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ABSTRACT: A series of metal−organic framework (MOF)
materials has been prepared, each containing a mechanically
interlocked molecule (MIM) as the linker and a copper(II)
paddlewheel as the secondary building unit (SBU). The MIM
linkers are [2]rotaxanes with varying sizes of crown ether
macrocycles ([22]crown-6, 22C6; [24]crown-6, 24C6; [26]-
crown-6, 26C6; benzo[24]crown-6, B24C6) and an anilinium-
based axle containing four carboxylate donor groups. Herein,
the X-ray structures of MOFs UWCM-1 (no crown) and UWDM-1(22) are compared and demonstrate the effect of including a
macrocycle around the axle of the linker. The rotaxane linkers are linear and result in nbo-type MOFs with void space that allows
for motion of the interlocked macrocycle inside the MOF pores, while the macrocycle-free linker is bent and yields a MOF with a
novel 12-connected bcc structure. Variable temperature 2H solid-state nuclear magnetic resonance showed that the macrocycles
in UWDM-1(22), UWDM-1(24), and UWDM-1(B24) undergo different degrees and rates of rotation depending on the size and
shape of the macrocycle.

1. INTRODUCTION

The synthesis of mechanically interlocked molecules (MIMs)1

and the study of the relative motion of their constituent
components have resulted in a variety of molecular rotors,2

shuttles,3 switches,4 and sophisticated molecular machines.5

The vast majority of these studies, however, are performed in
solution where the molecules are in a constant state of flux and
are randomly dispersed. The ability to organize these molecules
in high density, while still allowing the free volume required for
them to operate, is a key step in producing materials in which
the physical properties of the material can be tuned at the
molecular level and potentially creating ultradense molecular-
based memory.
The incorporation of MIMs into crystalline three-periodic

coordination polymers or metal−organic frameworks (MOFs)6

allows for a high level of molecular organization. To date,
pseudorotaxane linkers, as well as a few interlocked catenane
and rotaxane linkers, have been utilized to incorporate MIMs
into one-, two-, and three-periodic frameworks.7 We recently
reported a prototype material, University of Windsor Dynamic
Material (UWDM-1),8 which demonstrated the first example of
a macrocyclic component of a MIM being able to rapidly rotate
inside of a MOF material. Removing solvent from the pores of
the MOF created the free volume required for the macrocyclic
component of the MIM to undergo rapid thermally driven
rotation of the macrocycles, as observed directly by variable
temperature (VT) 2H solid-state nuclear magnetic resonance
(SSNMR) spectroscopy.
Herein, we report the synthesis and characterization of (1) a

series of MIMs utilizing a benzyl-aniline based axle with various

macrocyclic wheels, (2) a body-centered cubic (bcc)-type MOF
constructed from the macrocycle-free linker (MIM axle) and
CuII metal ions demonstrating the effect the macrocycle has on
the shape of the linker, and ultimately the type of MOF
obtained, and (3) an isomorphous series of MIM in MOF
materials (UWDM-1) with various sized macrocycles and the
corresponding dynamics of the macrocyclic component as
characterized by VT 2H SSNMR.

2. RESULTS AND DISCUSSION

MIM Linker Synthesis and Characterization. Scheme 1
outlines the synthetic protocol for all of the MIM linkers
utilized in this study. Compound 1 has two very specific design
features which were chosen for their compatibility with both
MIM and MOF synthesis. First, it contains a benzyl-aniline-
based axle which can be protonated to form a benzyl-anilinium
cation and is a known recognition site for crown ether-based
macrocycles.9 This core is also relatively short and compact in
order to minimize framework flexibility and ultimately improve
the stability of the resulting MOF. Second, the terminal diethyl
3,5-benzene-dicarboxylate groups are designed to act as large
stoppers to prevent the macrocyclic ring from slipping off the
axle while simultaneously improving the solubility of the axle
during MIM synthesis; subsequent hydrolysis of the ethyl esters
results in terminal isophthalic acid groups which are well-
known coordinating ligands in MOF synthesis.10
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Protonation of 1 with HBF4 produces benzyl-anilinium axle
3, which we have shown to be a good recognition site for a ring-
closing metathesis (RCM) reaction using Grubbs’ first-
generation catalyst and a 24-membered crown ether macro-
cyclic precursor.8 In order to explore the versatility of this
template and ultimately to determine what effect changing the
macrocycle size would have on the dynamics of the MIM when
incorporated into a MOF, different sized macrocyclic
precursors were used in the RCM reaction (Scheme 1). The
template proved efficient for synthesis of rotaxanes (as E and Z
isomers) with a smaller 22-membered macrocycle (4-22) in
46% yield, a larger 26-membered macrocycle (4-26) in 57%

yield, and a 24-membered macrocycle with a benzene moiety
(4-B24) in 70% yield. The variation in the yield of the RCM
reaction can be thought of as a reflection of the overall strength
of the interaction between 3 and the macrocyclic precursor
coupled with the ability of the catalyst to efficiently perform the
RCM reaction. This correlates reasonably well with the fact that
4-24 has the best yield (75%) when compared to 4- 22, which
has increased ring strain, 4-26, which has longer more flexible
terminal alkyl olefins, and 4-B24, with the benzene moiety
which pulls electron density away from the crown ether oxygen
atoms making them slightly weaker hydrogen-bond acceptors.
Reduction of the remaining olefin group on rotaxanes 4-22,

4-24 , 4-26, and 4-B24 allowed for inclusion of a deuterium
(2H) tag which was used to study the dynamics of the
macrocycle in the solid state, vide inf ra. This was accomplished
by reduction with deuterium gas over palladium on carbon to
produce rotaxanes 5-22, 5-24, 5-26, and 5-B24 in good yield
(84−90%). Figure 1 shows the 1H NMR spectrum of 5-24 and

the downfield shifts of axle protons due to hydrogen bonding
with the macrocyclic wheel in comparison to the protonated
axle 3. Facile deprotonation of these rotaxanes was possible by
dissolving the rotaxanes in CH2Cl2 followed by stirring with an
aqueous sodium bicarbonate solution to produce neutral
rotaxanes 6-22, 6-24, 6-26, and 6-B24 in good yield (90−
94%). The decreased basicity of the aniline group compared to
secondary amine-based rotaxanes, which are known to be
difficult to deprotonate,11 was another critical design feature
which allowed for elimination of a majority of the noncovalent
templating interactions originally used to form the [2]rotaxane.
This dramatically reduces the interaction between axle and
wheel, thus maximizing the freedom of the macrocyclic
component of the MIM to undergo motion. The 1H NMR
spectra in Figure 1 depict the significant change in the chemical
shifts−e.g. NH2

+ of 5-24 (δ = 9.82 ppm) and neutral NH of 6-
24 (δ = 5.85 ppm) corresponding to the reduced acidity of the
NH proton(s).
Although deprotonation greatly reduces the interaction

between axle and wheel, there remains a measurable hydro-
gen-bonding interaction as signified by the downfield shifts of
the NH and benzyl CH2 resonances in the 1H NMR spectra of
neutral rotaxanes 6-22, 6-B24, 6-24, 6-26, when compared to
the neutral axle 1 (Figure 2). Analysis of the spectroscopic and

Scheme 1. Synthesis of MIMs Utilizing Various Macrocyclic
Precursors and a Macrocycle-Free Linkera

a(i) 2 M NaOH, MeOH/THF, 24 h, 80 °C; (ii) HBF4, Et2O; (iii)
Grubbs’ first-generation catalyst, MeNO2/CH2Cl2, 48 h, 42 °C; (iv)
10% Pd/C, D2, MeOH (or MeOH/THF), RT, 1−24 h; (v) 2 M
NaOH, MeOH/THF, 24 h, 80 °C; (vi) NaHCO3, CH2Cl2/H2O.

Figure 1. 1H NMR spectra (500 MHz, 300 K, CD2Cl2) from top to
bottom: protonated axle 3 (NH2

+ resonance not observed),
protonated rotaxane 5-24, neutral rotaxane 6-24, and neutral axle 1.
See Scheme 1 for labeling of protons.
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structural data of these ethyl ester MIMs allows for a better
understanding of the noncovalent interactions that must be
broken in order for the macrocyclic component to rotate about
the axle when incorporated into MOFs.
The shifts of the NH and benzyl CH2 resonances can be

correlated to the size of the macrocycle; a smaller macrocycle
shows a greater downfield shift, inferring an increase in
hydrogen-bonding strength between the MIM components.
The 1H NMR spectrum of 6-22 exhibits the greatest downfield
shift of the NH (δ = 6.27 ppm) and CH2 resonances (δ = 4.93
ppm), which correlates with the short NH···O (3.18 Å,
∠(NHO) = 156°) and CH···O (3.19 Å, ∠(CHO) = 145° and
134°) contacts in the crystal structure (Figure 3). The smaller
ring size of 6-22 also results in the aromatic groups of the axle
being almost coplanar with a dihedral angle of 7.6° which
maximizes the interactions between the axle and the macro-
cycle.
Increasing the macrocycle size by two atoms in 6-24 results

in an upfield shift of the NH (δ = 5.90 ppm) and CH2
resonances (δ = 4.83 ppm), corresponding to reduced
hydrogen bonding in comparison to 6-22. The crystal structure
of 6-24 shows a NH···O interaction of 3.09 Å, (∠(NHO) =
177°) and a single long CH···O distance of 3.49 Å, (∠(CHO)
= 147°). In comparison, while 6-B24 also has a 24-membered
macrocycle, the addition of the pendent benzene moiety
reduces the flexibility of the macrocycle and results in slightly
downfield shifts of the NH (δ = 5.85 ppm) and CH2
resonances (δ = 4.74 ppm), which correlates with shorter
NH···O (3.05 Å, ∠(NHO) = 136°) and CH···O (3.42 Å,
∠(CHO) = 138°) distances in the crystal structure (Figure 3).
In addition, the larger 24-membered macrocycles have much
larger dihedral angles between the aromatic substituents on the
axle, becoming almost perpendicular in 6-24 and 6-B24, with
dihedral angles of 63° and 84°, respectively (Figure 3). In
comparison, 6-26, which has the largest 26-membered
macrocyclic ring, shows the most upfield chemical shifts of
the NH (δ = 5.69 ppm) and CH2 (δ = 4.61 ppm) resonances,
corresponding to the weakest hydrogen-bonding interactions
between the macrocycle and the axle (Figure 2).
Hydrolysis of the ethyl ester groups of 5-22, 5-24, and 5-B24

results in tetracarboxylic acid MIM linkers 7-22, 7-24, and 7-
B24 (Scheme 1). Unfortunately, when 5-26 was subjected to
hydrolysis, the loss of the ethyl ester groups resulted in
unthreading of the 26-membered macrocyclic ring from the

axle, indicating that isophthalic acid is not a large enough
stopper for this size of macrocycle.

MOF Synthesis and Characterization. In order to
determine what effect, if any, the macrocyclic ring has on the
MOF topology obtained, naked linker 2 was prepared by
hydrolysis of 1 (Scheme 1). Linker 2 was then combined with
Cu(NO3)2·H2O in a 3:2:2 mixture of DMF/EtOH/H2O with
two drops of HNO3 and heated to 65 °C for 48 h in a
temperature-controlled oven (Scheme 2). This resulted in a
green crystalline material that was designated as UWCM-1.
Analysis of UWCM-1 by single-crystal X-ray diffraction

(XRD) showed the material to have an overall formula of
[Cu6(2)3(DMF)4(H2O)2]·(DMF)x, and crystallize in tetrago-
nal space group I4/m, (yield 77%). The terminal 1,3-
benzenedicarboxylate groups of linker 2 coordinate to the
CuII metal ions to form dimeric CuII paddlewheel units (Figure
4 top) which assemble into cuboctahedral cages (nanoballs)12

consisting of 12 paddlewheel units comprising 24 CuII ions and
24 iso-phthalate groups, with an internal diameter of 16.0 Å
between metal centers. The nanoballs can be described as
possessing small rhombihexahedron topology and Oh symme-
try13 arising from the 12 square paddlewheel units which
generate eight triangular windows and six square windows
(Figure 4 bottom).14

Figure 2. 1H NMR spectra (500 MHz, 300 K, CD2Cl2) top to bottom
showing NH (triplet) and CH2 (doublet) resonances for neutral
rotaxanes 6-22, 6-24, 6-B24, 6-26, and neutral axle 1. Residual
CDHCl2 solvent peak omitted for clarity.

Figure 3. Ball-and-stick representations of the single-crystal X-ray
structures, top to bottom: neutral rotaxanes 6-22, 6-24, and 6-B24.
Color key: C = black, O = red, N = blue, H = white.
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It has previously been shown that flexible linkages at the 5-
position between 1,3-benzenedicarboxylate moieties result in
cross-linked nanoball MOFs in which connections are made via
the six square windows, resulting in a primitive cubic pcu
net.12b,13,15 In these MOFs, four linkages are made at each of
the six square windows to satisfy the 24 possible connections. It
was previously noted in the literature that of the 24 possible
connections, double connections between nanoballs were
unlikely because of the orientation of the decoration sites;12b

however, UWCM-1 accomplishes just this.
Each Cu24 nanoball is connected to its 12 nearest neighbors

via two links, resulting in a non-interpenetrated 12-connected
net. This is made possible by the fact that there are two
crystallographically independent linkers of 2 which occur in a
2:1 ratio. The major geometric isomer is severely bent and
makes two links to each of the four nanoballs, above and below
the plane, for a total of 16 links (Figure 5). The minor
geometric isomer is less bent and makes two links to each of
the four nanoballs in the plane, resulting in the remaining eight

Scheme 2. Solvothermal Synthesis with MIM Linkers 7-22,
7-24, and 7-B24 and Naked Linker 2a

aWhen linkers 2, 7-22, 7-24 , and 7-B24 are used under identical
synthetic conditions, naked linker 2 produces a bcc-type MOF
topology (UWCM-1), while MIM linkers 7-22, 7-24, and 7-B24 form
isomorphous nbo-type MOFs UWDM-1(22), UWDM-1(24) and
UWDM-1(B24).

Figure 4. Top: ball-and-stick representation of the major geometric
isomer of naked linker 2 within UWCM-1, coordinated to four
paddlewheel units, hydrogen atoms and coordinated solvent molecules
omitted for clarity. Color key: C = black, O = red, N = blue, Cu =
green. Bottom left: view down one of the eight triangular windows of a
nanoball, consisting of 12 CuII paddlewheel units and 24 iso-phthalate
groups. Bottom right: view down one of the six square windows of a
nanoball. Skeleton of the nanoball shown with gold bonds, while
linking of the internal CuII ions results in a cuboctahedron represented
by gold panels.

Figure 5. Top: view down the c-axis of UWCM-1, depicting how the
central nanoball (yellow) is linked to four nanoballs above the plane
(red, blue, orange, and purple) via the major isomer of 2, while the
minor isomer of 2 links nanoballs which fall in the same plane. Cu
metal ions are shown in green, and links between nanoballs are shown
in black. Bottom: a schematic showing how the nanoballs (depicted as
cuboctahedra) are linked to form a body-centered cubic 12-connected
net.
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links to satisfy all 24 possible linkages. The overall packing of
the Cu24 nanoballs can be described as bcc, in which each
nanoball is connected to four other nanoballs above and four
below (25.2 Å between nanoball centers), in addition to four
slightly elongated contacts in plane (26.1 Å between nanoball
centers), resulting in connections to 12 other nanoballs to form
a unique 12-connected net. While the arrangement of nanoballs
within the structure is bcc, the underlying topology of this
framework could be described as fcu if each nanoball with 24
potential points of extension is considered as a 12-connected
node and the two linkages between each nanoball thought of as
a single connection point.12c,d

Within the structure of UWCM-1, the square window
openings of the nanoballs align to form channels along the c-
axis with a diameter of 11.2 Å (Figure 5). DMF and water
solvent molecules occupy the axial coordination sites on the
Cu2 paddlewheel units, resulting in the interior sites of each
nanoball containing eight coordinated DMF molecules and four
coordinated water molecules, while the exterior sites also
coordinate to eight DMF molecules and four water molecules.
Removal of axial and interstitial solvent molecules results in a
solvent accessible volume of 68% as calculated by PLATON.16

In contrast to UWCM-1, the reaction of a MIM linker (7-22,
7-24, or 7-B24) with Cu(NO3)2·H2O under exactly the same
synthetic conditions leads to the formation of an isomorphous
series of MIM in MOF materials (UWDM-1) with various
sized macrocycles.8 Single-crystal XRD of UWDM-1(22)
determined the formula to be [Cu2(7-22)(H 2O)2]·4(H2O)
in trigonal space group R3. The terminal 1,3-benzenedicarbox-
ylate groups of 7-22 coordinate to CuII metal ions to form
dimeric Cu2 paddlewheel units (Figure 6) which assemble into
distorted octahedral cages consisting of six paddlewheel units,
comprising 12 CuII ions, with an internal diameter of 12.4 Å
between metal centers (Figure 6). The overall topology of the
framework is a rare β-phase of nbo topology. 17 In comparison
to MOFs, which form the α-phase of nbo , a unique feature of
the β-phase is that it results in larger pores along the c-axis,
maximizing the distance between the bulky macrocyclic rings of
MIM linker 7-22 . This may be a driving force for the formation
of the β-phase, as no α-phase has been observed to form with
any of the MIM linkers. The macrocyclic component of the
MIM linker also works to rigidify the flexible −NHCH2 − link
between iso-phthalate groups. While flexible linkages at the 5-
postions of iso-phthalate groups are known to result in linked
nanoball structures similar to UWCM-1, rigid aromatic linkers
are known to result in nbo-type MOFs10 similar to UWDM-
1(22).
The small amount of void space within the structure (17%) is

occupied by interstitial water molecules in addition to those
bound to the axial sites on the paddlewheel units. The stability
of UWDM-1(22) was determined by thermogravimetric analysis
(TGA) and powder X-ray diffraction (PXRD), which showed
the material to be stable up to ∼200 °C.
It was unknown whether the smaller size of the 22-

membered ring of MIM linker 7-22 or the bulker size of the
benzo-24-membered ring of MIM linker 7-B24 would affect the
type of MOF topology obtained. However, under the same
synthetic conditions, altering the ring size resulted in formation
of UWDM-1(22) (77% yield) and UWDM-1(B24) (67% yield),
both of which exhibited the same MOF structure as UWDM-
1(24) (75% yield) as shown by PXRD (Figure 7).
Interestingly, while large single crystals of UWDM-1(22) and

UWDM-1(24) were easily grown and analyzed by single crystal

XRD, only microcrystalline powder samples of UWDM-1(B24)
were obtained, under identical synthetic conditions. Analysis by
scanning electron microscopy (SEM) revealed that UWDM-
1(B24) formed small microcrystalline rosettes (see Figure S-47).
It may be that the bulky size of the benzo-24-membered
macrocycle results in defects during the crystallization process,
preventing the formation of larger crystals. However, this could
also be attributed to a simple difference in solubility between
linkers, due to the additional aromatic substituent on the
macrocycle in MIM linker 7-B24. Analysis of UWDM-1(B24) by

Figure 6. Top: ball-and-stick representation of MIM linker 7-22
coordinated to four paddlewheel units in UWDM-1(22) (hydrogen
atoms and solvent molecules omitted for clarity; color key, C = black,
O = red, N = blue, Cu = green. Middle left: stick representation of the
distorted octahedral cage consisting of six CuII paddlewheel units with
macrocycles omitted; Middle right: same but with macrocycles shown.
Bottom: view down the c-axis of UWDM-1(22) depicting the hexagonal
shaped channels (framework shown in blue, macrocycles in red and
CuII metal ions in green; hydrogen atoms and solvent molecules
omitted for clarity).
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TGA and PXRD showed the material to have similar stability to
UWDM-1(22) and UWDM-1(24).
Dynamics of UWDM-1 Series in the Solid State. The

macrocycles in the UWDM-1 series were prepared with
deuterium labels through the addition of D2 to the double
bond (Scheme 1). The resulting MOF materials were then
probed by 2H SSNMR to determine the types of motion each
macrocyclic ring was undergoing. In this section, a detailed
description of the motional models that were previously
proposed for UWDM-1(24) is given,

8 then the dynamics of the
new UWDM-1(22) and UWDM-1(B24) are discussed, compared,
and contrasted with those of UWDM-1(24). A brief overview of
the general theory of 2H SSNMR, as well as more detailed

discussion of the modes of motion, can be found in the
Supporting Information (SI).

2H SSNMR is aptly suited to the study of dynamics on the
molecular level and can provide detailed information on the
modes of motion and their respective rates.18 Three motional
regimes are defined based on the relative magnitudes of the 2H
quadrupolar frequency (νQ) and the exchange rate (νex): the
slow motion limit (SML), where rates are <103 Hz (νex ≪ νQ),
the intermediate motion regime (IMR), where rates are
between 104 and 107 Hz (νex ≈ νQ), and the fast motion
limit (FML) where rates are >107 Hz (νex ≫ νQ). The powder
patterns corresponding to rates in the SML and FML can be
modeled using motionally averaged 2H electric-field gradient
(EFG) tensors and are invariant to changes in both echo
spacing and temperature. Motions with rates in the IMR
produce complex powder patterns that change with echo
spacing and temperature. The VT 2H SSNMR spectra,
simulations, and depictions of the modes of motion in
UWDM-1(24), UWDM-1(22), and UWDM-1(B24) are depicted
in Figure 8.
The low-temperature spectrum of UWDM-1(24) acquired at

160 K was simulated as a single site with quadrupolar
parameters: CQ = 160(5) kHz and ηQ = 0.0(1); these
parameters are typical for a deuteron bonded to a carbon
atom in an alkyl group. The spectrum was simulated with rates
in the SML, and therefore, the motion does not influence the
appearance of the powder pattern. Increasing the temperature
to 225 K produces no appreciable changes in the powder
patterns. The spectrum acquired at 251 K is drastically different
from the lower temperature spectra, and this was simulated

Figure 7. PXRD patterns, top to bottom: UWDM-1(22), UWDM-1(24),
UWDM-1(B24), simulated from the crystal structure of UWDM-1(24).

Figure 8. Schematic representation of the possible modes of motion of the macrocyclic rings within the UWDM-1 series: (a) no motion of the
macrocyclic ring, (b) two-site jump of the CD2 groups, (c) partial rotation of the macrocycle about the six ether oxygen atoms within the ring, in
addition to the two-site jump of the CD2 groups, (d) full rotation of the macrocyclic ring, in addition to the two-site jump of the CD2 groups.
Experimental 2H VT SSNMR powder patterns (blue) and corresponding analytical simulations (red) for (e) UWDM-1(24) where (i) motions are
occurring at rates within the SML and do not affect the appearance of the powder pattern, (ii) two-site jumps through an angle of 77°, (iii) two-site
jumps through 60° combined with partial rotation of the ring in 45° steps through 225°, and (iv) two-site jumps through 70° combined with full,
rapid rotation of the ring; (f) UWDM-1(22) where (i) motions are at rates within the SML and do not affect the appearance of the powder pattern,
(ii) two-site jumps of the deuterons through an angle of 65° with rates in the IMR, (iii) two-site jumps with the onset of partial rotation of the ring in
50° steps through 250°, and (iv) two-site jumps and partial rotation occurring at rates within the FML; and (g) UWDM-1(B24) where (i) motions are
at rates within the SML and do not affect the appearance of the powder pattern, (ii) two-site jumps through an angle of 60°, (iii) two-site jumps
through an angle of 65°, and (iv) two-site jumps through an angle of 75°.
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based upon a two-site jump of the deuteron through an angle of
77°. The two-site jump mode of motion consists of the
deuterons of the CD2 groups jumping between two positions
that are related by a rotation through an angle β about an axis
that is perpendicular to the plane of the CD2 moiety and
produces powder patterns that are dependent on β (Figure S-
53).19 The spectrum acquired at 324 K could not be simulated
using solely the two-site jump model and, instead, was
simulated using the partial rotation model, combined with
two-site jumps with β = 60°. The partial rotation model
consists of the macrocyclic ring rotating about an axis that is
perpendicular to the ring in steps separated by the angle γ. The
jumps are made only to adjacent sites that allow for the
interaction of the hydrogen-bond donor on the axle with the
oxygen atoms on the ring (Figure S-55). The high-temperature
spectrum collected at 480 K is axially symmetric (i.e., ηQ = 0)
and cannot be simulated with the partial rotation model but
instead was simulated as full rotation,20 combined with two-site
jumps with β = 60°. The macrocyclic ring is no longer
constrained to making jumps between adjacent oxygen atoms
on the ring but now has enough energy to jump through the
alkyl portion in either direction. The full-rotation was simulated
with rates within the FML, and while it is difficult to comment
on the relative rates of the full rotation and two-site jump
motional models, it is postulated that the latter is occurring at a
higher rate, due to its significantly lower onset temperature.
To determine whether a smaller macrocyclic ring size would

result in a more constrained (i.e., less mobile) ring, or if the
larger free volume resulting from the smaller ring size would in
fact result in a less constrained (i.e., more mobile) ring, VT 2H
SSNMR experiments and analytical simulations of UWDM-
1(22) were undertaken (Figure 8f). The spectrum acquired at
192 K was simulated as a single site and as the static case where
any motions that are occurring are at rates within the SML.
Increasing the temperature produces subtle changes in the
powder patterns; this was simulated by considering the two-site
jump mode of motion with β = 65° and rates within the IMR.
The rates of the two-site jump continue to increase as the
temperature is raised, with the onset of the FML at 318 K. The
spectra acquired at temperatures of 276 K and above were
simulated with the onset of partial rotation combined with the
two-site jumps. The smaller macrocyclic ring size in this system
means that the six rotation sites, corresponding to the different
hydrogen-bonding oxygen atoms, are separated by a larger
angle with respect to the rotation axis (i.e., γ = 50° for UWDM-
1(22) and 45° for UWDM-1(24). The spectra acquired at 276 and
297 K were simulated with rates in the IMR for both the two-
site jumps and partial rotation modes. The FML for the two-
site jump is reached at 318 K, whereas the rates for the partial
rotation continue to increase until the FML is reached at 424 K.
It is noted that there is no evidence for full rotation when the
high-temperature limit is reached, as the spectrum is not axially
symmetric.
UWDM-1(B24) incorporates a bulky B24C6 macrocycle,

which might be expected to have significantly hindered motion
in comparison to the previous two systems. Ratcliffe et al.
examined a similar system in their study of the dynamics in
carboxybenzo[24]crown-8 and its KNCS complexes.19 They
found that rotation was not possible, and the only motion
present was two-site jumps with jump angle increasing with
temperature. A similar model was used in the simulation of the
dynamics of UWDM-1(B24) (Figure 8g, Figure S-57). The
spectra acquired at 171 and 198 K were simulated with rates

within the SML, whereas the spectrum acquired at 213 K shows
subtle changes in comparison to the lower temperature spectra
and was simulated with the onset of the two-site jump motion.
The spectra up to 276 K were simulated with rates within the
IMR and a jump angle of 60°. The FML for the two-site jump
was reached at 297 K with a jump angle of 60°. Increasing the
temperature further results in an increase in the jump angle,
and the high-temperature spectrum acquired at 424 K was
simulated with a jump angle of 75° and rates in the FML. There
was no evidence of rotation, either partial or full, for this
system.
The macrocycles in UWDM-1(24) are certainly the most

mobile of the series studied, indicating that the 24C6
macrocycle provides both ample free volume and limited
interaction with the axle. The FML for the two-site jump
motion is reached at approximately 251 K, partial rotation at
324 K, and full rotation at 423 K and above. In comparison, for
the smaller 22-membered ring inside UWDM-1(22) the FML
for the two-site jump motion is not reached until 318 K, which
is almost 70 K higher than for UWDM-1(24). The higher onset
temperature and smaller jump angle suggest the smaller 22C6
macrocyclic ring in UWDM-1(22) is undergoing a much more
hindered motion than that of the 24C6 macrocycle. This claim
is further substantiated when the partial rotation model is
considered. The onset of partial rotation occurs at 276 K,
similar to UWDM-1(24), and the FML is reached by about 400
K. The spectrum acquired in the high-temperature limit (424
K) was also simulated using the partial rotation model, and
there is no evidence of full rotation. This is in contrast to
UWDM-1(24), where evidence of full rotation is manifested in
the spectrum acquired at 423 K. The hindered two-site jump
motion, in addition to no evidence of full rotation, clearly
indicates that the larger free volume afforded by a smaller ring
size is counteracted by the tighter fit of the macrocyclic ring
around the axle.
The macrocycle in the UWDM-1(B24) species fits around the

axle in a similar manner to that in UWDM-1(24); however, the
bulky phenyl substituent greatly reduces the free volume and
increases interactions between the macrocyclic ring and the
framework. It was postulated that the motion in this species
would be greatly encumbered and be akin to that observed by
Ratcliffe et al. in their study of carboxybenzo[24]crown-8.19

The only motion observed for this species was the two-site
jump with the FML being reached at about 297 K. The higher
temperature for the onset of the FML, in comparison to that of
UWDM-1(24), suggests that the bulkier macrocyclic ring
significantly hinders the conformational changes in the ring
associated with the two-site jump. Furthermore, the absence of
rotation (either partial or full) verifies the restricted nature of
the macrocyclic ring in this species.
The three distinct motional modes in the UWDM-1 series

occur in sequential stages. While it may be desirable to calculate
activation energies for each of the individual modes of motion,
this is difficult due to the presence of multiple, simultaneous
modes of motion occurring at different rates. The first mode of
motion that occurs in all systems is the two-site jump, with the
FML being reached at 251, 318, and 297 K for UWDM-1(24),
UWDM-1(22), and UWDM-1(B24), respectively. The onset
temperature of the two-site jump motion is dependent on
both the fit of the macrocycle around the axle and the overall
steric bulk of the macrocyclic ring. Second, provided there is
sufficient free volume, partial rotation occurs, and the jump
angle depends on the size of the ring. This mode of motion
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occurs for both UWDM-1(24) and UWDM-1(22) with FML
temperatures of 324 and 424 K, respectively. Finally, only for
the 24C6 macrocycle in UWDM-1(24) is full rotation of the ring
possible, with the FML being reached at 423 K.

3. CONCLUSION
A series of MIM linkers was synthesized containing a common
anilinium-based axle and different macrocyclic rings: 22C6,
24C6, 26C6, and B24C6. These linkers were used to create an
isomorphous series of MIM in MOF materials: UWDM-1(22),
UWDM-1(24), and UWDM-1(B24). The UWDM-1 series form a
rare β-phase of nbo-type topology and provide a unique
platform to study the motion of different sized and shaped
macrocyclic rings within the same solid-state environment.
The most mobile of the series is UWDM-1(24) which

undergoes three distinct motions: a two-site jump of CD2
groups, a partial rotation of the macrocyclic ring and full rapid
rotation of the ring, reaching the FMLs for these motions at
251, 324, and 423 K respectively. For UWDM-1(22), the FML
of the two-site jump and partial rotation occurs at temperatures
67 and 100 K higher than the 24-membered ring, and there is
no evidence of full rotation. This is consistent with the
increased hydrogen-bonding interactions between the 22-
membered macrocyclic ring and the axle, as seen in the
solution 1H NMR spectra and the crystal structure of 6-22,
resulting in a less mobile system in the solid state. In contrast,
UWDM-1(B24) reached the FML for the two-site jump at 297 K
and showed no evidence of full or partial rotation. The bulky
benzo group of the macrocycle therefore acts as a molecular
break, preventing rotation of the macrocycle inside the material.
When an identical linker with no macrocycle was combined

with CuII metal ions under synthetic conditions that were
identical to those used to form the UWDM-1 series, a bcc-type
MOF (UWCM-1) was formed instead. The structure consisted
of CuII nanoballs linked in a previously unidentified (and
purportedly impossible) 12-connected net. This clearly
demonstrates the effect the macrocyclic component has on
the flexibility of the linker; the ring acts to rigidify the flexible
−NHCH2− link between iso-phthalate groups, thus rigidifying
the linker by incorporating it into a MIM. This ultimately
changes the type of MOF architecture that can be generated.
We have successfully created an isomorphous series of MIM

in MOF materials in which each material exhibits different
degrees of motion of the macrocyclic ring. While these systems
are under thermal control, which can be used to start and stop
rotation of the macrocycles within the framework (Figure 9),

the future of this research will focus on developing systems that

can be controlled photo- or electrochemically and to create

systems with cooperative motion in an effort to create

functional molecular machines within MOFs.
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