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Dramatic differences are found between the ambient and 100 K X-ray structures of [L@Ni;Br,)(ClO4); (L@ = a0/ -bis-
{(5,7-dimethyl-1,4,8,11-tetraazacyclotetradeca-6-yl)-o-xylene), in which the bromide-bridged, bimetallic, macrocyclic
ligand complexes of nickel(ll) are held face-to-face and in which each bimetallic complex has a net triplet spin
multiplicity. The ambient structure of this complex consists of very highly ordered, infinite chains of alternating R
and S isomers in which the identical Ni(ll) coordination spheres are near to the average expected for the high- and
low-spin Ni(ll) coordination sites, and there is appreciable stereochemical strain in the linkage of the macrocyclic
ligands to the phenyl ring. In contrast, every other dinickel complex of the 100 K structure is displaced about 40
pm along the infinite chains to form tetrameric repeat units (pairs of dinickel complexes), in which each dinickel
complex has well-defined high-spin and low-spin Ni(ll) coordination sites; the high-spin sites are adjacent in the
tetramers, and the stereochemical strain in the linkage to the phenyl spacer is relaxed. The molecular magnetic
moments and structural contrasts are similar for the 100 K structure and the previously reported ambient structure
of [L@Ni,Brs](ClO4) complex for which the molecular magnetic moments also correspond to a single triplet state
per complex. The halide-bridged, monochloro- and monobromo dinickel complexes also have triplet spin multiplicity,
and they crystallize with a coordinated perchlorate completing the axial coordination of the high-spin Ni(ll) site,
while the other Ni(ll) site of these halide-bridged complexes has equatorial Ni—N bond lengths typical of low-spin
Ni(ll) coordination. The bridging halide is sandwiched between the face-to-face macrocyclic ligand Ni(ll) moieties
and slightly off the Ni—Ni axis in all of the complexes. The temperature dependence of the magnetic moments of the
series of complexes indicates that their singlet—triplet energy gaps are small, with zero point energy differences
that are generally less than 10° cm~2. The very weak metal-metal electronic coupling, the triplet state spin multiplicity of
each dinickel complex, and the averaged high-spin/low-spin coordination environments of the ambient structure
implicate a vibronic mechanism for the electronic configurational exchange in the dibromo and tribromo complexes.
The single molecular vibrational mode that correlates with the configurational exchange in these complexes includes
the concerted motion of the bridging bromide between the Ni(ll) centers. Activation of this vibrational mode is suf-
ficient to effect the configurational exchange. These complexes present especially clear examples of the effects of
the coupling of nuclear vibrational motions to the interchange of electronic configuration between two different centers.

between the reactants and products and of the mixing
between the reactant and product electronic configuratidfs.

Thus, the rate constants for the transfer of electronic
excitation energy and for the transfer of electronic charge

Introduction

The dynamic behavior of doneiacceptor (D/A) systems
is well-known to be a function of the structural differences
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are both similarly dependent on the correlated nuclear
displacements and the D/A electronic coupli#é® The
excitation energy transfer processes are often described as a
combination of hole and electron-transfer proced%ésin

the simplest electron-transfer processes, the transfer of charge

| | [N
between the donor and acceptor centers is correlated with NN NN NH  HN NH  HN
displacements in the positions of the nuclei near those centers [ j [ j [ j [ j
and/or in the surrounding medium, and in the limit of weak NH HN NH HN NH HN NH HN

electronic coupling, the charge-transfer event is treated as
independent of the accompanying nuclear reorganizatidn.

N L R\

In contrast, experimental observations indicate that the LY L?
nuclear and electronic motions are not independent in some

systems in which the electronic coupling is stréfhd; 23 W

and some related vibronic models for electron transfer have NN N RN
been proposed for D/A systems in which the electronic and [ j [ j
nuclear motions are not separa#te?® This vibronic coupling NH  HN hHHN
limit is likely to be most important when the change of v U
electronic configuration is accompanied by changes in the

bond lengths to a bridging ligartd2327The corresponding L® L

vibronic coupling limit has not been examined for excitation

Figure 1. Skeletal structures of the ligands used in this study.

energy-transfer processes. The work reported here examines

the influence of a halide-bridging ligand on the interchange
of singlet and triplet electronic configurations between the
nickel(ll) centers of a bimetallic complex with a view to
establish a relatively well-defined example of the vibronic
coupling limit.

are reported to be either (1) four coordinate, approximately
planar, and diamagnetie®® or (2) six-coordinate tetragonal
and paramagnetic in the presence of some halides and
pseudo-halide® 2 The singlet-triplet energy difference is
small in these complexes, and the higher energy electronic

The synthesis and properties of tetraazamacrocyclic ligandconfiguration can be populated by irradiation of the ligand

complexes of Ni were thoroughly and well documented
some time agé® 32 Complexes in which nickel(ll) is

field absorption bands to generate metastable intermediates
that differ in coordination number and/or geometry from the

coordinated by a 14-membered tetraaza-macrocyclic ligandground staté?® This geometrical difference results in a
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substantial nuclear reorganizational barrier to the change in
electronic configuration, and one expects the recovery of the
equilibrium distribution of species to be relatively slow, as
in

['Ni([14]aneN)]*" + hv — *[*Ni([14]aneN)]*" (1)

*[3Ni([14]aneN)]*" + 2X~ — [Ni([14]aneN)X,]  (2)

[*Ni([14]aneN)X,] — ['Ni([14]aneN)]*" + 2X~ (3)

where [14]anedl= cyclam= 1,4,8,11-tetraazacyclotetrade-
cane (L~ in Figure 1) and h = Esrin Figure 2. The rates

for the processes described by eq 2 amount to the relaxation
of a vibrational excited state 8Ni", and this should be very
fast while the §Ni([14]aneNy)X,]?" relaxation process in eq

3 involves a change of geometry coupled to a change of
electronic configuration. This process can be described in
terms of a potential energy (PE) surface for each of the
electronic configurations and a nuclear reorganizational
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Figure 2. Qualitative PE diagram illustrating the energy parameters for a
low-spin Ni' complex associating with weakly bonding ligands.

barrier to their interconversion so that ti&l{([14]aneN,)-
X,)?* intermediate should have a relatively long lifetime even
though it is not the thermodynamically stable form of the
Ni" complex; see Figure 2. In view of these considerations,
it is interesting that Kajiwara et al., recently found only one
high-spin Ni(ll) center in a dinickel tribromide complex, &
Ni-Brs]™, in which each Ni(ll) center is nominally six-
coordinate in the solid state (with two axial bromides outside
the bimetallic complex, a bridging bromide, and each Ni
coordinated equatorially by a tetraazamacrocyclic lig&hd).
These authors’ further observations that thé dénters of
the bromide- and chloride-bridg&dlinickel complexes had
bond distances that appeared to be the average of thos
expected for the high- and low-spin configurations of Ni(ll)
and of only weak magnetic coupling between the metal
centers suggest that either (1) the singteiplet configura-
tional interchange in these complexes is relatively rapid (very
small nuclear reorganizational barrier) or (2) the complexes
are electronically disordered in the crystal lattice.

The bridging-halide-mediated electronic coupling between
do-donor and d-acceptor metal centers has long been
presumed to be a very effective major factor in some very
facile inner-sphere electron-transfer reaction path-
ways»10.14.27.3639 and in the unusual properties of {(MX—

MV —X), and (M"—=X—-M"—X), chains in the solid state
(M = Pt or Pd in the former and Ni in the lattef).4*
However, there have been few simple, halide-bridged
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complexes that permit a systematic evaluation of the coupling
of transition-metal D/A complexes throughnetworks. This
is in marked contrast to the many simple models for D/A
coupling throughr-networks?1°4551 While one might expect
some differences between hole- and electron-transfer mech-
anisms for D/A coupling when comparing the and
m-bridged D/A system® it has been proposétthat halide-
bridged electron-transfer systems may actually be examples
of vibronically induced mixing of the D and A electronic
configurations by means of the concerted motion of the
bridging ligand between reactant cent®#$2552.53

The electronic coupling in a-bridged D/A system can
be treated in terms of a three-center, perturbation-theory
model>* This approach treats the electronic coupling in terms
of the overlap of the donor orbital and the acceptor orbital
with some bridging-ligand orbital, and it leads to antiferro-
magnetic coupling in the network of coupled orbitals. Related
arguments have been used to rationalize reactivity patterns
in thermal kinetic studies in which the metal complexes are
equatorially coordinated by tetraaza-macrocyclic ligatidd.
However, very little magnetic coupling has been found in
the face-to-face, xylene linked bimetallic complexes,
[LOM X ¢+ (X = Cl or Br for M = Cu' andk =1 or
for M = Ni'" andk = 2; see Figure 134355456 Furthermore,
the description of the relevant three-center interaction is most
readily formulated in terms of the halide-mediated configu-

Fational mixing of the ground state with{&i',Ni"'} metal-

to-metal charge-transfer (MMCT) excited st&td@his model
predicts that the strength of the interaction should increase
as the ionization energy of the bridging halide decreases.
However, the [[@NiX,]® """ complexes do not have
intense, low-energy MMCT absorption bands suggesting that
metal-metal electronic coupling in these halide-bridged
complexes is wea® Our observations indicate that most,
but not all, of the [LN§X4] complexes are paramagnetic in
solutiorf® and qualitatively in accordance with the earlier
observations on the analogous dihalide solf8:5" These
and other observations confirm that the/ Ninglet and triplet
electronic configurations fey?b,?, and éb,’ab;, or possibly
e*a?yby, respectively, in axiaCs, symmetry) do not differ
much in energy. In this report, we have examined the solid-
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Table 1. Elemental Analysis of the Dinickel Complexes

complexes molecular formula % weight (theory) % weight (found)
[(L@Ni2)(ClO4)](ClO4)3 C32He2Cl4NgNi2O16 C, 35.78; H, 5.82; N, 10.43 C, 35.18; H, 5.75; N, 10.02
[(L ®Ni,)CI(CIO4)](ClO4), CazHe2Cl4NgNi012 C, 38.05; H, 6.19; N, 11.09 C, 38.83; H, 6.41; N, 10.99
[(L ®Ni)Br(Cl04)](ClO4)2 C3aHs2Cl3BrNgNi2Os2 C, 36.41; H, 5.88; N, 10.62 C, 36.79; H, 5.98; N, 10.51
[(L@Ni)I](ClO.)3 C32He2l CIsNgNi201 2 C, 34.89; H,5.67; N, 10.17 C, 35.06; H,5.70; N, 9.91
{[(L(Z)Niz)Brz](C|O4)H20}n C32He4clzBr2N8Ni209 C, 36.47; H, 6.08; N, 10.63 C, 37.12; H, 5.97; N, 10.78
[(L@Ni2)Br3]ClO4 C32He2BrsCINgNi2O4 C, 37.85; H, 6.15; N, 11.03; Br, 23.61 C, 38.20; H, 6.10; N, 10.94;Br, 22.76

state properties of some of the halide-bridged dinickel diamagnetism (approximately570 x 1076 emu mot?) and a
complexes in order to gain some insight into the behavior temperature-independent paramagnetic contribution (1500-°

of these systems. emu mol?). The reliability of these corrections was independently
verified as the corrections were within 5% of the measured
Experimental Section susceptibility for the [@Ni,]** perchlorate sample, a sample that

had no magnetic contribution from the Ni(ll) ions (both Ni(ll)
centers were in th& = 0 state).

Both the zero-field-cooled magnetization (ZFCM) and the field-
cooled magnetization (FCM) were determined. The ZFCM s
measured after cooling the sample from room temperature to 5 K
in the absence of a magnetic field, applying the 5000 Oe field, and
then warming (discrete temperature steps and waiting for the
temperature to stabilize). FCM is measured during warming after
cooling the sample dowrot5 K in the presence of the 5000 Oe
field.

X-ray Structure Determinations. Diffraction data were col-
lected on a Bruker P4/CCD or APEX Il diffractometer equipped

concentrated perchloric acid) saturated aqueous NaGl®red with lf\/lo Ka@gadl?tlon and a gr(;:lpfhlte mono_chror:ator. 'll'he
vigorously, and cooled with ice water for 2 h. The crude product manufacturer's’ software was used for processing. A complete

was recrystallized from hot water acidified with perchloric acid fsphere ofgata was collected at 1|0 s(;llfran;e afnd %‘2 Q';(]&Sfivelzn, K
(approximately a 47:3 volume ratio of,B/HCIO,). rames. The structures were solved and refined wit eldrick’s

- 60 i 1 62
Caution: The use of perchlorates in these preparations is SHELX-97" The SQUEEZE _portlon of S_peks PLATON
potentially hazardous. software was used to pIaF:e disordered anions and §o|ve_nt when
o,a’-Bis{ (5,7-dimethyl-1,4,8,11-tetraazacyclotetradeca-6-yl)- noted. The crystallographic parameters are summarized in Table

nickel}-o-xylene ([L@Ni,]*") Perchlorate. A 2.7 g sample of [ID- 2.
Ni2](ClOg4)4 (~10 mmol) was dissolved in 150 mL of hot 50%
ethanol acidified with 3 mL of concentrated HGIQhen 4.5 g of

solid NaBH, was added slowly while stirring vigorously. The The perchlorate salts of the complexes with unsaturated
solution pH was kepk5 by the additions of HCIQ(maximum ligands are yellow, while the low-spin complexegoNi2*

~33 mL). An orange-red suspension formed, and the mixture was and [L@Ni,]>* with saturated ligands (see Figure 1) are

refluxed for 5-10 min, then cooled, and the orange product was The halide-bridaed | iy f d
separated. The product was purified by recrystallization. ESI: orange. The halide-briaged complexes are very easily forme

971.23, [M— CIO4)3+; 871.27, [M— CIO; — HCIO,2+; 771.31 by mixing solutions containing [E)Ni,]?" with halide salts,
[M — CIO; — 2HCIOy". IR (3207 cn, vy_4). and the formation constants of the I:1 complexes dP{L
Halide-Bridged (—CI, —Br, —I) Complexes Derived from Nio]?* with chloride or bromides are largex(0* m™?).

[L @Nij]4+. About 150 mg of [L@Ni,](ClO4)4 was dissolved in about ~ However, we were not able to isolate X-ray quality solids.
10 mL of hot 50% aqueous ethanol. Molar equivalent amounts of The salts of the halide-bridged complexes are relatively dark
NH4CI, NH4Br, or NH4l were dissolved in a small amount of 50%  and vary from red to purple. The X-ray crystal structures of
aqUeIOUS ethanql, then the solution was mixed quickly Wlth the hot these salts are more varied than one m|ght expect for Simp'e
solution of [L@Ni;](CIOa)a. The bottles were sealed and immersed g pstitutions of halides. The low-temperature magnetic
in a small Dewar flask filled with boiling water. Crystals formed properties of the complexes in the solid state vary from

after 1-3 days. The crystals were forced out by adding 96% ethanol. L ) A . .
Molar ratios of 1:2 and 1:3 [BNi;](ClO4)s to NH,Br were used to paramagnetic with one high-spin N;(II) center per bimetallic
y : i - _hri i.]12+
prepare the di-Br- and tri-Br-bridged dinickel complexes, respec- Unit (for the Cl- and Br-bridged [®Ni_] complexes) to
tively. diamagnetic for the perchlorate salts of the(Mi;]?*
The elemental analyses, summarized in Table 1, were performedC(_)mplexeS apd for the I-bridged @Ni]** _C(_)mpl_ex. The
by Midwest Microlab, LLC (Indianapolis, IN). Ni/Ni magnetic coupling seems to be negligible in all of the

Magnetic MeasurementsMagnetic susceptibility measurements complexes that we examined.
were made on pulverized samples using a Quantum Design model
MPMS-5S SQUID magnetometer over a temperature range of (59) SMART, S. a. Sre collection programs distributed by the manufac-
5—350 K with a field strength of 5000 Oe. The molar susceptibilities tures, Brucker AXS Inc., Madison, WI.

calculated for the dinickel complexes were corrected for the core (69) gg?ﬂ;ﬁ;' l%Q;nSHELX'QY University of Gottingen: Gottingen,

(61) Spek, A. L. INPLATON Utrecht University: The Netherlands, 2003.
(58) Martin, J. G.; Cummings, S. @norg. Chem.1973 12, 1477. (62) Spek, A. L.J. Appl. Crystallogr.2003 36, 7.

Materials. Nickel acetate tetrahydratey,a’-dibromoxylene,
acetylacetone, and,N'-bis(etylenediamine)propylenediamine were
supplied by Aldrich and used as received. The (5,7-dimethyl-1,4,8,-
11-tetraazacyclotetradeca-4,7-dienaf)nickel(ll) complex, [L@-
Ni]NO3, was prepared according to a previously described proce-
duré® (ligand structures in Figure 1).

a,0'-Bis{ (5,7-dimethyl-1,4,8,11-tetraazacyclotetradeca-4,7-di-
ene-6-yl)nicke}-o-xylene ([LWNiy]*") Perchlorate. A 7.125 ¢
quantity of [L@NiJNO3 was combined with 2.7 g of dibromoxylene
and dissolved in 375 mL of anhydrous ethanol. This solution was
refluxed fa 6 h and filtered. The volume of the filtrate was reduced
to 225 mL, added slowly to 75 mL of acidified (1.5 mL of

Results
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angles around the linking methylenes and possibly the
averaged Ni-ligand bond lengths indicate that the structure
is stereochemically strained.

100 K X-ray Structure of {[(L @Ni,)Br](ClO 4)>*H20} .
After several unsuccessful attempts, we obtained a low-
temperature X-ray structure of (L ®@Niy)Br](ClO4)2}n
crystal. This structure is also comprised of infiniteNi—
Br—Ni—Br—) chains, but it has very well-defined singlet
and triplet NI' coordination sites with a shorter distance
between the triplet Nicenters than the singlet centers of

X-ray Structures of the [(L @Ni,)X](CIO s); Complexes neighboring dinickel complexes. Figure 5 compares the 295
(X = ClI, Br, I). We have found two different types of and 100 K molecular structures along the infinite chains.
molecular structure for these complexes as shown in Figure The unit cell of the 100 K structure has slightly more than
3; all of the structures in this report have been drawn using twice the volume of the 295 K structure. The structure of
Mercury 1.2.1, and the hydrogen atoms have been omitted{[(L @Ni2)Br2](ClO4)2} at 100 K differs from that at 295 K
for clarity. The monoiodo complex is diamagnetic, and the in (1) the 30 pm difference in external NBr bond lengths,
iodide is equidistant from the Ni centers (Ni-Ni angle (2) the relaxation of the stereochemical strain around the
of 161°) in the [(L®Ni)I]3" complex, and the perchlorates xyleyne linkage (53 dihedral angles of the linking methyl-
are well removed from the coordination spheres of the metals. enes), (3) the 10 pm difference inNIN bond lengths found
This structure is analogous to the structures found for the for the two Ni centers (in the 100 K structure in contrast to
[(L®Cw)X]3" complexes (X= Cl or Br).>* The Ni—N bond the nearly identical bond lengths of the 295 K structure),
lengths for the monoiodo complex are very close to the 194 and (4) the average 18 pm difference in positions of the Ni-
pm expected for equatorial bond lengths in low-spin Ni(ll). macrocyclic ligand moieties along the infinite chains. In view

The monochloro and monobromo complexes have struc- of these differences in the structures, it is remarkable that
tures that are very similar to one another with one six- the Ni~Ni distances within their dinickel moieties are
coordinate NI center and one four- or five-coordinate jdentical. The structural differences are large enough that
(depending on how the bridging halide is classified) Ni  they amount to a phase change. Overall, the 100 K structure
center; as is expected for one high-spin and one low-spinis very similar to the structure reported for [fINiz)Clo-
Ni(ll) center in each complex, the NN bond lengths (Cl0,),.3

average 206 and 194 pm, respectively. The Ni distances 100 K X-ray Structure of [(L @Ni»)BrsClO.. This

s @ P
within the L'® moiety increase from CI to | and are 10 structure shows one high-spin Ni(ll) with long NN (207

20% more than the differences in ionic diamefér§he . o
X-ray parameters are summarized in Tables 2 and 3. pm) and short Ni-Br bonds (262 and 271 pm inside and

295 K X-ray Structure of {[(L @Nis)Br](ClO 4)-Hs0} . outside the dimer, respectively), and one low-spin Ni(ll) with

The structure of this complex at 295 K is comprised of very short Ni—N (1_9_6 pm) and long N+Br (332 and 307 pm)
well-ordered, infinite, one-dimensional chains (theNi— bqnds. The dlnlckgl complexes in thls structure are arrayed
Br—Ni—Br-], axis, see Figure 4) in which tfiRandSoptical with thg R aqd S isomers alternatmg.along.the crystal-
isomers alternate. The xylene-linked, dinickel moieties within '0graphicc-axis and the singlet and triplet Ncenters of
the infinite chain have coordination sphere bond distancesth® dinickel complexes alternating along theaxis; see
that are very similar to those in the ambient molecular Figure 6. This structure differs from the 300 K structure of
structure of [(L2Ni,)Brs]Br reported by Kajiwara et af Kajiwara et al3* in that both axial, Ni—Br, bond lengths
see Table 3. The bridging bromide within the dinickel are shorter and the equatorial, N\, bond lengths are
complex moiety is disordered along the-NBr—Ni axis, but significantly longer at one Ni center than at the other.

this bromide is required to be centered by the crystal X-ray Structures of the [L™Ni,](ClOy), Salts ( = 1,
symmetry andlyi-s = 291 pm. Each Ni(ll) center has the 2). These structures illustrate the flexibility of the linkage
same coordination environment with averaged high-spin/low- between the MCL moieties of the complexes. In thé)jL
spin coordination sphere bond distances; yet the magneticNi,](ClO4), complex, the MCL-complex moieties are rotated
measurements indicate that there is one singlet Ni(ll) and to positions above and below the xylene linker, Figure 7. In
one triplet Ni(ll) per complex. The dihedral angles of the ' the [(L@Ni,)CIO,](CIO.)s structure, the MCL-complex moi-
xylene linkage (apical carbon of the MCL ligand, linking  eties are far enough apart to accommodate an intercalated
methylene, adjacent-€C edge of the phenyl ring) are much  perchiorate. This suggests that the diimimzamine mac-
smaller ¢-15°) than those in the other complexes50— rocyclic ligand moieties are more rigid, and/or there is a
60°), and the molecular symmetry of the dinickel moiety is  ¢ompeting contribution fromr— stacking that makes the
nearlyCz,. This is the most ordered structure found for any intercalation of the perchlorate anion less favorable than that
complex in this series. The compression of the dihedral ;. ihe tetraamine analogue. The-Nil(amine) distances in

(63) Huheey, Jinorganic Chemistry2nd ed.; Harper and Row: New York, the equatonal .macrOCyC“_C rlng average :!'94 pm In.bOth
1978. complexes, as is characteristic of low-spifl i macrocyclic

Figure 3. Structures of monohalo complexes: iodo, left; chloro, right.
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Table 3. Summary of Ni Coordination Sphere Structural Data from the X-ray Crystal Structures of Xylene-Linked Bis-Macrocyclic Ligand Complexes

M~—N bond lengths: M-X bond lengths:

low spin intermediate high spin low spin intermediate high spin Ni—X—Ni,
comple® dw-n,2pm dv—n2 pm duwmy—n2PM  dwg-x.S pm dugy—x,¢ pm dy—m,9 pm deg
[(L@Niy)(ClOg)CI]2+ 194(2) 206.1(0.5) 334 (Cl) 244 (Cl) 238 (O) 571 (in) 920 (out) 169.6
{[(L@Ni)(Cl)]} 22*e 199(1) 204(2) 286 (i) 257 (in} 542 (in) 532 (out)
328 (outy 258 (outy 585 (out)
[(L@Niy)(ClOg)Br12tk  194(2) 207(4) 328 (Br) 259 (Br) 231 (O) 584 (in) 920 (out) 169.2
(193 K)
{[(L@Ni)(Br)2]*>"}n 202(2) 291 (in)" 287 (out) 581 (in) 575 (out) 173.2
{[(L@Ni)(Br)2]*"}n 195.5 (0.5) 207 (1) 326 (in) 261 (in) 273 (out) 586 (in) 545 (otit) 170.6
(100 K) 319 (out) 622 (out)
[(L@Niz)(Br)s] ™ 201(1) 326 (inf 257 (inf 288 (out) 580 (in) 740 (out) 167.4
288 (out)
[(L@Niy)(Br)g 195.6 (1.2) 206.8(0.5)  332.2(in) 262.3(in) 580 (in) 154.6
(100 K) 306.7 (out)  270.6 (out) 737 (out)
[(L@Ni)1)]3+ 196(1) 195.2(0.6) 320326 638 (in) 890 (out) 161.1
[(L®Ni,) (ClOg]3* 199 720 (in) 146.3
[(L ®OCwy)Clj3+e 197.3(0.5) (i) 254 508 (in)
201.0(0.55) (a)

[(L ®OCuy)Br]3*P 198 (i) 200 (a) 269 534 (in)
[(L ®Ni2)(ClOa)]** 189 (i) 193 (a) p 705 (in)
[(L ®Ni)]Cl 206(1) 249

[{(LON]I 195(1)

aMetal to macrocyclic ligand nitrogen distance(s), averaged over the four ring nitrogens (standard deviation in parentheses). Distancesr Huataséch
of low spin = 0 for Ni") macrocyclic ligand complexes are listeddag)-n; those characteristic of high spin are list&# 1 for Ni'') asdum)-n. ° LW
= a,0’-bis(5,7-dimethyl-1,4,8,11-tetraazacyclotetradeca-4,7-diene-Gyjene; L@ = o,a’-bis(5,7-dimethyl-1,4,8,11-tetraazacyclotetradeca-@yylene.
Structural data reported in this work except as noted by references in parentideés-bridging ligand distance8Metal-metal distance within the
[L™M;]4" moiety denoted as (in), between moieties as (AUReference 35.Disordered, extreme positions are listed. The assignment of the spin state is
ambiguous? Bridge between tetrameric moieties, disordered, longest distance erit@midge between dinickel moieties within a tetrameric uhBhortest
Ni—Ni distance between dinickel moieties within a tetrameric urhortest Ni-Ni distance between tetrameric unifsThis structure was determined at
both 193 and 295 K; the structures were indistinguishd®erchlorate oxygen ator.The bridging bromide within the dinickel complex is disordered; the
average distance is listed. The assignment of the spin state is ambi§&rference 34° This is not a good quality structure (much disorder); a perchlorate
is positioned between the macrocyclic ligand moieties of the dinickel compNa.bridging ligand.9 Reference 31" Reference 32.

rings of this siz&* and this is consistent with their observed temporal hysteresis (just beyond reproducibility resolution)
diamagnetism. between the ZFCM and the FCM was found below the
Magnetic Properties. The magnetic data are summarized temperatures at which the sudden changes in the effective
in Figure 8 and Table 4. moments occurred in these complexes (the FCM is slightly
While the perchlorate salts and the iodide-bridged com- larger). Moreover, the sudden changes in magnetization are
plexes have effective momentsmf ~ 0.3 us, the chloride- reproducible in separately prepared samples. Note that the
and bromide-bridged complexes have effective moments of X-ray studies indicate that there is a phase change in the
Pert &~ 3 ug per nickel complex above 50 K, where dibromo complex structure between 100 and 300 K and the
sudden changes in the effective moment may be correlated
Pett = v/ (ke T /Natt?) = 2.829v/(T,) (4) with this phase change. However, it is unlikely that a
) , ) ) corresponding phase change occurs in the monobromo
andks is Boltzmann’s constangn is the magnetic suscep-  ;omplex structure. Finally, we found no clear evidence for
tibility, Na is Avogadro’s number, anfie is the Bohr  gjonificant magnetic coupling between the nickel atoms
magneton. In addition, the effective moments for the bridged within the bimetallic complexesd < 1 cnm?).
complexes have various temperature-dependent behaviors. The rapid decrease in the effective moment below 50 K
The effective moment for the [(ENi;)CI(CIO,)J?" complex  ¢5,nq in all of the samples is consistent with previous
exhibits a smooth Increase from %‘9 at 50 K 10 3.0ue at work®*35 and results from a zero-field (single-ion) splitting
room temperature, while the [@Ni;)Br(CIO,)]2" moment <o Ni' ions.
decreases from about 3} at 50 K to 2.9ug at 270 K
before a sudden 3% decrease in the moment over a 15 KDiscussion
temperature interval. In comparison, the moment for the
dibromo complex closely follows the behavior of the
monochloro complex up to 180 K before also exhibiting a
sudden 3% decrease in the moment over a 15 K temperatur
interval. On the other hand, the tribromo complex has the
largest effective moment (34g at 50 K), which gradually
increases to 3.4 at the highest measuring temperature
without any sudden changes in the moment. A very small

The xylene-linked, bis(metallo-macrocyclic ligand) com-
plexes with metathalide-metal bridges appear to be poised
for strong, halide-mediated metahetal coupling. Yet, the
®bservations indicate that there is very little electronic
coupling between the metals of the dinickel complexes
described here or of the dicopper complexes described
previously. Despite the lack of appreciable metaletal
coupling, the halide-bridged dinickel complexes display a
wide structural variation. The range of structures exhibited
by the dinickel complexes in which a bromide bridges the

(64) Curtis, N. F. InCoordination Chemistry of Macrocyclic Compounds
Melson, G. A., Ed.; Plenum: New York, 1979; p 219.
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Figure 5. Comparison of the 300 K (left) and 100 K (right) molecular
structures along single chains of §INi,Br;]2* moieties. Both structures

are viewed along the unit cettaxes (orthogonal to the infinite chains).
Note that the unit cell volume of the 100 K structure is greater than that of
the 295 K structure: thé-axis is nearly doubled and theaxis is more

than 1% longer at 100 K (see Table 2); the red lines in this figure are the
distances between the centers of equivalent bromides of the structures. The
Ni—Ni distances are compressed within the tetramers and lengthened
between tetramers of the 100 K structure relative to those of the 300 K
structure.

interchange in contrast to the strong coupling limit for
electron transfer exemplified by the Creuffaube ion.
Figure 4. Views along the crystallograph&(red),b (green), ana (blue) Fu_rthermore’ the dipotedipole coupllng.(or F‘?Ste,r) mech-
axes (from top to bottom) for [@Ni2)Brz](ClO)zat 295 K. anism that is useful for most electronic excitation transfer
) _ processeg2067.68 s not applicable to the ground-state
two nickel centers in the complex are the most remarkable processes of the systems described here; on the other hand,

of the dinickel complexes examined, since each of these s mgjecular vibrational mode can mix the electronic con-
complexes is a mixed-configurational or electronic isomer figurations

containing one high-spin and one low-spin'enter. Two

of these complexes, [(ENi,)(Br)s]* and [(L@Ni,)(Br)J]?*,
even have different amblept and 100 K molecular structures. tetraazamacrocyclic ligands characteristically have equatorial
The structures of the . dibromo complex are the most n;_n pong lengths that are significantly longer for the six-
extraordlnar)_/ since the _hlgh-temperatu_re and IOVV'temper""wecoordinate complexes in which the'Nsenters have triplet
strugtures_ differ both in the Iocallzgtlon of the eIec'Fronlc spin multiplicity (typically 206 pm) than those for the planar,
configurations of the Nicenters and in the large amplitude four-coordinate complexes in which the 'Nenters have
displacements of nickel-macrocyclic ligand moieties along singlet multiplicities (typically 194 pm} see Table 3. This
infinite chains in the crystal lattice. The mixed-configura- - g yarq correlation of the Nielectro,nic structure with
tional dipromo ‘f"”d the tribromo dinickel complexes are the coordination geometry fails with the dinickel complexes
electronic configurational exchange analogugs SZGW'Xed' discussed here since the large electrostatic attractions favor
valence complexes, such as the Credtaube lorf>% in the intercalation of an anion between the co-facial-Ni
electron-transfer systems. However, the dinickel complexes

correspond to the weak coupling limit for configurational

A. General Structural Features of the Dinickel Com-
plexes.Nickel(Il) complexes with aliphatic, 14-membered

(67) Yardley, J. T.Introduction to Molecular Energy TransferAca-
demic: New York, 1980.

(65) Creutz, C.; Taube, HI. Am. Chem. S0d.969 91, 3988. (68) Birks, J. B.Photophysics of Aromatic Moleculé#/iley-Interscience:

(66) Creutz, C.; Sutin, Nlnorg. Chem.1976 15, 496. New York, 1970.
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Figure 6. 100 K X-ray structure of [2Ni Brs]™ complex: packing, top;
view along the crystallograph&axis, bottom. The near sides of the phenyl
rings are highlighted in the view at the bottom.

Figure 7. Molecular structure of [(INig]?*.

macrocyclic ligand moieties with the ion-pair association
constants in excess of 481! and because the NXayal

S5

H = 5000 Oe

P, (Bohr magneton per molecule)

2.5

100 150 200 250 300 350
Temperature (K)
Figure 8. Temperature dependence of magnetic moment determinations
for chloride- and bromide-bridged complexes: @Ni,CI(Cl04)](ClO4)2,
A, [L(b)NiBl’z], O [L(Z)NizBr(C|O4)](C|O4)2, o; {[L(Z)NizBrz](C|O4)2} n, I
[L@Ni2Br3](ClOg) v.

Table 4. Summary of Magnetic Data on Tetraazamacrocyclic Ligand
Complexes

complex Ueit (us perMp)
{[L@Ni,Cl,)](ClO4)2} AP 3.42 (100 K)
[L@Ni,CI(CIO)](ClO4)2 2.94 (100 K)
[L@Ni,Br(ClOg)](ClO4)2 3.02 (100 K)
{[L@Ni2Br;)(ClO4)2}n 3.04 (100 K)
[L@NizBrg]Bre 2.9 (100 K)
[L@Ni,Brs]ClO4 3.12 (100 K)
[L@Nizl](ClO4)3 diamagnetic
[L@Niz(ClOg)](ClO4)3 diamagnetic
[L™®Niy(ClOg)](ClO4)3 diamagnetic
[LDOCWCI(CIO4)4d 2.48
[LOCW,Br](PFe)s® 212
[L®Ni](Br) 2 3.05 (100 K)
[L®N](1) 22 diamagnetic
a For this complex, the exchange interaction through bridging ligands
within the [MoL™M]4+ moiety, Jnra = —11.2 cnT?, and the exchange
interaction through ligands between moietidg,er = —48.2 cnT1.35 For

the other complexes, the exchange interaction energies are less thah 1 cm
b Reference 35¢ Reference 349 Reference 54¢ Reference 32.

or a bromide ion between the Nienters of [I®Ni,]2* result

in a single, structurally well-defined high-spin 'Ncenter
that becomes six-coordinate by capturing one of the per-
chlorate anions, a single low-spin 'Nicenter with the
expected equatorial NiN bond lengths, and a measured
magnetic moment which is characteristic of a single triplet
state per dinickel complex over the temperature range of
5-325 K (Figure 8). These complexes have a mixed-
electronic configuration in their ground statéd\i" ,'Ni""},

and since their coordination spheres are so dissimilar, the

distances vary over a substantial range. The assignment obther electronic isomefNi",*Ni'"}, is an electronic excited
different coordination numbers to the different centers of a state. Since the thermal population of this excited state would
dinickel complex when there is a bridging anion would be not affect the observed magnetic properties, we have no

arbitrary. Only for the diamagnetic {ENi,]*" complex have
we found a clear example of a limiting Nicoordination
geometry typical of mononickel-macrocyclic ligand com-
plexes. The other diamagnetic complexes?i,l]** and
[L@Ni,(ClO4)]3t, have intercalated anions and their'' Ni

experimental estimate of its energy. Furthermore, these salts
contain an excess of perchlorate anions, so that the observa-
tion of one high-spin and one low-spin center in the chloride-
and bromide-bridged complexes is a demonstration that these
halides do not simultaneously form covalent linkages to both

environments can be considered to be five-coordinate, butmetals in these complexes. Several issues that are raised by

the Ni' =X~ interaction does not result in a high-spin ground-

state electronic configuration at either metal center. In

these observations are elaborated below.
Figure 8 shows that the actual magnetic behavior of the

contrast, the monohalo complexes that intercalate a chloridemonochloro and monobromo complexes is somewhat more

Inorganic Chemistry, Vol. 44, No. 17, 2005 6027
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complicated than the previous paragraph suggests. Wesorption that is expected to accompany strong metadtal
attribute these complexities to relatively small energies of coupling*#*>*°The solid-state studies reported here dem-
excited states with different electronic configurations and spin onstrate that the halide-mediated metaletal coupling is
multiplicities. Thus, the relatively shallow increase of very weak in these complexes and that their magnetic
magnetic moment observed for the GNi,CI(ClO4)]%* properties are somewhat complicated by the thermal popula-
complex abovel = 50 K can be attributed to the thermal tion of low-energy excited states. Since these are axially
population of relatively low-energy excited states with the labile metal complexes, the variations in their structures and
{3Ni" 2Ni""} (~500 cnr%; see Supporting Informatiotf)and magnetic properties must reflect a balance between (a) crystal
the{INi" Ni""} (~270 cn1?) electronic configurations; the  packing forces, (b) stereochemical and electrostatic repulsions
shallow decrease of magnetic moment observed for tiie [L  between the cationic complexes, (c) electrostatic attractions
Ni»Br(ClO,)]?>" complex abovel = 50 K can be attributed  between the cations and anions, (d) electrostatic repulsions
to the much higher energy of t§éNi" 3Ni'"} configuration between the anions and electrons in the; drbitals
when bromide is the bridging ligand. This inferred contrast (orthogonal to the bplane of the macrocyclic ligands), and
in the energies of thg3Ni" 2Ni""} electronic configuration  (e) covalent bonding between the metals and the axial
in these two complexes is also more consistent with the muchligands. The gross contrasts between the 300 and 100 K
larger bridging-ligand-mediatei"/°Ni" coupling reporte# structures of [L @Ni»Br](ClO4),} » demonstrate that crystal-
for chloride than we find for bromide. In any case, the packing forces do play a role in determining the structures.
observed magnetic behavior of these complexes implies thatWhile the last three classes of interactions-€3 fall into
the zero-point energy differences between their different the regime of effects treated theoretically with standard
singlet and triplet electronic configurations are very small. ligand-field models for vertical transitions between electronic
This implies that relatively small changes in the positions states of the same spin multiplicity in complexes in which
of the axial ligands could effect an inversion of the triplet the Ni—X bond distances are constant for a given halide
and singlet energies at the '"Ntcenters of the dinickel ligand/%" the observations in this report relate to the zero-
complexes. point energy differences between the electronic states in
While the magnetic measurements of the dibromo- and which the individual metal centers differ in spin multiplicity
tribromo-dinickel complexes indicate that they also have one in bimetallic complexes with an appreciable range of-Ni
triplet center per dinickel complex, the 'Néenters of these  Br distances. Since the magnetic measurements indicate that
complexes have coordination environments that are indis- the relevant energies are very small, less tharct0?, they
tinguishable at 300 K, but while their coordination numbers are unlikely to be adequately treated by an attempt to adjust
and magnetic moments are largely unchanged at 100 K, theirthe ligand-field parameters for variations in-Ngr dis-
bond lengths are those characteristic of one high-spin andtance&®"* for the effect of cationic charge on the ligand-
one low-spin Ni center. These similar coordination environ- field strength of the bridging halide, for the differences in
ments suggest that the vibrationally equilibragédi" ,*Ni''"'} spin multiplicity, and/or for the shapes of the potential energy
and{INi" Ni""} electronic configurations must have nearly surfaces. The approximate energies inferred from tempera-
the same zero-point energies. Thus, the ambient structuregure-dependent magnetic behavior and a simple model of the
of the di- and triboromo complexes appear to be the equilibrium populations of states of different spin multiplici-
consequence of the thermally promoted fluctuation of the ties are sufficient to illustrate the issues raised by this study.
high- and low-spin electronic configurations. This intercon- 1. Correlation of Electronic Structure with Metal
figurational exchange may be represented as (the prime isLigand Bond Lengths. The molecular structures of the
used to distinguish the different Nions) monohalo complexes can be taken as a reference for the
coordination-sphere bond lengths that are characteristic of
(L3NNI HBrg] t = [(LPUNI" *Ni"})Bry] * (5) high-spin and low-spin Nicenters in this series of com-
plexes. The tribromo- and the dibromo dinickel complexes
The 3Ni/!Ni exchange between the nearly identical metal both have one high-spin and have one low-spin center, but
centers can be described as a triplet excitation transfer proces8e ambient molecular structures have bond lengths that are
near to the limit of zero energy difference between the initial the average for those electronic configurations. Since the
and final electronic configurations. This is the excitation structure of [NizBrs]* contains individual molecules, it
energy analogue of intervalence electron transfer in mixed- is the simplest focus for discussion. The 100 K structure
valence systems. Thus, these complexes are clearly uniquéhows one high-spin Ni(ll), with long NiN (207 pm) and
systems, and several aspects of their properties are considereshort Ni=Br bonds (262 and 271 pm, inside and outside the

below. dimer, respectively), and one low-spin Ni(ll), with short
B. Implications of the Structural and Magnetic Studies ~ Ni—N (196 pm) and long NiBr (332 and 307 pm) bonds.
for Models of Ligand-Mediated Electronic Configura- It is also noteworthy that both of the external axiaH¥r

tional Exchange.In our studies of the solution behavior of ~ distances differ by 18 pm in the two structures, one larger
these complexe¥,we were unable to find evidence for the
{Ni",Ni"} — {Ni',Ni""} metal-to-metal charge-transfer ab-

(70) Lever, A. B. P.Inorganic Electronic Spectroscop§lsevier: Am-
sterdam, The Netherlands, 1984.

(71) Figgis, B. N.; Hitchman, M. A.Ligand Field Theory and Its

(69) Supporting Information, see paragraph at the end of this paper. Applications Wiley—VCH: New York, 2000.
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and the other smaller in the ambient structure, but without
evidence of the disorder exhibited by the bridging bromide.
Since the conversion of a triplet Ncenter to a singlet center
results when the axial bond lengths increase and/or the
equatorial bond lengths decrease, the interchange of elec-
tronic configurations and the interchange of the coordination-
sphere bond lengths are inseparable processes of the Ni(ll)
centers, and the change of electronic configurations must be
coupled to one or more vibrational modes of the complex.
This concerted electronic/nuclear interchange process can be
described in terms of the changes in potential energy of the
different electronic configurations, [(®{3Ni",'Ni""'})Br3]*,
[(L@{INI" Ni""})Brs] ™, and [(L?{3Ni" 3Ni""})Brs]*, with
activation of the correlated vibrational modes, and it is
qualitatively illustrated in Figure 9 for different energies of
the [(L@{3Ni"Ni""})Brs]* configuration relative to the
energy of the degenerate [f{3Ni",*Ni""})Brs] ™ and [(L@{ -

Ni" 3Ni""})Brs]* configurations in the region of the intersec-
tion of their diabatic PE surfaces. Since the-Nii distance

is the same at 100 and 300 K, the correlated nuclear motions

can be simply described as an antisymmetric (with respect
to aC, symmetry axis that is orthogonal to the-Nili axis)
combination of the motions of the atoms coordinated to the
two Ni centers. These ligand motions at each metal are
similar to one of the degenerate thgskeletal vibrations
(Qp) of an octahedral complex, but the bridging bromide must
move in a concerted manner between the twb d¢éinters,
and this is different from the thermal fluctuations charac-
teristic of Jahn-Teller vibronic coupling at a single metal
center/?73

2. Some Considerations Regarding the SinglefTriplet
Zero Point Energy Differences.Each NI' center of the
dimer has a singlet ground state when the axial coordination
is weak or absent. The triplet excited state generated from
four-coordinate-planar Nicomplex is necessarily vibra-
tionally excited unless there are changes of coordination
number and equatorial bond lengths; see Figure 2. Such
triplet state is the FranekCondon excited state generated
by light absorption (vertical energsy). The thermally
generated triplet Ni center in such a complex has the
thermally equilibrated, vibrationally relaxed, coordination
geometry (zero-point energysi®®). The experimental ob-
servation that Ni/Ni electronic coupling is very weak in these
complexes suggests that (a) we can neglect electronic
coupling between Nicenters in the ground state, (b) the
excited states of the dinickel complexes which have ferro-
and antiferromagnetically coupled triplet states differ little
in energy, and (c) the complexes in which thé' Menters
have the same spin multiplicity are low-energy electronic
excited states.

All of the LWNi, complexes have singlet spin multiplicity
in solution, and the association of the complexes with anions
in solution shifts the 21 000 cm ligand-field absorption
band of the parent to slightly lower energies in the 1:1 ion

(72) Riley, M. J.; Hitchman, M. A.; Mohammed, A. W. Chem. Phys.
1987, 87, 3766.

(73) Simmons, C. J.; Stratemeier, H.; Hanson, G. R.; Hitchman, M. A.
Inorg. Chem 2005 44, 2753.

Potential Energy

Diabatic
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Config. Mixed

{'Ni,'Ni}  {'Ni,’Ni}
States

-a 0 a
Nuclear Coordinate, Q

aFigure 9. Qualitative PE diagrams illustrating the effects of configurational

mixing between th&= 1 component of a [(IP{3Ni" 3Ni"})XY ;] excited
state @) on the energies of degenerate @{3Ni",INi"})XY;]2" (1) and
[(L@{INI" 3Ni"}XY ]2t (3) ground-state electronic configurations; see

aScheme 1. In the diabatic limit (no configurational mixing and no metal

metal coupling), the [(P{3Ni"3Ni"})XY;]?* (Ms = 1, 3, and 5) and
[(L@{INI" INi"})XY 2] excited states are degenerate with an energy of
approximately/s, a. If there is significantNi—X —3Ni three-center covalent
bonding in the electronic configuratieh then the energies of the diabatic
states with configuratiod are smaller thari/4, b. The energy of the PE
minimum of the diabatic [((2{3Ni" 3Ni"})XY ;] configuration may also

be greater thaii/4, c. The adiabatic ground-state curves are constructed
assuming that there is no mixing between the ground state configurations
and that only theMs = 3 component with the [(B{3Ni" 3Ni"})XY 5]2*
electronic configuration will mix with the two ground-state configurations.
For simplicity, the only excited states included in these diagrams are for
configuration4 with Ms = 3; the vibrational levels are omitted (except for
the Oth levels in the top diagram). The adiabatic curves correspond to the
functions V; (in eq 19), \4 (in eq 15), and V. (in eq 19) from top to
bottom, respectively.

pairs® Thus, the electrostatic contributions to-NK bonding
may be similar from one halide to another, and the different
halides do not result in different magnetic properties of these
complexes. In contrast, different halides result in different
magnetic properties of the@Ni, complexes. The different
effects of the axial ligands on the magnetic properties of the
complexes can be attributed to small energy differences in
the covalent components of the different-N{ bonds. A
simple linear combination of the relevant atomic orbitals
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description (or to an equivalent angular overlap model Scheme 1. Different Ni(ll) Electronic Configurations in the Dinickel
argument) is adequate for our purposes. The weak axial ©©TP/exes:

covalent contributions for a single Nicomplex can be [LCNiNi")Br,” = [L¥CNi'Ni")Br,]
represented in terms of the symmetric combinations of one

92 2 92
p, orbital from each axial ligand with the metal Sorbitals {doy doy, do.™} (do., do.”}
(for simplicity in this discussion, we neglect the antisym- ) @
metric combinations of ligand,pwith the metal 4p). A
covalent contribution requires partially occupied axiagl d 1l 1
orbitals of the Ni triplet state. It is convenient to separate
the two axial bonding contributions so that the energy of [L”CNi,’Ni")Br,]" = [L?(CNi,’Ni")Br,]"
the axial bond is{(ox) + €(ovy)], for the axial ligands X
and Y. If the Ni centers in the ion pairs have singlet ground {doj do), doj’do.’} {do,’, do/’do,’)
states, theriest® is a promotion energy for bond formation @ 3

in an ion-pair complex (i.e., the “square-planar” triplet state
is generated so that all of the coordinates except the axial
Ni—X coordinates have their equilibrium triplet state values;
thus,Est® also contains a number of contributions including
the electrostatic perturbation of thgarbital, the differences

in equatorial bond strength in the two states, and the
electronic pairing energy). Then the energy difference
between the singlet and triplet states is

features that are found in this family of complexes: (i) one
paramagnetic Ni center per dinickel moiety, (ii) different
ambient and 100 K structures, and (iii) similar coordination
environments of both Ni centers in the ambient structure. In
this section, we propose a relatively simple vibronic model
to account for these features.

1. Limit in Which the Metal Centers are Electronically

ESToo = Eg° — [e(oy) + ()] (6) Indeper)dent.'This Iimit corresponds to an isolated ion (in
vacuo) in which the singlet and triplet states of each metal

Equation 6 expresses the concept that a five- or six- can be independently populated. Ligand-field theory argu-
coordinate complex of triplet spin multiplicity will form only ~ ments are in principle only applicable in this limit. However,
if the covalent contribution to the axial bond energy exceeds the singlet-triplet transition at one center requires the motion
the singlet-triplet promotion energy in the correlated ion of a bridging halide between the metal centers, and this

pair. The dihalide, monometallic complexes of Niith the ~ motion is necessarily coupled to the change of electronic
14-membered macrocyclic-tetraamine ligands have triplet configuration at the other metal center. This point is
ground states for all of the halides except ioditi&his illustrated below by first assuming that the two metal centers

indicates that the Nil covalent bond energy contribution ~are independent and then showing that this assumption is
is smaller than th&s®°value. In solutions of donor solvents  Nnot consistent with the properties of these complexes.

(e.g., water, DMF, or acetonitrile), the @Ni,]*" complex If the singlet and triplet configurations of each metal in
is a mixture of singlet and triplet state configuratiéh3his Scheme 1 below are populated one at a time, then four
suggests that thEst® value is small. different electronic configurations (or orbital populations)

3. Three-Center Bonding Contributions. Neglecting any will result because the complex contains two different metals
differences in stereochemical constraints, and for a weak axial(the prime is used to distinguish the different'Nons).

metal-halide bond with an energgoy), the energy contribu- The orbital populations of the two highest energy d-orbitals
tion of the three-center bond at each Ni center is ap- of the Ni' centers are indicated in braces for each electronic
proximately/,¢(ox) so that eq 6 becomes configuration in Scheme 1, with the orbital in theg plane
of the macrocyclic ligand designated @g; and the orbital
Egr " = Eg;° — [Yye(0y) + €(0y)] (7) orthogonal to this plane afon.

) ) Configurations1 and 3 correspond to different, but
'Equations 6 and 7 suggest that only one Ni center of a chemjcally indistinguishable, electronic states of the complex;
trihalide complex will have triplet spin multiplicity if the 5 we assume a limit in which these states have the same

b_rldgmg halide-nickel bond energye(ox) is not much zero-point energie€;® = E? andE1® = 0. Furthermore,
different fromEsr®, so that t/2¢(0x) + €(ov)] < Est® < [e-  each of these four different electronic configurations of the
(0x) + €(ov)], and tlhat both centers will have triplet spin  complex must have a unique set of equilibrium nuclear
mult|£)ll<;|ty °”|y4+'f [/2¢(0x) + €(ov)] > Es®. Only in the  ¢oordinates in order for the electronic states to be independent
{[{L@Niz} Cl,]},** tetramer is there evidence for significantly ot one another. For simplicity, we assume that the diabatic
more than one paramagnetic Ni center per dinickel com- (d) potential energy (PE) of thigh electronic state can be

plex® This, and the diamagnetism of the @Nil]*" adequately represented as simple harmonic oscillator (sho)
complex, suggests a systematic decrease(iry) from displacements in the nuclear coordinates of the atoms around
chloride to iodide, that is, a classical sequence of bond ihe individual Ni centers
energies.

C. Idealized Models for Electronic Excitation Energy i fl

. . . . NiX . Ni'Y .

Transfer. The tribromo complex is relatively simple, but PE ) = E°+ Z_ Qnix” + Z_ Quiv>  (8)
its structures exhibit the most interesting and puzzling 2 2
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The sum is over all of the NiX and Ni—Y bond
distances and angles, whelg is the zero point energy of
theith state, théK, values are local (i.e., bond not normal
mode) force constants, ar@;, is the difference in the
Ni—Z bond length and its equilibrium value at the PE
minimum. In the simplest case, the electronic states would
have the same force constants WAz being the differ-
ence in Ni~Z bond lengths evaluated at the two PE minima.

since this state will not mix with the triplet configurations,
its energy is a measure of the energy of the diabatic crossing
point in the very weak coupling limit.

3. Vibronic Coupling of the Ni(ll) Electronic Configu-
rations in [L @Ni,Br3] T in the Weak Coupling Limit. The
electronic configuration of each Nicenter depends on its
coordination. If we assume the average of the high-spin and
low-spin Ni-ligand bond lengths as a referen€® € 0 in

A necessary consequence of the tribromo-complex structureFigure 9), then the molecular structure of IN{,*Ni")Brs]*

is that the bridging bromide is part of a unique nuclear
coordinate in the actual tribromo complex, since its motion
is between Ni and Nilf the distance between the PE minima
of 1 and3 along this coordinate isa(in Figure 9a)AQggi =
(@3, — @,) = 2aandx = the amplitude of the displace-
ment along this coordinate, 8 x < 2a, then

AQuigr = X )

Therefore, the respective nuclear coordinates of the two

and  AQyg =2a—X

can be represented a& (o050 05’ "), whered, and o,
respectively, represent the nuclear displacements of ligands
within and orthogonal to the Nplane of the MCL ligand
and “+” and “—" designate expansions or contractions of
the coordination-sphere bond distances (relativ@dte 0).

For simplicity, we designate this set of nuclear coordinates
as 6||+(§D_,(5||'_(§[|'+) = {Qa(ﬂ,Qg(f)}. Then, the process in

eq 5 is coupled to the molecular vibration that correlates
with the changes of orbital occupation. The correlated
vibration may be represented as

Ni" ions are coupled, and the electronic states cannot be

independent. As a consequence, the matrix element that

mixes the electronic configuratiodsand3 is Hi3 = (bQ; +
H13°) whereb is a constantQ., the displacement of the
coupled vibration (chosen so th&@ = 0 whenx = A
Q%) and Hyz*, the nuclear coordinate-independent cou-
pling matrix element. Even foH;3° = 0, the coordinate
dependence ofH;3 is sufficient to mix the electronic
configurations.

2. Concerning the Electronic Coupling between the
Degenerate Electronic Configurations 1 and 3Since the
susceptibility results indicate that the magnetic coupling
between Ni centers is very small at the ground-state PE

{ Qo Qo = {Qp)Quy}

As noted in the preceding discussion, this is a molecular
vibration and not the sum of the independent vibrations of
two independent Nicenters. This vibration is the principle
nuclear coordinate involved in the interchange of electronic
configurations1 and 3 as represented in Figure 9. This
vibrational mode itself is sufficient to mix the electronic
configurationsl and3, and this is illustrated by the idealized
model sketched belo.

It is initially useful to consider an isolated mononickel
complex with (a) two axial bromides at large distances (as

(10)

minima, the magnetic exchange energy for a three centerin an ion pair) and singlet spin multiplicity, (b) a vertical

bonding model given by = 2H;2%/E;3 will be less than 1
cm L.741f the electronic coupling between 'Neenters is very
weak for all of the electronic configurations and for all of

energy ofECS'T for the triplet excited state, (c) the displace-
ment Q) in a single relevant vibrational mode that
correlates with the energy differendgsr, between théNi"

the values ofQ., then the three states are degenerate at theand®Ni" electronic configurations, and (d) a linear vibronic

diabatic crossing poinQ. = 0 (Figure 9a). The energy of
the diabatic crossing of these statégl, can be estimated
to be about 560 cnt from the fitting of the high-temperature
magnetic moment of [ENi,Brs] ™, so thatE;s = 1 ~ 2200
cm? (sho limit) and the electronic-coupling matrix element
Hi® < 33 cntl. Any configurational mixing between the
electronic configurationd, 3, and4 will result in a larger
value ofH;3 at the diabatic crossing point even for very weak

electronic coupling between the ground-state configurations
1 and 3. There are three degenerate states of configuration

4 which differ in spin multiplicity Ms = 2S+ 1,S=0, 1,

or 2). The electronic state of configuratidrfor which Mg

= 3 can mix with triplet configuration4 and 3 to reduce
the barrier to configurational interchange. Any configura-
tional mixing will be largest a@Q. = 0 since all three of the

of the magnetic moment observed for@Ni,Brs]* with

increasing temperature must be attributed to the thermal

population of an electronic excited state whty = 5, and

(74) Udugala-Ganehenege, M. Y.; Heeg, M. J.; Hyhroczuk, L. M.; Wenger,
L. E.; Endicott, J. FInorg. Chem.2001, 40, 1614.

constant. For simplicity, we use a coordinate system such
that Est = 0 for Qu = %,AQg and the PE minimum for
Qu = a. Then for this single metal center Wit large
and in the sho limit

PE 1, = 1f(Qu — @)’ + e, (11)

where

er = Er = I(ES)’ + 47Qy — 31" (12)
The resulting PE functions describe curves qualitatively
analogous to those in Figure 2 (near to their PE minima)
but with an allowed crossing in the region of their intersection
at the value ofQ, for which Est = Es — Er = 0. The

differences in force constants and PE minima of the singlet

Sfhd triplet PE functions are neglected for simplicity and used

to emphasize the dependence of the electronic configurations
on the correlated nuclear coordinate.

For a complex withtwo equivalent Ni(ll) centers, the
electronic configuration of each center in the independent
complex metal center limit can be described by similar
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secular equations that differ in their distortion coordinates, closely related to vibronic models described elsewfiefe’®
Qo) and Qyr). The motion of the bridging ligand couples  The behavior of the functiong,, Vy, andV. is qualitatively
these distortion coordinates if this coupling is very wbaR, illustrated in Figure 9a. Strong vibronic coupling (i.e., a
< bQy (bis a linear coupling coefficient for the electronic relatively large value ofb’) or configurational mixing
states of a single metal center anids used for the coupling  between théVls = 3 state of configuratiod and configura-
between the electronic states of different metal centers). Thetions 1 and 3 will lower the PE barrier between the two
resulting system, in th€. coordinate defined above can be degenerate ground-state configurations. The fitting of the

represented by magnetic data implies that the diabatic barrier is oty <
520 cnt! (assuming that all of the diabatic configurations
IPE ()l —€ PQ =0 (13) are degenerate fd@p. = 0), and if vibronic and/or configu-
b'Q. |PEreyl — € rational mixing were to reduce it to less than about 200%cm

then there would be no effective barrier to the interchange

The cpordlnatch Is related tox in eq 9, b.m.'t IS under ambient conditions and the stationary state values of
symmetrical with respect to the two metals, and this is usually the nuclear coordinates contributing to the adiabatic PE

the _better ch0|_ce for use in €q 13. AS_ a consequence, thISWould be approximately the average of the coordinates for
motion results in coupling of the coordination-sphere vibra-

X the triplet and singlet states of the equivalent isolated Ni(ll
tional modes, so th@e(s) = Qo) + Qor) anng(A) = Qo) P 9 q i1

B here the displ i b ted complex. Thus, the vibronic approach provides a mechanism
Qur), Where the displacement @y can be represented ¢ o averaging of the nuclear coordinates in the ambient

by structures of the dibromo and the tribromo complexes that
{ Qo) Qocy} = {Qp Qo) (14) appears to be more consistent wit_h the obseryations tha_n the
alternative of disordered electronic isomers in the ambient
Similarly, eq 10 represent®ua). When both metals in  structures.
the bimetallic complex have the same spin multiplicity the 4. Other Mechanisms for Electronic Configurational

solutions of eq 14 are of the form Interchange. The interchange of electronic configurations
B . 1 and3 will be facilitated when the energy dfis less than
Va=PE@t Ibdl (15) M4 (i.e., forEst = 0 whenQ. = 0 or if three-center bonding

is relatively significant in configuratiod). When this is the

case,E”%Q. = 0) < Ex (Q: = 0) (k=1 or 3), and this is
V, = PE,q — bl (16) illustrated in Figure 9b.

The remaining possibilityE:%(Q; = 0) > E13 (Qc = 0),
Since the approximate fitting of the magnetic susceptibility is illustrated in Figure 9c. Configurational mixing in this limit

data suggests that the electronic state for configur&timay is analogous to that used to describe superexchange coupling
be slightly lower in energy than that for configuratidn in electron-transfer system$!550 but it seems relatively
(energies of approximately 520 and 560 ¢prespectively), unlikely here since some bridging-bromide-mediated cou-

and

we identify V}, with 2 and V, with 4. pling (as in weak three center bonding) of fité" centers
When the two metals have different spin multiplicities, in configuration4 of the dinickel complex is more likely
their interchange is coupled to the distortion coordir@g), than bromide-mediated repulsion.

but it is now necessary to take account of the energies of 5. Other Features of the Halide-Bridged Dinickel

the singlet and triplet states at each metal. The vertical energyComplexes.The axial ligand bond lengths in structures with

differences between thi¢h andjth electronic states can be  well-defined high-spin and low-spin coordination sites vary

represented as more than is observed in mononickel complexes. For

example, the externdNi—Br bond is 8 pm longer and the

Esr = Esrg " + 4 (17) INi—Br bond is 25 pm smaller than the corresponding

bridging Ni—Br bonds in the [[®Ni,Br3]" structure at 100

K. This must be a consequence of the different environments

of the two halides, and it can be qualitatively addressed by

where the reorganizational enerdl, for the single vibra-
tional mode in the sho limit is of the form

Q0 — Q)2 f,(AQYY considering the opposing contributions from (a) electrostatic
U I U A U ofa?  (18) interactions (attractions between the cations and anions and
' 2 2 repulsions between the cations), (b) covalent interactions,

and (c) electronic repulsions between the axial metal
electrons and the electrons of the halide. The first of these
contributions will be smaller for the bridging halide than for
Q)2 Qc.o 12 o the external halide since the component of the electrostatic
Ve=7l\7] T £ I +b%a] (19) field along the Ni-Ni axis will be nearly independent of

For the diabatic PE minima &, = +a, the solutions of the
secular equation in the sho limit can be expressed as

The PE functionV. describes the configurational inter-  (75) gallhausden, |C J. Mibrondic PLoceshsesinrllnolrgagic nggﬂstﬁgnt,
: : : : : . D., Ed.; Kluwer: Dordrecht, The Netherlands, 1989; p 53.
Change Of. eq 5 with a single PE surface in a p‘ﬂre'y Vlbromc (76) Bersuker, |. BThe Jahr-Teller Effect and Vibronic Interactions in
coupling limit (H13° = 0). The treatment described here is Modern ChemistryPlenum: New York, 1984.
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contain one high-spin and one low-spin'"Ntenter per
complex at all temperatures. However, there are dramatic
changes between the solid-state structures determined at 100
and 300 K for the relatively symmetrical @Ni,Brs]™ and
[L@Ni.Br;]?" complexes: The low-temperature structures
have well-defined high- and low-spin N¢oordination sites
within each dinickel moiety, but the Nicoordination sites

are indistinguishable in the ambient structures of both
complexes. Moreover, [BNiBry]?" is stereochemically

Potential Energy

'(Ni-Br.'Ni) |}

strained, and the dinickel moieties are regularly spaced in
the ambient structure but associated as tetramers with a larger
unit cell volume per complex at 100 K. A thermally activated
Nuclear Coordinate interchange of the electronic configurations between the Ni

Figure 10. Qualitative model for{L@Niz} Br(ClO)]?*. Thermal popula-  centers of these complexes is implicated by the observations.
x’g‘m";r}?eﬁ"ggSrtoslfﬁé‘fs(t‘;?ghgg CéJJ‘r’fe) ‘;"é’rt‘z'[‘i“rf;‘;]ie it;‘einoc‘l’sgae'mg?”e“c Since the Ni—ligand bond lengths are different for the triplet
comparison (dotted line). and singlet electronic configurations, the interchange of these
electronic configurations between'Nienters is inseparable

the Ni—X distance for small displacements from the center from the correlated vibrational motions. The intracomplex
along this axis. Since there is no n&li—Br covalent configurational interchange can be accomplished by activa-
bonding contribution, the net interaction between the bridging tion of a skeletal vibrational mode, but it may also involve
bromide andNi is repulsive, while there is a net electrostatic configurational mixing with low-energy electronic excited
attraction for the external bromide. Thus, the extethét- states. These simple systems are unique examples of vi-
Br bond will be shorter than the bridgirityli—Br bond, and bronically coupled configurational changes in chemical
this pattern of Ni-Br bond lengths will be reversed for the systems, and the facile singlettiplet configurational inter-
SNi—Br bonds. change between equivalent'Néenters is an example of

These same considerations, combined with the thermally triplet excitation transfer in the limit weak electronic coupling
activated configurational interchange account for the transi- and of equal donor and acceptor energies.

tion from the 100 K tetramer structure ffL. @Ni2Bra]?*}, In addition, this weak D/A coupling appears to be the
to the highly symmetrical ambient structure. When the yreason that such substantial temperature-dependent structural
temperature is high enough that there is a significant amountchanges are observed, and it indicates that halide-bridged
of configurational interchange, there will be a significant ground-state d—po—do superexchange pathways are not
probability that one (or both) of théNi" centers of the ntrinsically significant in these systems. Whether these
adjacent dinickel moieties of a tetramer have a low-spin features are unique to this class of bimetallic complexes or
configuration, and the resulting replacement of a weak ¢ generally the case for halide-bridged dermecceptor
stabilizing energy by a repulsion will tend to drive the two  systems remains to be established. It is possible that the
dinickel moieties apart. bridging-halide facilitation of electron-transfer processes
The overall decrease of magnetic moment for increasing arises from the coupling of the nuclear motion of the bridging
temperatures above about 100 K observed for the asymmetriqyzjige with the change of electronic configurations, analogous
[I_(2)N|2(BI")(CIOL1):|2+ CompleX iS alSO Consistent W|th the to the Observations reported here_
above model since the very weak axial bonding at the Ni 5 ojactronic matrix element for coupling the reactant

cent_er Wi” lead to relat|\_/|ely hlth energies f0|:j ek,\)lectronlc and product electronic configurations (aslimnd3) in the
configurations3 and4, while configuration2 would be at a dinickel complexes is best represented as a function of the

lower energy fqr this complex thap_for the tr_ibro_mide correlated vibrational coordinate. These bimetallic complexes
(€(oci0) < €(oe) in eqs 6 and 7); this is illustrated in Figure among the simplest and clearest examples of such
10 and supported by the temperature dependence of thg/ibroniC coupling

magnetic susceptibility dafd. Thermal population of con-
figuration2 would then reduce the fraction of paramagnetic  Acknowledgment. The authors thank the Office of Basic
species. The observation that a similar temperature-dependentnergy Sciences of the Department of Energy for partial
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