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The tetranuclear complexdgus-TCNX)[Ru(NHa3)s]4} (A)s and {4-TCNX)[Mn(CO),(CsMes)]s [A = PR or

CR:SGs;; TCNX = TCNE (tetracyanoethene), TCNQ (7,7,8,8-tetracyprgpiinodimethane), or TCNB (1,2,4,5-
tetracyanobenzene)] were studied by variable-temperatu280@K) SQUID susceptometry. Mono- and dinuclear
species [(PhCN)Ru(N&](PFs)2 (PhCN= benzonitrile) and (u-L)[Ru(NH3)s]2} (PFs)s (L = 1,4-dicyanobenzene
(terephthalodinitrile) or pyrazine) were also investigated for comparison and were found to be essentially
diamagnetic. Despite the even electron count, both the ruthenium and manganese tetranuclear complexes are
paramagnetic, albeit with different spispin exchange coupling patterns. The manganese systems are characterized
by exchange-coupleS= 1 states at the individual metal centers, whereas the magnetic behavior of the tetranuclear
ruthenium compounds results from an exchange-coupling interaction betwee® #wl, sites, identified as

RuU'"/RuU' mixed-valence pairs.

Introduction

Transition metal compounds of TCNE, TCNQ, and related
unsaturated polynitrile ligand&ave recently played a prominent
role in the development of “designer magnét$"within the
new area of molecular magnetign®. The “TCNX” ligands

are very unusual because of their variable coordination behavior

(o or x), their established ability to bridge up to four metal
centers, their propensity to form aggregatess/ia interaction
(stacking), and their “noninnocence”, i.e. their facile reduction
to radical anions or dianiorls.Exhaustiveus,n*-coordination
of TCNE or TCNQ has been reported so far only for discrete
rutheniun® and manganese comple%emd for a structurally
characterized coordination polymiT CNE)[Rh(O,CCR)4]2} .8
Among the several remarkable products of the intricate
transition metal coordination chemistry of the TCNX ligands
is the polymeric material [V(TCNE)y CH.Cl, (x ~ 2,y =
0.5) from the reaction between V{ds), and TCNE which
exhibits ferrimagnetic behavior up to 350 K(~ 400 K)2~49°
Due to the insolubility of this amorphous material, its charac-
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terization is based largely on elemental analysis and vibrational
spectroscopy; a first dinuclear organovanadium complex of
TCNE was identified recently as d\(u-TCNE2)V"V specieg?
Other magnetic compounds with TCNX ligands include a
(porphinato)manganese(lll) complex @©fTCNE (ferrimagnet,

T. = 14 K),}* decamethylferrocene/TCNE (ferromagnig,=

4.8 K) 12 and decamethylferrocene/TCNQ (ferromagiigt=

2.55 K)13.14

While exploring the electron transfer and oligonucleation
behavior of TCNX ligands, we discovered the unexpected
paramagnetism of complexesf;"-L)[Mn(CO)2(CsMes)]’ with
ligands L such as pyridinen(= 1), pyrazine K = 2), or TCNE
(n = 4)15 The unusual phenomenon that organometallic 18
valence electron centers display such paramagnetism at ambient
temperatures was attribufédto the occupation ofS = 1
magnetically excited states which become accessible because
of low symmetry, a weak ligand L, and the well-known small
ligand-field splitting of low-valent manganese.

Considering the similarifif of the organometallic 16 valence
electron fragments Mn(CQ)CsRs) with [Ru(NHz)s]2"
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Paramagnetism of Tetranuclear Complexes

species/ 19 we recentl§ reported the synthesis and electronic
structures of complex iongus-TCNX)[Ru(NHz)s]4} 8", TCNX

= TCNE, TCNQ, and TCNB (1,2,4,5-tetracyanobenzene),
correcting a former repdft on the TCNE derivative. The
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have indicated highly symmetric arrangements with four
equivalent metal sites MLin each of the complexegu{,*
TCNX)[ML s, MLy, = Mn(CO)(CsMes) or [Ru(NHg)s)?t,
including extensiver conjugation between the TCNiXsystems

pentaammineruthenium fragment has played a prominent roleand the metal g orbitals®” However, the assignment of

in the development of an understanding of thermal and
photoinduced electron transfer reactiify'82! It is distin-

fractional oxidation states as in the general formula
{(TCNX?7)[RUM94(NH3)s] 4} " with 6 &~ 1.5 (TCNE, TCNQ)

guished by unusually inert bonds between metal and nitrogenor 6 < 1.0 (TCNBY doesnot automatically predetermine the

donor ligands in both the di- and trivalent states of the metal,
by reversible redox processes for thé'lRu'" pair at convenient

spin state of the complex, which is largely based on the
interaction and coupling of individual spins centered at the

potentials and with small reorganization energies, and by the TCNX ligands or the metals.

hydrophilic nature of the resulting complex@s-urthermore,

the 4 or 4¢P ruthenium species are generally assumed to have Experimental Section

well-defined electronic structures with low-spin configurations
and charge-transfer excited states typically lying lower than
ligand-field excited configuration.1821
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In this work we report detailed magnetic studies from variable
SQUID susceptometry of the compoundgis-TCNX)-
[Mn(CO)(CsMes)]4 (TCNX = TCNE or TCNQ) and{ (us-
TCNX)[Ru(NHs)s]z} (A)s (A = PFR; or CRSOs; TCNX =
TCNE, TCNQ, or TCNB). The study of the ruthenium
compounds was prompted by the observation of broad#ned
NMR features in the cases of the TCNE and TCNB compléxes.
Mono- and dinuclear specidggu-L)[Ru(NH3)s]2} (PFs)s, L =
1,4-dicyanobenzene (terephthalodinitdfedr pyrazine'®2 and
[(PhCN)Ru(NH)s](PFs)2, PhCN = benzonitrile?® were also

Materials. Syntheses, analytical data, and spectroscopic character-
ization of the tetranuclear complexgs{TCNX)[Mn(CO),(CsMes)]4
(TCNX = TCNE or TCNQY?* and{ (us-TCNX)[RU(NHs)s]4} (A)s (A
= PR or CRSGO;; TCNX = TCNE, TCNQ, or TCNB§ were reported
previously. Mono- and dinuclear specig:-L)[Ru(NH3)s]2} (PFs)a,

L = DCNB? or pyrazine'®2and [(PhCN)Ru(NHR)s](PFs).?% were also
described before. The purity and identity of the substances was
confirmed using elemental analysis, UV/vis, and IR vibrational
spectroscopy, and cyclic voltammetry. EPR measurements of the solid
materials at 3.5 K and ambient temperature showed the absence of
noninteger spin states.

Instrumentation. For susceptibility measurements we used a
Quantum Design SQUID magnetometer, equipped with a Quantum
Design controller MPS 1822 and a digital bridge 1802, operating at
0.5 T magnetic field strength and variable temperature3@0 K).
Magnetization studies were carried out between Od it at 6 K to
determine the most suitable field (i.e. nonsaturation conditions). Typical
samples involved 1525 mg of the compound; all data are corrected
for effects from the sample holder and diamagnetic contributions.

Simulations were performed on an IBM-PC using the programs
Microsoft Excel 4.0 and Microsoft Excel Solver. Nonlinear minimiza-
tion of R (eq 1) yielded the values @, J, J and TIP given below.

investigated for comparison. The compounds are represented

as follows: fi4-TCNE)[Mn(CO)(CsMes)]4 = [MnsTCNE]; (us-
TCNQ)[Mn(COX(CsMes)ls = [Mn4TCNQ]; {(us-TCNE)-
[RU(NHz)s]4} (PFs)s = [RUsTCNE]; { (ta- TCNQ)[RU(NHb)s] 4} -
(PFe)s = [RusTCNQY; { (4a-TCNB)[RU(NHs)s] 4} (CRSOs)s =
[RusTCNBJ; {(u2-DCNB)[RU(NHg)s]2} (PFs)s = [Ru:DCNB]
(DCNB = 1,4-dicyanobenzene)(uz-pz)[Ru(NHs)s] 2} (PFs)s =
[Ru;pz] (pz= pyrazine){ (PhCN)[RU(NH)s]} (PF)> = [RuPh-
CN] (PhCN= benzonitrile).

N@N NEC—@—CEN NEC—@
pz DCNB PhCN
NHs —l 2+
Mo Mn HoN | A R
w1 = u - =
OCJ .~ 'a'laN | u
Q) NH,

The question of magnetic behavior is related to that of the
proper oxidation state formulation with respect to the bridging
ligand (TCNX?*—/27) and the four metal centers (R or
Mn""). Results from NMR, IR, UV/vis, and XPS spectroscopy
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Different sets of starting values were used to avoid local minima.
Being largely independent of the number of data points and the absolute
values R allows a comparison of the quality of fit between compounds
with widely differing magnetic susceptibilities.

Results

Figure 1 illustrates the behavior pf« vs T for all penta-
ammineruthenium compounds investigated. Figure 2 depicts
the ymT vs T dependence (and simulation; see below) for the

Her [H&]

s [Ru,TCNQ]
s [Ru,DCNB]

+ [Ru,TCNB] + [Ru,TCNE]
* [Ru,pz] * [RUPhCN]

Figure 1. uer vs T dependence for the pentaammineruthenium
complexes.
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AT pounds of the TCNX ligands. The sizable paramagnetism of
[emuK/mol] mono- and dinuclear compounds of Mn(G@sMes) with weak
8.0 o acceptor ligands such as pyridine or pyra#frmentrasts with

° the absence of such effects for the related complexes [RuPhCN],

6.0 [Ru,DCNBJ, or [Rwpz] (Figure 1). It appears that the magneti-
4.0 cally excited states responsible for the remarkable, primarily
20 metal-centered paramagnetism of 18 valence electron organo-
001 . . ' . ' . manganese(l) species are less accessible for otherwise analo-

"0 50 100 150 200 250 300 T[K] gous® pentaammineruthenium(il) systems. The higher ligand-

Figure 2. T vs T dependence fop*-TCNQ)Mn(COM(CsMes)]s field symmetry of the latter and the 4d transition metal status

(O). The theoretical curve (full line) was calculated with the data from probably combine_to !nprease the d orbital ;plitting sufficiently
Table 2. S0 as to prevent significant thermal population of magnetically

excited states, despite the much lower position of ammonia in
Table 1. Magnetic Characteristics of Manganese and Ruthenium the spectrochemical series as compared to carbony-65Rs

Complexes at 300 K ligands.

compd amT (emu K moi™) Ueit With the noninnocent TCNX ligands the situation is more
[MnsTCNQ] 7.057 7.62 complex. Although nonreduced tetranitrile ligands TCNX and
[Mn,TCNE] 1.564 3.54 nonoxidized dicarbonyl(pentamethylcyclopentadienyl)manga-
[RusTCNQ] 1.181 3.07 nese(l) or pentaammmineruthenium(ll) complex fragments were
[Ru,TCNB] 0.980 2.80 used in the synthesis of the tetranuclear complexes, it cannot
[Ru,TCNE] 0.349 1.67 be automatically anticipated that these oxidation states remain
[Ru:DCNB] 0.144 0.96 unchanged after the 4-fold addition. At least for the highly
[Ruzpz] 0.103 0.91 electron-accepting TCNE and TCNQ systems (the reduction
[RUPhCN] 0.102 0.91 potential of TCNB is more negative by about 0.8)ya ground-

state electron transfer according to egs 3 and 4 may be
tetranuclear organomanganese complex of TCNQ. Table 1 listsconsidered.
the 300 K values ofmT anduer, the latter calculated according
to eq 2. 4[(L)Mn'(CO)2(CSMe5)] +TCNX—~

o— 1+0/4
ey = A3 TING ~ BT @ (TCNXT )M (CO)(CsMes)], (3)

_ _ _ _4[(LRU"(NH,)]*" + TCNX —
While the mono- and dinuclear ruthenium compounds with aL
the lesst accepting ligands benzonitrile, 1,4-dicyanobenzene, {(TCNX°)[RU" " (NH,).] 1" (4)
and pyrazine exhibit only minute paramagnetism and can be
considered essentially diamagnetic, the tetranuclear compounds The amount of total net metal-to-ligand electron transfer

with the TCNX ligands exhibit sizable paramagnetism, albeit may vary between 0 and 3;was estimated from spectroscopic
with considerable differences (Figure 1). Whereas the tetra- investigations between 1 and 2 for the TCNE and TCNQ
nuclear rutheniumTCNE complex seems to achieve saturation compounds and somewhat lower for the TCNB derivative of
at auer value which would correspond to one unpaired electron pentaamminerutheniuf. An indication for different electronic
in the spin-only formalism, the TCNB and TCNQ complexes  structures within the ruthenium series came from the observation
reach highenmT and ueit values which would correspond to  that the reduction potentials of the complexes with TCNE and
an S = 1 (triplet) situation at 300 K but are still far from  TCNQ are more negative than those of the corresponding free
saturation (Figure 1). In general, the nonlinggyT vs T ligands whereas the TCNB system displayed the “normal”
behavior suggests a complex magnetic interaction pattern,pehavior4i.e. a facilitated reduction of the ligand after metal
involving spin-spin exchange phenomena and effects from coordinatiorf For the TCNE and TCNQ complexes one may
spin—orbit coupling. thus assume that at least one electron equivalent has been
The organomanganese compounds display much Igger  transferred from the metals to the TCNX ligand during
values and magnetic moments as compared to correspondinGoordinatiorf:?
pentaammineruthenium complexes (Table 1). Both the lower  wjith concern to the overall electronic structure, the frontier
symmetry Cs vs Cs,) and the 3d instead of 4d transition metal MOs of the manganese and ruthenium complexes may be
status may be held responsible for this difference. Our previous calculated using Hekel MO theory, incorporating all four
study has indeed shown thain contrast to the ruthenium  transition metals as (d)centers. This approach was success-
systems reported her@ven simple mono- and dinuclear fylly employed to interpret the long-wavelength absorption data
compounds such as (py)Mn(CQFsMes) or (pz)[Mn(CO}- of the complexesu,-TCNE)[Mn(COR(CsMes)]n, n = 1—4/
(CsMes)], are paramagnetic at ambient temperatures, implying and { (u4-TCNX)[Ru(NHs)s]4}8t, TCNX = TCNE, TCNQ,
anS= 0 to S= 1 transition for thendividual manganese centers  TCNB, and TCNP (tetracyanopyrazirfe).
at rather low temperatures. As for the [RCNB] and For both the manganese and ruthenium tetranuclear com-
[RusTCNQ] complexes, there is no saturation at ambient pounds the fitting according to the CurigVeiss law produced
temperatures for the tetranuclear organomanganese compoundsinsatisfactory results which could be improved using either of
two spin—spin exchange coupling models:

(a) Consideringndividual metal centers witts = 1 states,
The different magnetic behavior of mono- or dinuclear the exchange coupling across the TCNX bridging ligand
compounds of Mn(CQJCsMes) and [Ru(NH)s]2™ with simple, (Scheme 1) can be approximated using the Heisenberg exchange
i.e. redox-innocent, ligands provides a first indication for Hamiltonian in eq 5. (b) Intramolecular electron transfer

different spir-spin coupling patterns in the tetranuclear com- according to egs 3 or 4 with e..= 2 can produce a situation

Discussion
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|:|e><c= _Jl(SASB + S:SJ) - JZ(SAS: + ASB:SD)A_ .
LGS +S$S) 6

where two strongly coupled mixed-valent sites such as di-
nitrilato-bridged RU'/RuU' entities (each withSy = /,) can
couple via an essentially diamagnetic (reduced) bridging
ligand &

Spin—orbit coupling is not directly accounted for in either
of these two models (a and b). This could explain remaining
incongruities in the simulation gfwT vs T curves (Figures 2
and 3).

We first consider the two tetranuclear organomanganese
complexes [MGTCNE] and [Mny,TCNQ]. The former had been
discussed briefly befor®, while the latter compound with the

most pronounced paramagnetism (Table 1, Figure 2) is presented

here for the first time. Whereas spiorbit coupling effects
should play a smaller role here than for the ruthenium
compounds, the low-symmetry situation at the metal centers
can complicate the interpretation.

The large magnetic moments observed for the TCNQ complex
and an improved analysis of the paramagnéfi@h[Mn,TCNE]
could be interpreted using approximation (a) described above,
starting from Scheme 1. The magnetic interaction between the
four equivalent metal centers#D with individual S= 1 states
is described by the Hamiltonian (5).

Scheme 1
92

(S=1) A
J1
(S=1)B

o C (8=

D (S=1)
The necessaf approximation to solve the corresponding

system of secular equations involves a reduction of variables
by settingJ; = JandJ, = J3 = J, since the latter describe

interactions mediated by the same number of chemical bonds.

The eigenvalue equations provided by the resulting Hamiltonian
(6) can be solved by substituting eq 7 to obtain the expression
(8) for the energy ladder (Scheme 2).

|:|e><c= _J(éASB + S:SD) - J'(§A§C + SBASIAD _’: L
S+ SS) (6)
ASAB:ASA_'_ASS A%DZASC"'SJ ézéAB+SCD (7)
J —

J'
— 1SS +1)+

E(ISSyg: &) = — 2

ScolSep + 1] — 355+ 1) (®)

Inclusion of the axial zero-field splitting parameterand
the Zeeman interactiogfB leads to a total of 81 energy
eigenvalues (eq 9).

E(ISSe &SSO = — %[SAB(SAB +1)+

SoofSop + 1)] — 355+ 1) +
D[S — ",S(S+ 1)] + gBBS, (9)

Combining the coefficients of eq 9 with the VanVleck
equatiof allowed us to simulate the experimenj@lT vs T
behavior. Figure 2 shows the result for [MICNQ], and Table
2 summarizes the relevant exchange data.

(25) Belorizky, E.; Fries, P. HJ. Chim. Phys1993 11, 1077.
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Figure 3. ywT vs T dependence fd(ua,n*TCNE)[RU(NH;)s] 4} (PFe)s

(O). The theoretical curve (full line) was calculated with the data from
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0.0+
Table 2.

Scheme 2
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The coupling constantsandJ' thus determined suggest that
there are small ferromagnetic and antiferromagnetic interactions
of comparable absolute magnitude. Whileinvolves seven
intervening chemical bonds but a shorter distance in the cisoid
arrangement (see Figure 4), thénteraction runs across only
six chemical bonds but involves a larger distance (through-bond
vs through-space). Models neglecting one of these interactions
could not reproduce the experimental behavior. The values for
J, J, andD of [Mn4TCNQ)] are lower than those calculated for
[Mn4TCNE] (Table 2) which is in agreement with the basic
magnetic data (Table 1) and with the expectations for a
qualitatively similar but more extended exchange-mediating
bridging ligand. The unusually small calculatgdfactor is
paralleled in the ruthenium series (Table 2) and may be due to
the nonconsideration of contributions from sporbit coupling.

All three tetranuclear pentaammineruthenium complexes
exhibit sizable paramagnetism. Paramagnetic ruthenium(ll)
complexes had been reported for the dinuclear specig©RIR),
where the metatmetal multiple bond formation results in two
degenerate™* orbitals occupied by two electror?§. The rather
small magnetic moment determined for the TCNE derivative
[RusTCNE] as compared to that of the TCNQ analogue parallels
the observations made in the manganese series. Another
similarity concerns the equivalence of all four metal ceftérs
and the extensive conjugation including the metahdorbitals.

However, model a (Scheme 1, eqs® which was success-
fully applied to the manganese compounds turned out to be
totally unapplicable here, confirming that the observed para-
magnetism of the tetraruthenium complexes is not a quality of
the individual metal centers because of a large ligand-field
splitting. Instead, model b involving two exchange-coupid
= 1, entities, attributed to two mixed-valent RRu" sites,
allowed us to successfully simulate the experimep{dl vs T
curves (Figure 3).

(26) (a) Cotton, F. A.; Ren, T.; Eglin, J. lnorg. Chem.1991, 30, 2552.
(b) Cotton, F. A.; Miskowski, V. M.; Zhong, BJ. Am. Chem. Soc.
1989 111, 617.
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Table 2. Magnetic Coupling Dag for Tetranuclear Manganese and Ruthenium Complexes with TCNX Ligands
compd J J D g TIP Re
[Mn,TCNQ] —2.24+0.2 2.2+0.2 3.7£0.2 2.05 1.2 1072 2.0x 1073
[Mn,TCNE] —-3.3+0.2 3.5+ 0.2 6.0+ 0.5 1.20 8.9x 104 34x 103
[RusTCNQ] 3.2+0.2 13.7+ 0.5 1.81 1.9< 104 3.7x 104
[RusTCNB] 4.0+£0.2 9.3+ 0.5 1.47 2.0x 1073 4.3x 10
[RusTCNE] 8.2+ 05 42.1+1.0 1.10 4.4x< 104 2.6x 104

a Determined by simulations of experimengg{T vs T functions using eq 12 for the ruthenium complexes and formalism (9) for the manganese
compounds (see Scheme 1Exchange coupling constantsind zero-field splitting parameteBsin cm™%; temperature-independent paramagnetism

TIP in emu mot?. ¢ For definition of the minimized quantitR, see eq 1.

M M M M
N \ M M
\
9.8A 104 A 8.0A
N - ' "
M M
8.0A 6.0A 6.0A

Figure 4. Estimated distances between metal centers in tetranuclear
complexes of TCNQ, TCNB, and TCNE @WN 2.0 A, C=N 1.1 A,
C—-CN 1.5 A, C-C 1.3 A (TCNE, TCNQ) or 1.4 A (TCNB)).

the ruthenium compounds in comparison to corresponding
manganese species reflect the higher -spirbit coupling
constant of RuA£&1000 cnTl) over Mn (250 cnT1).2” Relative
to the TCNQ and TCNB analogues, largkand D values of
the complex [RWTCNE] can be attributed to electronic and
steric effects permitting stronger coupling across this smallest
bridging ligand. Figure 4 illustrates some approximate metal
metal distances in tetranuclear complexes of the TCNX ligands.
The smallest value found for the TCNQ system correlates
with the largest sum of metametal distances. Similar cor-
relations can be drawn using the sum of the numbers of

The best agreement between experiment and calculation wasntervening bonds, which is largest for TCNQ and smallest for

obtained when axial zero-field spliting was added to the
isotropic exchange coupling between the 8 Y/, spins. The
Hamiltonian for this model is

H=—-JSS + SDS+ fSgB (10)

Considering an axial symmetry the eigenvallesalues
become

| v

E,":——i——3D Eﬁ-—%-j B
Eg:‘§_€_g"BB E;:~§—§ (n
E2:~%J N =—%J

Combination of these eigenvalues with the VanVleck equa-
tion® yields yM" and ym" which can be averaged to yiejgh.
Neglecting they anisotropy ¢o = g, = g) one obtains

N ﬁZ ) e D/3kT

K Y POIKT | oo DIKT | o~ IKT
6 ., _—Dikm
ot "€ )

1+ Ze—DISkT+ e—J/kT

InT = +

wWIN

+TIPx T (12)

which was used for curve fitting. The corresponding exchange
coupling data are listed in Table 2 and show weak ferromagnetic
coupling between the unpaired electrons.

Both the low g factors and the unusually higb values
obtained, especially for [RUCNE], are probably due to the
fact that spir-orbit coupling could not be taken into quantitative
consideration to account for the magnetic behavior. Attempts
to setJ = O resulted in strong disagreement between the
simulated and experimental curves. The larBevalues for

TCNE. Surprisingly, the TCNB ligand fits quite well into such
correlations although the free ligand has a distinctly less
stabilizedz* acceptor level as compared to TCNE or TCRQ.
This observation strongly supports our successful cofitept

to consider spin localization on the bridging ligands. However,
it is important to note that the first reduction potentials of all
threecomplexe§RusTCNX] are very similaf

TCNB2Z-

Despite the success of model b in the description of the
paramagnetism of compounds [RE€NX], these results only
suggest which entities of the complex cations are coGpbautl
how they relate to the oxidation state description (eq 4) of the
highly symmetri€ species. Further studies of these and other
such tetranuclear complex€38of the TCNX ligands will thus
be needed to fully elucidate the electronic structures of these
materials, the paramagnetism of organometallic and heavy
transition metal 18 valence electron species being of recent
interest?®
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