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ABSTRACT 
The concept of “robust dynamics” describes the incorporation of mechanically interlocked molecules (MIMs) into metal-organic 
framework (MOF) materials such that large amplitude motions (e.g., rotation or translation of a macrocycle) can occur inside the 
free volume pore of the MOF. To aid in the preparation of such materials, reticular synthesis was used herein to design rigid 
molecular building blocks with predetermined ordered structures starting from the well-known MOF NOTT-101. New linkers were 
synthesized that have a T-shape, based on a triphenylene tetra-carboxylate strut, and their incorporation into Cu(II)-based MOFs 
was investigated. The single-crystal structures of three new MOFs, UWCM-12 (fof), β-UWCM-13 (loz), UWCM-14 (lil), with naked 
T-shaped linkers were determined; β-UWCM-13 is the first reported example of the loz topology. A fourth MOF, UWDM-14 (lil) is 
analogous to UWCM-14 (lil) but contains a [2]rotaxane linker. Variable-temperature, 2H solid-state NMR was used to probe the 
dynamics of a 24-membered macrocycle threaded onto the MOF skeleton. 
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1 Introduction 
While there are a wealth of innovative molecular switches and 
machines based on mechanically interlocked molecules (e.g., 
rotaxanes, catenanes) that operate in solution [1–6], transferring 
their motion to the solid-state requires additional design features 
[7, 8]. Components with both rigid and flexible structures are 
needed such that the mobile (flexible) units can be placed within 
or tethered to an ordered (rigid) skeletal structure. The term 
“robust dynamics” was coined by Stoddart and Yaghi to describe 
incorporating mechanically interlocked molecules (MIMs) 
into metal-organic frameworks (MOFs) [9]. Although a few 
examples of MIMs in MOFs [10–18] have been reported, to 
reliably create a material exhibiting robust dynamics, some degree 
of predictability in design is desirable. Reticular synthesis—the 
process of assembling judiciously designed rigid molecular 
building blocks into predetermined ordered structures—seems 
ideal for this purpose [19]. Herein, we describe this concept 
using the iconic material NOTT-100 as a starting point, 
followed by synthesis of MIM linkers for incorporation into 
related MOFs (Fig. 1) [20]. 

MOF materials in the UWDM (University of Windsor Dynamic 
Material) series have provided significant progress towards 
achieving the goal of robust dynamics but have fallen short of 
providing rational design parameters [10–12, 14–17]. In the 
case of UWDM-1 (Fig. 1(b)), an fof net was formed and rotation 
of the macrocyclic ring inside the MOF was characterized by 

variable temperature (VT) 2H solid-state NMR (SSNMR) [16]. 
However, when the interlocked macrocycle was not present, as 
in UWCM-1 (University of Windsor Crystalline Material), the 
resulting structure has a unique topology containing a complex 
rhombihexahedron interconnected with large cuboctahedral 
cages (nanoballs) [14]. The organic backbones of the two linkers 
are identical but, when the wheel is interlocked around the 
axle, it adds rigidity. A reticular approach to linker design might 
avoid these pitfalls while not compromising the ultimate goal of 
creating robust dynamics. 

For NOTT-101 (Fig. 1(c)), the carboxylates of the linker 
coordinate to Cu(II) ions creating a 4-connected dicopper 
paddlewheel secondary building unit (SBU) resulting in an fof 
net [20]. The fof net is typified by two cages within the MOF 
structure; a hexagonal cage [Cu12L12] and an elongated [Cu24L6] 
cage that provides the NOTT-100 series with high porosity 
and affinity for H2 adsorption [20–22]. The linker is open to 
synthetic decoration at the central phenyl ring (Fig. 1(d), ZJU-7) 
[23], making it amenable to reticular synthesis and a good target 
for incorporating T-shaped [2]rotaxane linkers [24] and their 
“naked axle” (i.e. without the interlocked wheel) analogs. 

2  Results and discussion 

2.1  T-shaped linkers based on NOTT-100 

T-shaped triphenyl diisophthalic linkers were designed and  
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prepared (Scheme 1); i.e., naked T-shaped linkers 3a (R = CH3) 
and 3b (R = CF3) and in one case the analogous [2]rotaxane 
3b24C6. The three linkers were synthesized from the diamine 
precursor 1 by condensation with the appropriate aldehyde to 
yield tetraesters 2a and 2b. The esters were easily hydrolyzed 
to the naked axles 3a and 3b. To create the [2]rotaxane, 2b was 
protonated using HBF4 and the resulting benzimidazolium 
cation used as the template in a ring-closing metathesis (RCM) 
reaction with a crown ether precursor [25], followed by 
reduction using 2H2(g) to yield the [2]rotaxane 2b24C6. This 
could then be hydrolyzed to create [2]rotaxane linker 3b24C6. 
The incorporation of deuterium labels allows for the potential 
monitoring of macrocycle dynamics (e.g., rotation) inside a 
MOF using VT 2H SSNMR. The axle 2a was not suitable for 
the synthesis of the analogous rotaxane linker 2a24C6 as 
the methyl groups were found to provide insufficient bulk to 
prevent dethreading of the macrocycle. 

No dethreading was observed for 3b24C6 during ester 
hydrolysis so it was concluded that trifluoromethyl groups 
(R = CF3) are suitably sized stoppers for this type of T-shaped 
[2]rotaxane containing a 24C6 ring. All new linkers and 
their precursors were fully characterized by standard 1H  
and 13C NMR experiments as well as high-resolution mass 
spectrometry; 2b and 2b24C6 were also characterized by 
single-crystal X-ray diffraction (SCXRD) (see the Electronic 
Supplementary Material (ESM) for full details of synthesis 
and characterization). 

2.2  MOFs UWCM-12, - and -UWCM-13 

Three new Cu(II) MOFs were successfully synthesized and 
characterized using the two naked linkers 3a and 3b (Fig. 1(e); see 
the ESM for details of MOF synthesis). The MOF produced 
utilizing 3a was designated UWCM-12, while 3b yielded two 
separate phases, the major product was designated α-UWCM-13 

 
Figure 1  The reticular design of T-shaped linkers and their mechanically interlocked (rotaxane) analogs. (a) A diphenyl strut is used to make
NOTT-100. (b) A [2]rotaxane linker is used to make UWDM-1; denoted UWCM-1 without the macrocycle. (c) A triphenyl strut is used to make 
NOTT-101. (d) A naphthyl-containing strut is used to make NOTT-109. (e) A T-shaped strut is used to make new MOFs UWCM-12, -UWCM-13 and 
-UWCM-13. (f) and (g) Extended struts are used to make ZJU-30 and MOF-1* (*Mukherjee). (h) An extended T-shaped strut is used to make new MOF 
UWCM-14 and (i) a T-shaped MIM is used to make the MIM in MOF UWDM-14. 
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and the minor phase β-UWCM-13 [26]. Unfortunately, no cry-
stalline material could be isolated when employing [2]rotaxane, 
3b24C6 (R = CF3) as a linker. This could be attributed to the 
increased steric bulk, imposed by the macrocycle, relatively 
close to the coordinating isophthalate groups making it an 
unsuitable ligand for synthesizing MOFs. 

UWCM-12 was synthesized under solvothermal conditions 
producing large green rhomboid crystals (Fig. S1 in the ESM). 
Analysis by SCXRD revealed a MOF framework with square 
planar Cu(II) paddlewheel SBUs in the trigonal space group 
R32 (Fig. 2). The central benzimidazole moiety is disordered 
over two positions but the aromatic substituents at the 2-postion 
are too sterically hindered to point towards one another and 
therefore must be oriented in an alternating manner. It is also 
evident that a maximum of three substituents can simultaneously 
occupy each cavity and that the units cannot point into the 
[Cu24L6] cage. Analysis using Olex2 [27] solvent mask (Olex2 
implementation of the Platon Squeeze routine [28]) revealed 
a total solvent accessible void space (1.2 Å probe) of 6,884 Å3 
(59%). The resulting fof net is the same as observed for ZJU-7 
[23] which contains a central naphthalene moiety and is in 
contrast to the ssb net reported for NOTT-109 (Fig. 1(d)) [20]. 
Despite rapid mass loss at room temperature of the as-synthesized 
UWCM-12 as shown via thermal gravimetric analysis (TGA), 
the framework integrity was maintained up to 175 °C as 
shown via powder X-ray diffraction (PXRD) for the activated 
UWCM-12. 

Linker 3b (R = CF3), when reacting under solvothermal 
conditions with a Cu(II) source, produced two phases denoted 
α-UWCM-13 and β-UWCM-13. The bulk of the microcrystalline 
material (α-UWCM-13) was shown by PXRD (Fig. S6 in the 
ESM) to adopt an fof net analogous to UWCM-12. More 
interestingly, a small amount of large, odd-shaped crystals 
(Fig. S5 in the ESM) of β-UWCM-13 suitable for SCXRD analysis 
could be physically separated from the bulk phase. The structure 
of β-UWCM-13 is remarkable in terms of size and aesthetics 
(Fig. 3(a)). β-UWCM-13 features a new net denoted loz and is 
a new entry to the Topos Topological Types Database [29, 30]. 
The most significant feature of the framework is a large central 
cavity with a Cu···Cu distance measuring ~ 38 Å; larger than 
the Zr···Zr distance of ~ 36 Å across the hexagonal pores of 
NU-1000 [31]. The CF3 groups line the walls of this large cavity 
and the formation of β-UWCM-13 may be due to some type  

 
Figure 2  SCXRD representations of the fof net of UWCM-12. (a) A view 
down the a-axis showing the orientation of the benzimidazole fragment 
(green) into the pores, (b) a view down the c-axis emphasizing the 
hexagonal channels. 

of hydrophobic aggregation. Analysis using the Olex2 solvent 
mask reveals a solvent accessible void space (1.20 Å probe) 
of 88,384 Å3 (65%). However, due to the disorder benzimidazole  

Scheme 1  Synthetic steps used to prepare T-shaped axles and [2]rotaxane linkers with a triphenylene strut and isophthalic groups.   
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Figure 3  SCXRD representation of the loz net of β-UWCM-13. (a) A view 
down the c-axis, the disordered benzimidazole fragments are omitted for 
clarity. (b) A visualization of the connectivity of the representative void 
space in β-UWCM-13 showing octahedral like pores further linked by 
nano channels. 

groups, the actual porosity of the framework is quite limited [32]. 
Small 11.2 Å wide ‘nano-channels’ made up of Cu16L4 cages 
link the large individual cavities (Fig. 3(b)). The large individual 
cavities are arranged in that can be described as a body 
centered cubic (BCC) fashion with each cavity linked to  
six others via the aforementioned “nano-channels” (Fig. 4) 
reminiscent of the rho topological net observed in zeolites [33] 
and ZIFs [34]. What differentiates the loz net is that it is 
composed of two independent rho-like pore structures which 
are interpenetrated. Unfortunately, multiple attempts to 
create this new loz net with the [2]rotaxane linker, 3b24C6, 
did not produce an analogous framework, potentially due to the 
increased steric bulk imposed by the macrocycle. 

2.3  New T-shaped linkers via reticular synthesis 

Since the nbo derived nets did not create a cavity sufficiently 
porous enough to accommodate a large moiety (with or 
without an interlocked macrocycle) perpendicular to the triphenyl 
backbone, it was decided to expand, in a reticular fashion, the 
breadth of the linker by inserting extra phenyl groups between 
the triphenyl strut and the isophthalic acid group. This basic 
linker design has been used by Mukerjee [35] to create a Cu(II)- 
based MOF (MOF-1) with a derived lil net, from the parent 
lvt net, while a similar biphenylene linker produced ZJU-30 
which has an interpenetrated lil net [36, 37]. Additionally, 
methoxy (OMe) groups were used on the stoppering unit as  

 
Figure 4  SCXRD representations of the lil nets of UWCM-14 and 
UWDM-14. (a) A view down the a-axis of UWCM-14, (b) a view down 
the a-axis of UWDM-14. 

they are suitably bulky enough to prevent dethreading and 
eliminate the formation of MOF structures likely driven by 
hydrophobicity (CF3) (see Fig. 1 for details of these linkers 
and MOFs and Scheme 2 for the syntheses of the new linkers 7 
and 724C6). 

Preparation of the axle was initiated using a ZrCl4 catalyzed 
condensation reaction between 3,6-dibromobenzene-1,2-diamine 
and 3,5-dimethoxy-benzaldehyde, resulting in benzimidazole 4. 
To obtain naked linker 7, 4 was enlarged using a Suzuki 
coupling reaction with diethyl-5'-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate, 
followed by hydrolysis with NaOH. The [2]rotaxane synthon 
424C6 was prepared by protonating 4 with HBF4·Et2O to 
yield a template for pre-crown, pentaethyleneglycol-dipent- 
4-enyl and the mechanical bond was formed through RCM 
using Grubbs’ 1st generation catalyst [25]. The 24C6 wheel 
is mechanically locked by two Br substituents on one end of 
the axle and two methoxy substituents on the other. The RCM 
reaction produces both E and Z isomers, which were not 
separated to maximize percentage recovery. [2]Rotaxane 424C6 
was then extended to yield 624C6 via another Suzuki 
coupling which was followed by hydrogenation using Pd/C 
catalysis with 2H2 (D2). Finally, hydrolysis using NaOH created 
the tetra-acid [2]rotaxane linker 724C6. 
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2.4  MOFs UWCM-14 and UWDM-14 

MOFs UWCM-14 and UWDM-14 were produced through 
solvothermal synthesis with Cu(II) ions employing linkers 7 
and 724C6, respectively. Both MOFs are isolated as large 
green single crystals (Fig. S8 in the ESM) and the as-synthesized 
materials were subjected to X-ray diffraction. Figure 5 shows 
that both UWCM-14 and UWDM-14 adopt the targeted 
non-interpenetrated lil net found for Mukerjee’s MOF-1 [35]. 
UWCM-14 shows a 50:50 occupancy, two site positional disorder 
of the central benzimidazole moiety, with a dihedral angle of 
43.0(4)°. UWDM-14 displays the same 50:50 occupational 
disorder, but with a 45.7(9)° dihedral angle, showing that the 
presence of the wheel has a minor effect on the local structure, 
but not the overall net. VT-PXRD (Figs. S9 and S13 in the 
ESM) showed that both frameworks are stable when activated 
up to 175 °C without any noticeable phase changes or loss of 
crystallinity. Analysis using Olex2 solvent mask (1.2 Å probe) 
reveals a solvent accessible void of 11,539 Å3 (73%) for 
UWCM-14. Upon incorporation of the 24C6 macrocyclic 
wheel in UWDM-14, a significant decrease in the solvent 
accessible volume is observed to 5,873 Å3 (41%).   

The dynamics of the 2H labelled mechanically interlocked 
macrocycle was probed using 2H VT SSNMR spectroscopy. 
Although magnetically dilute, the Cu(II) paddlewheel SBUs 
are paramagnetic and this resulted an efficient T2 relaxation of 
the 2H nuclei, which led to patterns with low signal-to-noise 
ratios and asymmetric shapes resulting from dipolar shift 
anisotropy (Fig. S19(a) and discussion in the ESM). Although 
this prevented accurate molecular modelling of the motion 
in UWDM-14, the experimental spectra infer that the same 
types of rocking, partial rotation, and perhaps full rotational 
motion (Figs. S19(b) and S19(c) in the ESM) identified for 
related MOFs UWDM-1 [16], UWDM-2 [15], UWDM-3 [15], 
UWDM-5 [10] and UWDM-7 [11] are likely occurring (for 
full details see the ESM). Most importantly, the reticular design 
and subsequent expansion of the axle—with or without an 
interlocked macrocycle—yielded MOFs with identical topologies 

and the void space sufficient for qualitative indications of 
robust dynamics. 

3  Conclusions 
Utilizing the principles of reticular chemistry, robust MOFs 
have been produced that contain T-shaped linkers, with and 
without interlocked macrocycles. When the MOF topology 
contains a free volume large enough to accommodate a full 
rotaxane linker, dynamic motion of the 24C6 macrocycle 
could be monitored by 2H VT SSNMR spectroscopy. Most 
importantly, applying the principles of reticular chemistry 
produced a pair of isoreticular MOFs UWCM-14 and 
UWDM-14 with the same (lil) framework net. This is the first 
time it has been possible to create and compare MOFs of the 
same net, with and without the presence of an interlocked 
macrocycle and is therefore an important step in the rationale 
design of robust dynamic materials. We are presently exploring 
the possibility of applying these same principles of reticular 
design to the creation of isoreticular MOFs with and without 
a molecular shuttle capable of linear translational motion 
inside a porous framework. 
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