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ABSTRACT Six novel salts of the TCNQ radical anion with various sterically bulky cations,
involving polycyclic, nonaromatic and acyclic cations were prepared and studied. The influence
of sterically bulky cations on packing efficiency is studied, and it is shown that the formation of
pancake bonding between TCNQ radicals is not hindered. Different arrays of stacked TCNQ,
ranging from 0D (isolated radicals) to 1D (infinite chains) to 2D are described and their magnetic

properties have been studied.

INTRODUCTION

Two-electron multicentre bonding (2e/mc or pancake bonding) is a strong intermolecular
interaction which occurs between planar organic radicals [1-4]. It involves the pairing of spins of
contiguous radicals due to the extending of the highest occupied molecular orbital (HOMO)
between both rings; this implies a significant covalent contribution to the total interaction, which
often exceeds —15 kcal mol™! [1]. Other significant components of interaction are electrostatic,
dispersion and attraction of (local) dipoles. Therefore, pancake bonding is one of the strongest
intermolecular interactions, comparable to the strong hydrogen [5,6] and halogen bonds [7,8],
which are also partially covalent. However, in pancake bonding, the electron pair is not localized,
but distributed between two radicals, involving multiple centers [1-4]. Bulk properties of radical-
based materials are defined by degree of pancake bonding [3,4], so it is interesting not only from
the fundamental aspects as nature of chemical bonding and intermolecular interactions, but also
from applicative point of view. Fine-tuning of this interaction may lead to the design of novel

organic magnets and (semi)conductors [9-16].



Discrete (0D) motives of pancake-bonded dimers or trimers typically result in diamagnetic or
antiferromagnetic properties of bulk samples [3,4] and are therefore of less interest. These
oligomers often stack by weaker (non-bonding) interactions.

Extended 1D motives are characterized by (nearly) equidistant radicals with an interplanar
separation shorter than 3.2 A. The close contacts allow electron jumps between the rings and long-
range magnetic ordering; therefore, the bulk materials are mostly semiconductive and
antiferromagnetic [3,4]. Stacks of ionic radicals are weaker conductors with conductivities mostly
below 10 S ¢cm™! [17-21], while neutral radicals are better conductors by 4 - 5 orders of magnitude
[11,12,14,15,20-26]. However, these crystals are conductive only in the direction of stacking.

Pancake bonding extending in 2D arrays was observed in salts of 7,7,8,8-
tetracyanoquinodimethane radical anion (TCNQ, Scheme 1) [27]. It involves spin interactions and
electron transport in two directions (as evidenced by electron paramagnetic resonance (EPR)
spectroscopy) and conductivity up to 102 S cm’! has been reported [27]. Therefore, such 2D
pancake-bonded systems may be more interesting than 1D stacks, however, there are only a few
germinal studies. It is known that TCNQ readily reacts with electron donors forming salts of
various stoichiometries; its formal charge is often partial, —1/2 or —2/3. There are also many
unknowns which may influence the stacking of TCNQ: aromaticity and steric influence of the
cation, competition with other strong intermolecular interactions (hydrogen and halogen bonding),
formation of mixed stacks with electron donors or cations, etc. However, almost all organic TCNQ
salts comprise aromatic rings, and are mostly planar. A systematic study of salts of TCNQ with
non-aromatic and acyclic cations would therefore be of high interest.

To provide at least a partial answer, in this work, we present six novel salts of partially charged

TCNQ radical anion with different sterically bulky cations, involving polycyclic planar aromatic



[tetrazolium and N-(4-iodobenzyl)-2-iodopyridinium], polycyclic non-planar aromatic (1,1'-

methylenedipyridinium), non-planar non-aromatic (dabco) and acyclic (NV,N,N,N',N',N'-

hexamethyl-1,2-ethanediaminium).
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Scheme 1 TCNQ radical anion and cations used

in this work: 1,4-dimethyl-1,4-

diazabicyclo[2.2.2]octanium (dabco, 1), N,N,N.N.N',N'-hexamethyl-1,2-ethanediaminium (2),

tetrazolium (3), 1,1'-methylenedipyridinium (4) and N-(4-iodobenzyl)-3-iodopyridinium (5).

RESULTS AND DISCUSSION
Crystal packing and pancake bonding in the novel TCNQ salts

The following compounds were prepared and characterised: 1-I'TCNQ, 12'TCNQs-MeCN,
2-TCNQ2'MeCN, 3,'TCNQ3, 4 TCNQ; and 5-TCNQs.



The asymmetric unit of 1-I'TCNQ comprises a half of a C>-symmetric cation of 1 (the twofold
axis passes through the center of C15-C15' bond), a half of an iodide anion (also located on a
twofold axis) and a half of a centrosymmetric TCNQ moiety. In 2-TCNQ2-MeCN a TCNQ moiety
is located on a mirror plane (therefore p.p. is 0.5) and a cation of 2 is located in a special position
with a molecular symmetry of Cay (a quarter of a cation is symmetry-independent); in addition,
there is a half of an acetonitrile molecule disordered about an inversion center. In 3,°TCNQ3 there
are two symmetry-independent tetrazolium cations and four TCNQ moieties, two of which have a
C1 symmetry (A and B) and the other two are centrosymmetric (C and D; therefore, a half of each
moiety is in asymmetric unit). The asymmetric unit of 4 TCNQs comprises a half of a mirror-
symmetric cation (its central methylene C is located in a mirror plane), one TCNQ moiety in a
general position and another TCNQ moiety located in a mirror plane (therefore p.p. is 0.5).
Asymmetric unit in 5 TCNQ: comprises one cation of 5 and two TCNQ moieties; in
12" TCNQs-MeCN there are two symmetry-independent cations of 1, five TCNQ moieties and one
molecule of acetonitrile.

The formal charges of TCNQ moieties are —1/2 in 1:-[' TCNQ, 2-TCNQ2-MeCN and 5-TCNQ3,
—2/3 in 3>°'TCNQ3 and 4 TCNQ3 and —4/5 in 1>°TCNQs-MeCN. However, the correlation of
molecular geometry [28] indicates that four TCNQ moieties in 1>°TCNQs-MeCN (labelled as A,
B, D and E) have a full negative charge (i.e. —1), while the moiety C is neutral or very close to
neutral (Tables S1 and S2). Since it is known that pancake bonding and molecular environment
(i.e. crystal field) cause a distortion of the molecule comparable to geometry changes caused by
charge [27,29], the estimation of charge from geometric correlations is unreliable [30] and should

be used with caution, even for high-quality structures with low R and small standard deviations of



bond lengths. A more accurate assessment can be obtained by quantum chemical computations or
X-ray charge density measurements [31].

Among the studied systems, crystal packing of 1-I'TCNQ is unique, as it involves essentially
isolated TCNQ radicals with very weak stacking interactions unfavourable for pancake bonding
interactions (Table 1, Fig. 1a). Despite interplanar separation of 3.225 A, the closest contact
between TCNQ moieties involves an extremely large offset of 6.973 A; thus, overlap between the
contiguous TCNQ moieties is negligible. Another unique feature of 1-I- TCNQ is the presence of
iodide anions (making it the first TCNQ salt co-crystallised with iodide), which occupy interstices
in the lattice comprised of cations and TCNQ moieties (Fig. 1b). There are two symmetry-
independent weak hydrogen bonds linking the cations and TCNQ (Table 2), but no directed

interactions with the iodide anions.



Figure 1 a) a pair of TCNQ radicals (related by symm. op. 3/2-x, -1/2+y, 1/2-z) in 1-I' TCNQ
viewed normal to the ring planes. The bottom radical is shown in a pale colour. b) Crystal packing
viewed in the direction [100]. TCNQ moieties are shown red, cations of 1 are blue and iodide

anions are shown as purple spheres of arbitrary radii.

Table 1 Geometric parameters of m interactions.



Cg"Cg b g ¢« .  Cgrplane(C Offset/ Symm. op.
Tm /A o B 3 e )/ A At o Cap
1''TCNQ
0.0 35.6 3/2-x,
C3=CH-C3= 5 8074) 00 620 3.225(3) 6.973  —1/2+y,
Cl1
12—z
87011...c3ﬁ s.1194) 00 630 %0 33 3m10 123 x oy
1 TCNQs-MeC
N
1.6 3.0 85.8
C3A—ClIA~C  3.3028(1
3B—C11B 2) ;3(9 13.9 3.2210(8) 0.793  1+x,y,z
3.3 63. 75.1
C3C—Cl1C~C  4.0815(1
3D>CIID 2) )6(9 362 4 3419509) 2411 Xy
2.8 32 90.0
C3D—C11D+C  3.2746(1
3E—CI1E 1) ;)(9 16.0 3.1798(8) 0905 X,y,z
3.3 59. 872
C3A—C11A~C  4.8189(1
3C—Cl11C 3) ggl 46.0 9 3.3362(8) 3467  14x,y,2
3.3 61. 87.2
C3A—CI1A~C  5.4005(1
3CCL1C 3 ggl 534 8 3.2217(8) 4337  2tx,y,z
0.7 1.1 32.8
C3B—Cl1B+C  4.8833(1
3E—C11E 2) ;‘(9 46.0 33719(8) 3511 x,y, l4z
2-TCNQ>:MeCN
0.0 0.0 1/2-x,
C3—C11-C3— 3.8676(1 ) 333 s 2
Cll1 1)
32—z
3, TCNQs




C3A—-CI11A-C
3A—CI11A
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4 Cg = centre of gravity of the aromatic ring.

b

a = angle between planes of two interacting rings.



¢ p = angle between Cg---Cg line and normal to the plane of the first interacting ring.
4§ = torsion angle between molecular axes C=C...C=C, described in ref. [53].
¢ ¢ = direction of offset, described in ref. [53].

f

1D arrangement of TCNQ moieties (infinite stacks) are present in 2-TCNQ>-MeCN and
3>’ TCNQs. In the former, the radicals are equidistant (Table 1, Figure 2a) with an interplanar
separation of 3.232 A. Three symmetry-independent C—H--N hydrogen bonds link the
N,N,N,N',N',N'-hexamethyl-1,2-ethanediaminium and TCNQ radicals (Table 2); the packing
achieved is thus porous, with large channels occupied by disordered solvent acetonitrile molecules
(Fig. 2b).

A new stacking motive is observed in 3>-TCNQs, which involves two longer and one shorter
interplanar separations (Table 1). There are two symmetry-independent stacks extending in the
[010] direction, one comprising TCNQ moieties A and C stacked in the sequence ...AACAA...;
the other stack involves moieties B and D stacked in the sequence ...BBDBB... (Fig. 3a). Stacks
with the same sequence have been observed in other salts of TCNQ [27] and some semiquinones
[29,31]; in all of them the formal charge of the radical is —2/3. The stacks ...AACAA... and all
previously described stacks [29,31] involve pancake-bonded trimers characterised by two short
and one long distances, while stacks ...BBDBB.... involve one shorter and two longer distances.
Rings C and D are centrosymmetric, while A and B have a molecular symmetry of Ci. Therefore,

the stacks ...BBDBB.... can be described as 'inverse trimers' BDB. For the highly accurate structure
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determined at 100 K, geometric correlation [28] gave reasonable charges: for a trimer ACA it is
—1.87, and for an 'inverse' trimer BDB it is —1.85, close to formal values of —2. In an 'inverse' BDB
the lateral rings B have a higher negative charge than the central ring D (—0.85 and —0.19,
respectively) and in the trimer ACA, the central ring C has higher charge of —0.85, while the lateral
rings A have charge of —0.51 (Tables S1 and S2), similar to other previously described trimers
[29,31]. Large tetrazolium cations act as barriers between individual stacks of cations preventing

the formation of 2D array (Fig. 3b).

Figure 2 a) A stack of equidistant radicals in 2-TCNQ>-MeCN. b) Crystal packing viewed in the
direction [010]. TCNQ moieties are shown red, cations of 2 are blue and disordered acetonitrile

molecules are shown as green van der Waals spheres.
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3314

3.14 A

a)

Figure 3 a) The 'inverse trimers' in a stack of TCNQ radicals in 32-TCNQs. Long and short
interplanar separations are marked. b) crystal packing of 3>-TCNQj3 viewed in the direction [101].
Symmetry-independent moieties of TCNQ are shown as different shades of red, and cations of 3

as light and dark blue.

Stacks of 'regular' trimers [27,29,31] are present in 4 TCNQs, and are arranged in a 2D 'brick-
wall' pattern (Table 1, Fig. 4a). The direction of stacking is [010], and the layers are parallel to the
(001) plane. The radical trimers are similar to those previously described in a salt of
tetrachlorosemiquinone and 4-dimethylamino-N-methylpyridinium [31], where the semiquinone
trimer has a total charge of —2. The central ring B is centrosymmetric, while two lateral rings A
have a molecular symmetry Ci. According to geometry, the central ring B has a more negative
charge (—0.75) than lateral rings A (—0.50); the total charge of a trimer is then —1.75 (Tables S1
and S2), reasonably close to the formal value of —2 and similar to values in a trimer of
tetrachlorosemiquinone radical anions obtained from charge density studies [31]. Neighbouring

stacks are connected by C—H---N hydrogen bonds (Table 2). Distances between the trimers are

12



relatively short (3.25 A), indicating long-range interactions. The crystal packing is layered, with
alternating layers of TCNQ and cations (Fig. 4b).

Stacks of pancake-bonded dimers, connected through C—H:--N hydrogen bonds into a 2D 'brick-
wall' network (Tables 1 and 2, Fig. 5a) are the main feature of the crystal packing of 5-TCNQ:.
Two symmetry-independent radicals A and B form separate symmetry-independent stacks (Fig.
5a) extending in the [100] direction. Weak stacking interactions are also observed between 5
cations (Table 1), which are connected to each other through halogen bonding (Table 3). The

crystal packing is layered, with alternating layers of anions and cations (Fig. 5b).

Figure 4 a) a 'brick-wall' layer of 'inverse trimers' of TCNQ radicals in 4-TCNQ3 and b) crystal
packing viewed in the direction [110]. TCNQ moiety A is red, B is dark red and cations of 4 are

blue. A trimer is highlighted.
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Figure 5 a) a 'brick-wall' layer of pancake-bonded dimers of TCNQ radicals in 5-TCNQ; and b)
crystal packing viewed in the direction [100]. TCNQ moiety A is red, B is dark red and cations of

5 are blue.

The crystal packing of 1>' TCNQs-MeCN is unprecedented, with a five symmetry-independent
TCNQ moieties (labelled as A, B, C, D, E) and two 1 cations (A and B). Four radicals stack in the
sequence ABED (Fig. 6a) in the direction [001]. Contacts A-B and D-E correspond to pancake
bonding, while contact B-E is longer and can be regarded as an inter-dimer nonbonding contact
(Table 1). Neutral TMPD moieties C form hydrogen-bonded chains parallel to [100] and are
embedded between the tetramers ABED (Fig. 6a). Their molecular axes C=C...C=C are not parallel
to the other radicals, but inclined by some 60°; they form weaker stacking contacts with radicals
A and D (Table 1). These layers of TCNQ radicals are parallel to (010); between them are layers
of cations and solvent acetonitrile molecules (Fig. 6b). The entire structure is held together by an

extensive network of C—H:--N hydrogen bonds (Table 2).
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Figure 6 a) a 2D layer of TCNQ moieties parallel to (010) in 1> TCNQs-MeCN and b) crystal

packing viewed in the direction [001]. TCNQ moiety A is light red, B is dark red, C is green, D is

dark blue and E is light blue; cations of 1 are black and acetonitrile molecules are red.

Table 2 Geometric parameters of hydrogen bonds (A, °).

D-H/A H-4/A D-A4/A D-H--A4/°

Symm. op. on 4

1T TCNQ
C15-H15-N3
C19-HI19B-N1

1 TCNQs"MeCN
C13B-HI13C-N4D
C13B-HI3D-N7
Cl14A-HI14A~N2A
C14B-H14C-N2D
CI15A-H15B--N3A

0.93
0.96

0.97
0.97
0.97
0.97
0.97

2.41

2.49

2.56
2.60
2.54
2.60
2.55

3.229(19)
3.384(15)

3.498(4)
3.458(6)
3.407(3)
2.994(4)
2.982(4)

148

155

162
148
150
105
107

~1/2+x, 1/2-y, -1/2+z

3/2-x,-1/2+y, 1/2-z

X, y, 1+z

x, =14y, z
=l+x, 14y, z
X, 1,z

x’y5Z
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Cl16B-H16D--N3E
C17A-H17A---N2B
C17B-H17D--N3D
C19B-HI19E--N7
C20A—-H20A--N2A
C22-H22C-N3A
2 TCNQ2-MeCN
C13-H13A--N3
C13-H13B-*N3
C15-H15C--N4

3, TCNQs3 100K
Cl16A-H16A -"N2B
C18A-H18A--N4A
C24A-H24A--N2A
C30A-H30A-N8A
C15B-HI15B:"N4A
C16B-H16B--N1A
C18B-H18B-"N2B
C21B-H21B-N1C
C24B-H24B--N3D
C30B-H30B:--N§8B
4-TCNQ3
C5A-H5A--N4A
CI10A-H10A---N1B
Cl14-H14---N3B
C15-H15--N3A

0.97
0.97
0.97
0.96
0.63
0.98(3)

0.97
0.97
0.96

0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93

0.93
0.93
0.93
0.93

2.47
2.41
2.56
2.57
2.62
2.62(4)

2.59
2.59
2.60

2.71
2.46
2.49
2.72
2.74
2.75
2.48
2.71
2.50

2.48

2.60
2.62
2.55
2.47

3.324(4)
3.293(4)
3.454(3)
3.429(5)
3.475(4)
3.355(4)

3.505(2)
3.505(2)
3.471(8)

3.371(5)
3.291(4)
3.271(4)
3.625(4)
3.497(5)
3.537(4)
3.312(4)
3.401(4)
3.309(4)
3.312(4)

3.289(4)
3.304(4)
3.434(6)
3.231(6)

147
151
153
150
149
132(3)

158
158
151

129
149
142
166
139
143
149
132
146
166

131
131
158
139

I+x, -1+y, z
x, 1+y, z
I+x, -1+y, z
x,=1+y, z
-1+x, 14y, z

-l+x,y, z

1/2-x, 1/2+y, 3/2-z
12-x, -1/2+y, 3/2-z

=X, y, 1-z

1-x, 1-y, -z
x,3/2-y, 1/2+z
X,V Z

2-x, 1/2+y, 1/2-z
l-x, 1=y, -z
-1+x, 14y, z

x, 14y, z

1-x, 1-y, -z

x, 1/2=y, 1/2+z

1-x, 1/2+y, 1/2-z

I+x, 3, z
—1+)C, Y,z
x,y, 1+z

x, 1=y, 14z
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Cl6-H16--N2A 0.93 2.50 3.390(6) 159 =-1/2+x, 124y, z

C17-H17--N2A 0.93 2.47 3.344(7) 156 “14x, 1=y, z
C18-H18--N2B 0.93 2.50 3.388(6) 160 “14x, v, z

5 TCNQ,

C4B-H4B--N4A 0.93 2.59 3.202(7) 123 14, y, 2
C13-H13--N2B 0.93 251 3.343(7) 149 1-x, 2-y, -z
C20-H20--N3B 0.93 2.36 3.226(6) 154 X, 9,2

Table 3 Short halogen...halogen distances.

d/ A CBr---1/° symm. op. on Br
5-TCNQ:;3
C22-12--"N3A 3.348(5) 153.50(14) I+x,y,z
C14-11---N4A 3.683(7) 149.35(18) -X, 2=y, -z

Magnetic properties of the studied compounds

The EPR spectra were recorded at room temperature (RT) and the corresponding simulations for
five investigated complexes studied (1-I'TCNQ, 12" TCNQs-MeCN, 2-TCNQ>'MeCN, 3, TCNQ3
and 5-TCNQ») are shown in Figure 7. 1:-I' TCNQ, 2-TCNQ2'MeCN and 5-TCNQ:> consist of a single
line with an effective g-value in the range of 2.0033-2.0040, indicating the presence of an organic
radical and consistent with previous results [32]. 1> TCNQs-MeCN and 3>'TCNQ3z have more
complex spectral composition, but the effective g-value is in the same range (Table 4). The results
shown are for the simulations using a two-component system, i.e. there are two magnetically non-

equivalent species present.
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For further analysis, the EPR intensity, /gpr, the peak-to-peak intensity, I, peak-to-peak
linewidth, effective g-value and A/B, as measure of asymmetry of EPR lines (as explained in Fig.
S13), have been examined as a function of temperature (Fig. S14-S18). The EPR intensity, /epr, is
defined as the integral under the absorption line (area under the curve). In addition, spin
susceptibility, xsi» has been determined as a measure of the imaginary part of the dynamic
susceptibility and consequently measure of the local spin susceptibility, in contrast to the other
magnetization methods, which measure the total susceptibility of the sample (y).

Figure 8 shows that the intensities of the lines do not follow Curie's law and exhibit a complex
dependence. At RT, the asymmetry parameters A/B do not indicate conductivity, but temperature
dependences (Fig. S21) show temperature dependent EPR line width asymmetry. Complex
behavior is confirmed also with temperature dependence of EPR spin susceptibility (Figure 9), gesr
(Fig. S19) and EPR linewidth (Fig. S20). To get insight in the mechanisms behind these
observations, further single crystal measurements of samples are in progress.

Complex EPR spin susceptibility temperature behavior for 2-TCNQ>-MeCN sample is further

confirmed by magnetization study, as will be shown below.

DABCO-I DABCO

1.0 1.0

EPR signal
o
>

EPR signal

336 337 338 339 340 : 336 37 338 339 340
B/mT B/mT
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338 337 338 339 338 339 340
B/mT

B/mT
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o
o

336 337 338 339 340
BimT

e)
Figure 7 EPR spectra at room temperature for samples a) 1-[- TCNQ, b) 1>-TCNQs-MeCN, c)

2-TCNQ2-MeCN, d) 3,-TCNQs and e) 5-TCNQ: (solid black line experimentally detected, dashed

red line simulation).

Table 4 EPR data extracted for simulation of experimental spectra obtained at RT.

Sample g geff Lorenz/mT  Gauss/mT A/B weight
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2-TCNQ2'MeCN

2.00400
2.00397
2.00331

2.00376

0.0982

0.0524

1.0993

5-TCNQ2

2.00418
2.00422
2.00337

2.00392

0.2021

0.0950

1.0255

1'1TCNQ

2.00376
2.00376
2.00296

2.00350

0.2146

0.1113

1.0172

12'TCNQs-MeCN

2.00417
2.00401
2.00345
2.00135
2.00272
2 .00353

2.00388

0.0201

0.4202

0.1042

0.5491

1.1005

0.9106

0.0894

3, TCNQ3

2.00303
2.00408
2.00422
2.00331
2.00367
2.00454

2.00375

0.0801

0.0183

0.0268

0.0592

0.9141

0.9630

0.0370
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e)
Figure 8 Temperature dependence of peak-to peak EPR intensity spectra /rpr(7T), normalized with
respect to room temperature value Iepr(RT) for samples a) 1-I' TCNQ, b) 1>°TCNQs-MeCN, c¢)

2-TCNQ>-MeCN, d) 3-TCNQs and ¢) 5 TCNQ>
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Figure 9 spin susceptibility vs. temperature for samples a) 1-I' TCNQ, b) 12" TCNQs-MeCN, c)

2-TCNQ2'MeCN, d) 3>-'TCNQs and e) 5-TCNQx.

In Fig. 10 temperature dependence of magnetic susceptibility measured from 5 K to 400 K is
shown for each of the five samples. The separately measured diamagnetic contribution of the
sample holder has been subtracted from the data. We see that the total susceptibility is positive
only for samples 1-I'TCNQ and 2-TCNQ2-MeCN, while the other three samples display negative
susceptibility in most of the temperature range. Subtracting the expected diamagnetic contribution
[33] still leaves the susceptibility negative for these samples (Fig. S22). In Fig. 10 we also plot the
curves representing the Curie law which would be obtained if the electron spins on TCNQ moieties
were noninteracting. The number of electrons per formula unit was obtained by taking into account
the formal charge of TCNQ moieties. For 1-I' TCNQ and 2-TCNQ>-MeCN, which have positive
susceptibilities, this demonstrates that the interactions between the spins formed on stacked motifs
of TCNQ moieties are very strong and antiferromagnetic since the measured susceptibilities have

much smaller magnitudes than what would be obtained from Curie law representing the
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noninteracting spins. For 1-I'TCNQ and 2-TCNQ>-MeCN this is also visible in the y(7) -T plot
given in insets of Fig. 10a and 10c, respectively, where we see that y(7) - 7 does not saturate at
high temperatures, as would be expected if magnetic interactions were weak. This result is
corroborated by the results obtained by EPR, which probes the spin only susceptibility, shown in
Fig. 9a and 9c. The differences in the temperature dependencies of the EPR and dc susceptibility
results are due to the fact that EPR probes spin-only contributions, while dc susceptibility is
sensitive to all magnetic contributions. The small "bumps" in susceptibility observed around 50-
60 K for some samples most likely represent the oxygen peak which is often observed for powder
samples with small signal when small amounts of air and oxygen are trapped inside the capsule
and between the grains of powder.

Taking into account the reported crystal structure and charge distribution, we can attempt to
interpret the obtained data for 2-TCNQ2-MeCN. The magnetic lattice is expected to be formed by
TCNQ moieties stacked in a zig-zag fashion along the b axis with one spin per two TCNQs (1 spin
S'=1/2 per f.u.). We, therefore, assume that the magnetic response of this system can be described
as the S = 1/2 1D Heisenberg antiferromagnet with the contribution of a small amount of the § =
1/2 impurities. We fit the susceptibility to the following expression:

Zspin (1) = ¢i yimp(T) + (1 - ¢i) yip nar (S,1) + x0 (1)

where the first term describes the contribution of ¢; impurities per mole, the second term is the
susceptibility of the Heisenberg S = 1/2 1D antiferromagnet [34] and the third term is temperature-
independent diamagnetic contribution. Since magnetization measured in 3 T is not strictly linear
in the magnetic field at the lowest temperatures, we do not use Curie-Weiss law for yimp(7) but
rather magnetization described by Brillouin function divided by magnetic field. We assume that

the impurities come from the same surrounding as the main contribution, possibly from the
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structurally distorted chains, which is corroborated by the fact that a single EPR line is observed
in the EPR spectra of this system. The results obtained from the fit are ¢i = 0.04912(2), J/kg =
507(2) K and yo = -1.96(2)-10~* emu/mol. In Fig. 11 we plot curve (1) with parameters obtained
from the fit. We see that the agreement between the data and the fitted curve is very good. Good
agreement is obtained also with M vs H curves measured at several low temperatures (Fig. S23).
Large AFM 1D interaction was also reported previously for a charge-transfer system of TCNQ
with tetrathiafulvalene (TTF-TCNQ) [35]. The low-7T upturn can occur in systems with
antisymmetric Dzyaloshinskii-Moriya interaction (DMI) [36,37] where it can mimic the behaviour
displayed by impurities [38-41]. However, the inversion center placed between the molecules does
not allow the presence of DMI. The 1D HAF model that describes the susceptibility data (dashed
pink line in Fig 11) has a maximum around 300K. This in qualitative agreement with the maximum

observed in EPR intensity (Fig. 8c).
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Figure 10 Temperature dependence of magnetic susceptibility measured in poH =3 T for samples
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line represents the Curie law which would be obtained for noninteracting spins S = 1/2 where the

number of spins per f.u. was calculated under the assumption of formal charges per TCNQ given

in the text.

» o 2 TCNQ, MeCN
——8=12 IDHAF+y, +7,
0.0010 - - - - §=1/2 1D HAF, J/k,=507K|
)
3
£
=
£ 0.0005 .
g
N
0.0000

0 50 100 150 200 250 300 350 400
T(K)

Figure 11 Temperature dependence of susceptibility is well described by the S = 1/2 1D
Heisenberg antiferromagnet model with a few percent of spin S = 1/2 impurities (red curve, Eq.
1). The three contributions are also shown separately: pink dashed line - S = 1/2 1D HAF, green

dotted line - impurity contribution, blue dash-dotted line - temperature independent diamagnetic

contribution.

For other samples, it is not easy to interpret the observed susceptibility data within any model.
The observed diamagnetic susceptibility is not in agreement with the EPR results which show a
clear presence of unpaired spins. A possible solution to this difference might be the presence of
strongly coupled low-dimensional magnetic units which will give weak paramagnetic
susceptibility in comparison to the overwhelming diamagnetic contribution. Almost all

diamagnetic samples show upturn at the lowest temperatures. However, this upturn cannot be
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described as a simple spin S = 1/2 impurity contribution, since the M vs H curves with subtracted
diamagnetism cannot be described by the S = 1/2 Brillouin function (Fig. S24). Extra contribution
coming from the underlying antiferromagnetically coupled magnetic structure needs to be added.
The possible magnetic structures, however, are not easy to discern, especially considering the
complicated charge distribution between the TCNQ moieties. The long-range antiferromagnetic
order with weak ferromagnetism is possible for 3,-TCNQ3 and 5-TCNQ», as witnessed from M vs.
H curves measured at 7= 5 K which show significant hysteresis (Fig. S24). However, to obtain
more details about the underlying magnetic lattices and possible phase transitions measurements

on large-mass single crystal samples are necessary.

CONCLUSIONS

Bulky and non-planar cations cause less efficient packing, large interstices and channels, which
may be occupied by iodides or solvent molecules. Therefore, among the six salts studied, two were
co-crystallised with solvent molecules, and one is a double salt with iodide. However, this did not
affect the formation of pancake bonding, which is present in all studied compounds. This shows
that the formation of pancake bonding between radical moieties is very favourable, not only
energetically (due to interaction energies exceeding —15 kcal mol™' [1-4], but also due to steric
reasons. Therefore, by a smart choice of cation, pancake-bonded motives can be engineered,
ranging from 0D (discrete) to 2D (layers).

Since the majority of organic salts of TCNQ comprise aromatic cations, this is the first
systematic study of the steric influence of bulky nonaromatic cations on pancake bonding of
TCNQ radical anions and involves one of the first salts with an acyclic cation, N,N,N,N',N',N'-

hexamethyl-1,2-ethanediaminium.
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All the studied samples have unpaired electrons which contribute to the nontrivial magnetic
response, as can be seen from sensitive EPR measurements which probe the local magnetic spin-
only response. However, only the samples 1-I' TCNQ and 2-TCNQ>-MeCN have the total
paramagnetic response in the wide temperature range, while 12-TCNQs-MeCN, 32-TCNQ3 and
5-TCNQ; are diamagnetic in the wide temperature range. To reconcile this result with the EPR
measurements, we conclude that large antiferromagnetic interaction is responsible for the
suppression of paramagnetic response with respect to the underlying diamagnetism. Specifically,
we show that 2.-TCNQ2-MeCN can be described as S = 1/2 1D Heisenberg antiferromagnet, while

3>-TCNQs and 5-TCNQ2 might have a weakly ferromagnetic long-range-ordered ground state.

EXPERIMENTAL

Preparation and basic characterisation

All used reactants and solvents were purchased from commercial sources (Merck, Sigma-
Aldrich, Kemika) with p.a. purity, and were used without further purification.

Studied compounds were prepared according to the previously used and described method for
the preparation of salts of semiquinone radicals. [27]

Depending on the solubility of reactants, acetone or acetonitrile was used as a solvent for
dissolving reactants and for crystallization. Acetone was used as a solvent for crystallisation of
3, TCNQ3 while acetonitrile was used for crystallization of 1-I'TCNQ, 1>'TCNQs-MeCN,
2-TCNQ2'MeCN, 4-TCNQ3 and 5-TCNQs3. Powdered TCNQ (10 mg) was dissolved in adequate
cold solvent until the saturation of the solution. Approximately 50% excess of the iodide salt of
the appropriate cation was added into the prepared TCNQ solution to ensure the oxidation of

dissolved TCNQ into its anion radical. If needed, more solvent was added to dissolve all reactants
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(maximum 15 ml, 5°C). Furthermore, to enhance the reaction, more iodide was added in form of
tetrabutylamoniun iodide (approximately 10 mg) to the crystallization mixture of TCNQ with
1- ' TCNQ/12"TCNQs-MeCN and 4-TCNQs. The beaker with prepared solution was sealed with
parafilm with pierced holes. After 1-3 days single crystals were obtained, the solution was
decanted and black crystals of radical salts were extracted. 1-['TCNQ and 1>*TCNQs-MeCN
crystallized from the same preparation. Prepared compounds are stable in air at room temperature

for more than 6 months.

EPR spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy measurements were performed on the
benchtop Bruker Magnettech ESR5000 spectrometer (Bruker BioSpin, Germany) equipped with a
TCHO4 variable temperature controller (Bruker BioSpin, Germany) using a flow of cold N> steam.
The powder EPR spectra were recorded in the temperature range of 120400 K. A Bruker standard
reference E1704, Mn?* in ZnS, was used to calibrate the magnetic field and to determine the exact
g-values of the samples.

The spectra were simulated with a custom program in MATLAB [42] using the Easyspin

program package for EPR [43].

Magnetization measurements

Magnetization measurements were performed using SQUID VSM option of Quantum Design
(QD) MPMS3 magnetometer. The powder samples of mass 1.087 mg, 1.146 mg, 10.4 mg, 0.849
mg and 0.646 mg for 1-I'TCNQ, 1>°TCNQs-MeCN, 2-TCNQ2-MeCN, 3,-TCNQ3 and 5-TCNQ:

respectively, were mounted inside a standard QD powder capsule attached to the standard QD
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brass sample holder. The temperature dependence was measured in the temperature range 5 — 400
K in magnetic fields up to uoH = 3 T, and the magnetic field dependence of magnetization was

measured in fields up to £ 7 T.

X-ray diffraction

Single crystal measurements for 1-I[' TCNQ and 1>-TCNQs-MeCN and 5-TCNQ> were performed
on an Oxford Diffraction Xcalibur Nova R (microfocus Cu tube) equipped with an Oxford
Instruments CryoJet cryostat and for 2-TCNQ>-MeCN on a dual source (Mo/Cu) Rigaku Oxford
Diffraction Synergy S diffractometer equipped with an Oxford Cryosystems Series 800 cryostat.
The program package CrysAlis PRO [44] was used for data reduction and numerical absorption
correction. Single-crystal X-ray diffraction data for 3>*TCNQ3 were collected at the Rossendorf
Beamline (ESRF / Grenoble, France) [45] equipped with a Si(111) monochromator and two Pt
coated mirrors. The single-crystal data were recorded with a Pilatus3 X 2M detector (Dectris) with
an excitation energy of 20000 eV / wavelength 0.6200926 A. The monochromator energy was
calibrated against the first inflection point of the K-absorption edge of a Mo metal foil, tabulated
as 20000 eV. The diffraction measurements were performed in shutterless mode with an angular
step size of 0.1° and a counting time of 0.1s per frame. The detector geometry parameters were
calibrated with PyFAI [46] using a powder pattern of the NIST 660c standard LaBes. Experimental
data were collected using the Pylatus software [47] and treated using the SNBL ToolBox [47] and
CrysAlisPro [44].

The structures were solved using SHELXS97 [48] and refined with SHELXL-2017 [49]. Models
were refined using the full-matrix least squares refinement; all non-hydrogen atoms were refined

anisotropically. Hydrogen atoms were located in a difference Fourier map and refined as riding
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entities. In 2-TCNQ>-MeCN an acetonitrile molecule is disordered about an inversion centre, So it

was refined using geometric and rigid-body restraints. The crystals of 3,"TCNQ3 are twinned

1 0 1
according to a twin law [O -1 0 ], so the structure was refined as a twin with 18 % of the
0O 0 -1

minor component. The data were cut off at 0.80 A as data quality was insufficient above this
threshold.

Molecular geometry calculations were performed by PLATON [50] and molecular graphics
were prepared using ORTEP-3 [51], and Mercury [52]. Crystallographic and refinement data for

the structures reported in this paper are shown in Table 5.

Table 5 Crystallographic, data collection and refinement data.

Compound 1> TCNQs'MeCN  1-I'TCNQ 2-TCNQ2'MeCN 3> TCNQ3
Empirlical C78Hs9Nos C20Hi16ING C3sH30N12 C74H42N2o
ormula
fn‘:)rlrfula Wt g 3465 467.29 630.72 1211.28
Colour black black black black
ol ososassao $50X0% 021 % 01 3 038000
Space group P1 C2/c 12/m P2i/c
alA 7.8050(2) 8.1193(3) 10.1504(3) 29.0602(6)
b/A 13.4525(5) 13.5467(5)  6.4646(2) 11.5161(3)
¢/ A 16.7606(6) 19.0588(9)  26.7934(8) 19.7924(6)
al® 80.776(3) 90 90 90
g/e 81.830(2) 99.593(4) 98.494(3) 109.859(3)
y/° 83.955(2) 90 90 90
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zZ
VA3

Dca]c / g Cl’l’l-3
Al A

4/ mm’!
@ range / °
T/K

Diffractometer
type

Range of 4, k, [

Reflections
collected

Independent
reflections

Observed
reflections

(I=2o0)

Absorption
correction

T min, T max
Rint

R (F)

Ry (F?)

Goodness of fit

H atom treatment

No. of parameters

1
1713.28(10)
1.305

1.54179 (CuKa)

0.664
3.34-75.77
293(1)

Xcalibur Nova

-1<h<9;
-16 <k <15;
21 <1<20

16581

8648

8321

Multi-scan

0.8754; 1.0000

0.0191
0.0372
0.1130
1.012
Mixed
937

4
2066.96(15)
1.502

1.54179
(CuKa)

12.298
4.71 -75.96
293(2)

Xcalibur
Nova

-10<h<9;
-16 <k <13;
-22<1<23

5425

2127

1898

Multi-scan

0.1329;
1.0000

0.0520
0.0640
0.1905
1.051
Constrained

123

2
1738.85(9)
1.205

1.54179 (CuKa)

0.613
3.34-79.38
293(2)
Synergy S
-12<h<12;

8 <k<6;
33<1<33

11731

2039

1821

Multi-scan

0.5061; 1.0000

0.0338
0.1295
0.4346
2.067
Constrained

133

2
6229.8(3)
1.291

0.56356

0.053
1.52 - 40.67
100(2)

Pilatus3 X
2M

—66 < h < 66;
—26 <k <26;
—45<[<45

439755

11124

10370

Multi-scan

0.7800;
1.0000

0.0758
0.0696
0.2250
0.851
Constrained

848
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No. of restraints 0 0
A maxs, A min A7 0499,
Apmax, Apmin (€A~ 169. 0,149 1.639;-0.761  0.994; -0.688
) 0.384
Table 5 Cont'd.
Compound 4-TCNQ3 5- TCNQ:
Empirical formula C47H24N14 Cs6Hi612No
Formula wt. /g mol" ;0 ¢, 828.38
Colour black black
Crystal dimensions / 0.40 x 031 x 0.24 0.35 x 0.05 x
mm 0.04
Space group Cm P1
al A 7.7355(3) 6.6609(2)
bl A 19.2004(8) 16.3488(5)
clA 13.2123(6) 17.1075(7)
al® 90 61.533(4)
p/° 91.810(4) 82.226(3)
y/° 90 80.160(2)
Z 2 2
ViA3 1961.37(14) 1610.51(11)
Deaic / g CIT(l_3 1.329 1.708
1.54179
Al A 1.54179 (CuKa) (CuKa)
4/ mm’! 0.679 15.673
O range / ° 3.35-79.58 2.94-76.48
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T/K 293(2)
Diffractometer type  Synergy S
9<h<9;
Range of 4, k, [ 24 <k <22;
-16<I<15
Reflections collected 7848

Indepqndent 3789
reflections
Observed reflections

3011
(I>20)
Absorptlon Multi-scan
correction
Tmin, Tmax 03290, 1.0000
Rint 0.0227
R (F) 0.0524
Ry (F2 ) 0.1619
Goodness of fit 0.849
H atom treatment Constrained
No. of parameters 301
No. of restraints 2

ApPmax, APmin (eA*3) 0.308; -0.242

293(2)
Xcalibur Nova
S<h<T7,

-19 <k <20;
21<1<21
14741

6639

6165

Multi-scan

0.0561; 1.0000
0.0498

0.0544

0.1534

0.959
Constrained
424

0

1.823; -2.085
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S1 ORTEP drawings

Figure S1 ORTEP drawing of TCNQ moiety in 1-I'TCNQ with atom labelling scheme.
Displacement ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as

spheres of arbitrary radii.

45



Figure S2 ORTEP drawing of five symmetry-independent TCNQ moieties in 12-TCNQs-MeCN
with atom labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and

hydrogen atoms are shown as spheres of arbitrary radii.

Figure S3 ORTEP drawing of TCNQ moiety in 2-TCNQ>-MeCN with atom labelling scheme.
Displacement ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as

spheres of arbitrary radii.
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Figure S4 ORTEP drawing of four symmetry-independent TCNQ moieties in 3>-TCNQs with
atom labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and

hydrogen atoms are shown as spheres of arbitrary radii.

Figure S5 ORTEP drawing of two symmetry-independent TCNQ moieties in 4-TCNQ3 with atom
labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and hydrogen

atoms are shown as spheres of arbitrary radii.
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Figure S6 ORTEP drawing of two symmetry-independent TCNQ moieties in S-TCNQ; with atom
labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and hydrogen

atoms are shown as spheres of arbitrary radii.

Figure S7 ORTEP drawing of 1 cation in 1-[' TCNQ with atom labelling scheme. Displacement
ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as spheres of

arbitrary radii.

Figure S8 ORTEP drawing of two symmetry-independent 1 cations in 1>°TCNQs-MeCN with
atom labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and

hydrogen atoms are shown as spheres of arbitrary radii.
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Figure S9 ORTEP drawing of 2 cation in 2-'TCNQ2>MeCN with atom labelling scheme.
Displacement ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as

spheres of arbitrary radii.
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Figure S10 ORTEP drawing of two symmetry-independent tetrazolium cations in 32-TCNQ; with
atom labelling scheme. Displacement ellipsoids are drawn for the probability of 50 % and

hydrogen atoms are shown as spheres of arbitrary radii.

Figure S11 ORTEP drawing of 4 cation in 4-TCNQ3 with atom labelling scheme. Displacement
ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as spheres of

arbitrary radii.
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C13
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Figure S12 ORTEP drawing of 5 cation in 5-TCNQ: with atom labelling scheme. Displacement

ellipsoids are drawn for the probability of 50 % and hydrogen atoms are shown as spheres of

arbitrary radii.
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S2 Geometry of TCNQ moieties

Table S1 Bond lengths in TCNQ radicals (A). Only symmetry-independent bonds are listed.

1 TCNQs 1, TCNQs 1, TCNQs 1, TCNQs 1, TCNQs I1TCN 2 TCNQy

MeCNA  MeCNB MeCNC  MeCND  MeCNE Q MeCN

C1-C2 1.415(3) 1.418(3) 1.436(3) 1.416(3) 14183)  1.435(13)  1.425(6)

C2-C3 1.421(3) 1.404(3) 1.377(3) 1.417(3) 14173)  1422(12)  1.414(5)

C2-C9 1.410(3) 1.424(3) 1.4303) 1.412(3) 14103)  1.287(14)  1.407(6)

C3-C4 1.423(3) 1.433(3) 1.442(3) 1.423(3) 14233)  1.391(10)  1.418(6)

C3-C10 1.420(3) 1.423(3) 1.437(3) 1.417(3) 1.4253)  1.420(11)  1.429(6)
C4-C5 1.366(3) 1.352(3) 1.345(3) 1.359(3) 13603)  1.353(12)  1.353(5)

C5-C6 1.415(3) 1.432(3) 1.443(3) 1.425(3) 1.424(3) 1.424(6)

C6-C7 1.421(3) 1.405(3) 1.374(3) 1.416(3) 1.407(3) 1.403(5)

C6-Cl1 1.421(3) 1.428(3) 1.444(3) 1.409(3) 1.425(3) 1.432(6)
C7-C8 1.416(3) 1.423(3) 1.432(4) 1.416(3) 1.416(3) 1.418(6)

C7-C12 1.403(3) 1.416(3) 1.428(3) 1.4133) 1.417(4) 1.397(6)
clo-Cl1 1.362(3) 1.361(3) 1.3433) 1.368(3) 1.363(3) 1.361(5)
CI-N1 1.151(3) 1.147(3) 1.138(3) 1.151(3) 1.157(3)  1.144(14)  1.147(7)

C8-N2 1.152(3) 1.144(4) 1.135(4) 1.150(3) 1.148(3) 1.103)  1.171(8)

C9-N3 1.154(3) 1.1473) 1.1423) 1.154(3) 1.149(3) 1.162(6)

C12-N4 1.147(3) 1.145(3) 1.141(3) 1.148(3) 1.151(4) 1.155(8)




Table S1 Cont'd.

3, TCNQ: A 3, TCNQ; B 3, TCNQ; C 3, TCNQ; D 4TCNQ; A 4-TCNQ; B
C1-C2 1.433(4) 1.421(4) 1.428(4) 1.443(4) 1.428(4) 1.424(5)
C2-C3 1.401(4) 1.422(4) 1.418(4) 1.386(4) 1.394(4) 1.407(6)
C2-C9 1.434(4) 1.425(4) 1.426(4) 1.436(4) 1.422(5) 1.415(6)
C3-C4 1.431(4) 1.420(4) 1.438(4) 1.441(4) 1.428(4) 1.425(5)
C3-C10 1.443(4) 1.440(4) 1.420(4) 1.448(4) 1.436(3) 1.434(5)
C4-C5 1.364(4) 1.366(4) 1.369(4) 1.362(4) 1.354(4) 1.361(6)
C5-C6 1.436(4) 1.431(4) 1.441(3) 1.428(5)
C6-C7 1.398(4) 1.415(4) 1.389(4) 1.405(6)
C6-Cl11 1.434(4) 1.434(4) 1.429(4) 1.435(5)
C7-C8 1.434(4) 1.426(4) 1.417(5) 1.417(6)
C7-C12 1.425(4) 1.430(4) 1.420(4) 1.420(6)
C10-C11 1.367(4) 1.366(4) 1.355(4) 1.364(6)
CI-N1 1.161(4) 1.168(4) 1.154(4) 1.157(4) 1.139(4) 1.143(7)
C8-N2 1.152(4) 1.160(4) 1.148(5) 1.153(6)
C9-N3 1.152(4) 1.159(4) 1.162(4) 1.155(4) 1.142(5) 1.149(7)
C12-N4 1.164(4) 1.157(4) 1.150(4) 1.150(7)
Table S1 Cont'd.
5 TCNQ: A 5 TCNQ: B

C1-C2 1.421(7) 1.431(7)

C2-C3 1.388(6) 1.392(5)

C2-C9 1.422(6) 1.413(6)
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C3-C4 1.439(5) 1.442(5)

C3-C10 1.433(7) 1.433(6)
C4-C5 1.361(6) 1.348(5)
C5-C6 1.436(7) 1.425(7)
C6-C7 1.404(6) 1.402(6)
C6-Cl1 1.430(5) 1.435(5)
C7-C8 1.413(6) 1.425(7)
C7-C12 1.426(7) 1.424(8)

C10-C11 1.357(6) 1.350(5)

Table S2 Charge of TCNQ radicals, estimated by geometric correlations proposed by
Kistenmacher et al. [28]. Bond lengths in 1-I- TCNQ are not accurate enough and did not yield

reasonable estimates of charge.

ring A ringB ringC ringD ringE

1> TCNQs-MeCN -1.08 -0.68 -0.11 -1.00 -0.89

2:'TCNQ2'MeCN  -0.88

3> TCNQ;3 -0.51 -0.85 -0.85 -0.19
4 TCNQ;s -0.50 -0.75
5 TCNQ2 -0.55  -0.50

S3 EPR results
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Figure S14 X-band EPR spectra (in arbitrary units) of 1-I'TCNQ recorded at different
temperatures between 120 and 400 K.
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Figure S15 X-band EPR spectra (in arbitrary units) of 1>-TCNQs-MeCN recorded at different
temperatures between 120 and 400 K.
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Figure S16 X-band EPR spectra (in arbitrary units) of 2-TCNQ2-MeCN recorded at different
temperatures between 120 and 400 K.
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Figure S17 X-band EPR spectra (in arbitrary units) of 3,'TCNQ; recorded at different
temperatures between 120 and 400 K.
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Figure S18 X-band EPR spectra (in arbitrary units) of 5-TCNQ; recorded at different temperatures
between 120 and 400 K.
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Figure S19 Temperature dependence of ge;values for samples a) 1- ' TCNQ, b) 1>" TCNQs-MeCN,
¢) 2-TCNQ2'MeCN, d) 3-TCNQ; and e) 5-TCNQx.

b)

59



EPR linewidth (mT)

EPR linewidth (mT)

0.30

0.29

0.28

0.27

0.26

0.25

0.24

100 150 200

0.20

0.18

0.16

0.14

0.12

0.10

100 150 200 250 300 350 400 450

250 300 350 400 450

T(K)

c)

|
!

T(K)

EPR linewidth (mT)

EPR linewidth (mT)

0.20
018 F
K
- ..
016
N o 6
L o @
o [ ]
014 [ P55
B [ )
C [ _J
012
0107 PO TS T ST W NN T S SN ST W T S T T ST S (N ST AT S T ST W
100 150 200 250 300 350 400 450
T (K)
0.26
. @9
‘e e
0.24 |- °
022 |
B ( J
0.20 -
L oo
C ( ) [ J °
018 .. Po,
L )
L o @
0.167\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\

100 150 200 250 300 350 400 450

T (K)

60



0.30

’I: 0.28?

E

< - ~0~oo

i) r e °® ooeme

S 026 Y )

[} L {_J

£ ® o

@ )

T i

w024+
0.227\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\

100 150 200 250 300 350 400 450

T(K)

Figure S20 Temperature dependence of ERP linewidth for samples a) 1'I'TCNQ, b)
1" TCNQs'MeCN, ¢) 2-TCNQ2'MeCN, d) 3, TCNQ3 and e) 5-TCNQa.
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Figure S21 Temperature dependence of A/B ratio as a measure of the asymmetry of the EPR lines
for samples a) 1' ' TCNQ, b) 1>*TCNQs-MeCN, c) 2-TCNQ2-MeCN, d) 3, TCNQs3 and e) 5-TCNQx.
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Figure S22 Temperature dependence of magnetic susceptibility with subtracted diamagnetic
contributions (see table S3).
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Table S3 Calculated diamagnetic contribution to susceptibilities in emu/mol f.u. using tables
from ref. [33]. These contributions are subtracted from the total susceptibility of the sample
(shown in Fig. 10 in the main text), and the resulting susceptibility y - ydia is shown in Fig. S22.

I'TCNQ | 1, TCNQs-MeCN | 2.TCNQ2MeCN | 3, TCNQs 5. TCNQ;
2.0866-10* | -6.6084 - 10 3.2238-10% | -4.9592-10* | -3.2072-10%
0I04 _ .l T: ; K T T T T T

0.01

2 - TCNQ, - MeCN

Figure S23 Dependence of the measured magnetic moment on magnetic field for
2-TCNQ2-MeCN measured at different temperatures (symbols) compared to magnetization

calculated using Eqg. (SI 1) (lines).

The magnetization data plotted in Fig S23 are compared to
M (H, T)=ci Nag us S Bj(g, S, H, T) + (1-ci) yipuar (1) -H + yo-H (SI'T)

where the first term containing the Brillouin function Bj(g, S, H, T) represents the contribution of
impurities and the second term is the contribution of the S = 1/2 chain. Third term represents the
temperature-independent contribution. Na is Avogadro's constant, g is the electron g factor
obtained from EPR, up is Bohr magneton, S is spin, H is the applied magnetic field. The values of
¢i and J are taken from the results of the fit of the susceptibility to Eq. 1 in the main text. We see

that the same model describes the measured M vs. H curves very well.
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Figure S24 Dependence of magnetic moment on magnetic field measured at T =5 K for a)
1-1-TCNQ, b) 1> TCNQs-MeCN, ¢) 32-TCNQz and d) 5-TCNQ>. The solid red line represents the
S = 1/2 Brillouin function for several percent of unpaired spins. The hysteresis observed for
32-TCNQs and 5-TCNQ:2 suggests a weak ferromagnetic state might be the ground state of these

two systems.
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