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1. Introduction

In 1991, Manriquez et al. reported the first room temperature mo-
lecule-based magnet, which was synthesized from bis(benzene)vana-
dium(0) and tetracyanoethylene (TCNE) in dichloromethane [1]. The
formula of the magnetic phase is given by V[TCNE]x·y(CH2Cl2) where x
is very close to 2 and y is typically small. The reaction is thought to
proceed by the production of two TCNE radical anions from one-elec-
tron reduction each by the vanadium(0). Each vanadium ultimately is
thus oxidized to vanadium(II). Coordinate covalent bonding by each
TCNE radical anion via two or more of its nitrogen atom lone pairs to
these cations gives rise to a network. However, direct evidence of this
structure is limited to EXAFS data [2] because the material is not
crystalline.

Since that time, there have been efforts to optimize Tc, the Curie
temperature, of this compound by changing to a different source of
metal, including hexacarbonylvanadium, V(CO)6 [3]. Researchers have
also explored replacing the vanadium with other metals [4–7] and re-
placing the TCNE with other organic acceptors [8–11] to create new
magnetic solids. Relevant to the latter strategy, we have previously
examined the replacement of one or two of the CN functional groups on
TCNE with phenyl rings to produce phenyltricyanoethylene (PTCE) and
dicyanostilbene [12] scaffolds, respectively. An advantage of this ap-
proach is that each of the positions on the phenyl ring is a potential site
for derivation, thus providing the opportunity to create not just new
acceptors, but new families of acceptors in which properties may be
systematically varied. The most obvious characteristic that can be
manipulated is the reduction potential of the acceptor.

For example, we have reported families of fluoro-substituted PTCEs
where up to five fluorine atoms are placed on the phenyl ring [13,14].
Reactions of each of these building blocks with V(CO)6, yield a family of
magnetic coordination networks with Tc’s up to 315 K (42 °C) in the
case of 2,3,5,6-tetrafluorophenyltricyanoethylene [15]. Higher Tc’s in
this family were generally correlated with greater fluorine substitution,
hence easier reduction of the acceptor and a lower energy π* orbital in
which the unpaired electron resides. We modeled this behavior quali-
tatively based on an overlap model used by Carlegrim for V[TCNE]2

[16]. In this model, a better match between the energy of the orbitals

on the metal and organic radical containing unpaired electrons leads to
stronger antiferromagnetic direct exchange. Verdaguer has made a si-
milar argument for superexchange in Prussian Blue magnets [17]. We
noted in our original paper that steric effects due to substitution in the
2- and/or 6-positions (ortho- to the olefin) could also be playing a role
and were correlated with higher Tc as well. These effects were ascribed
to greater spin density on the nitrogen atoms of the nitrile functional
groups that coordinate to the V(II) [13]. For instance, we recently re-
ported the corresponding chloro-substituted PTCEs [18] which largely
follow the above trends but because chlorine atoms are larger than
fluorine atoms, steric effects appear to play a larger role in determining
Tc.

In this contribution, we explore the effects of analogous methyl
substitutions on the phenyl ring of PTCE. Because methyl groups are
electron donating, making the acceptors more difficult to reduce, the
obvious expectation was that Tc of the resulting magnets should always
be lower relative to that of the parent PTCE. This was not observed.
Reaction of these new acceptors with V(CO)6 results in new ferri-
magnets with ordering temperatures that range from 159 K to 244 K.
The observed trends in Tc confirm that the localization of spin density
due to loss of conjugation is very important and can be enough to
overcome the electron donating effects, resulting in unexpectedly
higher Tc for certain substitution patterns. These magnetic results are
evaluated in the context of trends in electrochemistry and the results of
density functional theory (DFT) calculations.

2. Results and discussion

The three mono-methyl-substituted examples (b-d), as well as the
2,6-dimethyl- (e), 2,4,6-trimethyl- (f) and pentamethyl- (g) derivatives
were examined and compared to the parent PTCE(a). (Fig. 1) These
acceptors were synthesized by modification of a previously reported
three-step procedure [19] using commercially available starting mate-
rials, appropriately methyl-substituted benzaldehydes. Overall yields
from the benzaldehyde ranged from 14 to 30%. Each of these com-
pounds was purified by column chromatography and characterized by
1H NMR, IR, high resolution mass spectrometry and cyclic voltam-
metry.
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Subsequent reaction of each acceptor with hexacarbonylvanadium
(0), in dichloromethane in an inert atmosphere glovebox yields a black
insoluble solid that can be isolated by simple vacuum filtration and
washing with additional dichloromethane. The resulting materials
cannot be dissolved in non-coordinating solvents such as ether or
hexanes. The solids were characterized by IR (focusing on the CN
stretches) and elemental analysis. The observed CN stretching fre-
quencies for each acceptor are indicative of the oxidation state.
(Table 1) Specifically, the absorptions of the neutral acceptor are red-
shifted upon one-electron reduction to the radical anion, the form that
exists in the magnetic phase. We have previously reported this for PTCE
(neutral species; oxidation state = 0) for which the CN stretches are
observed 2235 and 2233 cm−1 to CN stretches at 2210 and 2129 cm−1

for the radical anion (oxidation state = −1) [13].
The elemental analysis for each magnetic phase suggests the stoi-

chiometric ratio of one donor to two acceptors, V[MexPTCE]2·yCH2Cl2
(vide infra). This is consistent with all previous reports of similar
compounds and results in an overall neutral network of vanadium 2+
cations bridged by radical anions. In each case, the elemental analysis
data include approximately 0.5 dichloromethane molecules which are
presumed to be solvents of crystallization. Although we have no
structural information on these amorphous materials, they are thought
to be three-dimensional networks of alternating S= 3/2 cations and
S= 1/2 organic radicals that are antiferromagnetically coupled
through direct exchange.

The observed Tc’s of the insoluble networks range from 159 to
244 K. (Table 2) Notably some Tc’s are higher than the parent un-
substituted compound, despite the fact that the methyl group is electron
donating, which was predicted to lead to lower Tc. Representative plots
of magnetization as a function of temperature (M vs. T) for all six
compounds are shown in Fig. 2. Tc values were determined by extra-
polating the steep part of the curve to zero and averaging at least two
independent measurements. The error in the measurements is ± 3 K.
The steepness of each transition suggests that the materials are rela-
tively uniform in composition.

Every new magnet exhibits nearly zero coercivity, consistent with
the previously reported TCNE and fluoro- and chloro-substituted

compounds and what would be expected for 4A ground state due to
vanadium(II) in a presumed pseudo-octahedral ligand field and organic
radical anions. A representative example of a plot of M vs. H is shown
below for V[4-MePTCE]2. (Fig. 3). The saturation magnetization is
roughly the expected value for one net unpaired electron per formula
unit (5585 emu-G/mol) and the materials are essentially saturated in a
field of 100 G. This is consistent with antiferromagnetic nearest
neighbor coupling between two S = 1/2 organic radical and the S = 3/
2 vanadium ion. In a three-dimensional coordination network, this
gives rise to bulk ferrimagnetism.

The electronic effects of the methyl group on the properties of each
acceptor can be compared to those of the fluoro-group by examining the
acid properties of the analogous substituted phenols. The pKa’s of 2-
fluoro-, 3-fluoro- and 4-fluorophenol are 8.81, 9.28 and 9.81 [19], re-
spectively. These values are lower than the pKa of phenol (9.95), which
indicate the fluoro-groups are electron-withdrawing relative to a hy-
drogen atom. In contrast, the pKa’s of 2-methyl-, 3-methyl- and 4-me-
thylphenol are 10.28, 10.09 and 10.26, respectively, indicating their
weakly electron donating nature [20]. This trend is reflected in re-
duction potentials of the corresponding methyl-substituted PTCEs as
can be seen in Table 3 relative to Ag/AgCl reference electrode, where,
as expected, all three monomethyl reductions were more difficult than
the parent PTCE and the meta methyl group (3-Me) has the smallest
effect. As expected, addition of more methyl groups makes reduction
increasingly more difficult.

To address the question of whether there is anything unusual about
these data, we have used DFT calculations to determine gas phase
electron affinities. The electron affinities were calculated according to
protocols recommended by Rienstra-Kiracofe and co-workers [21],
where the electron affinity (EA) in our case is the energy of the opti-
mized, neutral acceptor with the energy of the optimized, anionic form
of the acceptor subtracted out. Because solvation effects should be si-
milar for all of the acceptors, we expect a linear correlation between
these two quantities, as is observed. (Fig. 4).

Plotting electron affinity vs. Curie temperature reveals not a simple
linear correlation, but two distinct linear series that are distinguished
by the presence or absence of substitution in the 2-position. (Fig. 5) In
the former series (blue diamonds), the radical anions are nearly planar
in the ground state (vide infra) and the expected electron donating
effects of the methyl groups are observed to lower the Curie tempera-
tures. This is based on an overlap model in which the strength of the
exchange is correlated with the energy match of the two orbitals that
contain unpaired electrons [13].

For the latter series (blue circles), the presence of substitution only
ortho- to the olefin (2- or 2,6-), results in magnetic phases with sub-
stantially higher Tcs than that derived from PTCE. This surprising result
indicates something other than the simple electron donating effect is
operative and suggests that the change in geometry due to steric re-
pulsion can play a large role. From the data, it appears that further
addition of methyl groups lowers the Tc, which can be explained by the
electron donating effect asserting itself. However, the presence of more
methyl groups could also be inhibiting efficient network formation and
we cannot rule this out. To gain insight into the contributions to the

Fig. 1. Methyl-substituted PTCEs investigated herein.

Table 1
Summary of infrared data for six neutral methyl-substituted acceptors and
paired with V(CO)6.

Magnet Neutral acceptor νC≡N

(cm−1)
Magnetic phase νC≡N

(cm−1)

V(2-MePTCE)2 2240, 2247 2215, 2119
V(3-MePTCE)2 2234, 2196 2207, 2116
V(4-MePTCE)2 2235, 2198 2210, 2115
V(2,6-Me2PTCE)2 2240, 2242 2202, 2116
V(2,4,6-Me3PTCE)2 2238, 2245 2209, 2114
V(Me5PTCE)2 2242, 2264 2219, 2113

Table 2
Summary of magnetic data for six methyl-substituted acceptors paired with V
(CO)6.

Acceptor Tc ( ± 3) K Msat (emu-G/mol)

PTCE 215 5060
2-MePTCE 244 4080
3-MePTCE 200 6260
4-MePTCE 182 5420
2,6-Me2PTCE 241 3750
2,4,6-Me3PTCE 209 5130
Me5PTCE 159 4290
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increased Tc, we used DFT calculations to evaluate the geometry and
the spin density distribution of the radical anion.

Within the PTCE molecule or radical anion, one can define a dihe-
dral angle between the plane of the phenyl ring and the plane of the
olefin moiety. When the dihedral angle is 0°, the π system of the phenyl
ring is fully conjugated with the pi orbitals of the olefin. If the angle is
90°, the two planes of the molecule are orthogonal, and there is no
conjugation. DFT calculations indicate that for PTCE, 3-MePTCE and 4-
MePTCE radical anions, the ground state is nearly planar at 12° and the
barrier to planarity is negligible. Substitution at only the 2-position
leads to a minimum in the dihedral angle of about 40° whereas if there
is substitution at both the 2- and 6-positions the minimum is at about
65°. (Fig. 6). The barriers to planarity are ~0.5 kJ/mol for no sub-
stitution in the 2- or 6-positions, ~24 kJ/mol for 2-MePTCE and
~53 kJ/mol for all acceptors with substitutions in both the 2- and 6-
positions.

The loss of conjugation results in localizing greater unpaired spin

density on the nitrile nitrogen atoms. Fig. 7 shows that with no sub-
stitution in the 2- and/or 6-positions, the total spin density on the ni-
trogen atoms is largely constant. It increases from 0.42 electrons up to
0.48 electrons as the dihedral angle increases. The added spin density
comes at the cost of spin density on the phenyl ring, consistent with the
loss of conjugation.

Fig. 2. Magnetization vs. temperature for the six magnets described herein.

Fig. 3. Magnetization vs. applied field for V[4-MePTCE]2.

Table 3
Electrochemical data for the six acceptors.

Acceptor Ered (V) Acceptor Ered (V)

PTCE −0.397 2,6-Me2PTCE –0.456
2-MePTCE −0.440 2,4,6-Me3PTCE Me3PTCE –0.484
3-MePTCE −0.402 Me5PTCE –0.515
4-MePTCE −0.433

Fig. 4. Linear correlations between experimental redox potential and calcu-
lated electron affinity.

Fig. 5. Electron affinity plotted against Curie temperature.
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Greater spin density on the nitrogen atoms bonded to the vanadium
results in greater stabilization of the antiferromagnetically coupled
state for Heisenberg Hamiltonian, =H J S S2 1 2 [22] where J is the
coupling constant and S1 and S2 are the spins on the nitrogen atom and
vanadium ion, respectively. All other things being equal, larger values
of S1 would yield greater stabilization of the antiferromagnetically
coupled state, leading to higher Tc.

Where direct comparisons are possible, all but one of the Curie
temperatures of the methyl-substituted PTCE magnets are lower than its
fluorine- and chlorine-substituted analogs. (Table 4). The one exception
is when substitution is in the 4-(para) position. Although we previously
had no good explanation for the extremely low Tc for the magnets de-
rived from 4-FPTCE and 4-ClPTCE, (they are much lower than that for
PTCE (213 K), when it was expected to be much higher) we have since
identified a possible culprit: a fluorine or chlorine atom on a benzene
ring para- to a good electron withdrawing group is susceptible to nu-
cleophilic aromatic substitution [23]. The extremely electron-rich V(0)
could react to displace the halogen. Such a reaction would change the

identity of the acceptor and/or change the connectivity of the network,
providing another pathway for magnetic coupling. Since the methyl
group would be a poor leaving group for this reaction pathway, it
presumably does not occur, and so a “normal” depression of Tc is ob-
served due to the electron donating ability of the methyl.

To summarize, several molecule-based magnets derived from hex-
acarbonylvanadium(0) and various methyl-substituted phenyl-
tricyanoethylene one-electron acceptors were investigated. Two ex-
amples exhibited Tc’s that were surprisingly high based on the
expectation of electron-donation as the principal determining factor.
For compounds based on essentially planar acceptors that have similar
calculated spin densities on the nitrile nitrogen atoms (PTCE, 3-Me and
4-Me) there is a simple correlation between Tc and electron affinity.
Substitution at the 2- and/or 6-positions, however, profoundly changes
the geometry of the acceptor. DFT calculations suggest a twist to non-
coplanarity of the phenyl ring and olefin, placing greater unpaired spin
density on the nitrile nitrogen atoms. It is precisely these atoms that are
bonded to the vanadium(II) cations and are engaged in direct magnetic
exchange. This rationalizes why 2-MePTCE and 2,6-Me2PTCE support
higher Tc’s than the parent PTCE. These results suggest that spin density
plays a significant role in the determination of Tc, one at least as im-
portant as reduction potential. This, in turn, suggests that the dicya-
nostilbene family of acceptors, in which two nitrile function groups are
replaced with appropriately substituted phenyl rings, pushing even
more spin density onto the nitrile nitrogen atoms, could hold some
surprises.

3. Experimental

The cyclic voltammetry experiments were performed using a CH
Instruments model 600A potentiostat. The measurements were per-
formed on 5 mM solutions in acetonitrile/0.1 M [n-Bu4N][PF6] and
taken between the potential range of 0 and −700 mV at a scan rate of
100 mV/s using a polished carbon electrode with Ag/AgCl as the re-
ference. Magnetic experiments were performed on a 7 T Quantum
Design MPMS SQUID magnetometer. Samples for magnetic experiments
were loaded into specially designed tubes in the glovebox, and flame-
sealed under vacuum [24]. Experiments involving measurement of
magnetization as a function of temperature were performed by first
cooling the samples in 50 G and then measuring upon warming from
5 K to 300 K in a 5 G applied field. Measurements involving magneti-
zation as a function of applied field were performed at 5 K. All calcu-
lations were performed using the B3LYP density functional with the
6–31++G** basis set within Gaussian03 [25]. Beginning with the
optimized geometry of PTCE, the neutral and anionic forms of each
acceptor were calculated using geometry optimization. From each cal-
culation, the neutral and anionic energies, the Mulliken spin densities
and dihedral angles were determined.

The following procedure for the synthesis of the 2-methylphenyl-
tricyanoethylene is representative. It is based on a literature procedure
[18] and the syntheses for the 3-methyl-, 4-methyl-, 2,6-dimethyl-,
2,4,6-trimethyl-, and pentamethyl acceptors follow the same procedure
with minor alterations (noted). All reagents were used as received,
except for the following: the dichloromethane used in the magnet
synthesis was distilled from P2O5, and the V(CO)6 was prepared, using a
procedure from the literature, from [Et4N][V(CO)6] [26].

3.1. 2-(2-methylphenyl)-1,1,2-tricyanoethylene, 2-MePTCE

3.1.1. 2-(2-methylphenyl)-1,1-dicyanoethylene (1)
1 equivalent of 2-methylbenzaldehyde (3.573 g, 29.7 mmol) and an

excess of malononitrile (2.13 g, 32.2 mmol) were added to ~80 ml of
ethanol (100%) in a 100 ml beaker along with a stir bar. The reagents
and solvent were stirred until they became uniform, at which time 1
drop of piperidine was added. After stirring for 10 min, the stir bar was
removed, and the beaker was covered with parafilm and set aside for

Fig. 6. Dihedral angle plotted against Curie temperature.

Fig. 7. Total spin density on the nitrile nitrogen atoms plotted against Curie
temperature.

Table 4
Comparison of Tc for methyl-, fluoro-, and chloro-substituted [13,14,18] mag-
nets.

Substitution position Methyl Fluoro Chloro

2- 244 257 271
3- 200 233 243
4- 182 160 146
2,6- 241 300 285
Penta- 159 306 n/a
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the night. White crystals began to form within two hours of the com-
pletion of the reaction. The white crystals were collected the following
day, washed with ethanol (95%), and weighed. 2.43 g (49%) of 1 were
collected. IR (KBr): ν(CN), 2232 cm−1 and 2177 cm−1. 1H NMR
(400 MHz, CDCl3) δ 8.06 (m, 1H), 7.46 (m, 2H), 7.31 (m, 2H), 2.41 (s,
3H) ppm versus TMS.

3.1.2. 2-(2-methylphenyl)-1,1,2-tricyanoethane (2)
One equivalent of 1 (1.20 g, 7.13 mmol) was dissolved in 100 ml of

ethanol (100%) in a 600 ml beaker with minimal heating. To this so-
lution was added approximately 2 equivalents of KCN (1.04 g,
16.0 mmol) dissolved in ice cold H2O, along with more ice-cold H2O in
order to fill the beaker to 400 ml. The reaction solution was im-
mediately placed in an ethanol/H2O ice bath at ~−7 °C. The reaction
was allowed to stir for approximately 1 hr, after which concentrated
HCl was added to acidify the solution. Upon adding the HCl, a white
solid began to precipitate from the solution. After attaining a pH around
6, the reaction was allowed to stir for 10 min, and the reaction beaker
was covered with parafilm containing holes to release gaseous HCN.
The beaker was then placed in the refrigerator overnight to allow the
product to continue forming. The crystals were collected and washed
with cold H2O the next day and were then dried under vacuum for
approximately 4 hr, weighed, and stored. 1.182 g (85%) of 2 were
isolated. IR (KBr): ν(CN), 2249 cm−1 and 2261 cm−1. 1H NMR
(400 MHz, CDCl3) δ 7.59 (m, 2H), 7.37 (m, 1H), 7.27 (m, 1H), 4.69 (d,
1H), 4.18 (d, 1H), 2.41 (s, 3H) ppm versus TMS.

3.1.3. 2-(2-methylphenyl)-1,1,2-tricyanoethylene
One equivalent of 2 (1.10 g, 5.64 mmol) was added to a 250 ml

round-bottom flask along with 40 ml of diethyl ether. An excess of n-
chlorosuccinimide (NCS) was then added with 80 ml of H2O to the
round-bottom, and the 2-layered solution was then stirred until all of
the NCS dissolved (~30 min). The organic layer turned light yellow in
color as more NCS dissolved. After stirring, the aqueous layer was re-
moved using a separatory funnel, and the organic layer was washed 3
times with H2O and dried with anhydrous Na2SO4. The ether was then
removed by rotoevaporation, leaving yellow oil in the bottom of the
flask that was dried under vacuum overnight. The resulting solid
(yellow, stained with purple) was dissolved in dichloromethane and
loaded onto a silica gel flash column with dichloromethane as the
mobile phase. The desired product was the first compound to elute off
of the column. The product was dried under vacuum, forming a pale-
yellow solid that was weighed and stored in the glovebox. Yield:
0.791 g (73%). Mp: 118.2–118.8 °C. IR (KBr): ν(CN), 2240 cm−1 and
2247 cm−1. 1H NMR (400 MHz, CDCl3) δ 7.52 (m, 2H), 7.37 (m, 2H),
2.48 (s, 3H) ppm versus TMS. HRMS-ESI (m/z, [M−H]-). Calcd for
C12H8N3: 194.2162. Found: 194.0724.

3.2. 2-(3-methylphenyl)-1,1,2-tricyanoethylene, 3-MePTCE

3-MePTCE was synthesized using a similar procedure, using 3-me-
thylbenzaldehyde as the starting material.

3.2.1. 2-(3-methylphenyl)-1,1-dicyanoethylene
Yield: 55%. IR (KBr): ν(CN), 2230 cm−1 and 2195 cm−1. 1H NMR

(400 MHz, CDCl3) δ 7.71 (s, 1H), 7.68 (m, 2H), 7.41 (m, 2H), 2.40 (s,
3H) ppm versus TMS.

3.2.2. 2-(3-methylphenyl)-1,1,2-tricyanoethane
Yield: 87%. IR (KBr): ν(CN), 2253 cm−1 and 2267 cm−1. 1H NMR

(400 MHz, CDCl3) δ 7.35 (m, 4H), 4.39 (d, 1H), 4.20 (d, 1H), 2.41 (s,
3H) ppm versus TMS.

3.2.3. 2-(3-methylphenyl)-1,1,2-tricyanoethylene
Yield: 62%. Mp: 109.1–109.8 °C. IR (KBr): ν(CN), 2234 cm−1 and

2196 cm−1. 1H NMR (400 MHz, CDCl3) δ 7.79 (m, 2H), 7.45 (m, 2H),

2.44 (s, 3H) ppm versus TMS. HRMS-ESI (m/z, [M−H]-). Calcd for
C12H8N3: 194.2162. Found: 194.0724.

3.3. 2-(4-methylphenyl)-1,1,2-tricyanoethylene, 4-MePTCE

4-MePTCE was synthesized using a similar procedure, using 4-me-
thylbenzaldehyde as the starting material.

3.3.1. 2-(4-methylphenyl)-1,1-dicyanoethylene
Yield: 89%. IR (KBr): ν(CN), 2229 cm−1 and 2202 cm−1. 1H NMR

(400 MHz, CDCl3) δ 7.78 (d, 2H), 7.30 (d, 2H), 2.42 (s, 3H) ppm versus
TMS.

3.3.2. 2-(4-methylphenyl)-1,1,2-tricyanoethane
Yield: 88%. IR (KBr): ν(CN), 2249 cm−1 and 2259 cm−1. 1H NMR

(400 MHz, CDCl3) δ 7.35 (d, 2H), 7.29 (d, 2H), 4.38 (d, 1H), 4.17 (d,
1H), 2.38 (s, 3H) ppm versus TMS.

3.3.3. 2-(4-methylphenyl)-1,1,2-tricyanoethylene
Yield: 28%. Mp: 120.5–121.0 °C. IR (KBr): ν(CN), 2235 cm−1 and

2198 cm−1. 1H NMR (400 MHz, CDCl3) δ 7.92 (d, 2H), 7.38 (d, 2H),
2.47 (s, 3H) ppm versus TMS. HRMS-ESI (m/z, [M−H]-). Calcd for
C12H8N3: 194.2162. Found: 194.0722.

3.4. 2-(2,6-dimethylphenyl)-1,1,2-tricyanoethylene, 2,6-Me2PTCE

2,6-Me2PTCE was synthesized using a similar procedure, using 2,6-
dimethylbenzaldehyde as the starting material.

3.4.1. 2-(2,6-dimethylphenyl)-1,1-dicyanoethylene
Yield: 43%. IR (KBr): ν(CN), 2237 cm−1 and 2201 cm−1. 1H NMR

(400 MHz, CDCl3) δ 8.13 (s, 1H), 7.28 (m, 2H), 7.16 (m, 1H), 2.55 (s,
6H) ppm versus TMS.

3.4.2. 2-(2,6-dimethylphenyl)-1,1,2-tricyanoethane
Yield: 87%. IR (KBr): ν(CN), 2246 cm−1 and 2269 cm−1. 1H NMR

(400 MHz, CDCl3) δ 7.27 (m, 2H), 7.15 (m, 1H), 4.92 (d, 1H), 4.38 (d,
1H), 2.54 (s, 6H) ppm versus TMS.

3.4.3. 2-(2,6-dimethylphenyl)-1,1,2-tricyanoethylene
Yield: 62%. Mp: 116.8–117.5 °C. IR (KBr): ν(CN), 2240 cm−1 and

2242 cm−1. 1H NMR (400 MHz, CDCl3) δ 7.34 (m, 1H), 7.17 (d, 2H),
2.33 (s, 6H) ppm versus TMS. HRMS-ESI (m/z, [M−H]-). Calcd for
C13H10N3: 208.243. Found: 208.088.

3.5. 2-(2,4,6-trimethylphenyl)-1,1,2-tricyanoethylene, 2,4,6-Me3PTCE

2,4,6-Me3PTCE was synthesized using a similar procedure, using
2,4,6-trimethylbenzaldehyde as the starting material.

3.5.1. 2-(2,4,6-trimethylphenyl)-1,1-dicyanoethylene
Yield: 52%. IR (KBr): ν(CN), 2239 cm−1 and 2216 cm−1. 1H NMR

(400 MHz, CDCl3) δ 8.10 (s, 1H), 6.92 (m, 2H), 2.28 (s, 3H), 2.26 (s,
6H) ppm versus TMS.

3.5.2. 2-(2,4,6-trimethylphenyl)-1,1,2-tricyanoethane
Yield: 85%. IR (KBr): ν(CN), 2255 cm−1 and 2272 cm−1. 1H NMR

(400 MHz, CDCl3) δ 6.94 (m, 2H), 4.86 (d, 1H), 4.34 (d, 1H), 2.46 (s,
6H), 2.26 (s, 3H) ppm versus TMS.

3.5.3. 2-(2,4,6-trimethylphenyl)-1,1,2-tricyanoethylene
Yield: 33%. Mp: 108.2–108.9 °C. IR (KBr): ν(CN), 2238 cm−1 and

2245 cm−1. 1H NMR (400 MHz, CDCl3) δ 6.99 (s, 2H), 2.32 (s, 3H),
2.31 (s, 6H) ppm versus TMS. HRMS-ESI (m/z, [M−H]-). Calcd for
C14H12N3: 222.270. Found: 222.104.
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3.6. 2-(pentamethylphenyl)-1,1,2-tricyanoethylene, Me5PTCE

Me5PTCE was synthesized using a similar procedure, using penta-
methylbenzaldehyde as the starting material.

3.6.1. 2-(pentamethylphenyl)-1,1-dicyanoethylene
Yield: 63%. IR (KBr): ν(CN), 2235 cm−1 and 2203 cm−1. 1H NMR

(400 MHz, CDCl3) δ 8.23 (s, 1H), 2.24 (s, 6H), 2.19 (s, 9H) ppm versus
TMS.

3.6.2. 2-(pentamethylphenyl)-1,1,2-tricyanoethane
Yield: 78%. IR (KBr): ν(CN), 2242 cm−1 and 2264 cm−1. 1H NMR

(400 MHz, CDCl3) δ 5.08 (d, 1H), 4.35 (d, 1H), 2.26 (s, 3H), 2.24 (s,
12H) ppm versus TMS.

3.6.3. 2-(pentamethylphenyl)-1,1,2-tricyanoethylene
Yield: 41%. Mp: compound charred at 180 °C. IR (KBr): ν(CN),

2239 cm−1 and 2249 cm−1. 1H NMR (400 MHz, CDCl3) δ 2.27 (s, 3H),
2.23 (s, 12H) ppm versus TMS. HRMS-ESI (m/z, [M]). Calcd for
C16H15N3: 249.316. Found: 249.127.

All reactions involving the synthesis of the magnets were carried out
in a Vacuum Atmospheres Glovebox with N2 (ultra-high purity) as the
atmosphere.

3.7. V[2-MePTCE]2

Approximately 2.5 equivalents of the acceptor (2-MePTCE, 60.0 mg)
were dissolved in roughly 1.0 ml of dichloromethane in a 50 ml round-
bottom flask and left to stir (solution was yellow in color). 1 equivalent
of V(CO)6 (25.0 mg) was dissolved in 1.5 ml of dichloromethane in a
vial (solution was also yellow in color), and immediately added to the
acceptor in solution. The resulting solution turned almost immediately
black-green and eventually black. The reaction was allowed to stir for
30 min, after which the precipitate was collected on a medium frit by
vacuum filtration. The black solid was washed with dichloromethane
until the filtrate ran clear, dried under vacuum for an hour, and then
weighed and stored in a vial. Yield: 47.2 mg (89%). IR (KBr): ν(CN),
2215 cm−1 and 2119 cm−1. Anal. Calc. for C24H14N6V1·0.32CH2Cl2: C,
62.88; H, 3.18; N, 18.09. Found: C, 62.91; H, 3.63; N, 17.70.

All other magnets were synthesized using a procedure similar to the
one used to synthesize V[2-MePTCE]2 and at similar scale.

3.8. V[3-MePTCE]2

Yield: 90.5%. IR (KBr): ν(CN), 2207 cm−1 and 2116 cm−1. Anal.
Calc. for C24H14N6V1·0.48CH2Cl2: C, 61.50; H, 3.15; N, 17.58. Found: C,
61.55; H, 3.51; N, 17.66.

3.9. V[4-MePTCE]2

Yield: 80.7%. IR (KBr): ν(CN), 2210 cm−1 and 2115 cm−1. Anal.
Calc. for C24H14N6V1·0.53CH2Cl2: C, 61.08; H, 3.15; N, 17.42. Found: C,
60.97; H, 2.95; N, 18.37.

3.10. V[2,6-Me2PTCE]2

Yield: 85.8%. IR (KBr): ν(CN), 2202 cm−1 and 2116 cm−1. Anal.
Calc. for C26H18N6V1·0.26CH2Cl2: C, 64.70; H, 3.83; N, 17.24. Found: C,
64.68; H, 3.67; N, 17.71.

3.11. V[2,4,6-Me3PTCE]2

Yield: 79.7%. IR (KBr): ν(CN), 2209 cm−1 and 2214 cm−1. Anal.
Calc. for C28H22N6V1·0.57CH2Cl2: C, 63.33; H, 4.30; N, 15.51. Found: C,
63.32; H, 4.02; N, 16.19.

3.12. V[Me5PTCE]2

Yield: 69.6%. IR (KBr): ν(CN), 2219 cm−1 and 2113 cm−1. Anal.
Calc. for C32H30N6V1·0.35CH2Cl2: C, 67.07; H, 5.34; N, 14.51. Found: C,
67.08; H, 5.44; N, 14.49.
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