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Crystal structures of alkali salts of tetrahaolgenosemiquinone anion radical acetone solvates
and their solvent-free salts are determined. p-Semiquinone anion radical reveals enhanced
aromaticity of the ring compared to the quinone. A pair of p-stacked radical anion (p-
semiquinone) rings occurs in crystal structures of potassium and rubidium salts of
tetrachlorosemiquinone anion acetone solvates and their potassium tetrabromo analogue. The
ring centroid separation distances are about 3.2 A and carbon—carbon contacts between the
contiguous rings are 0.3 A shorter than the sum of van der Waals radii. The spin-coupling of
the two unpaired electrons between the two anion radical rings (forming a stacked dimer)
correlates with the diamagnetic property of the crystals. Magnetic properties of alkali salts of
tetrahaolgenosemiquinone anion radical acetone solvates were examined by electron
paramagnetic resonance spectroscopy.

Introduction

Quinones and semiquinone radicals undergo easily reversible oxidation—reduction
reactions and they are excellent electron carriers. Due to influence of the functional groups,
quinones may have various values of the standard redox potential. The oxidation potential of
the quinones with electron-donating groups such as —OH, is lower, and with electron-
withdrawing groups such as —Cl and —NO2, the potential becomes higher. These unique
electron properties of quinones are exploited for syntheses, both, in laboratory and by nature
in vivo.'? Substituents on the quinoid ring modify electron density affecting oxidation
potential and stability of the semiquinone radical (Scheme 1). Perhalogenated benzoquinones
are easily reduced and their radicals are rather stable; four electronegative substituents make
electron density in the ring significantly lower. Sodium and potassium salts of
tetrachlorosemiquinone anion radical were first prepared in 1912 by Torrey and Hunter® by
reaction of alkali iodide and tetrachloroquinone in acetone. Green salts with formulae
NaCgCi10, and KCgC,40; precipitated from cold acetone but quickly decomposed upon
heating. During the last fifty years perhalogenosemiquinones were studied by various
techniques: EPR,*® UV/Vis’ and IR/Raman spectroscopy® ** and computational methods.
Several charge-transfer systems involving tetrachloro-1,4-benzoquinone (C14Q)***° and
tetrabromo-1,4-benzoquinone (Br4Q),%** where radical anions can be stabilised under
appropriate conditions, have also been designed. A crystallographic study of
tetrachlorosemiquinone radical anion—in its well-known potassium salt3—was attempted in
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1973% using a film method (Weissenberg camera). However, due to an extremely weak
diffraction of poor crystals the authors could only determine unit cells of two polymorphs at
room temperature. Due to a low number of observed reflections (146 out of 1100 theoretically
observable ones using Cu-Ka radiation) the space groups were tentatively assigned. The alkali
salts of tetrahaolgenosemiquinone with an anion radical can crystallise with organic
solvents.?*? It was discovered that the physical properties of the crystalline solvated forms
are strikingly different to those of solvent-free forms.?*? For acetone solvate of potassium
tetrachlorosemiquinone, a very low paramagnetic susceptibility was observed.?® The change
of physical properties of solvent-free potassium tetrachlorosemiquinone were detected by
cooling the sample below the phase-transition temperature (220 K).% %% The researchers
involved in these studies did not managed to crystallise the desired compounds until Zanotti
and Del Pra®’ reported the crystal structure of an acetone solvate of potassium
tetrachlorosemiquinone (room-temperature data) in 1980. The crystal structure of the low-
temperature phase of the potassium tetrachlorosemiquinone has not been reported, yet.
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Scheme 1 Oxidation/reduction reactions of tetrahalogenquinones/tetrahalogenohydroquinones. X is Br or Ci.

In the above mentioned studies, it is not always clear that chemical composition of
samples was what was meant to be; the radical salts are dark-red but not green as described
by Torrey and Hunter.? The radicals easily disproportionate and turn from red to green colour.
We provide evidence (details on sample preparation and X-ray structures) that the radical salts
are dark-red and by quick decomposition in air at room temperature they turn into
quinhydrones which are green compounds.

Semiquinones per se are generally not stable enough to form crystals suitable for X-
ray measurements. However, they can be stabilised by electron-transfer processes. Recently,
several osemiquinone complexes with transition metals have been prepared;?*2 the crystal
structure of unsubstituted p-benzosemiquinone radical stabilised by a low-barrier hydrogen
bond was studied by X-ray diffraction and EPR spectroscopy.® The electron transfer process
significantly affects the electronic structure of the semiquinone radical and its geometry, both,
C-O bonds and quinoid ring skeleton.®*’

We report crystal structures of a series of alkali salts of tetrachloro and
tetrabromosemiquinone radical anion (Cl1,Q ™ and Br,Q ™) where the negative charge is
balanced by an alkali cation (Scheme 2, Table 1). The radical anions are stabilised by
spincoupling of unpaired electrons of contiguous tetrahalogenosemiquinone rings forming
diamagnetic dimeric species as described by intermolecular association of charged -
radicals.®%



Mol&anov, K., Koji¢-Prodi¢, B., Babi¢, D., Zili¢, D., Rakvin, B. (2011), “Stabilisation of tetrabromo- and
tetrachlorosemiquinone (bromanil and chloranil) anion radicals in crystals“, CrystEngComm, Vol.13, No.16, pp.5170-5178.

— _ ] X= CI, M = K*, Rb*, NH4+
X=BrM=K*
X X
=Q Me,CO solvates
X X
X =Br; M= Na*, Rb*
Q

— — solvent-free

Scheme 2 Alkali salts of semiquinone radical anion discussed in this paper.

Table 1 List of compounds discussed in this paper®

Na* K Rb* NH,*
Cl,Q- N S S N
BryQ- A S A

4 §: acetone solvates: A: solvent-free salts; N: salts prepared but crystals
were too small and unstable to be used for X-ray measurement.

Results and discussion
Colour changes are associated with redox reaction in the crystals

Tetrachlorosemiquinone radical anion salts were considered to be green.®”? However, the
freshly precipitated sample (Fig. 1a) is dark-red; in air it turns to green. The green substance
looks to be crystalline (Fig. 1b) but it does not diffract at all whereas darkred crystals diffract
well. This finding explains ‘poor crystallinity of the sample’ reported by Konno et al.;*® the
sample they measured was not crystalline. However, the green sample retains radical
properties for several days.

The crystals quickly decompose in air due to a loss of acetone and eventually (after
several days) disproportionate into a quinhydrone like salt of the formula M,CgX40,$CsX40;
(M is an alkali metal and X CI, Br). Upon heating® or long standing in air (weeks to months)
the green salt is slowly oxidised back into tetrahalogenoquinone (yellow, Fig. 1b). An
analogous example is p-benzosemiquinone/quinhydrone system;* the radical crystals are red
and the quinhydrone crystals are green. p-Benzosemiquinone precipitated from a protic
solvent is red (radical) but disproportionates into quinhydrone (turns to green) within a few
days. It has been a unique example of a reversible single crystalto-single crystal redox
reaction.*

Crystals of acetone solvates: KCI,Q™ Me,CO, RbCl,Q" Me,CO and KBr,Q" Me,CO
are very unstable. Thin plate-like crystals are formed 10-15 min after addition of solid alkali
iodide into the solution of tetrahalogenoquinone (Fig. 1a).
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a)

Fig 1 Crystals of KCl,Q Me,CO: a) immediately after removing from acetone solution, b) a several day-old dry sample of KCl,Q’
Me,CO turned to K,C;Cl,0, CsCl;,0, (small yellow crystals are tetrachloroquinone).

The larger plates are stable in air for 2—-3 min, just enough to be manipulated and flash-cooled,
before decomposing into the green substance (Fig. 1b). Similar behaviour was observed for
NH4Cl,Q" Me,CO and NaCl,Q " Me,CO, however the full data sets for these two compounds
could not be measured due to small size (<0.02 mm) and instability of the crystals. The unit
cell parameters of the ammonium salt (see Experimental section) suggest isostructural
relationship (at the level of non-hydrogen atoms) with the structures of KC14Q" Me2CO,
RbCI,Q" Me,CO and KBrsQ" Me,CO.

Solvent-free salts, NaBr,Q " and RbBr,Q" exposed to air are stable for 1-2 days. Both
compounds reveal similar crystal morphology. RbBrsQ" sample is stable to survive even
roomtemperature measurement (see Electronic Supplementary Information for detailst).

Although the stoichiometry gives the most direct evidence of the presence of the
radical (a positive alkali cation must be balanced by an anion, Cl4Q "~ or Br4Q'~, which has an
odd number of electrons: 111 and 193, respectively) an additional experimental evidence of
unpaired electron was attempted by electron paramagnetic resonance (EPR) spectroscopy.

Electron paramagnetic resonance spectroscopy

The EPR spectra of single crystals of KCI,Q™ Me,CO, RbCIl,Q " Me,CO (Fig. 2) and KBr,Q"
Me,CO were recorded at room temperature. The intensities of the recorded spectra of KCI,Q"
Me,CO and RbCl,Q" Me,CO were significantly smaller than the intensity of KBr,Q " Me,CO
(for a few orders of magnitude). The EPR spectra could be approximated with simple
Lorentzian singlet lines. The spectra of KCI,Q™ Me,CO and RbCI,Q" Me,CO show similar
peak-to-peak line-widths, W z 0.5 mT, with effective g-values, g z 2.005 (Fig. 2) whereas the
spectrum of KBrsQ " Me,CO revealed broader singlet line, Wz 4 mT with g z 2.011.

In order to investigate temperature behaviour of the employed compounds, the EPR
spectra of the crystals were recorded in the temperature interval 295-360 K. The samples of
KCl,Q™ Me,CO and RbCl,Q" Me,CO show sudden increase in spectral intensity (by 1-2
orders of magnitude) at about 330 K and 350 K, respectively (Fig. 2a and b); after heating
these samples up to 360 K and cooling down to 295 K, the signals exhibit a paramagnetic
behaviour. The spectra of KBrsQ " Me,CO revealed an intensity increase with 1/T in the whole
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monitored temperature interval typical of paramagnetic dependence. The obtained EPR results
support diamagnetic properties of KCI,Q™ Me,CO and RbCI,Q" Me,CO at room temperature.
Diamagnetism of these samples could be explained by coupling of unpaired electrons of two
closely positioned radical anions (formation of a dimer) in their crystal packing (see section
on Crystal packing). After heating of the samples, paramagnetic behaviour was detected (EPR
signal became strong).

KCI.Q Me,CO RbCI,Q -Me,CO Qo
4 2 4 2
o0 O O
3K - 380K 1 o
—335K |
g=2.005, W=0.3 mT —— 354K /
J / g=2.004, W=0.6 mT
SR o) 3
¢ o / (@]
& i
> .
2 |
320 35 330 335 310 .g
B (mT) = |20 325 330 335 340
B (mT) %
0]
© oo0oo o000 OO0 0O GIES
310 ‘ 320 ' 330 , 340 ' 350 T T T T T 1
290 300 310 320 330 340 350 360
T(K
" T (K)
a) b)

Fig 2 Intensity of EPR signal as a function of temperature for the single crystal of a) KCl4Q Me2CO and b) RbCl4Q’
Me2CO; Insert: EPR spectra recorded at temperatures around the transition from diamagnetic to paramagnetic state

However, KBrsQ  Me,CO revealed a strong EPR signal already at room temperature,
which can be assigned to paramagnetic state. This sample is unstable even at room
temperature as revealed by X-ray diffraction data. The partially decomposed crystals yielded
an inferior structure with high R and residual electron density (see Experimental section).

To understand change from diamagnetic to paramagnetic state the disintegration of a
crystal was examined. The crystal structure of KCI4,Q™ Me,CO collapses upon loss of acetone
at 325 K as determined by thermogravimetric and differential thermal analysis; the collapse of
the crystal structure is also confirmed by a lack of diffraction pattern. Upon standing in air the
solvate loses acetone, and becomes paramagnetic within a couple of hours. Single crystals
begin to degrade a few minutes after removal from the solution. By disintegration of the
crystal lattice, dimers do not survive any more and the monomeric anion radical, which is an
electron carrier, survives for a certain period (several days in air and several months in a
sealed tube) during which the paramagnetism is detected. Upon decomposition of the crystal
lattice due to loss of acetone, uncoupling of electron spins took place and accordingly EPR
signal gained in intensity that is characteristic of paramagnetic behaviour.

Quantum-chemical calculations were done for semiquinone radical pairs at short and
long distances in the crystal structure of KCI1,Q" Me,CO. According to the results obtained by
the broken symmetry DFT and the CAS-MP2 methods, for the pair at short distance, the
antiferromagnetic singlet state is more stable than the triplet by 5.7 and 5.6 kcal mol™,
respectively. For the other pair, the triplet state was more stable by 0.01 kcal mol™ (DFT) and
by 3.3 kcal mol™ (CAS-MP2). It supports the conclusion that the diamagnetic character at low
temperatures is a consequence of the antiferromagnetic pairing, while a small increase of the
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distance between the adjacent anion radicals could invert the order of the singlet and triplet
states and result with the occurrence of paramagnetism.

Geometry of the semiquinone radical anion

The anions reveal no crystallographic symmetry (Fig. 3) except in NaBr4Q" (with an anion
symmetry Ci). In NaBr4Q " and RbBr4Q" the rings are planar within experimental error, but in
acetone solvates they are slightly puckered. Cremer—Pople ring puckering parameters t*° for
Cl4Q'" anions are 2.6 (RbCl,Q " Me,CO) and 2.8 (KCI,Q " Me,CO); for Br4Q ™ anions they
are 3.4 and 4.3’ (KBr,Q" Me,CO). Puckering was also observed in the room temperature
structure of KC1,Q™ Me,CO?" which occurs due to sterical hindrance of chlorine substituents.

Bond lengths in anions (Tables 234142 and 3%%) agree well with theoretically

predicted values;***%% geometry of the semiquinone radical anion is more similar to a
quinone than to a hydroquinone. In aromatic hydroquinone rings, all C—C bonds are nearly
equal, whereas in quinoid rings, well-defined single and double C—C bonds occur.** In
semiquinone radicals, C2—C3 and C5-C6 bonds are significantly longer (1.36-1.37 A) than
double bonds in quinoid rings, while other four bonds (corresponding to single ones in
quinoid rings) are significantly shorter (1.45—1.46 A) than single C—C bonds. C—O bond
lengths (1.24—1.26 A) are also longer than double bonds observed in quinones, and the bond
order is about 1.5. Their bond lengths varied more than bond lengths of carbon skeleton; in
tetrabromosemiquinone, differences in C—O bonds deviate about 0.03 A (Table 3) and these
changes can be attributed to polarization of the anions by alkali cations.
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Fig 3 ORTEP drawings of a)Cl,Q" anion KCl,Q’ - Me,CO, and Br,Q’ anions in b) RbBr,Q" and c) in NaBr,Q" with atom
numbering schemes (applied to all structures discussed). Displacement ellipsoids are drawn with the probability of 50%.
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Aromaticity of tetrahaolgenosemiquinone radical anions was assessed by the
component of a shielding tensor* (nucleus independent chemical shift, NICS) that is
orthogonal to the ring plane calculated along the axis perpendicular to the semiquinone ring
and passing through its centroid (Fig. 4). The results were compared with the HOMA
indices* derived from the calculated bond lengths in the quinone ring. Both quantities are
commonly used as quantitative aromaticity indicators.*’*® The aromaticity indicators were
calculated for the neutral quinone, semiquinone radical anion and hydroquinone dianion both
with the hydrogen atoms on the quinone ring left unsubstituted and substituted by Cl and Br.

The NICS profiles for neutral quinone species are typical for nonaromatic molecules,*
while those for hydroquinone dianions are typical for aromatic species, although notably less
aromatic than the prototype benzene. The profiles obtained for semiquinone molecules are
halfway between these typical cases, as one could expect on the basis of the resonance
structures in Scheme 1. The HOMA values (Table 4) display the same characteristics. Both
indicators show increasing trend of aromaticity along the sequence X Br < Cl<H.

According to quantum chemical calculations, hydrogen bonds significantly influence
geometry of p-benzosemiquinone radical anion:*¢ C—0 bond is elongated and the geometry
of the ring becomes more similar to a hydroquinone. Our recent crystallographic study
showed that p-benzosemiquinone radical stabilised by two low-barrier hydrogen bonds is
halfway between a quinone and a hydroquinone ring.*® These variations affect the ring
geometry (Table 2) but also redox properties of the system which is interrelated to electron-
transfer capacity.

Crystal packing and p-stacking of the radical anions

Description of the crystal packing of studied salts is focused on the structures of solvates
revealing dimeric stacking of radical anions whereas solvent-free analogues NaBrsQ" and
RbBrsQ" show entirely different crystal packing: in crystal packing of sodium salt there is
stacking of anion radicals similar to those in aromatics (Cg/ Cg of 3.669 A and offset of 1.5
A) whereas in rubidium salt there is no stacking of anion radicals at all (details given in
Electronic Supplementary Informationt). Crystal structures of acetone solvates are
characterised by columns of coordinated cations by n-stacked anions running parallel to the
plane (100) (Fig. 5a and 6). The solvent molecules are packed between these layers. Lamellar
shape of the crystals (Fig. 1a) is compatible with the layered crystal packing. Solvent
(acetone) molecules are embedded in the crystal packing by weak O3/ K*/Rb" interactions.
They occupy approximately 25% of the unit cell volume (Fig. 6).

Table 2 Bond lengths in tetrachlorosemiquinone radical anions presented in this paper. Experimental bond lengths in
tetrachloroquinone (CI,;Q)41 and tetrachlorohydroquinone (HZCI‘;Q)42 and theoretical bond lengths in Cl40™ (CP-PAW13) and
[B3P86/6-3lG(d)]14 are listed for comparison

KCLQ5Me,CO X-ray RbCLQ5Me;CO X-ray Cl4Q X-ray*! H,CLQ X-ray*? ClLQ- CP-PAW"Y ClLQ- B3Pge™
Cl1-C2 1.458 (2) 1.451 (3) 1.488% 1.386 1.458% 1.458
C2-C3 1.361 (3) 1.366 (3) 1.344 1.357 1.371 1.371
C3-C4 1.457 (2) 1.463 (3) 1.490 1.400 1.458¢ 1.458¢
C4-C5 1 454 (3) 1.447 (3) 1,488 1.3867 1.458¢ 1.458"
C5-Co 1.365 (3) 1.372 (3) 1.3444 1.357° 1.371¢ 1.371¢
C6-Cl 1.450 (3) 1.458 (3) 1.4907 1.400¢ 1.458¢ 1.458¢
Cl1-01 1.249 (2) 1.250 (3) 1.211 1.349 1.244 1.244
C4-02 1 243 (2) 1.248 (3) 1.2114 1.3497 1.244% 1.2447
C2-Cll 722(2) 1.724 (2) 1.702 1.743 N/A N/A
C3-CI2 1 721 (2) 1.721 (2) 1.700 1.722 N/A N/A
C5-CI3 1.721 (2) 1.719 (2) 1.7027 1.743" N/A N/A
C6-Cld 1.725 (2) 1.722 (2) 1.700° 1.722¢ N/A N/A

“ Symmetry equivalent.
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Table 3 Bond lengths in tetrabromosemiquinone radical anions. Bond lengths in tetrabromoquinone (Br,Q, details given in
Electronic Supplementary Informationt) and tetrabromohydroquinone (HzBr,;Q)"3 are listed for comparison

NaBr,Q KBr QsMe,CO (A) KBr,Q5Me,CO (B) RbBr,Q Br,Q H,Br Q%
cl-c2 1.47 (2) 147 (2) 1.46 (2) 1.45 (1) 1.483 (5) 1.361
C2-C3 1.36 (2) 1.35(2) 1.39(2) 1.37 (1) 1.326 (6) 1.347
C3-C4 1.46 (2) 144 (2) 147 (2) 1.46 (1) 1.486 (6) 1.390
C4-C5 1.47 2)F 1.46 (2) 1.48 (2) 1.46 (1) 1.483 (5)" 1.3617
C5-C6 1.36 (2" 1.34 (2) 1.34 (2) 1.35 (1) 1.326 (6)" 1.347°
C6-C1 1.46 (2)° 1.43(2) 142 (2) 1.47 (1) 1.486 (6)" 1.390°
Cl1-01 1.25 (2) 1.27(2) 1.25 (1) 1.231 (9) 1.207 (6) 1.366
C4-02 1.25 (2)° 1.26 (1) 1.24 (2) 1.232(9) 1.207 (6)" 1.366"
C2-Brl 1.86 (1) 1.88 (1) 1.88 (1) 1.878 (9) 1.880 (4) 1.882
C3-Br2 1.90 (1) 1.89 (1) 1.87 (1) 1.887 (9) 1.883 (4) 1.894
C5-Br3 .86 (1) 1.91 (1) 1.88 (1) 1.887 (8) 1.880 (4)" 1.882"
C6-Br4 1.90 (1Y 1.90 (1) 1.89 (1) 1.894 (8) 1.883 (4" 1.894°

“ Atom numbering has been altered to conform with other structures in the table. The bond is actually C3-C1; symmetry code /) 2 — x, — /2 + 1, 3/2 — =,
b Symmetry equivalent.

The coordination polyhedra of K and Rb cations are bicapped trigonal prisms (see ESI for detailst).
Rosokha et al.*® examined how alkali cations affect p-interactions of anion radical dimers and observed
three distinctive types of structural arrangements. The ‘separated’ dimers are characterised by large
distances from cations which are nested in the crown-ether cavities. With the other two types, the cations
are exposed and coordinated by oxygen atoms of semiquinone anions. So that ‘tethered” dimers are
bridged by the cations, whereas the ‘non-tethered” do not involve bridging, and the cation simply balances
the anion charge in the ratio 1 : 1. It has also been found that separated p-dimeric anion radicals exhibit
longitudinal offset of the radical monomers (along the molecular O—O axis), in contrast to the tethered
arrangements with a transversal shift. As can be expected on the basis of these findings, the crystal
structures of tetrachloro- and tetrabromosemiquinone potassium and rubidium acetone solvates reveal
cation-tethered p-dimeric anion radicals (Fig. 5b) with transversal shifts of 0.84 and 1.18 A, respectively.
In these arrangements the shortest distance K*/O1 of 2.648(1) A and Rb */O1 of 2.759(2) A are observed
(both contacts involve symmetry operated oxygen species: X, 1/2 , -y, —1/2 + z, see ESI for the complete
coordination spheref).
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Fig 4 NICS values calculated along the axes perpendicular to the quinone ring for the neutral
quinone, radical anion — semiquinone, hydroquinone dianion and benzene molecule.
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Table 4 The calculated C-C bond lengths within the quinoid rings and the HOMA values for
various substituted quinoid species

Bond lengths HOMA

Benzene C-C:1.39 1.00

Dianion. X = Br Cl1 - C2: 1.43 0.49
C2-C3: 1.39

X =1l Cl C2: 1.43 0.69
C2-C3: 1.39

X=H Cl-C2:1.42 0.76
C2-C3: 1.40

Radical anion. X = Br C1-C2: 1.45 0.21
C2-C3: 1.36

X =1 Cl1-C2: 1.45 0.25
C2-C3: 1.37

X=H Cl - C2: 1.44 043
C2-C3: 1.36

Neutral, X = Br Cl-C2: 1.49 —1.00
C2-C3: 1.34

X = Cl1-C2: 1.49 —0.95
C2.C3: 1.34

X=H Cl1-C2: 1.48 —0.61
C2-C3:1.33
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Fig 5 a) Crystal packing of RbCl;Q’- Me,CO viewed down the direction [001]. Acetone molecules are bound to cations by weak
03--Rb" interactions and dispersion interactions connect the layers, which are parallel to (100). A fragment of cation—anion layer
showing a cation-tethered dimer of semiquinone radical anions. Rubidium cations are depicted as spheres of arbitrary radii.
Symmetry operators: i) =x, =y, =z; ii) —=x, y + 1/2, =z + 1/2; iiiy x, =y + 1/2, 2 + 1/2; iv) x, =y + 1/2, 2 + 3/2; v) =%, =y, =1/2, -z + 1; Vi) x, =y
=1,z 1/2; vii) x, =y + 1/2, z— 1/2; viii) =X, y, =z + 1/2; ix) =X, ¥, 2= 1/2; x) x, y — 1/2, z— 1; xi) —x, y + 1/2, =z — 1/2; xii) x, -y, z— 1/2.

Despite similar unit cell parameters (see Experimental section) and similar crystal packing,
KBr4Q $Me2CO has triclinic symmetry whereas CI4Q" salts are of monoclinic symmetry;
KCl4Q $Me2CO and RbCIl4Q $Me2CO are isomorphous. In KBr4Q $Me2CO there are two
symmetry-independent anions (labelled as A and B) and their ring planes are rotated by 50.7,

and two symmetry-independent types of p-stacks occur (Fig. 7).

Fig 6 Crystal structure of KCl,Q $Me,CO with acetone molecules depicted as space filling models. The solvent
molecules occupy about 1/4 of the unit cell volume. They embedded in the crystal packing by weak 03--K*

interactions.
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Fig 7 p-Stacks of tetrabromosemiquinone radical anions in the crystal packing of KBr4Q' Me2CO. Each p-stack is formed
by a single type of symmetry-independent anions (A in blue and B in red). The angle between the mean planes of rings A
and B is 50.7_. Potassium cations are depicted as spheres of arbitrary radii.

Table 5 Geometric parameters of the n---m interactions within dimeric radical anions in the low-temperature structures

Structure Cg"CglA af fin Cg-plane(Cg2 WA Offset/A Symni. op.
KCLQ - Me,CO 3.209 (1) 0.00 1541 30981 (T) 0.838 e T A
RbCL Q- Me, CO 3.240 (1) 0.00 16.09 31129 (%) 0.898 2 ox, 02
KBr Q Me,;CO (A rings) 3204 (7) 0.00 17.24 3.060(5) 0.950 I —x, 1 —:
KBr Q' Me,;CO (B rings) 3307 (T) 0.00 20.84 3.091(5) 1.177 2-x. 11—l

@ Cg = centre of gravity of the aromatic ring.® « = angle between planes of two aromatic rings. © 8 = angle between Cg:-Cg line and normal to the plane
of the first ring.

However, in Cl,Q™ salts all anions are symmetry-related and parallel (Fig. 5 and 6).

n -Stacks of anions, running in the direction [001] (Fig. 5-7), are the most striking
feature of the crystal structures of acetone solvates. They comprise pairs of stacked rings with
the intra-pair centroid—centroid distances of 3.2 A, only (Table 5); the close carbon—carbon
contacts are 0.3 A shorter than the sum of van der Waals radii. However, these dimers are
stacked further by very weak interactions (centroid distances between pairs are >4.3 A). The
rings are slightly offset (Table 5), but less than usual in pstacks of aromatic rings (typical
centroid and carbon/carbon distances are 3.6—4.1 A and typical offsets are 1.6-1.8 A).°°™° In
acetone solvate of KCI,Q", the change from a stack of radical anions to the stack of dimers is
a temperature dependent rearrangement that affects the magnetic properties of this salt.*>*" In
the room-temperature phase,?’ the centroid distances of anion radicals are 3.46 and 4.16 A,
whereas in low-temperature phase (150 K) these values are 3.20 and 4.38 A. A face-to-face
stacking of quinoid rings with short centroid distances (about 3.3 A) and no offset has already
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been described by us,**” however, those quinoid rings were not radicals. Semiquinone anion
rings are somewhere in between quinoid and aromatic character. n-Electrons are neither
localised nor completely delocalised as in aromatic rings (Tables 2 and 3).

Interactions of delocalised p-systems are therefore attractive rather than repulsive due
to the coupling of unpaired electrons which is confirmed by the lack of the EPR signal at
room temperature. Electron-coupling of two adjacent tetrahaolgenosemiquinone radicals
(characterised as dimers) is also observed in several crystals with n-stacked organic
radicals.>® %

Table 6 Crystallographic, data collection and structure refinement details

Compound KC1,Q- Me, CO RbCLQ - Me, OO KBr,Q)-Me,CO  NaBr,Q) RbBr Q) NH,CLQ- Me, CO
Empirical formula CoHeClLyK O CoHClLiO4Rb CoHegBryO3K CeBry(aNa CeBryO-Rb CoH gClyNOy
Formula wt/g mol~! i 180.4] Shh.48 A46.67 0917 12199

Colour Red Red Red Red Red Red

Crystal dimensions/mm 025 %013 =004 026 016 » 0.12 009 x 0.05 = 001 0.08 = 0.05 » 0.01 0.17 = 0.04 » 0.02 0.03 = 0.02 x <0.0]

Space group PN P Fl P PL Y undefermined
alA 10.4655(1) 10.4749( 1) T.5040(2) B.1909(3) 4.334001) 10.621)
BiA 16.7229(2) 16.9600(1) 10.6229(4) 1.66E9(3) 13.5784(3) 16.95(1)
cfA T.4574(1) T.H663(1) 16.9280(5) 15.5125(6) 174000 3) T.5799)
afl? 90 90 91.426(3) Q0 a0 91.138)
ar 102.892(1) 103.267(1) 91.085(3) 97.712 3) o0 100.7(1)
oL 90 a0 100.728(3) a0 a0 91 4T(8)
£ 4 4 4 2 4 4
FiA® 1272.25(3) 1325.60(2) 1340.92(7) 461.96(3) 1024.02(4) 1339
g em= 1.791 1.951] 2580 1211 1303
pimm™ 11.345 12.518 17.399 21425 24,666
# range® 4.33.75.00 4.34.75.00 261-76.34 5.76-7595 1896612
K 150(2) 1002) 100{2) 1004 2) 100{2)
Diffractometer Lype Xealibur Nova Xealibur Nowva Xealibur Mowva Xealibur Nova Xealibur Nowva Xealibur Nova
Range of i k. f 12<h <13 13<h=13 9=h=<9 9<h<10 d=h=5
18 <k =20 2 = k=21 12 =<k =13 4=k<4 6=k <15
Ha =g Qaf=i 2] == 2] IR=j=<]9 15 =i=2]
Reflections collected 6336 7000 13053 2253 5013
Independent reflections 2601 2704 5485 919 2041
Observed reflections (F == 2oy 2400 2519 JHOR TE4 1953

Absorption correction

Tins T

int

Multi-scan
0. 1980; 0.6350
00284

Multi-scan
0.2200;0.1303

0.0255

Multi-scan
0.8400; 01570
0.0504

Multi-scan
0.B036; 00858
00433

Multi-scan
1.0000; 0.10845
0.0453

R(FH 0.0369 0.0333 0.0787 0.0720 0.0430

Rl 0.0962 00898 0.2330 0.2649 01115

Goodness of fit 1.040 1.074 1.096 1.092 1.104

H atom treatment Free Constriuined Constriined None None

Mo, of paurameters, restraints 178, 0 154, 4 305, 18 616 118, 0

AP Afmide A2 0.555; —0.364 0980, —1.075 4.776; —1.423 17RO 2570 1.359; —0.917
Conclusions

Dimers of tetrahaolgenosemiquinone anion-radical rings with the separation distance of ring
centroids of 3.2 A with offset less than 1 A are the dominant motif in crystal structures of
alkali salts (K™ and Rb™) of tetrahaolgenosemiquinone anion radical acetone solvates. The
close stacking of dimers is characterised by the coupling of two unpaired electrons from the
two contiguous radical anions. The diamagnetic property of their crystals is in agreement with
lack of the EPR signal.

The layers of stacked radical-anion rings are connected by van der Waals interactions
with solvent molecules into the threedimensional crystal structures. About a quarter of the
unit cell volume is occupied by solvent molecules and their interactions, although weak, are
essential for crystal packing and their magnetic properties.
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However, in the crystal packing of solvent-free alkali salts of
tetrahaolgenosemiquinone anion radicals the motifs are different. In NaBr4Q", there is
stacking of anion radicals similar to those occurring in aromatics whereas for crystal packing
of RbBr4Q", halogen/oxygen-cation interactions are predominant and stacking is not
observed. It is obvious that lack of solvent leads to more compact packing that does not leave
enough space for organisation of radical anion dimers. To design crystals of different
magnetic properties one can modulate the size of cation and polarity and size of solvent
molecule.

According to the geometric parameters and NICS profiles, tetrachloro- and
tetrabromosemiquinone rings exhibit intermediate aromaticity in between the aromatic
hydroquinone dianion and nonaromatic neutral quinone.

Experimental
Preparation of the samples

All substances (alkali iodides and tetrahalogenoquinones, acetone) were purchased from
commercial sources (Merck, Sigma-Aldrich, Kemika) and were of p.a. grade. The samples
were prepared according to the method described by Torrey and Hunter.? Excess of solid
alkali iodide was added to a nearly saturated solution of CI,Q or Br4Q in cold acetone (277
K). Crystals large enough for X-ray measurement would appear in 10-15 min, but would
decompose in the solution within the next hour (acetone solvates even faster).

A reaction of Cl,Q and KI was performed in cold methanol and the system behaved
similarly to that in acetone, however the plate-like crystals (probably methanol solvate of
KCI4Q) were too small (<0.01 mm) and extremely unstable and inappropriate for X-ray
measurements. The reason might be low solubility of Cl,Q in methanol.

Data collection and structure determination

The unstable radical crystals required low-temperature measurements (Table 6). The short
life-time of crystals of acetone solvates in air (2-3 min) was just enough to select single
crystals under a stereomicroscope, glue them to a glass needle and mount into a stream of cold
nitrogen gas.

Single crystal measurements were performed on an Oxford Diffraction Xcalibur Nova
R diffractometer (microfocus Cutube, CCD detector) equipped with an Oxford Instruments
Cryojet liquid nitrogen cooling device. Program package CrysAlis PRO® was used for data
reduction and multi-scan absorption correction. The structures were solved using
SHEL XS97% and refined with SHELXL97.% The models were refined using the full-matrix
least squares refinement; all nonhydrogen atoms were refined anisotropically. Hydrogen
atoms were located from difference Fourier map and refined as free entities for
KCl4,Q -Me,CO; in other solvates they were treated as riding entities. The atomic scattering
factors were those included in SHEL XL97.%® Molecular geometry calculations were
performed by PLATON,* and molecular graphics were prepared using ORTEP-3,% and
CCDC-Mercury.®® Crystallographic and refinement data for the structures reported in this
paper are shown in Table 6.

Supplementary crystallographic data for this paper can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving. html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; or
deposit@ccdc.cam.ac.uk). CCDC 815385815391 contain the supplementary crystallographic
data for this paper.
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EPR spectroscopy

Room-temperature EPR measurements were performed on a Bruker Elexsys 580 FT/CW
spectrometer at the microwave frequency 9.6 GHz with the magnetic field modulation
amplitude of 0.1 mT at 100 kHz. Temperature-dependent EPR measurements were performed
on a Varian E-9 spectrometer (at 9.3 GHz) equipped with a Bruker variable temperature unit
(ER 4111 VT), using liquid nitrogen for heating and cooling samples. Since crystals showed
nearly isotropic signal they were placed inside sealed glass capillaries to minimise exposure to
oxygen from air. The air inside capillaries was saturated with acetone vapours, preventing
further evaporation of acetone (and decomposition of crystals) from acetone-containing
compounds. The procedure applied, enables the highly sensitive samples to be preserved for
several days to several weeks.

Ab initio calculations

Al calculations were done with the program package Gaussian 03°%” and the basis set 6-
311++G(2d,2p). When not taken from crystallographic results, the geometries were optimized
by using the B3P86 functional 8% Optimized geometries were confirmed as minima on the
potential energy surface by computation of the Hessian eigenvalues. Nucleus independent
chemical shifts were calculated by the GIAO method”®"* with the Hartree—Fock
wavefunction. Calculations for radical species were performed with unrestricted molecular
orbitals. Singlet and triplet energies of the pairs of semiquinone radical anions were assessed
by the broken symmetry DFT (with the B3LYP functional®®’?) and by the MCSCF method
with the minimum active space spanned by the HOMO and LUMO orbitals. Intermolecular
interaction was estimated by adding MP2 calculation to the CAS result.
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