~ anions. This species, seen in
Figure 1, consists of three Cu€l anions, one with square

planar geometry and two with distorted tetrahedral geometry.

The central square planar Cy€lanion completes its typical
elongated octahedral geometry by the formation iaf
Cul:--Cl4—Cu2 linkages to the terminal anions, where the
semicoordinate Cui:-Cl4 distance is 2.932(1) A and the
bridging angle is 117.81(4) The plane of the bridging
linkage nearly bisects the CHCul—CI2 angle, a fact
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Figure 2. lllustration of the pseudorhombohedral packing of the@135~
trimers.
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Figure 3. Plot of ymT vs T for (TAEA)2CusClis. Inset: Low-temperature
regime with fit for isolated trimer model (dashed line) and mean field
corrected trimer model (solid line).

H=—2)(SS+5,S)

This yields the following spin states and energies:

important in the determination of the magnetic properties of Esk = —J; E'ydk = 0; Eyolk = 2J. The magnetic studiés

the trimer species.

The central NH moiety of the TAEA" cation forms
strong hydrogen bonds to a lattice chloride ion, with-a®l
distance of 3.109 A. In contrast, each terminal ;igroup
forms hydrogen bonding interactions with a variety of
chloride ions at distances ranging from 3.123 to 3.431 A.
The hydrogen bonding network forces the trimers to lie
roughly in a rhombohedral network, as seen in Figure 2.
However, relatively short Gi-Cl contacts between trimers,
ranging from 3.66 to 3.90 A, exist with four neighboring
trimeric species, forming a network lying parallel to the

reveal the presence of ferromagnetic coupling within the
trimeric anionic species, as seen in the plotygil vs T
shown in Figure 3. This indicates that tBe= 3/2 state is
the ground state. However, the valueyfl should extrapo-
late atT = 0 K to a value ofCg,, the value of the Curie
constant for a spin 3/2 ground state (which should be
approximately 2 emK-mol! for g = 2.10). Rather, a
turnover of theymT is observed belo 3 K (inset, Figure 3).
The data over the whole temperature range<{B@0 K) can

be fit very accurately with the model for a ferromagnetic
trimer with a mean field correction for the antiferromagnetic

plane. These contacts can provide for the weak intertrimer intertrimer exchange witly = 2.1057(6),J/k = 6.91(3) K,
exchange coupling observed in the magnetic studies reported@ndzJ/k = —0.119(1) K. With the observed short-€Cl
below. contacts to four nearest neighbor trimeric uritsan be taken
Since the crystal structure contains discrete centrosym-2s 4, yielding an average intertrimer exchange constant of
metric CuCl;#~ trimeric species, the magnetic susceptibility J/k = —0.030 K. The isothermal magnetization data at 2 K,

can be modeled, to a first approximation, by the Hamiltonian S€€n in Figure 4, can be fit accurately with tBe= 3/2
Brillouin function with a reduced factor of 1.9717(7). This

reduced value confirms the presence of the intertrimer AF
interactions.
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o = 64.242(6), f = 65.611(3), y = 61.971(5), V = 877.90(12)
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Table 1. Structural Parameters for the £uX-Cu, Linkages

Cue--X Cu--X-Cu T T
compound A (deg) (deg) (deg) J/k (K) ref

(TAEA)2CusClaa 2.932 117.8 41.8 50.3 6.91 this work
(TEA)[Cu(TIM)](CuBrs)2 2.965 116.4 38.4 41.9 17.6 6
(TEA)[Cu(TIM)](CuCla)2 2.867 118.7 50.4 30.3 20.7 6
(TMA) 2[Cu(TIM)](CuBra), 2.974 113.6 47.0 35.0 3.3 6
(TMA) 2[Cu(TIM)](CuCla) 2.856 115.2 44.2 37.8 6.9 6
Cu(TIM)CuCly 2.676 115.8 41.3 57.3 13.3 7

3.164 122.0 94.5 14.8 —2.6

ATEA = tetraethylammoinium, TMA= tetramethylammonium, TIM= 2,3,9,10-tetramethyl-1,3,8,10-tetraenecyclo-1,4,8,11-tetraazatetradecane.

3.0 ion and the terminal distorted tetrahedral ion will lie in
2.5 molecular orbitals that show significant delocalization of the
] unpaired electron density into halideorbitals. In all of these
2 2‘0“; cases, the plane of the bridging £uX-Cu, linkages nearly
= 1.5 bisect one of the cis L-GtL angles in the square planar
= 1_0_5 complex. This can be seen in Figure 1 for the title compound
] and is documented in Table 1, whereand ¢’ denote the
053 angle between the plane of the £eX-Cu, linkage and the
0.0y two CurL vectors, respectively. Thus, the overlap integral
0005 Lo T 11<51) 20025 will be nearly zero between the magneticorbital on the
Figure 4. Magnetization of (TAEA)CusCli4 at 2.0 K with the calculated CuX,*" anion with the -QZ—y? based SOMO on the Squar.e
Brillouin function for S= 3/2. planar complex. This implies that the exchange coupling

should be ferromagnetic, as is observed experimentally. It

reported in which ferromagnetic interactions are present. In should be noted that this argument also explains the
(LCuClI),CuCl, where L= 2,6-(diacetylpyridinedioxime)-  alternating ferromagnetic/antiferromagnetic exchange cou-
chlorocopper(ll), the square planar LCti&tations sandwich ~ pling in the linear chain system in the compound Cu(TIM)-
the flattened tetrahedral Cugl anions. The copper atoms CuCL.® Here, in one case, the guX-Cu, linkage again
in the cations are linked to the central CyClanion via nearly bisects one of the cis L-gU angles, giving a
Cu---Cl bonds to yield ferromagnetically coupled magnetic ferromagnetic coupling. However, in the other case, the
trimers* A series of ferromagnetically coupled magnetic Cua+-X-Cu, linkage is nearly coplanar with one of the £u
trimers (RN)2[Cu(TIM)](CuX4), (R = Me or Et, TIM = bonds, so that the overlap integral of the two magnetic
2,3,9,10-tetramethyl-1,3,8,10-tetraenecyclo-1,4,8,11-tetraazaorbitals will be nonzero, giving rise to antiferromagnetic
tetradecane and 3 Cl or Br) has also been studied in which  coupling.
the central Cu(TIMJ" macrocycle complex is coordinated
by two CuX?~ anions via semicoordinate €eX linkages'®

The ferromagnetic intratrimer coupling in all of these
systems can be rationalized on the basis of the conformation
of the bridging C--X-Cu, linkages, where Gudenotes the
copper ion in the square planar copper complex ang Cu  Supporting Information Available: Crystal data for both
denotes the copper ion in the distorted tetrahedral ZuX compounds in CIF format. This material is available free of charge
anion. The unpaired electron in both the central square planarvia the Internet at http:/pubs.acs.org.
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