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ABSTRACT: The dinitroxide bis(TEMPO) bisketal (bTbk) Guests:
was shown to crystallize into open frameworks whose :‘:':‘:
structures were determined by single-crystal X-ray diffraction. > c;dohexane
We show that bTbk can be used as a supramolecular building > diethyl ether
block for the hosting of a plethora of guests inside the 1D ::\?ciEt
channels of its paramagnetic framework, including other » CHCl,

» 1-chloronaphtalene
~ adamantane

» TEMPO

> Cgp

radicals such as TEMPO or 2-azaadamantane-N-oxyl. Cg,
and C,, were also found to be easily included in this open
framework during its crystallization. This resulted in well-
defined, nanostructured assemblies of composite radical
crystals (bTbk/toluene/Cgy or Cyy) or (bTbk/toluene/TEMPO) by a very simple dissolution/crystallization process with
tunable guest content. Selective Cg, extraction was also demonstrated directly from fullerene soot.

1. INTRODUCTION and exhibit reduced robustness upon guest removal.'® More-
over, as far as we know, the inclusion of functional molecules in
large pores has also not been demonstrated for crystals based
on organic free radicals.'! During the past decade, Veciana and
co-workers have reported various studies based on chloro-
triphenylmethyl radicals as multitopic synthons.”'' However,
little attention has been devoted to the use of nitroxides for
similar assemblies.'” Nitroxides constitute a well-known family
of free radicals characterized by a my_g, three-electron bond

The research field of crystalline solids has recently witnessed
the emergence of new classes of compounds with the promise
of numerous and exciting applications. Although the idea of
being able to predict or control the outcome of the
arrangement of molecules according to their molecular
structure is quite old," this is only recently that some success
was reached. In these attempts to control the supramolecular
solid architectures, the term “supramolecular synthon” was

introduced® as some others like “crystal engineering”> and including a large number of stable radicals such as 2,2,6,6-
“molecular tectonics”.* Several research groups succeeded in tetramethylpiperidinyloxy (TEMPO) (Scheme 1).

this direction with the construction of organic crystals with Because of their magnetic, chemical, and redox plroperties,
predictable arrangements at the nanoscopic level, e.g, crystals stable nitroxides have received considerable attention' and are
with engineered pore sizes,” functions introduced at the used in a number of applications, such as in site directed spin
molecular level,® or with the fabrication of hybrid solids as labeling (SDSL),"* molecular magnets," spin probing,16 spin
drug carriers.” In this vein, a few purely organic compounds

based on open shell molecules have been shown to crystallize Received: July 19, 2013

with open frameworks amenable to guest inclusion.®” However, Revised:  December 3, 2013

such clathrate compounds generally possess little void spaces Published: December 10, 2013
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Scheme 1. Structures of TEMPO and bTbk

TEMPO

bTbk

trapping,' controlled free radical polymerization,'® and various
imaging techniques."” We initially developed the rigid
dinitroxide biradical bis(TEMPO) bisketal (bTbk) as a
polarizing agent for dynamic nuclear polarization (DNP)—
solid-state NMR applications.”® Besides its high performance as
a DNP polarizing agent, we recently reported the strong
tendency of bTbk to gel organic solvents induced by perturbing
stimuli,”" or to afford hybrid crystals with host/guest,
isostructural open frameworks.”> In this paper, we report the
structural features of bTbk open frameworks with 1D channels
formed by the one-dimensional packing of large pockets
available for the sequestration of a large variety of molecules in
the radical host matrix. This property has been used to easily fill
the crystalline pockets with several guests, such as adamantane,
Cep Crp and paramagnetic molecules (TEMPO and 2-
azaadamantane-N-oxyl), and access magnetic organic open
frameworks with potentially unique properties endowed by the
particular features of the radical walls and of the included
guests.

2. EXPERIMENTAL SECTION

2.1. Crystal Growth and Single-Crystal X-ray Diffraction.
bTbk was prepared according to a previously reported procedure.20d
The toluene and cyclohexane solvates were obtained from bTbk
solutions (10 mg) in 10 mL of the relevant solvent. The crystallization
can easily be scaled up by 30 times (300 mg/300 mL). The o-, m-, and
p-xylene solvates were obtained by slow evaporation of a bTbk
solution (20 mg) in 10 mL of the corresponding solvent. The ether,
hexadecane, and THF solvates were obtained after dissolution of 15
mg of bTbk in 10 mL for diethyl ether and hexadecane and 5 mL for
THEF, which likely contained water, as found by elemental analysis of
the bTbk/THF solvate. The 1-chloronaphthalene solvate was obtained
by slow cooling of a supersaturated bTbk solution (510 mg in 12 mL)
that was first heated to ~80 °C. For the adamantane/toluene ternary
clathrate, a 3 mL saturated solution of adamantane in toluene was
prepared before adding 30 mg of bTbk, followed by slow evaporation
at room temperature. Crystal growth conditions are given in the text
for fullerenes with saturated solutions used for getting crystals with the
highest content of fullerenes. The protocol for getting crystals with C,
was the same as that used for Cg,. All crystals were measured on a
Bruker-Nonius Kappa CCD diffractometer with the Mo(Ka)
radiation. Data reductions were performed with denzo-SMN, and
structures were solved by direct methods and refined with SHELX197.
For the open framework crystals, more than 30 attempts were made
with different bTbk/solvent combinations but we were able to locate
the highly disordered guest in the case of toluene only at 100 K.
Crystallographic data are summarized in the Supporting Information
(Tables S1 and S2).

2.2. Powder X-ray Diffraction. XRD (X-ray diffraction) patterns
on powders or crystals were recorded on a Siemens DSOOR XRD
diffractometer using Cu Ko radiation in the 5—40° 20 range with a
0.04° step associated with a step time of 1 s.

2.3. Thermogravimetric Analysis. Thermogravimetric measure-
ments were performed on a TGA QS00 apparatus (TA Instruments)
using air as carrier gas. The samples (~20—30 mg) were heated up to
500 °C using a simple ramp of 10 °C-min~".

2.4. Elemental Analysis. The unit cell of the toluene solvate
showed the presence of 12 bTbk molecules for 4 spherical holes,
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which makes a bTbk/cavity ratio of 3/1. We then assumed three bTbk
molecules in the calculations and included increasing amounts of the
guests until the fit between the experimental and calculated values of
each percentage was satisfactory. The calculated values are given below
in parentheses:

bTbk (1), C 62.79 (62.70), H 9.37 (9.15), N 6.19 (6.36).
bTbk/toluene (3/4.8), C 69.89 (69.86), H 9.29 (9.05), N 4.73
(4.76).

bTbk/cyclohexane (3/4.2), C 67.39 (67.54), H 10.58 (10.25),
N 4.88 (5.02).

bTbk/ I-chloronaphthalene (3/3.9), C 66.51 (66.31), H 7.86
(7.59), N 4.20 (4.30).

bTbk/o-xylene (3/4.8), C 70.42 (70.44), H 945 (9.25), N 4.47
(4.59).

bTbk/m-xylene (3/4.5), C 70.35 (70.08), H 9.66 (9.24), N 4.82
(4.67).

bTbk/p-xylene (3/4.5), C 70.05 (70.08), H 9.45 (9.24), N 4.61
(4.67).

bTbk/diethyl ether (3/3.9), C 62.77 (63.08), H 10.14 (9.95), N
5.08 (5.22).

bTbk/THF/H,0 (3/6/1.2), C 62.85 (62.90), H 9.68 (9.67), N
4.69 (4.73).

bTbk/adamantane/toluene (3/1/3), C 69.25 (69.10), H 9.30
(9.28), N 4.85 (4.88).

bTbk/TEMPO/toluene (3/1/4), C 68.94 (68.95), H 9.35
(9.28), N 5.13 (5.31).

bTbk/TEMPO/1-CIN (3/2/34), C 6641 (66.44), H 8.37
(8:28), N 5.10 (5.12).

bTbk/2-azaada.-N-oxyl/1-CIN (3/1/4.5), C 66.93 (66.96), H
7.74 (7.56), N 4.46 (4.44).

bTbk/Cgy/toluene (3/0.05/4.8), C 7041 (70.46), H 9.07
(8.87), N 4.63 (4.67).

bTbk/Cg/1-CIN (3/0.18/3.1), C 68.00 (68.04), H 7.40 (7.30),
N 4.18 (4.30).

bTbk/C,,/1-CIN (3/0.05/3.7), C 66.88 (66.90), H 7.75 (7.40),
N 4.22 (4.28).

2.5. EPR Spectroscopy. The crystal EPR measurements were
performed on a BRUKER EMX spectrometer operating at 9.4 GHz
(X-band). The spectrometer was equipped with an Oxford Instru-
ments continuous He-flow cryostat, enabling measurements in the
temperature range of 4—300 K. The spectrometer was also equipped
with a goniometer, which allowed us to select a precise orientation for
the sample. The liquid EPR measurements were performed on a
BRUKER Elexsys and EMX spectrometers operating at 9.4 GHz (X-
band) in 50 pL capillaries using the following parameters: microwave
power, 5 mW, and modulation amplitude, 0.1 G.

3. RESULTS AND DISCUSSION

3.1. bTbk Open Framework: Toluene Clathrate at 213
and 100 K. When hot toluene solutions of bTbk were cooled
to room temperature, large orange crystals formed belonging to
the R3 trigonal space group. At 213 K, there are two molecules
in the asymmetric unit, one of bTbk and one of toluene.
Expansion to the unit cell showed that the dinitroxide self-
assembles into a honeycomb hexagonal structure with one-
dimensional channels including several toluene molecules
(Figure 1a).*"** The solvent is clustered in pockets of
approximate dimensions of ~11.4 X 11.4 X 122 A (see
Figures 1 and 6) and disordered over several sites. A molecule
of toluene was fixed in the asymmetric unit during the
refinement cycles before converging to a partial occupancy of
0.33 for 0.5 molecule of bTbk with unit cell parameters a = b =
25.104 A and ¢ = 30.000 A. This procedure afforded the
following composition of 3 bTbk for 2.1 toluene molecules
with a reasonably good agreement factor of 0.0810. However,
because of the guest disordering, the crystal composition may
not be entirely accurate, and thus, we recorded single-crystal X-

dx.doi.org/10.1021/cg401097e | Cryst. Growth Des. 2014, 14, 467—476
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Figure 1. Single-crystal X-ray structures obtained (a) at 213 K and (b)
at 100 K. Note the guest ordering phenomenon observed at 100 K that
causes the unit cell parameters to be twice as those of the structure
with disordered toluene in the channels (213 K). Hydrogen atoms are
omitted for clarity.

ray data at 100 K. In this case, a phenomenon of guest
ordering™ was observed with some positions of the toluene
molecules now identifiable (Figure 1b). Then, even though, at
100 K, the bTbk framework is virtually identical, decreasing the
temperature resulted in symmetry lowering regarding guests
arrangement and caused the doubling of unit cell parameters a
and b. The agreement factor is slightly higher (0.0937), but the
composition, 3 bTbk for 4.5 toluene molecules, is now in very
good agreement with the ones determined by elemental

analysis (3 bTbk for 4.8 toluene molecules) and by TGA (3
bTbk for 5.0 toluene molecules; see below). From these data,
the bTbK open framework can accommodate approximately 30
wt % of toluene.

3.2. bTbk Open Framework: Relevance of CH--*ON
Interactions. The bTbk open framework is maintained by
multiple CH--*ON interactions.** Indeed, a close look at the
structure shows a number of 12 H-bond interactions per bTbk
molecule (Figure 2a), four of which are rather strong (C—H--
0:2.43 A, 172°) and eight somewhat weaker (C—H:--O: ~2.62
A, 152°).%

To get a global view of the intermolecular interactions in the
crystal, we decided to plot the Hirshfeld surfaces*® and map the
dyorm parameter using the software CrystalExplorer (Figure
2b).”” The d,,, parameter represents a contact distance of
atoms of the considered molecule (inner to the Hirshfeld
surface) with respect to the ones of neighboring molecules in
the crystal (outer to the Hirshfeld surface). This program
enables an easy visualization of intermolecular close contacts in
crystals. Red areas (contacts) are easily identified on the
nitroxyl oxygen atoms at the periphery of the bTbk skeleton (H
bond acceptors) and for hydrogen atoms of the dioxane
methylene groups (H bond donors, Figure 2b), thus confirming
the above-mentioned observation (Figure 2a). From this
mapping, all close contacts have been quantified and, apart
from an important contribution of H—H contacts likely due to
the packing, the CH:--*ON interactions are the only others in
the crystals. CH---*ON interactions are thus ubiquitous in this
structure and are responsible for the network assembly and, to
some degree, to the partial stability of the architecture. It is very
likely that these structurally determining H bonds are strong
due to the high dipolar moment of the nitroxide group (3.14 D;
see Scheme 2)** and the pseudoacidic character of the
methylene hydrogen atoms adjacent to the dioxane ketal
oxygen atoms.

Noteworthily, no single crystals have been obtained with the
diamine precursor of bTbk, highlighting the role of the
nitroxide moieties in the crystal assembly.

Therefore, it appears that the orthogonal and rigid structure
of bTbk induces a strong directional positioning of the

k.

. ‘ﬁt |H..-H contacts (81.3%) &

[H...C'contacts (48 %) d

o] [ 4

|

= o
|

O...H contacts (8.3 %) d

-

H...O contacts (5.6 %) o J

Figure 2. (a) Multiple CH---*ON interactions surrounding one bTbk molecule. (b) Hirshfeld surface analysis of bTbk in the crystal structure of the
toluene solvate (the guests were removed to account for the interactions within the open framework). A large part of the bTbk surface is engaged in
H--H contacts while the two extremities (N—Oe bonds) and the concave surfaces (C—H bonds) are engaged in strong CH-+-*ON interactions. The
d, versus d; diagram illustrates the close contacts between the considered molecule (bTbk) and surrounding molecules in the crystal (other bTbk
molecules of the framework). For each case where two atoms are sufficiently close, d, represents the distance between the Hirshfeld surface
(positioned in between the two atoms) and the external atom and d; stands for the distance between the Hirshfeld surface and the internal atom.
(Part a: Reproduced by permission of The Royal Society of Chemistry: http://pubs.rsc.org/en/content/articlelanding/ra/2012/

c2ra20208e#!divAbstract).
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Scheme 2. Main Resonant Structures of the Aminoxyl
Function

\t+e —
—> N-0O

/

\oo .
N-O
/

interacting groups (NOe and slightly acidic hydrogen atoms).
As a means to establish the strength of these nonclassical H
bonds, we studied the crystal structures of a series of
dinitroxides (Figure 3).

It appeared that the total number of nonclassical H bonds in
which bTbk is engaged is the highest in the series, as well as the
number of strong H bonds.”> With a quasi-equal number of
interactions of the CH *ON type (2 strong and 8 weak),
dinitroxide dCdO® crystallizes also with one-dimensional
channels. The structure of dinitroxide Isoindoxazo®® has
water and a bromide counterion in which there are six CH-
Br interactions, thus precluding the formation of a high nurnber
of CH---*ON interactions. The situation is similar for Tycio>’
in which there are competitive H bonds involving the amide
groups, thus decreasing the contrlbutlon of CH--*ON
interactions. In the sulfur analogue bTbkS4,*! the interactions
are weaker due to the replacement of O atoms by S atoms.
bTbkS4 crystallizes with molecules arranged pairwise and
further stack in two-dimensional sheets that }zaack on one
another. In the case of bCdO* and bTurea,” CH--*ON
interactions are still };resent, but to a lower extent. Such
interactions in ADTP>® and Tempoxazo30 are, respectively,
classified as modest and strong, but again, their number is not
sufficient to compare favorably with those of bTbk.

3.3. bTbk Open Frameworks: Organic Solvent
Clathrates. The crystals of 16 solvates were studied by
single-crystal X-ray diffraction, and all exhibited the open
framework structure (Table 1). The channel structure is always
obtained (R3 space group) except in ethanol, water, and
hexadecane.®® Thus, it seems that the rigid scaffold of bTbk
with suitable functions endowed within the structure encodes
for several levels of information (chemical nature of the
functional groups and very strict spatial positioning),** leading
to an open framework containing large pockets that stack in
one dimension. As already reported, the multiplication of weak
intermolecular interactions (in the absence of competing ones)

can be a strong advantage in favoring some molecules to self-
assemble in predetermined fashions.>

The high number of CH:--*ON interactions per bTbk units
is very likely to be at the origin of the observed open
framework, but the structure stability is also dependent on the
included guest (with a time scale from minutes to several
months). For instance, over a few hours, the bright orange
toluene solvate crystals turned opaque when taken out of the
toluene solutions (see Figure 4). Elemental analysis no longer
showed toluene molecules in the material (bTbk alone), which
structurally changed to a new phase (see PXRD, Figure 4, and
scanning electron microscopy, Figure S1, Supporting Informa-
tion).

Powder X-ray diffraction (PXRD) showed that the structure
collapses upon solvent (guest) evaporation with various kinetics
depending on the included guest molecules but also that it can
be strengthened by inclusion of appropriate guests (Table 1).
The PXRD pattern of this opaque material is in good
agreement with the calculated pattern of a bTbk single crystal
grown in water in which no channels are observed (dense
phase; see Table 1, Figure 4, and the Supporting Information).
These results show that the escape of toluene molecules from
the channels causes the structure to collapse to a polycrystalline
powder structurally ordered as in the dense phase (see the
Supporting Information for the single-crystal X-ray diffraction
data of the dense phase). As shown in Table 1, the same
behavior is observed with other solvents, but with a guest-
dependent stability not correlated to the boiling point or vapor
pressure of the solvent. For instance, the cyclohexane and 1-
chloronaphthalene solvates exhibit an increased stability from
hours to weeks and months, respectively. Interestingly, the
same open framework formed in a variety of organic solvents,
including hydrogen bond donors and acceptors. The presence
of water in THF did not hamper the formation of the channel
structure. TGA results are in good agreement with the
composition given by elemental analysis for the toluene and
cyclohexane solvates and for the material obtained after
collapse of the network (see Figure S). Two types of behaviors
are evidenced among all the samples. For solvate phases
obtained with toluene or cyclohexane, the weight is constant up
to ~40 °C, and then it decreases strongly up to 70 °C (~20—
30%). In this region, the toluene and cyclohexane are removed
from the channel structure. From 70 °C to ~200-220 °C,
there is a further plateau before the weight of the samples

a’>co{>c><°3< S
N o-y ?C% -0 Strong bonds
‘0 N s? s ® (1) dCdo 9 Q Weak bonds
dcdo (1) o. (Sq (2) i ®
' Q (2) bTbKS4
n . 160
) = Q(3) bTurea
N-g < 150 & °
AdT @ g (4) ADTP
Z 140
) Q (5) bCdo
X%j( "'< ; 1304 @ (6) Tempoxazo
1
o
Tempoxazo (6) 120 4 o (7) Tycio o X(
@ (8) Isodoxa QPC %N‘O'
110 = J
o~~ \’i\ pa )C Q (9) bTbk bTbk
100 T T T L L} L T T L]
2 241 22 23 24 25 26 27 28 29 3

C-H == ‘O-N distances (A)

Figure 3. Dinitroxides displaying CH---*ON interactions in the solid state (a), the number and strength of which are shown on the graph (b), per
molecule in each crystal structure (the size of the dots directly reflects the number of interactions per dinitroxide).
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Table 1. X-ray Structural Features, Stability, Guest Positioning, and Occupancy of bTbk Single Crystals and Cocrystals
Obtained with Solvents of Various Polarity and Various Guests

solvent framework®

1-Cl-naphthalene channels
cyclohexane channels
toluene channels
o-xylene channels
m-xylene channels
p-xylene channels
Et,0 channels
THE/H,0 channels
AcOEt channels
CHCl, channels
toluene/adamantane channels
toluene/ TEMPO channels
1-Cl-naphthalene/ TEMPO channels
1-Cl-naphthalene/2-azaNO channels
toluene/Cyg, channels
1-Cl-naphthalene/Cq, channels
EtOH dense

water dense

hexadecane dense

guest stability Nguestb
unresolved months 3.9
unresolved weeks 4.2
located hours 4.8
unresolved hours 4.8
unresolved days 4.5
unresolved hours 4.5
unresolved hours 39
unresolved days 6/12
€ minutes 5.34
€ hours 5.07
unresolved hours 3/1
unresolved hours 4/1
unresolved months 3.4/2
unresolved months 4.5/1
unresolved days 4.8/0.05
unresolved months 3.1/0.18
no months
no months
no months

“Crystallographically determined using single crystals (T = 213 or 293 K). “Number of included guest molecules per cavity as estimated by

elemental analysis. “Not determined. “Determined by TGA.

channels
theoretical

toluene
experimental

1

L

toluene ‘dry’

Intensity / a. u.

SN

dense phase SRR
| theoretical

|
20 25 35 40
201 °

Figure 4. X-ray diffraction (XRD) patterns of gently ground freshly
prepared bTbk crystals (toluene experimental) and the same crystals
of the toluene solvate after drying (toluene “dry” experimental). The
top and the bottom patterns are theoretical traces derived from the
single-crystal X-ray diffraction data of the channel structure and that of
the dense phase, respectively.

100 gy mmm = mm s mm s
90

80

70

-5.0C;Hg
per cavity

60

50

40

Weight loss / %

30

20

100 150 200 250

Ti°C

300 350 400 450 500

Figure 5. TGA traces of the dense phase and the toluene and
cyclohexane solvates.

decreases again up to the almost total decomposition of the
organic network. For the dense phase (obtained after SiO,
chromatography column or after drying of the toluene solvate),
there is only one weight loss phenomenon that is evidenced: it
starts around 210 °C and ends at 500 °C corresponding to the
almost total decomposition of the organic network. Note that
the TGA trace of the dried toluene solvate is in good agreement
with that of the dense phase.

The amount of solvent estimated from TGA and elemental
analysis (EA) is very close for cyclohexane (4.0 C¢H,, per
cavity instead of 4.2 by EA) and for toluene (5.0 C;Hj per
cavity instead of 4.8 by EA). The high quantity of toluene
(around S molecules per 3 bTbk) in the crystals could be a
reason for their metastability. We used a rationale of 3 bTbk
per cavity when indicating the number of included guests
(N,uesy Table 1) since there are 4 pockets per unit cell, which

gul
also contains 12 bTbk molecules.

471

3.4. bTbk Open Frameworks: Inclusion of Functional
Guests. A careful examination of the pocket architecture of the
channels revealed a lipophilic environment (bowl shape with
hydrogen atoms of C—H bonds pointing inward) suitable for
the inclusion of hydrophobic guests (Figure 6, top). To
evaluate the possible preparation of functional crystals, we
reasoned that a size complementary guest like adamantane
(~7.2 A diameter) could be included in the host framework
(approximate size of the pockets ~11.4 X 11.4 X 122 A).
Ternary orange crystals of bTbk/adamantane/toluene were
obtained after slow cooling of an adamantane saturated solution
of bTbk in toluene. Single-crystal X-ray diffraction showed the
dinitroxide open framework, but the position of the guests
could not be resolved. Elemental analyses indicated the
presence of toluene and adamantane in a 3/1 ratio (Table 1).
However, incorporation of adamantane as a stopper is not
sufficient to prevent the collapse of the framework due to the
toluene escape. This observation highlights a peculiar flexibility
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Figure 6. Top line: view of the hydrophobic environment of one-half-pocket belonging to the 1D channels of the bTbk open framework crystals, as
depicted by space-filling mode of the atoms positioned along the bTbk skeleton that form a bowl space for guest accommodation. The approximate
sizes of toluene (a) and solid guests such as 2-azaadamantane-N-oxyl (b), TEMPO (c), and Cg, (d) are given with respect to the dimensions of the
pockets (~11.4 X 11.4 X 12.2 A) inside the channels of the bTbk open framework.”’ The bottom line displays X-ray derived pictures of the
channels’ shape (dark orange, cross section in salmon-pink) and of the included guests (highly disordered), in agreement with elemental analysis and
TGA (see text and Table 1 for further information; the positions of included free radicals and of Cg, respectively, in (b)—(d) are only one particular
example for a situation in which guests are randomly positioned in the pockets of the channels). (Parts a and d, bottom: Reproduced by permission
of The Royal Society of Chemistry: http://pubs.rsc.org/en/content/articlelanding/2013/cc/ c3cc00170a#!divAbstract).

of the bTbk framework to evolve to the thermodynamically
stable dense phase.*® Indeed, the smallest cross section of the
channels at the bottleneck is around 4.4 A. Toluene molecules
(77 X 64 A) can still escape through these constricted
channels. This observation shows that the X-ray derived
structure of these single crystals should not be regarded as a
fixed picture but with a dynamic component, which is still
difficult to visualize and to quantify.

To determine whether the inclusion of more appealing
functional guests could be realized, the inclusion of the stable
radical TEMPO was studied. At first sight, the formation of the
bTbk framework in the presence of large quantities of TEMPO
would have seemed unlikely due to the similarities between the
host and the guest structures. Indeed, one would expect
TEMPO to compete for the self-assembly during crystal
growth. However, bright orange crystals of bTbk (50 mg)
formed in toluene (300 yL) in the presence of TEMPO (100
mg) after dissolution and crystallization (R3 space group).
Elemental analysis is in line with the following composition:
bTbk/toluene/TEMPO (3/4/1), which makes 4 toluenes and
1 TEMPO per cavity. HPLC analysis of dissolved crystals
clearly showed a mixture of TEMPO and bTbk (Figure S4,
Supporting Information). To obtain more stable crystals, 1-
chloronaphthalene was used as solvent (450 mg of TEMPO for
150 mg of bTbk). New orange crystals formed enriched in
TEMPO since they now count 2 TEMPO and 3.4 1-
chloronaphthalene molecules per cavity, as determined by
elemental analysis (Figure 6¢c). We believe that the forces
responsible for the bTbk solid-state self-assembly (12 H bonds
per molecule) are stronger than the potential interactions of
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bTbk with TEMPO. The robustness of crystal growth affording
always the same open framework despite a number of variations
in the experimental conditions is remarkable. We used this
property to also include a larger free radical: 2-azaadamantane-
N-oxyl in 1-CIN (Figure 6b). Remarkably, single crystals of the
open framework were again obtained with one radical per
pocket (elemental analysis derived composition: bTbk/1-CIN/
2-azaadamantane-N-oxyl: 3/4.5/1). In the two cases, the
nitroxide position could not be resolved by single-crystal
XRD. We then wondered what could be the maximum size of a
guest to be included inside this matrix. Because of the spherical
shape of the pockets, fullerenes Cg4, and C,, appeared to be
interesting candidates®” due to their photophysical properties.
Cg and C,, can be included successfully in the bTbk
paramagnetic matrix and homogeneously stained isostructural
purple, and brown crystals, were obtained respectively. For
adamantane, TEMPO, or 2-azaadamantane-N-oxyl, all the
pockets of the channels are occupied with one or two of
these guest molecules. However, for fullerenes, the best
inclusion percentage that could be obtained (20%), was for
Cg in 1-CIN. Purple crystals formed overnight after slow
cooling of a hot concentrated solution (3.2 mL) of bTbk (120
mg) and Cg, (160 mg). This result may be due to the limited
Cyo solubility or to some steric constrains during crystal growth
since the size of this fullerene (~10.3 A diameter) almost
reaches the limit value of what can be included in the pockets.
Actually, the maximum size for a sphere fitting the pockets is
for a diameter of ~9 A, as estimated by ATOMS. This would
mean that there can be some reasonable degrees of freedom to
accommodate large guests, but the cage is quite rigid and the
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inclusion of even larger guests would presumably not be
possible because of the energy cost of perturbing the proper
self-assembly of the stabilizing network of CH:--O interactions.

Elemental analysis allowed determining that 1 site over § is
occupied by a Cq, molecule (~20% of the pockets do contain
Cg while the remaining space is filled with 1-chloronaph-
thalene). We note that, when using 1-chloronaphthalene
instead of toluene, the Cgq, percentage of inclusion per cavity
reaches 20 instead of ~S (Figure 6d). We previously showed
that the very strong fidelity of bTbk to crystallize according to
the channel structure was used to prepare the first organic
multishell isostructural host/guest crystals (with a free radical
and Cg).>* In the case of C,, this percentage is maintained
around 5 whatever the solvent, which means that we probably
reached the limit in terms of the size. These results suggest
possible size selectivity in fullerene inclusion inside bTbk open
framework single crystals (see the following section).

3.5. bTbk Open Frameworks: Selective Extraction of
Fullerene Cg,. Because of the preference for the open
framework to include C4, versus C,, and because bTbk
crystallizes even in complex media, we tried to crystallize the
biradical directly from the commercially available fullerene soot
(7 wt % Cgo/Co, fullerenes). Our aim was to check if (i) bTbk
still crystallized according to the channel motif, (ii) fullerenes
could still be entrapped in these conditions and, if so, (iii) to
which extent. Fullerene soot (1.5 g) was added to a solution of
bTbk (780 mg) in 1-CIN (20 mL). After heating at 80 °C for
15 min, the suspension was allowed to cool to room
temperature and 280 mg of dark crystals were collected after
1 week (Figure 7, inset). Each crystal was carefully cleaned with
a few drops of 1-CIN to clean the crystals’ faces (channel
structure).

For determining what the framework contained, the
following procedure was used: 200 mg of dark crystals were
introduced in a 1.5 mL vial before addition of methanol (1 mL)
and exposure to ultrasound for 2 min. The resulting dark
suspension was then centrifuged for 5 min and allowed to
collect a dark precipitate while the methanolic supernatant
containing bTbk and 1-CIN was separated. The dark
precipitate was then washed this way three more times before
elimination of the remaining methanol at 60 °C under reduced
pressure.

The “C NMR spectrum in d,-orthodichlorobenzene
(ODCB) showed one major resonance peak at 142.84 ppm
(Cgo» Figure 7a). No additional signals attributable to C,, and
possible aromatic low-molecular-weight species (fullerene soot)
were observed. MALDI-TOF MS spectra showed only one
peak at m/z = 720.0 amu (Figure 7b). It is noteworthy that the
same MS analysis of a commercial Cqy/C,o mixture (75/25)
exhibited a 1 to 1 peak ratio (Figure 7, inset, and for fullerene
soot extracts, Figures S2 and S3, Supporting Information) for
Cgo and C,. These experiments indicate a selective inclusion of
Cgo vs Cy. Single crystals have unit cell parameters identical to
those of the open framework, and elemental analyses of the
dark crystals are in agreement with a percentage of Cg
inclusion between 9 and 12, which is comparable to what
was obtained with bTbk crystallized from pure Cg. The
present selective extraction method afforded 10 mg of pure Cy,
which gives a yield of 225% of Cg, recovery directly from the
soot. Despite a limited capacity of Cg, inclusion in the open
framework, the recovery of Cg, from fullerene soot is easy and
selective and highlights the robustness and high fidelity of
crystallization according to the open framework of bTbk.
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Figure 7. (a) *C NMR spectrum of the content of the bTbk dark
crystals after bTbk extraction (inset: representative example of a dark
crystal and *C NMR of a commercial Cgy/C,, mixture, 75/25). (b)
MALDI-TOF MS spectrum of the same dark product obtained after
bTbk extraction (inset shows the data obtained from the commercial
Cygo/Co mixture).

3.6. EPR Study of a Toluene Clathrate Single Crystal
of bTbk. Owing to the paramagnetic nature of bTbk, we used
EPR spectroscopy to further characterize the crystals. The X-
band EPR spectrum of bTbk in toluene (0.5 X 107> M) at
room temperature is close to that of TEMPO and exhibits three
lines with an hgperﬁne coupling constant of ay = 15.08 G (g,
= 2.0064(3)).>* In a previous study,®® it has been determined
that the spin exchange coupling is negligible compared to the
hyperfine coupling (ay). A variable-temperature EPR study of a
toluene solvate of a bTbk crystal was performed to evaluate the
magnetic properties of the bTbk open framework. The
magnetic susceptibility (¥) was measured between 4 and 200
K with an X-band EPR spectrometer. The acquired EPR
spectra, which were recorded in the form of the derivative of
absorption with respect to the magnetic field H, can be well-
fitted by the Lorentzian function with a typical line width of a
few Gauss (Figure 8).

The behavior of the temperature dependence of the static
susceptibility of bTbk (crystal of the toluene solvate), as
determined from a double integration of the EPR signal, is well
reproduced by a Curie law expressed by y = C/T, as shown in
Figure 8. These results showed that bTbk in the solid-state
phase at temperatures above 4 K can be described as an
ensemble of almost isolated paramagnetic centers with a
negligibly small exchange interaction.

4. CONCLUSION

In summary, we have discovered the clear tendency of a rigid
spiro dinitroxide biradical (bTbk) to crystallize in a variety of
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Figure 8. Variable-temperature study of the magnetic susceptibility of
a toluene solvate of the open framework crystal of bTbk (inset shows
the EPR spectrum at room temperature).

experimental conditions forming an open framework with
versatile corrugated 1D channels, which can be described as a
1D stacking of nanoreservoirs. It is remarkable that this
dinitroxide biradical exhibits such a strong tendency to form a
unique open framework whose structure is maintained by
multiple weak CH---*ON interactions, highlighting the role of
the nitroxide function as a potential useful building block for
supramolecular assemblies.>” This behavior can be paralleled
with a series of pentaerythritol bisketal comgounds that also
crystallized with a variety of channel shapes.*” The absence of
such structural properties in the corresponding diamine of
bTbk strongly suggests that the nitroxide moieties are pivotal
for such an assembly and could be an interesting component
for crystal engineering. The fact that the open framework was
obtained in a large variety of solvents and of experimental
conditions was used to include several functional guests, such as
TEMPO and fullerenes Cg and C,,. Well-defined, nano-
structured assemblies of composite radical crystals made up of a
bTbk paramagnetic framework with included TEMPO or
fullerenes can be accessed very easily by a simple dissolution/
crystallization process with tunable guest content. The
properties of the Cg@bTDbk crystal will be investigated under
laser irradiation in order to evaluate the magnetic interactions
between the triplet excited state of fullerene C4, and bTbk. The
structural features that both include strong directional position-
ing and multiple CH---*ON interactions bode well for further
discoveries and applications of nitroxides in multifunctional
crystals. For instance, the demonstration of the sequestration of
TEMPO or 2-azaadamantane-N-oxyl radical in ordered well-
defined bTbk cavities resulted in nanostructured assemblies of
a radical in an organic paramagnetic crystal (bTbk biradical).
The inclusion of paramagnetic guests in diamagnetic matrixes
seems to be the subject of recent intense investigations.*' We
are now investigating the magnetic properties and the
possibility to include other guests to explore the use of bTbk
open frameworks as crystalline molecular flasks.**

B ASSOCIATED CONTENT
© Supporting Information
HPLC, SEM, additional MALDI spectra, and crystal structure

data are supplied in the Supporting Information. CCDC
numbers, dense phase: 794600, toluene solvate 100 K, 923774.
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