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Abstract

Magnetic and structural data for 28 compounds containing the tetrabromocuprate ion are presented. The parameters which af-
fect the strength and sign of the magnetic superexchange interaction via non-bonding contacts between bromide ions are described
and a system for describing the topology of the interaction between tetrahedra is proposed. Analysis of the data suggests that the
primary factors affecting the magnetic exchange are the -Br distance, the Cu-Br-Br angle and the Cu—Br-Br—Cu dihedral
angle.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ric parameters to magnetic exchange in bridged copper(ll)
halides showed that virtually all of the potential variables

1.1. Magnetic exchange via non-bonding halide—halide had an effect on the magnitude and sigf §f3]. The mag-

contacts netic interactions through Br-Br bridges are stronger than

those for Cl- -Cl bridges and those interactions are expected

The propagation of and the possible mechanisms for mag-to have a greater dependence upon the geometric constraints
netic exchange have been a major area of study for decade®f the systenj13,14]
and numerous empirical and theoretical descriptions have A wide variety of complexes have been synthesized which
been presentdd]. A variety of pathways are known to prop-  have the potential to exhibit magnetic superexchange through
agate the exchange, including single atoms or ions, such asa double halide bridge. In the present work, we have limited
halides, bridging between metal specigs Subsequently,  our study to complexes with a Cufr ion where both the
it was discovered that magnetic exchange could propagatemagnetic behavior and the crystal structure of the complex
through non-bonding contacts between halide ions attachedhave been reported. The bromides show larger magnetic ex-
to different metal ions (this pathway, M—XX-M, will change, thus there is more reliable data available. Due to the
be described as a double halide bridge). In their studies oflarge number of variables involved in the contacts between
(HsNCH>CH>NH3)CuCl, a compound consisting of sheets CuBr;2~ moieties, no quantitative magneto-structural corre-
of square planar Cugi~ ions linked into square layers by lations were anticipated, but trends should become clear from
Cu—CI-Cu bridges, Drumheller and co-workf8kmade the comparison of the compounds examined. We begin with def-
observation that the antiferromagnetic exchange between thenitions of the geometric variables, followed by presentation
layers was approximately 60 times larger than the predicted of a system for defining the topology of the interaction be-
value based upon the number of intervening atgthSubse- tween the CuBf?~ polyhedra.
gquent work by the same group with a series of alkyldiammo-
nium salts clearly showed that the effect was not unique to 1.2. Geometric variables
(H3NCHCH2NH3)CuCly and that the strength of the ex-
change was a function of the distance between/itfiéle The factors that control the sign and strength of the mag-
ions, rather than the distance between the metal [Shgwo netic exchange through the double halide bridge are not
additional critical points were reported in that work. The first known at this time, but if we assume that it is dependant
was the observation that similar exchange occurred through aupon both the degree of delocalization of spin density from
bromide—bromide bridge and that the exchange was signifi-the Cu(ll) ion to the halide and the orbital overlap between
cantly stronger, so that the compoundzfH>CH>NH3) the two non-bonding halide ions, a number of variables be-
CuChBr, was best described as antiferromagnetic chains come apparent. The structure of the CafBrion itself will
perpendicular to the layer structure, weakly linked by fer- determine the degree of delocalization of spin density. This
romagnetic Cu—CI-Cu pathways [5]. The second was that delocalization of spin density has been demonstrated by EPR
the compound [BN(CHz)4NH3]CuCly did not appear to  and is substantial~50%) [15]. The Cu-Br bond length
fit the trend observed for the other members of the class. can be measured directly from X-ray data, but the bond an-
One possible explanation for this was the exchange path-gles become more cumbersome due to their greater number.
way, Cu—Cl.-Cl-Cu, was not linear as it was in the other CuBr,?~ can occur in tetrahedral or square-planar geome-
complexes, suggesting that the exchange interaction is deries. Idealized tetrahedra are not found in Cu(ll) complexes
pendant upon the geometry of the Cu—XX—Cu pathway due to the Jahn-Teller distortion and rigorously square-planar
as well as the distance between the halide ions, as previ-systems are rare, except in the perovskite layer compounds.
ously suggested by the work of van Kalkeren and co-workers The vast majority of CuB#~ complexes exhibit roughly £
[6]. Subsequent theoretical work by Block and Jang#n  symmetry and the degree of distortion from either tetrahedral
and later by Menon et 8] supported the idea of magnetic or square-planar can be described viatean trans angle
superexchange propagated through this double halide path{mta). For an idealized tetrahedron, the bond angles are all
way. Further studies by Drumheller and co-workfrdl0] 109.5. The Jahn-Teller distortion tends to flatten the tetrahe-
and Halvorson and WillefL 1] on the structure and magnetic  dron, driving it toward a square-planar geometry, expanding
interactions in the [EN(CH),,NH3)]CuBr4 family and theo- two of the Br—Cu—Br angles. We define the two enlarged an-
retical work by Block and co-workei42] verified that mag-  gles as therans-angles and use the average of the two to
netic exchange interactions were propagated via the-Br define the distortion (mta). This is obviously a limited ap-
bridge as well and that they were significantly stronger in proximation and it becomes less suitable if the difference
all cases than their chloride counterparts. Subsequent workbetween the twarans-angles is large (that is, the distortion
has shown that through-space-XX exchange is evidentbe-  is not symmetrical).
tween pseudo-tetrahedral C4X ions as well (see below). The interactions between the ions have two components:

The factors controlling the sign and strength of the mag- one relating to the features of the tetrahedra that are in close
netic exchange through the double halide bridge have notcontact (topological) and one relating to the geometry of each
been delineated. An analysis of the relationship of geomet- individual Cu—Br - -Br—Cu interaction. The four parameters
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Fig. 1. Geometric parameters for describing the interaction between twaEuBns.
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1.3. Interaction topology a<b b<a
Edge-edge type 1 (ee) Edge-edge type 2 (ee») Edge-edge type 3 (ees)
The proposed topological system is based upon the fun-
damental features of a tetrahedron: corners, edges and faces. Fig. 3. Interactions between tetrahedra involving edges.

Thus, the interactions are described interms of which features
of the two tetrahedra come into closest contact. The limit of on the relative distances between the ends of the two edges
the interaction (that is, which pieces are “in contact”) is de- and depending on whether those edges are roughly parallel
termined by measuring the closest contact between any two(Types 1 and 2) or roughly perpendicular (Type 3).
bromide ions (corners) and considering any distance within  In Type 1 (ee), the defining feature of the edge—edge in-
10% of that distance as significant. The choice of 10% is arbi- teraction is that the diagonai)(of the parallelogram formed
trary, but does have support based on experimental data wheréetween the edges of the two tetrahedra is longer than a side
distance differences of 10% produce significant changes in(a). In Type 2 (eg), the shortest diagonal of the parallelogram
the strength of magnetic interactions (see below). The inter- (b) is shorter than a side). In Type 3, the edges are oriented
actions are organized by the interacting feature of the tetra-nearly perpendicular, so that connection of the ends of the
hedron of the smallest dimensionality: corner (0), edge (1), edges generates a (distorted) tetrahedron. Finally, the princi-
or face (2). ple interaction could be between an edge of one tetrahedron

A symbol is givenp ij(d), which designates the topology ~and a face of the seconBig. 4).
of the interactioni(j), the number of such interactions for
a given tetrahedron and the shortest contact distance betweet.3.3. Faces
the tetrahedrad). The topologies are denoted c (corner), e  There are two possible topologies for the interaction be-
(edge) and f (face). One symbol is required for each unique tween faces of two tetrahedrigig. 5). In one case, the figure
interaction of each tetrahedron in the asymmetric unit. The formed by the closest connections of the corners of the two
distance {) is not required for purely topological descrip- faces generates a trigonal prism (Type 1) while in the other
tions, but will prove useful in initial analysis of the relation- case, the figure formed is a trigonal antiprism (Type 2).
ship between the types of interactions and the strength of the These all represent limiting cases and real geometries are
magnetic exchange. Consider the possible interactions usindikely to be intermediate between these choices. In such cases,
the lowest dimension of the interaction as the basis. the choice of topology should be based upon the shortest

contact distances between the X atoms.

1.3.1. Corners

If one of the tetrahedra has only a corner involved in the ————
interactions, the interaction falls in the corner cldsig( 2).
There are three limiting possibilities.

1.3.2. Edges Edgo-face (cf)
. . . . . . e-1ace (€
An interaction is classed as an edge interaction if the low- &
estdimensional contact between tetrahedra is an &dge. Fig. 4. Interaction between an edge and a face of tetrahedra.

There are three possible edge—edge interactions depending

Corner-corner (cc) Corner-edge (ce) Corner-face (cf) Face-face Type 1 (ﬁ]) Face-face T} pe 2 (ﬁ7

Fig. 2. Interactions types between tetrahedra involving a corner. Fig. 5. Interactions between two faces of tetrahedra.
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Fig. 6. Interaction within layers of bis(2-amino-5-chloropyridinium) tetra- ‘djj/o

bromocuprate.
Fig. 8. Interactionsin bis(2-amino-5-iodopyridinium) tetrabromocuprate di-
1.4. Examples hydrate.
1.4.1. Bis(2-amino-5-chloropyridinium) 1.4.2. Bis(2-amino-5-iodopyridinium)
tetrabro_mocuprate [16]: a square lattzzc_e tetrabromocuprate dihydrate [17]: a ladder
In this crystal C2/c), each CuBy” tetrahedron shows Only one CuBj2~ tetrahedron occurs in the asymmetric

four identical interactions within a layer of the corner—corner unit, but in this case there are multiple interactions to be

type with a closest contact distance of A.8Fig. 6). There- considered due to the lower symmetry (P-E)g( 8). The
fore, the in-plane interactions are described as [4cc(4.3)]. Theygj| interactions of the ladder are described as [2cc(4.2)]. The
diagonal interaction within the plane (not shown) would be yng interaction is classed as [1cc(3.6)]. In addition, there
denoted [2e€7.7)]. may be a significant interaction across the short diagonal of
Between the planes, there are two edge—edge interactionghe |adder [1ce(5.7)], but again the large distance makes it

for each CuBs®~ tetrahedron, again identical by symmetry njikely. The closest inter-ladder interaction is [1cc(5.5)].
(Fig. 7). This is categorized as [2g.8)], although in this

particular case, the diagonal is more than 10% longer than the
sides and thus is not categorized as an “interaction”. There
is also a diagonal interaction between the planes which is

denoted [4cc(6.2)]. In examining the possible magnetic ex- metric unit, symmetry P-1(g. 9. Here the rail interactions

change interactions, only the [4cc(4.3)] and [A@eB)] in- . are [2cc(3.9)], while the rung interaction is [2¢£.1)]. The

teractions were considered due to the very large distances in : . ;
the other two possible interactions [16]. rung diagonal is [1e44.7)] and could provide a measur-

able interaction. The closest interactions between ladders is
[Lea(5.2)].

1.4.3. Bis(2-amino-5-nitropyridinium)
tetrabromocuprate hydrate [18]: a ladder
Again there is only one CuB#~ tetrahedron in the asym-

Br

2. Data acquisition and analysis
Cu A search of the literature was performed to identify com-
pounds containing the Culgt- moiety where both the crystal
e structure and magnetic exchange value had been determined
[19]. From the crystal structure data, the geometric param-
Fig. 7. The interlayer interaction in bis(2-amino-5-chloropyridinium) tetra-  €t€rs for the major Br -Br non-bonding contacts were de-
bromocuprate. termined: Cu-Br bond length, Br- -Br distance, Cu—Br. -Br
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procedures and their temperature dependant magnetic sus-
ceptibilities determined in the range 1.8-325K on a Quan-

- tum Design MPMS SQUID magnetometer. Corrections were
made for diamagnetic contributions of the samples according
to Pascal’s constants and for temperature independent param-
agnetism. X-Ray powder patterns were obtained on a Bruker

Cu -7 AXS system and compared to published crystal data using
! Topas-221].
!
! i
! ! 3. Results
!
! e 3.1. Antiferromagnetic interactions between
- pseudo-tetrahedral CuBr4?~ ions
Br Data were analyzed with respect to trends in the value
- of the exchange constani, relative to the various ge-
ometric parameters. Examination of the compounds with
f pseudo-tetrahedral geometry showed that the range-eBCu

bond lengths was small (2.36—2}11 and the range for
! square-planar complexes was even smaller (2.42-4).45
{ No attempts were made to correlate these data with the ex-

! . change values. However, there is an obvious trend associ-
-7 ated with the Br- -Br non-bonding separatiokig. 10shows
the relationship between the -BrBr distance and the ex-
change constant for the square-planar GéBrions. The
rapid decrease of2/| with increasing Br--Br separation
-—— is clear and has been previously noted to be exponential

[11].

This family of compounds is particularly suitable for
demonstrating the expected effect of distance on the exchange
constant since all of the other geometric parameters remain
virtually unchanged through the series.
angles, Cu—Br- -Br—Cu torsion angles and the meaans- The same general trend of decreagizj with increasing
angle for the CuBf~ ion. The major contacts were deter- distance can also be seen in the interactions in the pseudo-
mined based upon the shortest BBr contacts in the lattice,  tetrahedral complexes, but in this case there is great scatter in
including all contacts within 10% of the shortest. Additional the data as a result of the wide variation in remaining variables

Fig. 9. Interactions in bis(2-amino-5-nitropyridinium) tetrabromocuprate
hydrate.

contacts up to 5.8 are also listed infable 1 In addition, (seeFig. 11). The trend is more obvious for interactions of
the type of lattice formed by the short through-space Hr the corner—corner type than for interactions of the edge—edge
contacts was determined and the type of contact betweenvariety.

the polyhedra identified (see Sectidr?). In some cases The wide scatter in the data clearly indicates that other

(seeTable J) the authors analyzed their data via the possi- parameters have a significant effect on the strength of the
bility of other superexchange pathways (hydrogen-bonding, interactions. However, in compounds where large differences
m-stacking, etc.). In such cases, the lattice was reevaluated in

terms of the bromide—bromide contacts and the valueadf 0

2 4 6 8 10 12 14 16
justed if necessaryto provide an estimate ofthe exchangecon- 207
stantunder the new lattice conditions. For example, a uniform 7(‘: ' = * *
chain will have a temperature gfax of 1.28 (//k) whereas a0
in a uniform square lattice, the temperaturexafix occurs Z 60 *:
at 1.82 (/k) [20]. Thus, given the exchange constant from a = -80
uniform chain fit to a data sef{p), the equivalent exchange -100 +
constant for a two-dimensional systefp = (1.28/1.82)1p. :i‘(: .
Such changes from the reported literature values are noted in |

Table 1 In total, 28 compounds were characterized and the Distance (A)
results are given in the table. Compourids[37] and 20
[32] from Table 1were prepared according to the literature Fig. 10. Distance vs..2Xor square planar Cugrcomplexes.



Table 1
Structural and magnetic data for the tetrabromocuprate complexes

Formula Cu geom. Lattice d Cu-Br Q&) dBr---Br (,3\) 6 Cu-Br - -Br (°) 7 Cu-Br-- -Br-Cu () mta () Contact type 2k (K) Ref.
1 Catena-(ethylenediammonium) tetrabromocuprate
C,H10N2CuBIy 4+2 Fm square w/afm inter 2.45Q) 3.60 157.7¢2) 180 180 2cc(3.60) —136.8 [22,23]
2 Catena-(propylenediammonium) tetrabromocuprate
C3H12N2CuBry 4+2 Fm square w/afm inter 2.45Q) 4.06 155.8;174.2 147.7 180 2cc(4.06) -52 [22,24]
3 1,4-Butanediammonium tetrabromocuprate
C4H14N2CuBry 4+2 Fm square w/afm inter 2.43p) 4.81 154.9¢2) 180 180 2cc(4.80) -10 [24,25]
4 1,4-Pentanediammonium tetrabromocuprate
CsH16N2CuBry 4+2 Fm square w/afm inter 2.44Q) 6.23 149.2;167.2 165.5 180 2cc(6.23) -4 [24,25]
5 3-Ammoniumpyridinium tetrabromocuprate
CsHgN2CuBry 4+2 Fm square w/afm inter 2.44Q) 3.90 162.9,161.4 112 170.5 2cc(3.899) -—104 [26,27]
6 3-(Ammonium-methyl)pyridinium tetrabromocuprate
CsH10N2CuBry 4+2 Fm layer w/afm inter 2.40t0 2.45 4.43 142-178 171-173 136, 180 2cc(4.43) —11.6 [28]
dist Ty
7 bis(Beta-alaninium) tetrabromocuprate
CsH16N204CuBIy 4+2 Fm square w/afm inter 2.43Q) 7.34 170.7¢2) 104.75 180 2cc(7.34) J>0 [29]
8 bis(Morpholinium) tetrabromocuprate
CgH20N20,CuBry Dist. Ty Dist. honeycomb 2.41;2.36 4.10/4.22 77.1,139.3 20.2/180 134.6 leel(4.10}-8.8 [30,31]
2.37;2.41 3.82 140.151.5 53 2cc(3.82) —42.6
9 bis(Pyridinium) tetrabromocuprate
Ci1oH12N2CuBry Dist. Ty Square 2.36¢2) 4.36 147.0, 126.7 —-111.2 131.3 4cc(4.36) —4.46 [32]
2.38(x2) 471 134.0, 134.0 —54.4 lcc(4.71)
10 bis(2-Amino-5-bromopyridinium) tetrabromocuprate;
C10H12N2BrCuBry Dist. Ty Square 2.38,2.39 4.41 138.9, 136.7 21.6 139 4cc(4.4) —6.94 [33]
2.38,2.39 4.85 120.5, 140.1 20.7 2eel(4.85)
11 bis(2-Amino-5-chloropyridinium) tetrabromocuprate
C10H12N2Cl,CuBIy Dist. Ty Square 2.38,2.39 4.3 138.9, 137.0 219 137.5 4cc(4.3) —-8.7 [16,34]
2.38,2.39 4.83 122.0,138.1 —-21.1 2eel(4.83) -8.6
12 bis(2-Aminopyridinium) tetrabromocuprate
Ci10H14N4CuBIy Dist. Ty Ladder, rung 2.36(2) 4.35 97.8«2) 180 132.5 lcc(4.353) —-6.8 [30,35]
Rail 2.36, 2.39 4.13 144.2,159.8 54.5 2cc(4.127) —4.2
13 bis(2-Amino-5-nitropyridinium) tetrabromocuprate monohydrate
C10H14NsOsCuBIy Dist. Ty Ladder, rung 2.41,2.44 4.07 148.6, 92.3 7.6 130 leel(4.07) —20.4 [18,36]
Rail 2.35,2.44 3.93 1325, 146.5 3.6 2cc(3.93) -19.5
Rung diag 2.35.2.41 4.58 111:82) 180 lee2(4.68)
14 bis(4-Aminopyridinium) tetrabromocuprate monohydrate
C10H16N4OCuBIR Dist. Ty Square 2.37,2.39 4.55 140.5, 146.7 95.15 132.6 4cc(4.55) ~—1°0.98 This work[37]
15 bis(2-Amino-5-iodopyridinium) tetrabromocuprate dihydrate
Ci10H16N41,0,CuBry Dist. Ty Ladder, rung 2.38¢2) 3.58 151.9,151.9 180 132.6 lcc(3.565) —13 [36,17]
rail 2.38(x2) 4.23 129.0,95.0 98 2cc(4.234) -1.15
16 bis(Cyclopentylammonium) tetrabromocuprate
Ci10H24N2 CuBry Dist. Ty Ladder, rung 2.36,2.37 4.41 105.3,133.8 62.5 130.1 leel(4.40)-5.5 [38]
2.36, 2.36 4.52 103.2,132.1 63.4 132.3
Rail 2.36, 2.39 3.88 148.8, 151.0 64.3 1cc(3.88) —11.6
2.36, 2.40 3.89 149.8,151.1 55.9 1cc(3.89)
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17

18

19

20

21

22

23

24

25

26

27

28

bis(Piperidinium) tetrabromocuprate

C1oH24N>CuBIy Dist. Ty Ladder, rung 2.37,2.38
Rail 2.38,2.39
Catena-bis(p-chloroanilinium) tetrabromocuprate
C1oH14CLN>CuBrg 4+2 Fm square w/afm inter 2.42Q)
bis(2-Methylpyridinium) tetrabromocuprate
C1oH16N2CuBIy Dist. Ty Unif. chain 2.38,2.39
C2/c Herringbone 2.38(2)
Square 2.38,2.39
bis(3-Methylpyridinium) tetrabromocuprate
C12H16N2CUBT4 Dist. Td 238(X 2)
2.38,2.39
2.38(x2)
bis(4-Methylpyridinium) tetrabromocuprate
C12H15N2CUBI'4 Dist. Ty Alt. chain 239@( 2)
2.34,2.39
2.42,2.43
bis(2-Amino-3-methylpyridinium) tetrabromocuprate
C1oH18N4CuBry Dist. Ty Complex 2.36,2.37
2.36,2.39
2.37,2.39
2.36,2.37
bis(2-Amino-5-methylpyridinium) tetrabromocuprate
C1oH18N4CuBry Dist. Ty Square 2.37,2.39
2.37,2.39
bis(3-Ethylpyridinium) tetrabromocuprate
C14H20N2CuBIy Dist. Ty Unif. chain 2.37,2.39
bis(4-Ethylpyridinium) tetrabromocuprate
C14H20N2CuBIy Dist. Ta Alt. chain 2376( 2)
2.38(x2)
Catena-bis(2-phenylethylammonium) tetrabromocuprate
C16H24N>CuBIy 4+2 Fm layers w/Fm inter 2.45@Q)
bis(Methyl(phenylethyl)Jammonium tetrabromocuprate
CmHngzCUBM Dist. Td Unif. chain 2.36,2.40

Catena-tetrakis(4-aminopyridinium) bis(dibromocuprate(l)) tetrabromocuprate
CyoH28NgCw,BrsCuBry Dist. Ty Unif. chain 237@(2)

4.1
4.31

11.89

474
4.98
5.30

4.06
4.22
4.45

4.65

4.55
4.77
5.04

4.15
4.25
4.13
4.22

4.55
4.97

4.21

4.02
4.46

14.7
4.13

5.60

115.1, 133.7
146.0, 153.5

155.7,161.4

126.1, 132.3
116.0, 116.0
107.9,127.3

82.02)
146.1, 78.5
104.5,133.6
103.9,161.3
152.8,163.1

86.2,86.2
142.1,82.5
110.3,126.2

102.8,130.2
99.7,170.9
122.6,151.4
126.7,150.0

133.7,143.8
140.2,119.4

109.1,151.4

142.0, 142.0
136.4, 136.4

160.2,165.5

79.90)

92.6

47.3
53

170.9

17.2
180
61.9

180

111.8
84.4
4.7

180

35

72.7
80.2
117.6
60.1

16
19.8

3.8

180
180

170.4
180

101.7

130.8

180

130.8

135.5

129.7

131.6
140.2

137.2

130.1

137.4

180

142.1

126.2

leel(4.1)
2cc(4.31)

2cc(11.89)

2eel(4.74)
2cc(4.98)
2eel(5.30)

lee2(4.06)
2ce(4.45)

2cc(4.65)

lee2(4.55)
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lcc(4.02)
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2ee2(4.129)

2ee3(5.60)

—-13.3
-3.8

~0.01

—2.44

+2.96

-1.16

~—qd

—6.6

—2.44

—4.32
—3.456

<1

—-8.0

0~—1K

[39,40]

[41]

(32]

(32]

(32]

[42]

[43,16]

[44]

[44]

[45,46]

[47,30]

(48]

2 Value recalculated base on different lattice interpretation. See Sextion
b The authors report a weak ferromagnetic exchange. We find weak antiferromagnetic interactions.
¢ The two trans-angles are nearly identical suggesting an unusually uniform distortion of th@CidBr.

d Nearly identical fits were obtained from either a uniform chain or 2D-square model.
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Fig. 11. Br - -Br separation vs..2

the expected increase in wave-function overlap. It is worth
noting that for most of the square-planar systems, the sum
of the Cu-Br- -Br angles is between 31@nd 330 and in
general they show larger values bthan their tetrahedral
counterpart at comparable -BfBr distances.

For edge—edge type contacts, the Cu—Br angles are
geometrically constrained from approaching 1.80he be-
havior is clearly different than that of the cc-compounds as
can be seen iRig. 13 The data are divided into two groups;
those with angles in the 140-196ange have eeand eg
interactions and those with angles in the 210-<2@Mge are
eg type interactions. Each group shows a decrease in the
exchange constant with increasing angle, the opposite of the

were seen in the Br—Br separation, only the shorter contactstrend observed for the cc-type complexes. For iegerac-
were considered for further analysis.

tions, assuming idealized tetrahedra and that the two inter-

Similarly, only general trends are obtained upon inspec- acting Br—-Cu—Br pieces are coplanar, the sum of the two
tion of the effect of the Cu—B¥ -Br angle upon the value of

Cu-Br - -Br angles is 250.5and the majority of the data are

the exchange constant. As was the case with distance, differclustered in that region. Deviations from the idealized angle
ences are seen in the behavior of the cc-interactions and théndicate either distortion of the Cuit tetrahedron, lack
ee-interactiongrigs. 12 and 13how the exchange constant of planarity of the Br—Cu—Br pieces, or both, reducing the

plotted as a function of the sum of the two Cu—-BBr angles
for the cc- and ee-interactions, respectively. Although it is
likely that different individual values for the two Cu—BrBr

symmetry of the system.
The same trend, decreasiigvith increasing angles, is
observed for eginteractions, although there is no idealized

angles which give the same total value could have very dif- angle sum since the Cu—BrBr angles constitute a pair of
ferent interactions, there is insufficient data available to gen- alternate interior angles whose value will change with the
erate information based on individual angles, therefore only distance between the Cur ions. The limits will occur

the sum of the two angles is used in the current discussion.when the angle becomes so small that the interaction changes
For the cc-interactions, there is a slight trend toward increas-to an ee-type, or so large that the interaction become cc in
ing values of/ with increasing angle. This suggests that as nature. However, the small number of data available for this
the Cu—Br- -Br—Cu system approaches linearity, there is an type of interaction suggests caution in any interpretation of
increase in the magnetic exchange as might be assumed fronthese results.
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No correlations are obvious when comparing the mean
trans angle for the Cu(ll) ion with the observed exchange
constantsKig. 14). The values of mta range from 1260
142 with the only possible trend being that the variabil-
ity of J seems to be smaller at higher angles, but this may
be an artifact of the smaller number of data above°137
more likely correlation is seen in the relationship between the
Cu-Br - -Br—Cu torsion angler) and the exchange constant
(seeFig. 15. Again, there is a large spread in the data, but
thereis stillageneral correlation showing thatthe average val-
ues forJ are larger for values afnear 0 and near 18Q This

Fig. 12. Cu—Br- -Br angle vs. Z for cc interactions.
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Fig. 13. Cu-Br--Br angle vs. Z for ee interactions.

0

-10
-15
-20
-25
-30

-40
-45

125 130 135

140 145

H e

o *pe
D -
e

»

+Typecc

OType eel

*

Mean trans angle ()

Fig. 14. Mean trans angle vs/.2



M.M. Turnbull et al. / Coordination Chemistry Reviews 249 (2005) 2567-2576 2575

0 50 100 150 200
0 O o T + T O ]
-5 j. > ry &
-10 7
i jm] *
-15
¥ 20 -
= Type cc
=i *Typ
o OType eel
-30
-35
-40
*

Torsion angle (*)

Fig. 15. —Cu-Br- -Br—Cu torsion angle vs.2

also makes sense in terms of orbital overlap which should be
greatest at O(syn-periplanar) and at 18@anti-periplanar).

3.2. Ferromagnetic interactions between Fig. 16. Structure of the dimer interaction between adjacent gZuBons
pseudo-tetrahedral CuBr42_ ions in bis(3-methylpyridinium) tetrabromocuprate.

Two compounds ifable 1(Compound0 and27) de-
serve special comment as they are reported in the litera-
ture to exhibit ferromagnetic exchange, in complete con-
trast to all other reports of magnetism between G&Br
tetrahedra via halide-halide contacts. We prepared bis(4-
aminopyridinium) tetrabromocuprate monohydrate (Com-
poundi14, Table J according to the literature procedure [37]
and confirmed its structure via IR and by comparison of
its powder pattern to the published structure to ensure that
the same phase had been produced. Magnetic susceptibil-
ity data were collected in an applied field of 1000 Oe from Fig. 17. Structure of the dimer interaction between adjacent £uaBons
1.8-325K. The data show no indications of ferromagnetic in bisimethyl(phenylethylJammonium] tetrabromocuprate.
interactions. Three separate preparations all indicated weak
antiferromagnetic interactions with~ —2 K. The data pro- This type of single halide bridge has been previously reported
vided equally good fits to models for either a uniform chain, to propagate ferromagnetic interactions and the geometry of
or a square lattice with exchange constantsJjof 21. The this particular pair very closely resembles the interaction be-
anti-ferromagnetic behavior is in accord with expectations tween the tetrahedral Cu$r ions reported by Long et al.
for halide - -halide superexchange pathways. (Table 1 Compoundb) [28]. The decrease in the magnitude

In similar fashion, we prepared bis(3-methylpyridinium) of J is easily understood due tO the increase in the- @&r
tetrabromocuprate (Compougé, Table 3 and verified its  distance (Cu -Br average of 4.2 in Compounds).
structure with the literature [32]. Magnetic susceptibility data ~ Examination of Table 1 shows a second com-
were again collected in an applied field of 1000 Oe from pound with the same topological interaction, type,ee
1.8-325K. To our surprise, our results matched the litera- bis[methyl(phenylethyl)ammonium] tetrabromocuprate
ture data and confirm the presence of ferromagnetic interac-(Compound27, Table 1) [30]. Examination of the dimer
tions in the sample. This is truly unusual as it appears to be astructure (seéig. 17) shows a nearly identical interaction
unique exception to the rule that halidéhalide mediated ex- ~ (Cu-Br=2. 395“ Br---Cu=4.408, Cu-Br.-Br=112;
change is anti-ferromagnetic. A more detailed examination of Br---Br= 4.13}). However, the observed magnetic exchange
the structure suggested an explanation: the predominant suin this complex is antiferromagnetic {2 —8K), so the
perexchange pathway is not via the two-halide pathway, but topology itself cannot be the entire source of the explanation.
rather via a single halide exchange, Cu—BCu. The struc-
ture of the dimeric interaction in bis(3-methylpyridinium)
tetrabromocuprate is shown Kig. 16 The two-halide ex- 4. Conclusions
change interaction is of the gaype [BrmBr:4.06A].

However, in this case, the edges of the two distorted tetra-  Itis clear thatthe bromide-bromide superexchange path-
hedra are offset sufficiently to allow for a symmetrical way is complex and that multiple geometric factors influ-
pair of short Br--Cu contacts between the CuBr ions ence the strength of the exchange. Based upon available
[Cu-Br= 2.38A; Br---Cu=4.414A; Cu-Br--Cu= 114]. data, it appears that the bromideoromide distance and the
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Cu-Br - -Br angle play significant roles and there appears to [16] F.M. Woodward, A.S. Albrecht, C.M. Wynn, C.P. Landee, M.M.

be some correlation with the Cu—BrBr-torsion angle. Other

geometric factors are likely also to affect the exchange, but [17]
data available at present are too sparse to allow for reason;
able speculation. In addition, results showing very weak ex-

Turnbull, Phys. Rev. B 65 (2002) 144412.

C.P. Landee, M.M. Turnbull, C. Galeriu, J. Giantsidis, F.M. Wood-

ward, Phys. Rev. B: Rapid Commun. 63 (2001) 100402R.

18] M.M. Turnbull, C. Galeriu, J. Giantsidis, C.P. Landee, Mol. Cryst.
Lig. Cryst. 376 (2002) 469.

change may contain significant influence from other superex-[19] (a) F.H. Allen, Acta Cryst. B 58 (2002) 380, Cambridge Structural

change pathways. Mechanisms including hydrogen bonding
andm-stacking have been shown to support weak magnetic
exchange and they may very well have a role in some of

Database;
(b) 1.J. Bruno, J.C. Cole, P.R. Edgington, M. Kessler, C.F. Macrea,
P. McCabe, J. Pearson, R. Taylor, Acta Cryst. B 58 (2002) 389,
ConQuest.

the compounds discussed. With one possible exception, allzg) (a) J.c. Bonner, M.E. Fisher, Phys. Rev. 135 (1964) 640;

interactions between tetrahedral CyBr ions are antiferro-

(b) J.-K. Kim, M. Troyer, PRL 80 (1998) 2705.

magnetic. Calculations are in progress to attempt to resolvel21] Topas 2.1, Bruker AXS, 2000.

the question of ferromagnetic versus antiferromagnetic in-
teractions and to determine the role of single halide versus

double halide exchange in these comple&s.
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