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An Electron-Transfer Ferromagnet with 7.=107 K Based on a Three-
Dimensional [Ru,],/TCNQ System**

Natsuko Motokawa, Hitoshi Miyasaka,* Masahiro Yamashita, and Kim R. Dunbar

The design of dm—pm molecular systems with efficient
electronic communication is a long-standing goal in the field
of inorganic chemistry. Guiding principles for this research
are provided by the seminal studies on the Creutz-Taube ion,
[(H;N)sRu(p-pyz)Ru(NH;)s]*" (pyz = pyrazine), discovered
in 1969, as well as subsequent related compounds®? that
undergo charge-transfer interactions between mixed-valent
metal ions through an organic bridging ligand. Various
experimental investigations to evaluate the electron-transfer
dynamics were undertaken and theoretical interpretations
from kinetic and, thermodynamic approaches were developed
by Hush,® Marcus and Sutin,”! and others."

In the context of the current work, we also note the
important contributions of Crutchley and co-workers, who
explored electron-transfer processes in dinuclear ruthenium-
(III) complexes bridged by the 1,4-dicyanamidobenzene
dianion (Dicyd®") or one of its substituted derivatives.’!
Interestingly, this class of compounds demonstrated strong
intramolecular magnetic coupling between Ru™ § = 1/2 spins
via the pm orbital of the Dicyd bridge with J exceeding
400 cm ™' closely associated with a highly conjugated m—d
network, classified as Class II or III behavior on the Robin—
Day scale.l”! A crucial design ingredient for such systems is a
1:2 ratio of the one-electron donor (D, i.e., Dicyd) to the one-
electron acceptor (A, i.e., a Ru"™ ion) that can lead to an
electron-transfer resonance of type [A-D'-A—A-D-
A—A-D*-A7], in much the same fashion that the Creutz—
Taube ion can exist in two resonance forms [Ru"-pyz-
Ru"—Ru"-pyz-Ru"].

Our research is directed at the synthesis of coordination
framework solids with dm/pm conjugation with the goal of
achieving hybrid magnetic and conducting properties. In
short, our research in this area can be expressed conceptually
as “expanding the Creutz—Taube molecule to higher dimen-
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sions”. The strategy is to design networks with a D:A ratio of
2:1 or 1:2 which involve a one-electron transfer that “turns
on” electron-transfer resonance. In this vein, we chose to
study the family of paddlewheel-type diruthenium(IIIT)
complexes with S=1 as an electron donor to undergo the
reversible redox reaction [Ru,™"]—[Ru,™"] without a sig-
nificant change of structure.’! The molecule concomitantly
acts as a linear building block,” with 7,7,8,8-tetracyanoqui-
nodimethane (TCNQ) acting as an electron acceptor and
tetrakis-monodentate donor ligand. In earlier work, the 2:1
assemblies [{Ru,(O,CCF;)},TCNQ]-3S (S = toluene, 1a;'"! p-
xylene, 1b)' and [{Ru,(O,CCF;)}, TCNQF,]-3p-xylene
(TCNQF, =2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane; 2)," with two-dimensional (2D) fishing-net-like
(hexagonal) layered structures (Figure 1) were synthesized.

Ladder-type 1D

Fish-net 2D

Infinite 3D

Figure 1. Possible structural types for [Ru,],/TCNQ assemblies.

While 1a and 1b showed poor if any [Ru,] -=TCNQ electron
transfer, 2 exhibited significant electron-transfer resonance
which led to unusual magnetic properties, that is, the
compound is a metamagnet with Ty=95 K (a field-induced
ferromagnet), albeit not the high-T7, ferromagnet that we were
seeking.

Herein we report a new structural type of the [Ru,],/
TCNQ system which is an infinite (3D) network in contrast to
the 2D layer"" or ladder chain? motifs reported earlier
(Figure 1): [{Ru,(O,CPh-m-F),},(BTDA-TCNQ)] (3; m-F-
PhCO,™ = m-fluorobenzoate, BTDA-TCNQ = bis(1,2,5-thia-
diazolo)tetracyanoquinodimethane). The new compound
exhibits a long-range ferromagnetic transition at 7, =107 K.

Crystals of 3 were prepared by diffusion of layered
solutions of BTDA-TCNQ in CH,CI, (bottom layer) and
[Ru,(O,CPh-m-F),(THF),] in 4-chlorotoluene (top layer) in a
narrow-diameter glass tube (¢ 8 mm) under anaerobic
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conditions. Compound 3 crystallizes in the monoclinic space
group C2/c, and the asymmetric unit comprises two unique
[Ru,(O,CPh-m-F),] units and one BTDA-TCNQ molecule,
both of which reside on an inversion center (Z =4). Figure 2
depicts a thermal ellipsoid plot and a packing diagram of 3.
The BTDA-TCNQ moiety in 3 acts as a py,-bridging group, as
was found for 1 and 2 with TCNQ and TCNQF,, respectively.
In this arrangement, two axial coordination sites of respective
[Ru,] units are used to provide the links to form the neutral
network. While 1 and 2 exhibit a 2D hexagonal network,!%!!]
3 is an infinite 3D network structure (Figure 2b). All TCNQ
and TCNQF, molecules in 1 and 2 are identical and

Figure 2. a) Thermal ellipsoid plot of the asymmetric unit (at 30%
probability) and b) packing diagram projected along the a axis of 3.
Solvent molecules and m-FPhCO, ligands are omitted for clarity.
Symmetry operations (*) —x+3/2, —y+3/2, —z+1; (#) —x+1,y,
—z+1/2; (¥%) —x+2, —y+1, —z+1.
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orientated in a plane in a parallel manner, whereas the
BTDA-TCNQ molecules in 3 adopt two orientations, namely,
parallel to the b + ¢ axis and b—c axis. These BTDA-TCNQ
molecules are twisted with respect to each other by an angle
of 66.1° defined by the least-square planes of respective
aromatic rings in BTDA-TCNQ. To connect these twisted
units, two types of [Ru,] units are present: [{Ru(1)},] and
[{Ru(2)},] (Figure2a) with an Ru(1)-N(1)-C(32) angle of
150.7(5)° and a Ru(2)-N(2)-C(34) angle of 156.9(5)°, in
contrast to the essentially linear coordination mode found
in 1 and 2. The Ru—N,, (N,, = cyano nitrogen atom of BTDA-
TCNQ) distances are d[Ru(1)-N(1)]=2.216(5) A and
d[Ru(2)-N(2)] =2.264(5) A in the two independent [Ru,]
units. As a simple representation, the 3D network can be
viewed as a “bundle of helical chains” of {-[{Ru(1)},]-(syn-
TCNQ)-[{Ru(2)},]-(syn-TCNQ)-[{Ru(1)},]-(cis-TCNQ)-
[{Ru(2)},]-(cis-TCNQ)-} when projected along the a axis
(Figure 2b and Figure S1, Supporting Information), where
syn- and cis-TCNQ designations are used for BTDA-TCNQ
molecules bridging through the 7.,8- and 7,7-cyano groups,
respectively; the two remaining cyano groups are engaged in
the formation of adjacent chains. The neighboring [Ru,]--
[Ru,] distances, which are defined as the distance between the
midpoints of Ru—Ru bonds, are 10.37 A for the cis bridges
and 10.75 A for the syn bridge in the same chain (these are
[{Ru(1)},]-[{Ru(2)},]) and 15.09 A for the trans bridge
[{Ru(1)},]-[{Ru(1)},] and 14.87 A for the trans bridge
[(Ru(2)},]--[{Ru(2)},] between chains via BTDA-TCNQ
(Figure S1, Supporting Information). One CH,Cl, molecule
and a disordered area of 4-chlorotoluene/CH,Cl, molecules
with occupancy factors of 1.6/2.4 (as determined by X-ray
crystallography) occupy the void space, resulting in a formula
of [{Ru,(O,CPh-m-F),},(BTDA-TCNQ)]-1.6 (4-chlorotolue-
ne)-3.4CH,Cl, for 3. The disordered 4-chlorotoluene mole-
cules are involved in & stacking interactions with both sides of
the BTDA-TCNQ molecules at distances in the range of 3.25-
344 A

The bond lengths in the [Ru,] and BTDA-TCNQ moieties
are helpful for assigning the degree of charge transfer from
[Ru,] to BTDA-TCNQ. The nearly identical Ru—Ru distances
2.2734(6) (Ru(1)~Ru(1)*) and 2.2795(6) A (Ru(2)—Ru(2)*)
indicates that their oxidation states are indistinguishable. The
Ru-0O,, (O, =carboxylate oxygen) distance, however, is a
sensitive probe of the oxidation state of the [Ru,] unit, and
lies in the range of 2.07-2.09 A for [Ru,™"] and 2.01-2.03 A
for [Ru,"™].®) The average Ru(1)-O,, and Ru(2)-O
distances are 2.031(4) and 2.060(4) A, respectively. These
data indicate that one-electron transfer from the two [Ru,]
units has occurred, as the [{Ru(1)},] and [{Ru(2)},] units are
respectively near to being [Ru,™™] and [Ru,""'] states. The
bond lengths in the BTDA-TCNQ moiety of 3 are listed in
Table S1 (Supporting Information) together with those of
BTDA-TCNQ salts reported previously.>'*>11 Ag was
observed in previously studied compounds, the difference in
bond lengths for BTDA-TCNQ (from 0 to —1) are very small,
but a rough trend can still be observed, as in the case of
TCNQ: b and d are shortened and meanwhile ¢ and e (b—d are
defined in Figure 2a and Table S1, Supporting Information)
are lengthened on increasing the charge from 0 to —1; in
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particular, the distance c¢ is characteristic. Therefore, the
oxidation state of BTDA-TCNQ was evaluated by three
relationships based on c¢: p.=Ac+ By, pyq=Asxcld+ B,, py
vra)=As[c/(b+d)] + B; (Kistenmacher relationship),'” on
the basis of neutral BTDA-TCNQ (0=0)" and [NEt(-
Me);]BTDA-TCNQ (o= —1)" with A, = —25.64, B, = 34.64,
A,=-2273, B,=20.98, A;=-50.00, and B;=23.25. The
estimated values for 3 are p.= —1.435, and p.,q = —1.463, and
Pepray=—1.512 (Table S1, Supporting Information). The
values estimated for previous compounds tend to be +0.1
to 4+ 0.3 larger than the expected value. Hence, the BTDA-
TCNQ moiety in 3 is close to being a fully reduced
monoanion, but might be slightly more oxidized, which
would imply a noninteger charge-polarized state of [Ru,”"]-
[BTDA-TCNQ®~[-[Ru,*+*] (0 ~0.1-0.4).

Field-cooled dc magnetic susceptibility (FCM) measure-
ments were performed on a polycrystalline sample of 3 at
1 kOe in the temperature range of 1.8-300 K; y and T are
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Figure 3. a) Temperature dependence of y and T at 1 kOe; b) FCM,
RM, and ZFCM at 3 Oe; c) ac susceptibilities y' (in-phase) and "
(out-of-phase) at zero dc field and 3 Oe ac oscillating field for 3.
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plotted in Figure 3a as a function of temperature. The yT
value of 3.54 cm’Kmol ! at 300 K is much larger than the
spin-only value of 2.00 cm*Kmol™"' (g=2.00) expected for
two isolated [Ru,**] units with § =1 x 2 (as BTDA-TCNQ"), a
clear indication of electron transfer from the [Ru,*'] units to
BTDA-TCNQ and significant interactions between magnetic
centers even at high temperatures. The y7 value increases
gradually on cooling to about 110 K (15.6 cm*Kmol™!) and
then steeply increases below this temperature to reach a
maximum value of 590 cm®Kmol ™' at 76 K, followed by a
decrease to 19.2 cm®Kmol ' at 1.8 K. The y value also shows a
sudden increase at around 110 K with no peak appearing until
1.8 K, which suggests the onset of long-range ferromagnetic
ordering. The 1/y versus T plot is nearly linear in the
paramagnetic region above 110K with Curie and Weiss
constants of 2.34 cm’Kmol™" and 99 K, respectively (Fig-
ure S2, Supporting Information). The large positive Weiss
constant supports strong coupling between magnetic centers
through the [Ru,™*]-[BTDA-TCNQ")-]-[Ru,***] unit.
Note that the obtained Curie constant seems to be rather
close to the spin-only value for two isolated [Ru,*"] units with
neutral BTDA-TCNQ, but such a discussion on constitutive
spins from this value should be avoided given the existence of
such strong magnetic coupling.

To confirm the existence of long-range ferromagnetic
ordering, low-field magnetization was measured at 3—100 Oe
(see Figure 3b for 3 Oe). Even at such low fields, the FCM
begins to abruptly increase at 110 K with no cusp appearing
until 1.8 K in any applied field, evidence of the presence of
long-range ferromagnetic order. Remnant magnetization
(RM) tracks the FCM curve and disappears at 110 K. The
zero-field cooled magnetization (ZFCM) curve exhibits a
peak at 98 K, but traces the FCM curve above 107 K. Finally,
ac magnetic susceptibility data at zero dc field and 3 Oe ac
oscillating field in the frequency range of 1-1500 Hz (Fig-
ure 3¢) were measured. Both ' and y” versus T plots show a
peak at 100 K and x” begins to increase at 107 K (7). It
should be noted that a frequency dependence of susceptibility,
but no shift of the maximum, is observed for both y" and y".

Figure 4 shows hysteresis loops measured at several
temperatures (Figure S3, Supporting Information). On the
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Figure 4. Field dependence of the magnetization of 3 at 1.82 K. Inset:
temperature dependence of the coercive field H..
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initial sweep of field, the magnetization M shows a resistive
response rather than a smooth one on applying low fields,
typical for hard magnets (in good agreement with the low-
field ZFCM data). Indeed, coercive fields were detected until
100 K (7250 Oe at 1.8 K; inset of Figure 4). The magnet-
ization at 7 T is M{=2.47 g at 1.8 K, which is much smaller
than any total spin state (Sy) that is possible for the unit
[Ruw,’ " ]-[BTDA-TCNQ ]-[Ru,*"]:  Sy=(32+12+1)=3
(ferromagnetic arrangement; 6.00 pg), St=(12+1/24+1)=
2 (ferromagnetic arrangement; 4.00 pg), or St=(3/2—1/2+
1) =2 (ferrimagnetic arrangement; 4.00 ug).*! This could be
due to large anisotropy arising from the [Ru,] units.®! A linear
increase of M with increasing field supports this hypothesis.

In conclusion, a new structural type of D,A charge-
transfer system with a 3D structure has been isolated from the
self-assembly of [Ru,(O,CPh-m-F),] with BTDA-TCNQ. The
present compound exhibits long-range ferromagnetic order
with 7,=107 K. Nevertheless, a charge-localized state is
dominant despite the essentially full electron-transfer from
[Ru,] to BTDA-TCNQ.["! The high 7, in this 3D compound
and the Ty of 95K for related 2D compound 2,'!! however,
make these types of materials promising targets for future
exploration of n—d D,A systems in which magnetic ordering
and conductivity coexist. To achieve this goal, the design of
highly symmetrical structures that lead to identical donor D
units in a D, A system is crucial, and, if successful, should lead
to a much higher 7, based on the double-exchange mecha-
nism.

Experimental Section

Synthesis of 3: All synthetic procedures were carried out under
anaerobic conditions. Diruthenium(ILIT) compound [Ru,(O,CPh-m-
F),(thf),] was prepared by adaptation of a literature procedure.’ A
solution of [Ru,(O,CPh-m-F),(thf),] (181 mg, 0.20 mmol) in CH,Cl,
(25 mL) was separated into 1-mL portions and placed in narrow
diameter sealed glass tubes (¢ 8 mm). A solution of BTDA-TCNQ
(33 mg, 0.1 mmol) of 4-chlorotoluene (75 mL) was carefully placed in
3-mL portions onto each CH,Cl, layer, and slow diffusion was allowed
to occur. The glass tubes were left undisturbed for a week or more to
yield block-shaped, dark green crystals of 3. Yield: 26 %. Elemental
analysis (%) caled for  3-1.6(4-chlorotoluene)-3 CH,Cl,
Ce 60H350NsO016Clg 40FsRu,S,: C 42.60, H 2.16, N 4.81; found: C 43.10,
H 2.25, N 5.13; IR (KBr): #(C=N), 2196, 2134 cm ™.

Crystal data for 3: Cg,6HsoNgO16ClgyFsRu,S,, FW =2328.74,
monoclinic C2%¢ (no. 15), T=93+1K, A(Mog,)=0.71070 A, a=
17.481(3), b=24.505(3), ¢=21.049(3)A, B=92.995(2)°, V=
9004(2) A3, Z=4, peca=1.718 gem 3, Fyp=4609.60, 26, = 53.0°.
Final R1 =0.0684 (I >2.000(I)), R1=10.0870 (all data), wR2=0.1791
(all data), GOF=1.003 for 632 parameters and a total of 35674
reflections, 10290 unique (R;,,=0.080). The linear absorption coef-
ficient u for Moy, radiation was 10.388 cm~'. An empirical absorption
correction was applied and resulted in transmission factors ranging
from 0.521 to 0.771, which were corrected for Lorentzian and
polarization effects. Maximum positive and negative peaks in the AF
map Were P, =2.31 eA® and Pmin=—1.74 e A3, CCDC 689769 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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