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ABSTRACT: In the solid state the properties of organic radicals depend heavily on radical-radical
interactions that are influenced by the superstructure of the crystalline phase. Here, we report the
synthesis and characterization of a substituted tetracationic cyclophane, cyclobis(paraquat-p-1,4-
dimethoxyphenylene), and outline how its bisradical dicationic redox state associates with the
methyl viologen radical cation (MV**) to give a trisradical tricationic inclusion complex. The
(super)structures of the reduced cyclophane and this 1:1 complex in the solid-state deviate from
the analogous (super)structures observed for the reduced state of cyclobis(paraquat-p-phenylene)
and that of its trisradical tricationic complex. Titration experiments with a range of guests reveal
that the methoxy substituents on the para-xylenyl do not influence significantly of the binding
affinity of the cyclophane for small neutral guests, whereas the affinity decreases by an order of
magnitude for larger radical cationic guests such as MV*". X-Ray diffraction reveals that the solid-
state structures of the tricationic trisradical complexes to be a discrete entity with weak
intermolecular orbital overlap between the neighboring complexes. Transient nutation EPR
experiment and DFT calculations confirm that the complex has a doublet spin configuration in the
ground state as a result of the strong orbital overlap within the complex, while the quartet-state
spin configuration is higher in energy and so is inaccessible at ambient temperature. The
superconducting quantum interference device (SQUID) measurement reveals that trisradical
tricationic complexes interact antiferromagnetically (J/k = - 2.33 K) and form a 1D Heisenberg
antiferromagnetic chain along the a-axis in the crystal. These results offer new insights into the

design and synthesis of organic magnetic materials based on host-guest inclusion complexes.
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B INTRODUCTION

Chemists and materials scientists have long been attracted to open-shell organic molecules that
exhibit conductive' or magnetic? light emissive’ behavior and their use* assembly of smart
functional materials. Compounds containing m-conjugated radicals’ are highly attractive in this
regard since they are able to form a wide variety of well-defined supramolecular assemblies on
account of [m*—m*] interactions between their open-shell m-orbitals, e.g., discrete dimers,® (slipped)
1D stacks,”® and both 2D’ and 3D'® networks. The way in which n-radicals assemble at the
supramolecular level is often dictated by a combination of electrostatics, steric constraints and
orbital overlap, such that altering these parameters by introducing'' molecular synthons into the
molecular structures can have dramatic repercussions on both their assembly and their properties.
For example, discrete dimers of m-radicals in solid-state crystal superstructures result in
diamagnetism and are insulating,'> whereas infinite [n*—n*] stacking’ gives rise to conductive
properties and/or magnetic bistability.!* Because unpaired spin densities are prone to dimerize as
a result of o-bond formation, the development of organic magnets based on organic radicals
requires a fine-balance between the inhibition of radical-radical spin pairing and enhancing the
strength magnetic exchange interactions between the neighboring spin centers. In addition, on
account of the small spin anisotropy in organic radicals, the magnetic interactions must propagate
in all 3D in order to achieve long-range magnetic order. For instance p-NC-CsF4NSSN* displays
3D interactions between the spin centers (S= ' ) and behaves'* as a canted antiferromagnet at 36
K at ambient pressure, and its critical temperature increases up to 70K at high pressure,'> while
the O2N-CsF4sNSSN* behaves!® as a ferromagnet at 1.6 K. Another aspect of the development of
organic magnetic materials has been oriented towards the development of high-spin organic

radicals in the ground state. For instance, Rajca et al.?® reported the observation of magnetic
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properties comparable to those of insulating spin glasses and blocked super-paramagnets in an
organic m-conjugated polymer with a very large magnetic moment. More recently, a benzene-
1,3,5-triaminyl radical fused with three Zn"-porphyrins offering a triradical macromolecule, which
has been shown to possess a quartet ground state with a doublet—quartet energy gap of 3.1 kJ mol ',
has been reported.!” Furthermore, superconducting quantum interference device (SQUID)
measurement reveals the existence strong intramolecular ferromagnetic interactions alongside
weak intermolecular antiferromagnetic interactions. In this context, developing strategies to form
polyradicals species, combined with careful control their self-assembly in the solid state, is of
paramount importance in advancing the design and synthesis of smart functional materials with
tailored or specific properties and applications.'® Our approach to achieving this goal utilizes host-
guest chemistry in forming m-polyradical supramolecular complexes, combined with the
incorporation of functional groups in order to induce stereoelectronic control in the crystal
superstructures.

The neutral phenalenyl'® radical (PLY"), and the cationic radical forms of tetrathiafulvalene®®
(TTF*) and viologen®! (V*"), all represent (Figure 1a) well-known classes of compounds that have
been targeted for the development of electronic and magnetic materials. All three radicals partake
in [r—n] bonding?? in their open-shell configurations and are redox-active and capable of forming
a triad of stable redox states.”'"?* In the past three decades, interest in the bipyridinium (BIPY?")
unit in particular—along with its radical cationic (BIPY"") version and fully reduced (BIPY")
forms—has expanded?* to a considerable extent under the auspices of supramolecular chemistry,
as a consequence of its eminent synthetic accessibility and its incorporation in a plethora of
macrocycles. One of the most well-known macrocycles (Figure 1b) derived from BIPY?*, is the

cyclophane cyclobis(paraquat-p-phenylene)®> (CBPQT*") that comprises a pair of BIPY?" units
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linked by para-xylylene spacers.?® Importantly, the reversible redox behavior of the two

24¢ a triad of

constituent BIPY?" units is preserved in the CBPQT** cyclophane, which also exhibits
redox states—namely, (1) the fully oxidized (CBPQT**), (2) diradical dicationic (CBPQT?2(")
and (3) fully reduced (CBPQT?") forms. The electrochemical properties of CBPQT** enable the
strength of the noncovalent bonding interactions that it forms with guest molecules to be controlled
using redox chemistry, a property which has facilitated the incorporation of this cyclophane into a

24227 well-defined superstructures,?® mechanically interlocked

variety of host—guest complexes,
molecules® and molecular machines.’® One trailblazing feature of CBPQT*" is the ability of its
bisradical dicationic form (CBPQT2Y) to associate®! with the methyl viologen radical cation
(MV*"), giving rise (Figure 1b) to a stable trisradical tricationic inclusion complex
(CBPQT>oMV3¢)), This host-guest complex is formed through radical-radical interactions
between the BIPY™" units present in both CBPQT?*? and MV*"". In the solid state, interactions
between the m-radicals of adjacent CBPQT>MV3") complexes give rise’ to the formation
(Figure Ic) of a continuous n-stacked superstructure, which we have harnessed previously to
produce®® a semiconducting device.

Although studies have shown that changing the electronic and steric parameters of substituted
BIPY" and CBPQT2(" radicals alters the strength of their radical-radical interactions in
solution, the ‘tunable’ assembly of trisradical tricationic complexes in the solid state, which may

have implications for electronics applications, has yet to be realized. The BIPY"" radical cations

tend to overlap in such a way that they either pair to form a n-dimer**—canceling out their spins—

28a,32 35,36

or continuous diamagnetic m-stacks. The vast majority of examples of m-stacks have been
found to contain an even number of BIPY " units, resulting in the cancellation of their radical spins

and leading to diamagnetic (EPR silent) assemblies. This observation highlights the importance of
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the trisradical tricationic complex,®? as it consists of an uneven number—in this case three—
BIPY " units that may give rise to a doublet (total spin of S = 1/2) or a quartet (S = 3/2) state.
Herein, we describe the synthesis (Scheme 1) and characterization of cyclobis(paraquat-p-1,4-
dimethoxyphenylene) tetrakis(hexafluorophosphate) (1°4PFs), in which the -electron-poor
paraquat units are separated from each other by electron-rich 1,4-dimethoxyphenylene (DMP)
linkers. The presence of these electron-rich linkers has a dramatic effect on the self-assembly of
both the bisradical dicationic cyclophane (122PFs) and its trisradical tricationic inclusion complex
([1>MV]*3PFes) when compared to that of the parent unfunctionalized cyclophane CBPQT*4PFs.
The host—guest chemistry of 1°4PF¢ with tetrathiafulvalene (TTF) and 1,4-dimethoxybenzene
(DMB) is examined in both the solid state and solution and the redox behavior of 1°4PFs is
characterized by cyclic voltammetry. The binding strength between the bisradical dicationic
cyclophane, 122PFs, and the methyl viologen radical cation, MVePFg, was probed by UV—Vis
spectroscopy.

The solid-state (super)structures of 1°2PF¢ and [1>MV]*3PFs were obtained from X-ray
diffraction studies. The trisradical tricationic inclusion complex [1>DMV]*3PFs——consisting of
1°2PFs and MVePFs—was found to display a distinctive offset-stacking between the inclusion
complexes, with minimal [n—r] overlap between the BIPY " units of adjacent cyclophanes leading
to the persistence of its paramagnetic properties in the solid state. This observation is in stark
contrast to the continuous m-stacks present®? in the case of [CBPQT>MV]*3PFs. We therefore
investigated the possibility of the inclusion complex [1>DMV]*3PFs being a discrete open-shell
entity, comprised of three radical centers, in the solid state using a combination of X-ray diffraction

analysis, CW- and pulsed EPR spectroscopy and DFT calculations.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

B RESULTS AND DISCUSSION

Synthesis and characterization of 1°4PFes. We began our investigation by synthesizing the
cyclophane 1e4PFs, which was obtained®’ in two steps from 4,4'-bipyridine and 2,5-
bis(bromomethyl)-1,4-dimethoxybenzene, in an overall yield of 10% (see Scheme 1 and the
Supporting Information for details). It is noteworthy that although the synthesis of 1#4PF¢ has been
reported previously by Rajakumar et al.>®*, they were unable to isolate 1#4PFs as a pure compound.
Moreover, its synthesis and characterization were not described. On common with previous

reports3$:4Y

of cyclophanes containing both electron-poor bipyridinium units alongside electron-
rich moieties, 194PF¢ exhibits a yellow color in both the solution and solid state, an observation
which is suggestive of intramolecular charge transfer interactions between the neighboring
methoxy groups and bipyridinium units. This observation was corroborated by the presence of a
broad absorption band at A = 390 nm (¢ = 3857 M~'cm™) in the UV—Vis spectrum (Figure S5 in
the SI). The "H NMR spectrum (Figure 2) of 1#4PFs, recorded in CD3CN at 293 K, reveals a broad
signal centered on 5.73 ppm, which can be attributed to the diastereotopic protons, undergoing site
exchange, on the bridging methylene groups, which are desymmetrized on account of the presence
of the two methoxy groups on each of the linking para-phenylene rings. This broad signal, which
separates out into an AB system in the 'H NMR spectrum, enables the barrier to rotation*' of the
DMP linkers to be quantified at AG* = 15.2 kcal mol™!. Two crystalline polymorphs of 14PFg,
occupying the space groups P1 (orange-colored cuboids) and P21/n (yellow irregular plates), were
obtained (Figures S8 and S9 in the SI) by vapor diffusion of ‘Pr,O into a solution of 1#4PFs in
MeCN at room temperature. The two polymorphs exhibit subtle features in their superstructures

that can be distinguished by differences in their [n---n] and van der Waals interactions that manifest

themselves between the cyclophanes involving their DMP linkers. Similar packing arrangements
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were observed in crystals grown from solutions of 1¢4PFs in MeOH, Me.CO and MeCN/H>O
mixtures. See CIF files in the SI. In all instances, the DMP linkers do not exhibit any disorder and
exist as only one of the two possible conformational diastereoisomers*> of 1e4PFg, i.e., that
belonging to symmetry point group Con. In addition, the intramolecular distance between the
oxygen and nitrogen atoms in these crystal superstructures was found to be approximately 3.3 A,
a distance that is ideal for an intramolecular charge transfer to take place between the electron-rich
DMP linkers and the electron-poor BIPY>" units.

Complexation of TTF and DMB by 1°4PFs in solution and the solid state. With the
tetracationic cyclophane 1#4PFsto hand, we sought to determine if the presence of the DMP linkers
had any effect on its host—guest chemistry in comparison with CBPQTe*4PFs. Hence, we
conducted a series of 'H NMR titrations in which incremental additions of solutions of both
tetrathiafulvalene’’*** (TTF) and 1,4-dimethoxybenzene* (DMB) in CD3;CN were made to a
solution of 1#4PFsin CD3CN. The addition (Figures S12—S14 in the SI) of both TTF and DMB to
a solution of 1°4PFs resulted in significant shifts in the 6 values of selected protons on 1#4PF¢s—as
expected for complexation—and the data were fitted to a 1:1 binding isotherm.”” The binding
affinities (expressed as K, values) of 1¢4PF¢ toward DMB and TTF were found to be 26 =2 M
and 9450 + 1290 M, respectively, i.e., both K, values are on a par with those reported***’
previously for CBPQT*4PFs. We also investigated the binding of DMB by 1¢4PFs using
isothermal calorimetry (Figure S15), which revealed a binding affinity of 28 = 1 M in MeCN. It
is worth noting that the inclusion of a guest molecule inside the cavity of 1*" in solution restricts
the rotation of the DMP linkers, resulting in the separation of the broad signal at 5.73 ppm in the
'H NMR spectrum into two separate peaks, arising from the resonances for the diastereotopic

protons on the bridging methylene groups. Having determined the effect of incorporating the DMP
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linkers on the binding of electron-rich guests in the solution phase, we turned our attention to
investigating the complexation behavior of 1°4PF¢ toward DMB and TTF in the solid state.
Crystals of [IDTTF]*4PFs and [1>DDMB]*4PFs were grown by vapor diffusion of ‘Pr2O into a
mixture of 1#4PF¢ and either TTF or DMB in CD3CN, yielding green and red-colored crystals,
respectively. X-Ray diffraction analysis revealed (Figures S10 and S11 in the SI) that the guest
molecules in both [1IDTTF]*4PFs and [1DDMB]*4PF¢ reside in the center of the binding cavity
of the tetracationic cyclophane, and that both host—guest complexes contain only the isomer of 14*
that belongs to the symmetry point group Con. The packing geometries of [1DTTF]*4PFs and
[1>DMB]*4PFs are very similar, forming unidirectional tubular and layer-like superstructures,
resulting from the propagation of the [rt---mt] interactions.

Cyclic voltammetry of 1°4PFe. Cyclophane 124PFs displays two fully reversible redox waves
(Figure S7 in the SI) at Ei2 (1) =—=795 mV and E1» (2) = —1235 mV, each representing a two-
electron transfer process to form (i) the bisradical dication, and subsequently (ii) the fully reduced
neutral cyclophane. In comparison with the redox waves at Ei» (1) = =765 mV and E1» (2) =
—1200 mV for CBPQT*4PF¢ (dashed trace in Figure S7) under the same conditions, the cyclic
voltammogram of 1°4PFs exhibits cathodic shifts of 30 and 35 mV, respectively. This cathodic
shift can be ascribed to the presence of the electron-donating DMP linkers in 1#4PFg, causing each
reduction event to occur at lower potentials than those of CBPQT<4PFs.

X-Ray diffraction analysis of the bisradical dication 1°2PFs. Considering the potentials
of the redox waves of 1°4PFs, we used Zn dust to generate the corresponding bisradical dicationic
species—namely, 1°2PFs—in MeCN under an inert N> atmosphere. After removing the excess of
Zn dust by filtration, the filtrate containing 1#2PFs was subjected to vapor diffusion with ‘Pr2O at

room temperature, giving rise to dark blue block-like crystals. When these crystals were
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investigated (Figure 3) by X-ray crystallography, they revealed a nearly rectangular unit cell with
space group C2/c. In contrast to the crystal (super)structures obtained for of 1+4PF¢ and its related
host—guest complexes, the DMP linkers in 1-2PF¢ were found to be disordered, indicating the
presence of both possible conformational isomers. The 4,4'-C—C bond length of the BIPY"" units
of the cyclophane is 1.44 A and exhibits a torsion angle of 4°, which is typical®* for BIPY " radical
cations and—combined with the requisite number of PFs~ counterions—confirms the presence of
the bisradical dication. The cavity size of 12" is of dimensions 7.4 x 9.9 A, deviating significantly
from those in CBPQT?""), which has*? dimensions 6.9 x 10.2 A. The solid-state superstructure
displays (Figure 3) a staggered stacking of cyclophane layers with offset [n---m] interactions of 3.4
A (Figure 3e) between the DMP units of adjacent cyclophanes and [n*---n*] radical-radical
interactions that are offset by 49° with a remarkably short [n*-n*] distance of 2.9 A (Figure 3e).
This radical-radical interaction is, to the best of our knowledge, the shortest observed between
BIPY"" units in the solid state. These data show a clear discrepancy compared with those
observed® in the case of CBPQT‘" and pyridine and thiophene linked tetracationic
cyclophanes,®*® which all exhibit offsets of 0° and [n*---n*] distances in the range of 3.1-3.4 A.
The strong [*---n*] overlap between the BIPY" units and the increased width of 12¢?) by 0.5 A
compared to CBPQT2() suggests that the electron rich nature of the DMP function groups reduces
the electrostatic repulsion between viologen units as evidenced by the binding free energy
calculations (vide infra). In order to conduct a more detailed investigation of the chemistry of 12,

we sought to investigate its binding behavior with MV<PFg in solution.

Binding studies of 1.2PFe¢ with MV*PFe. The ability of 122PF to form a trisradical tricationic
inclusion complex with MVePFs was investigated by UV—Vis—NIR spectroscopy in MeCN.

Firstly, we obtained the absorption curve for 1¢2PF¢, which shows (Figure S6 in the SI) features

10
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that were nearly identical to those of CBPQT<*2PFs, with absorption maxima at A = 390 and
560-660 nm with a shoulder at 720 nm, the last of which is characteristic of the presence of BIPY""
units.>! 3 The absorption spectrum of 1#2PFs also showed no evidence of intermolecular radical-
radical interactions between cyclophanes at micromolar concentrations—indicated by the lack of
any absorptions in the region of 900 nm. In order to characterize the formation of trisradical
tricationic inclusion complexes with 122PF¢, we elected to titrate a solution of the methyl viologen
radical cation (MV+PFs) into a solution of 1°2PFs. The addition of aliquots of MV +PFs to a solution
of 1°2PF¢ was accompanied (Figure S15a in the SI) by an increase in absorption in the NIR region,
peaking at A = 1080 nm and indicative of the formation of a trisradical tricationic complex,
analogous to the behavior reported?* for the parent cyclophane CBPQT<2PFs. The titration
experiments were carried out in triplicate and gave an association constant (K,) for [1I>DMV]*3PFs
of (Ka= (4.9 £0.9) x 10> M), which corresponds to a reduction in K, by an order of magnitude
when compared with that (K, = (3.9 £ 0.5) x 10* M')*! for CBPQT*2PFs. In contrast, inclusion
complexes of the oxidized form, 1°4PFs, are of comparable strength to the analogous inclusion
complexes formed by CBPQTe*4PFs. Most likely, the steric hindrance provided by the DMP
linkers is responsible for the decrease in the affinity of the 1#2PF¢ towards the MV*" radical cation.
Noteworthy, the affinities of the 1°4PFs and CBPQT*4PF¢ towards small molecules such as TTF
or DMB are comparable indicating, therefore, that the influence of the steric hindrance of the DMP
linkers in the formation of host-guest complexes is more important when the guest molecule is of
longer. Indeed, whilst the length MV*" is ~10.6 A, the lengths of TTF and DMB are ~7.7 and
~8.0 A, respectively i.e., much shorter. These results indicate that the functionalization of para-

xylenyl linkers in of CBPQT*4PFs with methoxy groups will have a dramatic influence on the

11
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synthesis of rotaxanes and other molecular interlocked molecules incorporating cyclobis(paraquat-

p-1,4-dimethoxyphenylene).

X-Ray diffraction analysis of [1DMV]*3PFe. In order to investigate the solid-state properties
of [1I>DMV]*3PFs, we grew crystals (Figure 4a) of the inclusion complex—which manifested
themselves as dark blue plates—by vapor diffusion of ‘Pr20 into an equimolar solution of 1e2PFg
and MVePFs in MeCN. As in the case of the inclusion complexes of the oxidized cyclophane—
namely, [I>DMB]*4PFs and [1>TTF]*4PFs—the preferred conformational isomer of 12 in the
solid state has its DMP linkers oriented syn-periplanar with respect to each other, expressed in
terms of symmetry by the Con point group. The torsion angle (Figure 4b) about the 4,4'-C—C bonds
of the BIPY"" units of the cyclophane is 4°, whilst the cyclophane cavity has the dimensions
6.6 x 10.1 A, indicating a significant shrinking upon complexation when compared to the cavities
of 1#* (Figure S8 and S9 in the SI) and 12¢" (Figure 3) by 0.3 and 0.8 A, respectively. Although

this shrinkage is typical®**

in trisradical tricationic inclusion complexes, it is more pronounced
here than in the case’! of CBPQT2" upon complexation with MV**. The DMP linkers show
(Figure 3c, e) intermolecular offset stacking with the DMP linkages of adjacent cyclophanes, with
distances of 3.3 A between the oxygen and carbon atoms at the 2-position of the DMP units.
Surprisingly, the superstructure of [1>MV]*3PF; also reveals (Figure 4) an offset stacking of the
inclusion complexes, with minimal [n*---7*] overlap between the BIPY"" units in adjacent

cyclophanes, an observation that is extremely rare."

The absence of face-to-face [m*---m*]
interactions between the BIPY"" units led us to consider this complex as a discrete trisradical entity
with a well-defined electronic configuration. It is important to take note of the equidistant

positioning of MV** in the center of 12¢") with a centroid-to-centroid separation of 3.3 A, similar

to that (3.2 A) observed™ in inclusion complexes involving CBPQT®*") and other**® derivatives.

12
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Since there is no thermal disorder observed, according to the X-ray diffraction analysis, both MV**

and 12¢Y are not involved in any dynamic vibrational processes at 100 K. Therefore, we
hypothesized that in the solid state the electron density is shared equally among the three BIPY""
units in the inclusion complex—with no exclusive spin-pairing between BIPY " units**—which

may give rise to a doublet or quartet state for each discrete inclusion complex.

EPR Spectroscopic studies on [1DMV]*3PFs. In order to gain a better understanding of the
electronic properties of the trisradical inclusion complex [1>DMV]*3PFs in the solid state, we
performed continuous wave (CW) and pulsed EPR spectroscopy. The paramagnetism of the
crystalline powder of [I>DMV]*3PFs was confirmed (Figure 5a) by solid-state CW-EPR
spectroscopy at 77K, revealing an EPR resonance with a g-factor of 2.0036. At room temperature,
an electron spin echo signal with spin—lattice and spin—spin relaxation times of 71 = 1.2 us and 7>
= 0.28 us, respectively, was observed for [1>MV]*3PFs, enabling further characterization using
pulsed EPR methods. A transient nutation experiment (Figure 5b) was carried out in order to verify
the electron spin quantum number, S, of the paramagnetic species in [I>MV]*3PF¢. Note that the
nutation frequency was normalized to that of an S = 1/2 reference—namely, 1,3-bisdiphenylene-
2-phenyl allyl (BDPA) radical. With respect to this reference, [1>MV]*3PF¢ has a normalized
frequency of 0.8, which is less than the value expected for a total spin configuration of S = 1/2 and
excludes the presence of possible higher electronic states. The pulsed-EPR data show that thermal

excitation to a quartet state is not feasible for this inclusion complex.

DFT Calculations on [1DMV]*3PFe. In order to gain a better understanding of the solid-state

(super)structure of 1?*" and [1>MV]®* and to be able to compare these interactions with those
exhibited by CBPQT?**" and [CBPQT>MV]®Y, we turned our attention to density functional

theory (DFT) calculations. Figures 6 and 7 show the various binding energy and orbital

13
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interactions in the single crystal of the [1o2MV]®™" complex. The superstructures for these
calculations were obtained from the single crystal data and their properties were computed in
vacuum at two DFT levels, the first with a generalized gradient approximation with ‘built in’
Grimme’s second generation dispersion, B97D, and a Pople-type double zeta basis set with two
polarization functions, 6-31+G(d,p).2'® The second theoretical level is the range-separated Becke
three-parameter Lee-Yang-Parr (CAM-B3LYP) hybrid functional, with an Ahlrich’s triple zeta
basis set with one polarization function (two was found to be too computationally costly)
Def2-TZVP, and Grimme’s third generation dispersion with Becke-Johnson damping (D3BJ). We
can consider these two levels as a lower and a higher DFT level, respectively. Both levels compare
comparatively well, and more computational details are provided in the Supporting Information.
The electronic binding energies (defined as products minus reactants) for the formation of the
[1oMV]6* complex from its constituent components, 139 and MV*, are large and positive
(Figure 6a). This observation is a consequence of to the Coulombic repulsion between the three
positive charges, along with concomitant repulsion between the three electrons. We can infer,
however, that the doublet state is relatively more stable than the quartet state and that the only
major difference between the two DFT levels is the fact that the doublet—quartet energy difference
at the higher level is half (—6.45 kcal mol™!) that at the lower level (—12.84 kcal mol™!). Either way,

the doublet is favored as was observed experimentally in EPR spectroscopic studies.

An analysis of the structure and arrangement of the hexafluorophosphate (PFs") counterions, as
well as their interactions with [1>MV]®*Y, is shown in Figure 6b. The counterions are located
around the corners, labelled as A, B and C. Anion C is located at a corner, yet the ‘third’ positive
charge lies on the MV** fragment, this location for anion C could be a result of anion—anion

repulsion between the PFs species, leading to the observed arrangement that minimizes the

14
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repulsion but maximizes the interaction with the [1IoMV]®). The overall binding energies are
large and negative, as expected, from the interaction between the positive [1I>2MV]@*" and the
negative hexafluorophosphate counterions. Yet, there are also the repulsive interactions between
the individual positive charges and between the negative charges not explicitly considered. This
behavior is observed in the overall binding energy of the three anions with the [1I2MV]@*" species,
which is only twice that of one binding interaction whereas it might be expected to be three times
as much. This discrepancy is clear evidence of the competing interactions between the individual
positive and negative charges. Nevertheless, the energies are negative and hence favorable.
Although the numbers are large, this outcome is anticipated from computing solid state structures
in the gas phase. Therefore, one approach in future studies will be to compute the equilibrium

structures with a solvation continuum which gives binding energies with more realistic values.*’

Next, the doublet—doublet and quartet—quartet interactions (Figure 6¢) present in the superstructure
were probed. Unsurprisingly, the binding energies are large and positive across both DFT levels,
which are in agreement with each other. These unfavorable interactions arise from the repulsion
between six positive charges, three from one [1I>MV]G*" and three from another [1>MV]¢*.
Interestingly, the binding energy of the AB pair is, relatively, more favorable in their doublet—
doublet states than in their quartet—quartet states, yet this is reversed with the AC pair. It could be
that in the solid state, there is a mixing of these states across the single crystal to minimize the
system to its lowest energy. We see the same phenomenon with the [CBPQToMV]® system
(Figure S21c). Apart from their single crystal structures, the only discernible electron energy
differences between the two superstructures is that the methoxy groups tend to lower the repulsive
binding, owing to their electron donating nature, which decreases the positive charge density on

the cyclophane molecule in [I>DMV]*3PFs. With this observation in mind, we suggest that the
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offset stacking observed for the [I>DMV]*3PFs complexes, as opposed to the continuous m-stack
observed for [CBPQT>MV]*3PFs, may well result from to interactions of the complex with the
PFs counterions, driven by the methoxy groups that lower the cation charge interactions through
electron induction. Indeed, our calculations indicate (Figure 6b) that the binding energies of
[1IDMV]3¢" toward the 3PFs  counterions is greater than that observed (Figure S22b) for
[CBPQToMV]3¢Y, when considering either the counterions individually or all the counterions
together.

The frontier orbitals are presented in Figure 7 for the doublet and quartet states, respectively; again,
these were computed at both DFT levels for comparison. In each state, the highest occupied
molecular orbital (HOMO) is comprised of a single electron, as confirmed with the alpha—beta
spin difference density (Figure S18 and S19). In the quartet state, the HOMO-1 and HOMO-2 are
also singly-occupied non-degenerate energy levels (Figure S20), with an energy separation
between them of 0.3-0.7 eV depending on the DFT level. In the doublet state, the wavefunction
for the HOMO occupies top and bottom of 1, while in the quartet state, the HOMO wavefunction
is spread over the MV*" too. Thus we can expect any photochemistry that is stimulated from optical
excitations to occur on these sides of the box, if in the doublet state. If in a triplet state, the whole
structure is susceptible, except for the methoxy substituted p-phenylene pillars. Another striking
feature is that their FMO energies are remarkably low, around —10 and —12 eV for the lower and
higher DFT levels, respectively. These low FMO energies evidently arise from the positive charges,
as the LUMO and HOMO energies for the [1>MV]*3PFs system in the quartet state at the lower
DFT level (B97D/6-31+G(d,p)) are —3.183 eV and —4.294 eV respectively, with a gap of 1.11 eV

(Figure S20); the doublet state proved challenging to converge with these counterions so only the
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quartet was considered and although it will provide different Eigenvalues to the doublet, the FMO

trends should be retained.

SQUID measurements. We probed the magnetic bulk properties of crystalline samples of
[1I>DMV]*3PFs using a SQUID magnetometer. In the crystal superstructure, the intermolecular
interactions between the bipyridinium units of neighboring [1>DMV]*3PFs complexes are of length
3.3 A and propagate along the a-axis (Figure S7) to form a regular chain. In addition from the DFT
and EPR investigations, the trisradical [1>MV]*3PFs complex has a total spin configuration of S
= Y. Therefore, the magnetism of [1>DMV]*3PFs can be modeled as a one-dimensional

antiferromagnetic Heisenberg chain with the spin Hamiltonian:

n
A= —]z Si Si+1
i=1

The temperature dependence of the magnetic susceptibility y and 1/y of a crystalline sample of
[1>MV]*3PFs are presented in Figure 8. A fit of the data to Curie—Weiss behavior afforded C =
0.362 cm?-K-mol™! consistent with § = 1/2 and g ~ 2.0 (0.375 cm?-K-mol!). The Weiss constant
(6 = —2.38 K) is indicative of weak antiferromagnetic interactions between the trisradical
tricationic entities. Upon cooling y7 decreases slowly, consistent with weak intermolecular
antiferromagnetic coupling between radicals with S = 1/2 configuration. The y7 value decreases
markedly below 30 K to reach a minimum of 0.191 c¢cm®-K-mol™! at 1.80 K. Using the Bonner-
Fisher equation,*® and by setting the g value to 2.0023 (based on EPR studies) a single parameter
fit gave J/k=—2.33 K. Above 100 K, the cT increases and deviates from the uniform chain (Figure
S23 in the SI), which indicates a structural phase transition. This change of magnetic response is
explained by fluctuations in the intermolecular interactions. This observation is in line with a
recent report® that showed the 9-anthracenyl-1,2,3,5-dithiadiazolyl radical forms one-dimensional
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antiferromagnetic chains that undergo several phase transitions from uniform to irregular chains

upon a change of temperature.

B CONCLUSIONS

We have described the synthesis and characterization of a new tetracationic cyclophane,
cyclobis(paraquat-p-1,4-dimethoxyphenylene), 1¢4PFs, namely a tetramethoxy derivative of
cyclobis(paraquat-p-phenylene), CBPQTe*4PFs. Although 1¢4PFs reveals similarities with
CBPQT*" with respect to its affinity toward TTF and DMB, the bisradical dication 1¢2PFs showed
a distinctly lower affinity toward MV*" on forming the trisradical tricationic inclusion complex
[1I>DMV]*3PFs—when compared to that of [CBPQT>MYV]*3PFs—indicative of the existence of
a steric hindrance between the DMP linkers and the MV** radical cation. X-Ray diffraction
analysis revealed that the DMP linkers exercise a profound influence on the packing of both 12PFg
and [1>DMV]*3PFs. The trisradical trication inclusion complex [1>DMV]*3PFs also shows a
significant offset separation of 3.3 A between the rims of adjacent cyclophanes, with minimal 7-
overlap. Using a combination of CW- and pulsed EPR spectroscopy, [1>DMV]*3PFs was found to
give rise in the solid state to a CW-EPR resonance and a spin echo signal that is indicative of the
existence of a discrete open-shell unit with § = 1/2. This observation is confirmed by DFT
calculations on [1>MV]*3PFs which reveal a very large energy gap between the doublet and
quartet states as a result of the large orbital overlap between the three bipyridinium (BIPY ™) units.
The formation of supramolecular paramagnetic centers based on noncovalent synthesis offers a
number of opportunities to fine-tune electronic properties and generate high spin organic species
through careful adjustment of the dimensions of cyclophanes’ cavities. Our results indicate that
the functionalization of cyclobis(paraquat-p-phenylene) with electron-rich—in this case DMP—

linkers perturbs the interactions between adjacent cyclophanes in the solid-state and alters
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fundamentally the assembly mode of their trisradical tricationic inclusion complexes in the solid
state. DFT calculations suggest that, although there is lower repulsion between trisradical
tricationic complexes formed by the more electron rich 192PFs, which should enable the
[1oMV]**") complexes to pack more closely, there are enhancements in the interactions between
[1IoMV]?) and the surrounding hexafluorophosphate counterions. SQUID measurements
indicates that this unique paramagnetic host-guest trisradical complex forms 1D Heisenberg
antiferromagnetic chains at low temperatures. Future investigations need to be devoted, not only
to tuning crystal superstructures to form discrete trisradicals, but also to tuning the cavity size of

the cyclophanes in order to stabilize the quartet state electronic structure in the ground state.
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Captions of Schemes and Figures

Figure 1. a) Structural formulas of the radical cationic forms of methyl viologen (MV™),
tetrathiafulvalene (TTF™) and the neutral radical phenalenyl (PLY"). b) Illustration of the
trisradical tricationic inclusion complex formed between CBPQT?" and MV"*. ¢) Space-filling
representations of crystal superstructures of the continuous m-stacks formed by CBPQT?"* (left)
and [CBPQT>MV "] (right) in the solid state. BIPY?* units are blue. BIPY " units are purple.

Scheme 1. Synthesis of 1°4PF.

Figure 2. '"H NMR Spectra recorded in CD3CN at different temperatures illustrating the separation
of the resonances for the diastereotopic protons H* and H® into a set of two doublets with a geminal
coupling constant of approximately 13 Hz. The chemical shift difference between the two
resonances (Av), the coalescence temperature (7¢) and the rate constant (k.) were obtained, and the
Eyring equation (inset, top right) used to calculate the rotational barrier of the DMP linkages.

Figure 3. Tubular representations of the solid-state (super)structure of 12" with point group C2/c.
a) Plan-view of 12", illustrating the dimensions and angles of 12¢*). b) Top-view of two reduced
cyclophanes showing the twisted radical-radical interaction with a torsion angle of 49°. ¢) Top
view of reduced cyclophanes in plane showing van der Waals interactions between methoxyl
groups. d) Top view of superstructure with PF¢ counterions. e) Layer of cyclophanes illustrating
the separation between the BIPY™™ and DMP units of adjacent reduced cyclophanes. In all
illustrations except d), PFs counterions are not shown for the sake of clarity.

Figure 4. Tubular representations of the solid-state (super)structure of trisradical tricationic
inclusion complex [1oMV]*¢) with point group PI. a) Microscopy photograph of a single crystal.
b) Superstructure of [IoMV]?") illustrating its cavity size, angles and interactions. c¢) Side-on and
plan views of [1I>MV]*¢?), indicating strong offset stacking. d) Side-on view of the superstructure
of [1IoMV]**") with PFs counterions positioned between the reduced complexes that are
organized in offset stacking layers. e) Layer of complexes illustrating separation between the rims
of the reduced cyclophanes. In all illustrations except d), PFs counterions are not shown for the
sake of clarity.

Figure 5. a) CW-EPR spectrum of [1>DMVe*3PFs] as a crystalline powder. b) Measured nutation
frequency of [1>DMVe3PF6] overlaid with that of the 1,3-bisdiphenylene-2-phenyl allyl radical
(BDPA) as a reference, indicating a spin configuration close to S = 1/2.

Figure 6. Calculated binding energy interactions in the solid state for both the doublet and quartet
states at two levels of DFT as color coded: green (B97D/6-31+G(d,p)) and blue
(CAM-B3LYP/Def2-TZVP/D3BJ). a) The structure and bindings of [Io2MV]3¢Y, b) the structure
and bindings of 1°3PFs. ¢) the solid-state superstructure interactions between [1I>MV]3¢? units.

Figure 7. The highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) of [1I>2MV]*¢? for a) the doublet state and b) the quartet state, at both levels of
DFT as indicated: green (B97D/6-31+G(d,p)) and blue (CAM-B3LYP/Def2-TZVP/D3B)J).

Figure 8. a) Tubular representation of a series of [1>MV]3¢" trisradical tricationic complexes,
illustrating the propagation of intermolecular interactions along the a-axis. b) Left: Temperature
dependence of the magnetic susceptibility for the trisradical tricationic inclusion complex
[1I>DMVe3PFg]. Inset: 1/y vs T following Curie-Weiss behavior. Right: Temperature dependence
of c¢T for [I1>DMVe*3PFs]. Experimental data (circles); red line is the fit to a regular Heisenberg
antiferromagnetic chain (J/k = —2.33 K).
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