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Abstract: Co-crystallization of a cationic Fe" complex with
a partially charged TCNQ*~ (7,7,8,8 -tetracyanoquinodime-
thane) radical anion has afforded molecular materials that
behave as narrow band-gap semiconductors, [Fe(tpma)-
(xbim)|(X)(TCNQ),sDMF (X=CIlO, or BF,; tpma=
tris(2-pyridylmethyl)amine, xbim=1,1'-(a,a’-0-xylyl)-2,2'-
bisimidazole). Remarkably, these complexes also exhibit
temperature-and light-driven spin crossover at the Fe" center,
and are thus the first structurally defined magnetically bistable
semiconductors assembled with the TCNQ®~ radical anion.
Transport measurements reveal the conductivity of 0.2 Scm™
at 300 K, with the low activation energy of 0.11 eV.

The preparation of multifunctional molecule-based materi-
als is a challenging endeavor that has been actively pursued
over the last decade. The seminal work by Coronado et al.,!!
who described the co-crystallization of a ferromagnetic layer
of oxalato-bridged metal ions with conducting stacks of
organic radicals, has sparked extensive research efforts aimed
at creating novel molecular architectures that embed differ-
ent functional components. A number of other molecular
materials that exhibit both conductivity and magnetic order-
ing have been reported over the last decade.”) The central
challenge in the preparation of such hybrids lies in the need to
provide magnetic exchange pathways to achieve long-range
magnetic correlations. This requirement necessitates the
formation of extended frameworks of metal ions connected
by linkers capable of mediating significant magnetic inter-
actions. In the majority of cases, co-crystallization of such
extended fragments with other functional parts of the
structure poses problems in terms of both crystallization
kinetics (the need to combat the fast precipitation of extended
structures) and structural commensurability.®!
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An alternative to the magnetic order—disorder systems is
offered by molecular materials that do not require long-range
magnetic interactions to achieve magnetic bistability. We
imply here single-molecule magnets™ and spin-crossover
(SCO) structures, both of which can be observed in finite
molecular complexes. In particular, in SCO complexes the
interconversion between the high-spin (HS) and low-spin
(LS) electronic configurations of a transition-metal ion can be
triggered by changes in temperature, pressure, or light
irradiation.””! In recent years, there have been a number of
attempts at merging the SCO with other functional proper-
ties.”! In particular, co-crystallization of Fe" SCO cations
with the radical anions [M(dmit),]” (M =Ni, Pd, Pt; dmit=
1,3-dithiole-2-thione-4,5-dithiolate) led to hybrid semicon-
ducting SCO materials.®! A compilation of currently known
SCO semiconductors is provided in Table 1.

Table 1: Semiconducting spin-crossover materials.

Compound T [K® o[Scm ™™
[Fe"(dppTTF),][Ni(mnt),],(BF,)-PhCN 240 2.6x107°
[Fe"'(gnal),][Pd (dmit),]s-acetone!®! 220 1.6x107°
[Fe"'(sal,-trien)][Ni(dmit) ] 220/243 0.2

[Fe" (salEen),],([Ni(dmit),]5-6 CH;CNE 220 0.12

[Fe" (salten) Mepepy][M (dmit)],-CH;CNE! >300 0.1
[Fe"'(gsal)][Ni(dmit),]5-CH;CN-H,0 330 2.0

[a] The temperature at which the fractions of the HS and LS ions are
equal (two values indicate a hysteretic transition). [b] The room-
temperature conductivity.

About 90% of the known SCO compounds are repre-
sented by complexes of the d® Fe! ion.F*! The spin transitions
in the Fe"' complexes are, in general, more abrupt than in the
complexes of other SCO ions. Until now, however, there have
been only a few examples of the combination of Fe" SCO
complexes with organic radicals that could lead to the
(semi)conducting SCO materials.™ Moreover, the combi-
nation of SCO complexes with TCNQ, one of the ubiquitous
radicals in the preparation of synthetic conductors, has been
essentially unexplored. The only structurally characterized
example reported to date is an Fe SCO complex containing
TCNQ"™ co-ligands,””! but its conducting properties were not
reported. Besides, to achieve significant charge transport in
organic conductors, the radicals should carry a non-integer
charge."”! Herein, we report a simple approach to the
synthesis of Fe'' complexes with partially charged TCNQ®~
counterions. As will be shown below, these materials exhibit
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both thermal- and light-induced SCO and high electrical
conductivity.

We have recently reported that a combination of tetra-
dentate tpma with N-alkylated 2,2'-bisimidazole derivatives
offers a convenient ligand set for the preparation of robust
SCO complexes.'!l In the present work, we combined the
SCO cation, [Fe(tpma)(xbim)]**, with the organic radical
anion, TCNQ*~ (8 <1). To achieve the mixed valence of
TCNQ, we used comproportionation reactions between its
neutral and singly reduced forms in the presence of [Fe-
(tpma)(xbim)]*". These reactions led to the isolation of two
crystalline complexes, [Fe(tpma)(xbim)](X)(TCNQ), s DMF
(X=ClO,” (1), BF,” (2)).

The crystal structures of 1 and 2 were determined at 230
and 100 K. Both compounds crystallize in the C2/c space
group. The asymmetric unit includes one [Fe(tpma)(xbim)]**
cation, one ClO, or BF,  anion, one and a half partially
charged TCNQ®~ radicals, and one DMF solvent molecule
(Figure 1). The crystal packing shows a clear separation of the
structure into the cationic and anionic layers (Figure 2). The
latter are composed of m-stacks of TCNQ®~ radicals that
propagate along the crystallographic b axis. The average Fe—
N bond length in 1 decreases from 2.183 A at 230 K to 2.057 A
at 100 K. These values are in the range typical of the HS and

04

04

Figure 1. Asymmetric unit of 1. H atoms are omitted for clarity;
ellipsoids are set at 50% probability.

(a)
= ——

Figure 2. A view of the crystal packing of 1 along the a) c and b) b
axes. H atoms, ClO,™ anions, and DMF molecules are omitted for
clarity.
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Table 2: Average Fe—N bond lengths and unit cell volumes (V) and
charges 6 on crystallographically independent TCNQ molecules, A and
B, in crystal structures of 1 and 2 determined at 100 K and 230 K.

Structural parameter 1 2

100 K 230K 100 K 230K
d(Fe—N),, 2.057(4) 2.183(3) 2.034(3) 2.182(3)
Vie [AY] 9781(7) 10058(2) 9829(5) 10023(1)
O(A) —1.22 —0.74 -1.13 —0.74
o(B) —0.39 —0.63 —0.43 —0.63

LS Fe" complexes, respectively. The changes observed in the
metal-ligand distances suggest the occurrence of temper-
ature-induced SCO in complex 1. Similar structural changes
are observed for 2 (Table 2).

At 230 K, the crystal packing of the TCNQ®~ anions in 11is
quite regular. The two crystallographically unique anions
pack in the sequence ABBABB... along the b axis, with the
corresponding interplanar separations being 3.25-3.30-3.25-
3.25-3.30 A (italic labels in Figure 3; the error in the distances

Figure 3. A side view of the crystal packing of 1 with interatomic
distances at 230 K and 100 K indicated with italic and regular fonts,
respectively. The error in the distances is less than 0.01 A.

is less than 0.01 A). When the temperature is lowered, the
SCO at the Fe"" centers causes the decrease in the Fe—N bond
lengths. The associated shrinkage of the unit cell is trans-
mitted to the TCNQ substructure in a non-uniform way: the
B---B separations remain the same, 3.30 A, while the A-B
separations decrease to 3.19 A (regular labels in Figure 3).
Similar temperature-dependent structural changes are also
observed in 2 (Supporting Information, Figure S1).

It is well-established that the structures containing the
stacks of organic radicals have potential to exhibit significant
conductivity if the radical carries a non-integer charge.!'”)
Based on the formulas of 1 and 2, the average charge on the
TCNQ®" radical should be —0.67, or —2.0 per the repeat ABB
unit of the stack. It was shown, however, that the oxidation
state of TCNQ is well-reflected by its bond distances. Given
the presence of two non-equivalent radicals in the structure,
we used the Kistenmacher relationship, ¢ =—41.67[c/(b+
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Scheme 1. Metric parameters used in the Kistenmacher equation.

d)] +19.83, to estimate the charge distribution in the TCNQ
stack (Scheme 1).01

In 1, the charges on the radicals A and B are nearly equal
at 230 K (—0.51 and —0.43, respectively). As the Kisten-
macher relationship was derived for the structures established
at room temperature, we scaled the calculated values to make
the total charge equal to —1 per 1.5 TCNQ units, that is, to
maintain the electroneutrality of the structure (Table 2).
Thus, in 1 at 230 K, the charges on TCNQ radicals become
—0.74 for A and —0.63 for B, for a ratio of 6(A)/6(B)=1.17.
Upon cooling to 100 K, the temperature at which the majority
of Fe'' centers are LS, the charges become —1.22 and —0.39,
respectively, with 6(A)/0(B)=3.13. Similar changes to the
charge distribution are also observed in 2 (Supporting
Information, Table S3). The more uniform charge distribution
in the HS structure correlates well with the more regular
interplanar spacing between the TCNQ units and suggests
that electrons are more delocalized in the HS state.

Complexes 1 and 2 exhibit the room-temperature %7
values of 3.25 and 3.24 emuKmol ', respectively, which are
typical for the HS state of the Fe" ion (§=2). The slight
increase from the theoretically expected spin-only value of
3.00 emuKmol™" is explained by a small orbital contribu-
tion.'3 Upon cooling, the T values of both complexes
decrease in the range from 200 to 100K (Figure 4a),
confirming a gradual temperature-induced SCO. The anion
has a little impact on the character and temperature of the
SCO, with the midpoint of the transition being observed at
T,,=145K for 1 and T,, =160 K for 2.

The light-induced excited spin state trapping (LIESST)
effect was also studied on sample 1. The complex was
irradiated in the SQUID chamber by a 445nm laser
(15mWcem™2) at 5K, under a constant magnetic field of
0.1 T. Upon irradiation, the magnetic susceptibility increased
significantly and saturated after three hours of irradiation.
The comparison of the %7 product of the photoinduced state
to that of the HS state at 250 K indicated a quantitative light-
induced LS —HS conversion in complex 1 at low temperature
(Figure 4b).

After the laser was turned off, the sample was warmed up
from 5 to 25 K at 3 Kmin ™!, from 25 to 80 at 0.3 Kmin™, and
from 80 to 25 K at 3 Kmin . The initial slight increase in % T'is
associated with the zero-field splitting effects. In the range of
40-60 K, an abrupt decrease in the %7 value was observed,
indicating the thermally activated HS —LS relaxation, which
was complete at 65 K. The relaxation temperature, 7| pgsr=
S0K, was found as the minimum in 9(y7)/0T. As the
temperature was increased further, the thermally induced
LS—HS conversion was observed, and the curve obtained
upon warming essentially matched the one obtained upon
cooling.
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Figure 4. a) Temperature dependence of xT for 1 (0) and 2 (&)
measured in the cooling mode. b) Temperature dependence of T for
1 measured in the cooling mode (0) and then in the warming mode
after irradiation with the 445 nm laser at 5 K (®).

The conductivity measurements were performed on
a single crystal of 1 along the b axis, which coincides with
the direction of the TCNQ stack. The value of conductivity at
room temperature appeared to be sensitive to the procedure
used to prepare electrical contacts, but the average value of
0.2 Scm™! falls in a reasonable range for this class of materials
(Table 1). In particular, we note that even higher conductivity
was reported by Dunbar et al. for a structurally similar stack
of TCNQ radicals co-crystallized with a paramagnetic Mn"
complex.™ As the temperature is lowered, the conductivity
of 1 decreases, indicating semiconducting behavior. The
activation energy (E,) estimated from the In(R/Ry) vs. 1/T
plot is equal to 110 meV (Figure 5). The E, value gradually
becomes substantially lower (10 meV) in the low-temperature
region. Such behavior might be caused by the closer approach
of the TCNQ units, which should increase the band disper-
sion. Indeed, the change in the E, takes place in the 100-
125 K temperature range, which coincides with the comple-
tion of the HS—LS conversion in 1. A change in the
activation energy above and below the SCO region was also
reported by Oshio et al.’ for [Fe(dppTTF),][Ni(mnt),],-
(BF,)-PhCN (dppTTF = 1-{2-(1,3-dithiol-2-ylinene)-1,3-
dithiolyl}-2-{2,6-bis(1-pyrazolyl)pyridyl}-ethylene, mnt =
maleonitriledithiolate), but the difference in the E, values
was smaller: 129 meV in the LS state vs. 119 meV in the HS
state.

www.angewandte.de

Chemie

839


http://www.angewandte.de

Angewandte

840

Zuschriften

7T ; ' ooocleeeeeéOOQ
6 Fox .
5 .
- E, =10 meV
=l
< 4 —
©
E 3 \ —
2_ —
E,= 110 meV
1_ o
°
0o | 1 1 ] |-
4 6 8 10 42510°

UT (K"

Figure 5. Dependence of the relative resistance of sample 1 on the
inverse temperature. Two regions of distinctly different activation
regimes are shown with black linear fits, and the corresponding
activation energies are indicated. The shaded area indicates the
temperature range of the SCO.

In summary, we prepared two materials that combine
cationic spin-crossover complexes with partially charged
TCNQ®~ radical anions. Both compounds exhibit temper-
ature- and light-induced conversion between the HS and LS
states of the Fe' ion, as well as semiconductivity propagated
by the TCNQ stacks. To the best of our knowledge, this is the
first case of the structurally characterized SCO semiconduc-
tors that utilize the TCNQ®~ radical and exhibit high
electrical conductivity. Furthermore, complexes 1 and 2
exhibit the LIESST effect and thus are rare examples of
photoswitchable SCO semiconductors, with only two other
cases having been reported.’**! The measurements on the
changes in the conductivity associated with the light-induced
LS—HS conversion are still missing in all the known cases.
Our current efforts are directed at implementing such
measurements, and their results will be reported in due
course.

Experimental Section

All reactions were performed in an N,-filled glove box. TCNQ
(7,7' 8,8 -tetracyanoquinodimethane) was obtained from TCI and all
other reagents and anhydrous solvents were obtained from Aldrich
and used as received. Ligands tpma (tris(2-pyridylmethyl)amine),”!
xbim (1,1'-(o,0’-0-xylyl)-2,2'-bisimidazole),'"! and (Bu,N)TCNQ!'"!
were synthesized according to the published procedures.

Caution! The complexes between metal ions and organic ligands
with perchlorate anions are potentially explosive. The compounds
should be prepared in small amounts and handled with great care!

[Fe(tpma)(xbim)](CIO,)(TCNQ),ssDMF (1): Fe(ClO,),-6H,O
(18.1 mg, 0.05mmol), tpma (14.5mg, 0.05mmol), and xbim
(11.8 mg, 0.05 mmol) were dissolved in a mixture of DMF (0.8 mL)
and acetone (2.0 mL). The obtained yellow—orange solution was
added to a mixture of TCNQ (10.2 mg, 0.05 mmol) and (Bu,N)TCNQ
(22.3 mg, 0.05 mmol). The vial with the resulting solution was placed
inside a larger vial, the bottom of which was filled with Et,O for slow
vapor diffusion. Large black shiny plate crystals of 1 formed after
a few days. They were collected and washed with Et,0. Yield=
43.6 mg (75%). IR (CN): #=2196, 2175, 2161, 2155 cm'. Elemental
analysis calcd. (%) for 1:0.5DMF (FeClOs3Cs,sN;ssHygs): C59.62,
H 4.27, N 19.78; found: C 59.29, H 4.20, N 19.56.
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[Fe(tpma)(xbim)](BF,)(TCNQ),ssDMF (2): Compound 2 was
prepared in a manner analogous to that described for 1, using
Fe(BF,),6H,O (16.9 mg, 0.05 mmol), tpma (14.5 mg, 0.05 mmol),
DMF (0.7 mL), and acetone (2.0 mL). Black shiny thin plate crystals
that formed after a few days were collected and washed with Et,0O.
Yield=28.9 mg (50%). IR (CN): #=2197, 2175, 2161, 2156 cm™".

Elemental  analysis  caled.(%) for 1-0.5DMF  (FeB-
F,0,5Cs45N;55Hyes5): C60.32, H4.32, N20.01; found: C60.11,
H4.18, N 19.78.

Electrical transport was measured on a single crystal of 1 along
the b axis by the 4-probe DC method (Keithley 6221 and 6517A)
using carbon paste electrodes. The proper orientation was established
by face-indexing of the crystal by means of X-ray diffraction. At least
a dozen transport measurements have been performed in various
sample configurations. It was noted that the sample was unusually
brittle around the SCO region at about 145 K. To minimize the stress/
strain on the sample, soft gold-coated spider silk fibers with a diameter
of about 4 um were eventually used as electrical wires to achieve
reliable temperature-dependent data.['®!
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