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ABSTRACT: A semirigid bis(1,2,4-triazole) ligand binds in a
syn conformation between copper(I) chains to form a series of
two-dimensional metal−organic frameworks that display a
topology of fused one-dimensional metal−organic nanotubes.
These anisotropic frameworks undergo two different trans-
formations in the solid state as a function of solvation. The 2D
sheet layers can expand or contract, or, more remarkably, the
phenyl rings can rotate between two distinct positions.
Rotation of the phenyl rings allows for the adjustment of the
tube size, depending on the guest molecules present. This “gate” effect along the 1D tubes has been characterized through single-
crystal X-ray diffraction. The transformations can also be followed by powder X-ray diffraction (PXRD) and solid-state 13C cross-
polarization magic-angle-spinning (CP-MAS) NMR. Whereas PXRD cannot differentiate between transformations, solid-state
13C CP-MAS NMR can be employed to directly monitor phenyl rotation as a function of solvation, suggesting that this
spectroscopic method is a powerful approach for monitoring breathing in this novel class of frameworks. Finally, simulations
show that rotation of the phenyl ring from a parallel orientation to a perpendicular orientation occurs at the cost of framework−
framework energy and that this energetic cost is offset by stronger framework−solvent interactions.

1. INTRODUCTION

Since breathing metal−organic frameworks (MOFs) can switch
between opened and closed configurations, these advanced
materials have been proposed for applications such as gas
separations,1−10 liquid separations,1,3,9,10 chemical sens-
ing,2−7,9−11 and even hazardous waste adsorption.5,9,12 The
existence of multiple stable states combined with fine-tuning of
the pore properties allows breathing MOFs to exhibit highly
selective guest adsorption.13−16 Guest-selective pore opening
and stepwise adsorption as a function of pressure or
concentration result in pore properties that can be modified,
leading to an increased interest in the synthesis of additional
breathing MOF systems.5,6,17 Since breathing MOFs are
multipurpose porous materials with numerous potential
applications, the development of rational synthetic method-
ologies for their preparation is indispensable.
One constructive approach for designing breathing MOFs

begins by determining where the hinge or “kneecap” in the
porous material should be placed.3,7 Kitagawa proposed a
system for three-dimensional (3D) materials wherein the
dimension of porosity could be either 1D (tubes), 2D (sheets),
or 3D (interpenetrated).18 Of the breathing MOFs that fall
within this classification, most flex at the metal−ligand
interface, which means that the exact interaction between the
ligand and the metal determines whether the MOF can
flex.3,7,10 To avoid this limitation in the synthesis of breathing
MOFs, researchers have investigated routes that move the
kneecap away from the metal−ligand interface to the ligand

itself. Wang, Oliver, and Vittal have independently demon-
strated that double-hinged ligands can act like a screw to pull
the layers in 2D MOFs together as a function of guest (Figure 1
top), while our research has shown the same screwlike effect
with 1D rhombic pores that allows the rhombus to be pinched
shut as a function of guest (Figure 1 middle).19−22 Placing the
kneecap solely on the ligand allows for fixed metal−ligand
binding points, but it is clear from the dearth of examples that a
more robust synthetic strategy is required.
An alternative approach to building breathing MOFs whose

kneecap is located solely on the ligand involves preparing an
anisotropic framework wherein a moiety of the linker can swivel
to block the pore as a function of guest. The concept of
applying linker rotation to block the pore has been implied with
the development of frameworks in which a subunit of the linker
can undergo free rotation.1,2,23−25 However, to form a
breathing MOF, the linker must rotate between fixed positions
that would allow for a more effective “gate” effect to occur as
the pore is opened and closed. A depiction of an anisotropic
metal−organic framework that demonstrates this gate effect is
shown in the bottom panel of Figure 1. This gate-opening effect
would not be dependent on the metal centers and would
potentially allow for a wide range of pore sizes to be
synthesized in a highly isoreticular manner with only modest
changes to the swiveling subunit. Another advantage of
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employing a gate mechanism is that the rotating subunit may be
able to be monitored directly through solid-state spectroscopic
methods, such as 13C cross-polarization magic-angle-spinning
(CP-MAS) NMR spectroscopy, which is a boon when
crystallographic data are not available.
While aryl rings are an obvious component of the rotating

gate, only a limited number of examples have been reported to
date. Kitagawa and co-workers prepared a pillared-layer
cadmium coordination polymer wherein the aryl ring could
rotate as a function of hydration, as determined by single-crystal
X-ray diffraction (XRD). However, the total motion between
the open and closed states of their framework is quite complex
because upon dehydration the gate closes concurrently with a
contraction of the distance between the layers.26 More recently,
Yang, Schröder, and co-workers prepared a cobalt MOF
exhibiting adsorption isotherms consistent with breathing. On
the basis of grand canonical Monte Carlo simulations, powder
XRD (PXRD), and IR experiments, they concluded that the
pyridyl rings in their linkers rotate in the presence of CO2 to
open the channels.27 To date, a rotating-gate framework in
which rotation is solely at the aryl unit has not been fully
characterized both by single-crystal XRD and additional
spectroscopic methods.
We have synthesized a 2D copper sheet MOF that has a

topology of 1D nanotubes fused along the copper chains. The
backbone of the framework is formed by a bidentate semirigid
linker in a syn conformation whose phenyl subunit rotates
between parallel and perpendicular positions as a function of
guest solvent. These phenyl rotations open and close the 1D
tubes. Crucially, each orientation of the phenyl ring has been
confirmed by single-crystal and powder XRD, and more
notably, the rotating-gate effect has been observed for the
first time by 13C CP-MAS NMR spectroscopy. This direct

spectroscopic technique could be highly valuable for testing
additional MOFs that breathe by the same gate-rotating
mechanism, reducing the need for single-crystal XRD to
prove the existence of each state. In addition to experimental
measurements, classical molecular dynamics (MD) simulations
were conducted on each framework to probe the energetics of
this novel breathing motif. The simulations confirmed that each
guest favors a different orientation as a result of differences
between the energies of the solvent and the framework lattice.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Ligand and Frameworks. We

previously reported the synthesis of a semirigid bis(1,2,4-
triazole) ligand containing a 2-butene subunit28 and have
expanded this methodology to incorporate a central xylene
moiety. Following the method of Horvat́h,29 the addition of
1,2,4-triazole-1-propanenitrile to 1,4-bis(bromomethyl)benzene
led to the formation of intermediate 1 in 94% yield (Scheme 1).

Subsequent cleavage of the propanenitrile group with
potassium hydroxide yielded the product 4,4′-(1,4-(xylene)-
diyl)bis(1,2,4-triazole), L (2), in 84% yield. The ligand L was
further purified via recrystallization from water.
Our previously published results with the semirigid linker

4,4′-(1,4-(trans-2-butene)diyl)bis(1,2,4-triazole) demonstrated
that it is possible to prepare multiple copper MOFs by varying
the reaction conditions, including solvent, metal-to-ligand ratio,
and starting metal salt.19,28 To canvas the reaction space of this
new double-hinged ligand 2, several different reaction
conditions were attempted (Scheme 2).
The addition of 1 equiv of both L and copper perchlorate to

a mixture of N,N-dimethylformamide (DMF) and water led to
the formation of [Cu(L)(ClO4)]·DMF·H2O (3) (Scheme 2
top). Colorless crystalline needles suitable for X-ray diffraction

Figure 1. Graphical depiction of methods in which the “kneecap” is
placed solely on the ligand. Double-hinged ligands can be used to pull
together rigid 2D sheets (top) or 1D chains (middle), or a subunit of
the ligand can rotate to open and close the pore (bottom). Green
spheres represent metal centers or secondary building units (SBUs),
and gray and blue components represent rigid and flexible portions of
the ligand, respectively.

Scheme 1. Synthesis of Bis(triazole) Ligand, L (2)

Scheme 2. Synthesis of Copper Frameworks Utilizing
Various Solvents and Metal-to-Ligand Ratios
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were obtained after heating the reaction mixture for 24 h at 85
°C. Single-crystal XRD showed that each tetrahedral Cu(I)
center is coordinated to four triazole ligands (Figure 2A).

Adjacent copper atoms are bridged by two triazole ligands to
form an equatorial plane, resulting in the formation of a linear
chain (Figure 2B). The semirigid ligand exhibits a syn
conformation to form a 2D layered structure with neighboring
copper chains (Figure 2C).8,30 Since the triazole ligands bridge
the copper centers in an alternating manner, the overall
topology is a 2D sheet (Figure 2C). Guest DMF molecules fill
the pores of the framework, while the perchlorate anions are
packed between the sheet layers.
While framework 3 resembles a 2D network, the actual

connectivity does not resemble a 2D square grid.31,32 The
topology is more comparable to a set of fused 1D metal−
organic nanotubes (MONTs)33−36 because of the existence of
channels along the y axis (Figure 2C). The result of this
topology is an anisotropic framework in which porosity is
controlled through the size of the 1D pores. The size of these
pores are in turn set by the size and shape of the syn-conformed
ligand.
By the use of DMF as a solvent and a 2:1 metal-to-ligand

ratio, a variant of 3 was obtained. The framework,
[Cu2(L)2(ClO4)2]·4DMF·H2O (4), was collected as colorless
needles after heating in DMF at 85 °C for 36 h (Scheme 2).
The crystalline needles are in the same C2/m space group as 3,
but an increase in the unit cell volume was observed.
Crystallographic studies revealed the same connectivity with
Cu(I) centers bridged by triazole ligands, resulting in a fused
1D MONT structure similar to that of 3 (Figure S1 in the
Supporting Information). While DMF molecules remain within

the voids as in 3, additional DMF molecules are now located
between the layers. The π−π interactions are disrupted in order
to accommodate the additional guest molecules, which
increases the distance between the layers from 3.8 to 7.3 Å
(Figure S1).
As part of our screening of reaction conditions as a function

of solvent, we employed structurally similar N,N-dimethylace-
tamide (DMA) as a cosolvent with water in the framework
reaction. Upon the addition of 1 equiv of L to 5 equiv of copper
perchlorate, [Cu(L)(ClO4)]·DMA·H2O (5) was obtained as
colorless needles after heating for 2 weeks at 85 °C (Scheme 2).
The structure of 5 was topologically identical to that of 3
consisting of Cu(I) centers bridged by two triazole ligands to
form a fused-tube structurebut there was one major
structural change (Figure 3): the orientation of the phenyl

ring had rotated 90° compared to that in 3! Whereas the phenyl
rings are parallel to one another in 3, resulting in layers that are
stacked through π−π interactions, the phenyl moieties in 5 are
perpendicular to the orientation of the tubes. This rotation of
the phenyl rings breaks the π−π interactions and allows for a
migration of the solvent from within the pore to between the
rotated phenyl rings (Figures 2 and 3). Despite repeated efforts,
we were unsuccessful in preparing a bulk quantity of framework
5.
Even though framework 5 was not isolable, the existence of

the phenyl ring in a perpendicular rather than parallel fashion
piqued our interest in synthesizing additional 2D fused
MONTs. Although dynamic transformations within MOFs
have been studied, including the continuous rotation of phenyl
rings,23−25 the ability to control the rotation between two fixed
states would provide a valuable gating technique for porous
materials. The ability to switch between different states is
beneficial only if the framework is anisotropic, and the existence

Figure 2. (A) Crystal structure of 3 showing the copper connectivity.
(B) Crystal structure of 3 showing copper chains along the y axis. (C)
Crystal structure of 3 viewed orthogonal to the y axis showing the
fused-tube topology. Blue, light-blue, black, green, and red spheres
represent Cu, N, C, Cl, and O, respectively. All hydrogen atoms have
been omitted for clarity.

Figure 3. (A) Crystal structure of 5 showing copper chains along the x
axis. (B) Crystal structure of 5 viewed orthogonal to the x axis showing
the fused-tube topology.
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of 1D pores in frameworks 3−5 provides an ideal platform to
study switchable phenyl rotation that can change the pore size.
Given the differences in frameworks 3 and 5, we desired to

attempt to synthesize two frameworks that contain the same
solvent and show both aryl ring positions. N-Methyl-2-
pyrrolidone (NMP) was used as a reaction medium to
synthesize additional frameworks because of its structural
similarity to DMF and DMA. With a combination of NMP and
water, [Cu(L)(ClO4)]·NMP·H2O (6) was obtained after 2
weeks of heating at 85 °C with a metal-to-ligand ratio of 5:1
(Scheme 2). The topologically similar framework again
crystallized in the C2/m space group and is analogous to that
of 3, except that the DMFs within the pores are now replaced
with guest NMP molecules (Figure 4). The phenyl moiety
remained oriented in a parallel fashion, showing π−π stacking
between the layers with a layer distance of 3.8 Å.

When only NMP was used as a reaction solvent with a 2:1
ligand-to-metal ratio, [Cu(L)(ClO4)]·3NMP (7) was formed as
colorless needles after 3 days of heating at 85 °C (Scheme 2).
Crystallographic studies revealed that the framework crystallizes
in the P1 ̅ space group and that the connectivity resembles the
previously described frameworks 3−6. Notably, the phenyl
moiety is rotated 76° compared with that in 6 (Figure 5). In a

similar manner to 5, the guest NMP molecules are now located
between the rotated phenyl rings as well as within the tubular
pores. Examination of the estimated pore sizes in frameworks 6
and 7 yields dimensions of 9.0 Å × 10.5 Å for 6 and 4.9 Å ×
10.7 Å for 7.
The synthesis of 7 demonstrates that we were able to prepare

a pair of anisotropic frameworks in which the phenyl moiety
exists in two distinct orientations while containing the same
solvent, NMP, within the lattice. The only variation between
frameworks 6 and 7 with regard to elemental composition is
that 6 has one guest water molecule while 7 has two additional
NMPs. Since the phenyl moiety can crystallographically exist in
two distinct positions, the ability to switch the phenyl
orientation as a function of solvation is clearly plausible.
Nevertheless, for this pore-gating effect to be practical, an in
situ monitoring technique that does not rely on single-crystal
XRD had to be developed.

2.2. Dynamic Transitions in the Solid State. Once an
assortment of isoreticular systems had been synthesized, the
next step was to determine whether transitions could occur in
the solid state as a function of solvation. Two pairs of
frameworks and their transitions could be monitored: 4 to 3
and 7 to 6 (Scheme 3). The first pair features a separation of

the 2D sheet layers, while the second pair involves the rotation
of the phenyl ring that makes up the backbone of the 1D
tubular topology. Although single-crystal X-ray analysis can
confirm which state a breathing MOF is in for one crystal,
PXRD measurements are commonly employed to investigate
transformations to the bulk material.26,37−39

The first pair of frameworks investigated was 3 and 4, which
contain different amounts of DMF in their formulas, causing
expansion or contraction of the sheet layers (Scheme 2, Figure
2 and Figure S1 in the Supporting Information). Since 3 and 4
have distinct PXRD patterns (Figures S6 and S7 in the
Supporting Information), an experiment that monitored the
dynamic transformation as a function of solvent was possible.
PXRD patterns were collected on the two powder samples: an
as-synthesized sample of 4 and a sample of 4 that was soaked in
water for 1 h prior to PXRD analysis (Figure S10 in the
Supporting Information). The PXRD patterns were matched
with simulated spectra to confirm the phase purity before and
after addition of solvent. As expected, the spacing between the
2D sheets could be monitored with PXRD.
The ability to monitor phenyl rotation as a function of

solvent with PXRD is of greater interest. Monitoring the
rotation of the phenyl rings by PXRD was tested by taking X-
ray measurements on three samples: an initial sample of 7, a
hydrated sample of 7 that was first soaked in water and
subsequently soaked in a water/NMP mixture, and a sample
that was resoaked in pure NMP and heated to 85 °C for 8 h
(Figure S11 in the Supporting Information). The PXRD
measurements confirmed that the bulk material was trans-
formed from 7 to 6 and back to 7.

Figure 4. Crystal structure of 6 viewed orthogonal to the y axis
showing the fused-tube topology.

Figure 5. Crystal structure of 7 viewed orthogonal to the x axis
showing the fused-tube topology.

Scheme 3. Conversion between Framework States as a
Function of Solvent
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Although PXRD measurements confirmed that transforma-
tions between the different states occur for these sheet MOFs,
an alternative spectroscopic technique, solid-state NMR
spectroscopy, can provide more useful information for
monitoring dynamic transitions in the solid state. Solid-state
NMR spectroscopy has been used extensively to characterize
MOFs,40,41 and in particular, it is a powerful tool for the
determination of rotation rates of aryl rings.23−25 The rotation
of aryl rings to locked positions, therefore, offers an ideal case
for demonstrating the efficacy of this technique.
Nevertheless, solid-state 13C CP-MAS NMR spectroscopy

has rarely been employed to effectively monitor the transition
between fixed positions in breathing MOFs.42−44 In two
instances, the twisting motions at metal−ligand kneecaps (and
the accompanying aryl rings) in zinc MOFs have been observed
as a function of guest.43,44 The resonances either shift as a
function of breathing state or, more constructively, split into
multiple resonances as the carbon atoms are rendered
inequivalent in their new conformation. However, no 13C
CP-MAS NMR measurements have been performed where the
breathing motion occurs solely on the ligand.
Prior to the collection of solid-state 13C CP-MAS NMR

spectra of the frameworks, it was critical to assign appropriate
peak positions for 2 in the solution-state NMR spectrum.
Heteronuclear single-quantum coherence (HSQC) and hetero-
nuclear multiple-bond correlation (HMBC) spectra were
collected for 2 in DMSO-d6 along with 1D 1H and 13C NMR
spectra, which allowed for absolute assignments of all of the
distinct carbons on the ligand (Figures S12−S15 in the
Supporting Information). The central aryl carbons have a
resonance at 128.16 ppm and the ipso carbons have a
resonance at 136.54 ppm in the solution NMR spectrum.
These resonances were also confirmed by the 13C CP-MAS
NMR spectrum of 2 (Figure S16 in the Supporting
Information).
Once the 13C NMR spectrum of 2 had been assigned, we

could compare it to the solid-state 13C CP-MAS NMR spectra
of the frameworks. A spectrum of 3, including a portion of the
structure and a blow-up of the aryl region, are shown in Figure
6. The resonance at 49.3 ppm is attributed to the methylene
carbon of the triazole ring, while the resonances at 131.0, 132.5,
136.0, 136.6, and 144.8 ppm are assigned to the aryl carbons.
Although ligand 2 is highly symmetric in solution, the
symmetry of the aryl carbons is lost in the solid state because
of the different local environments of the aryl atoms. This break
in symmetry is due to the solvent and anion molecules within
the framework.
Framework solvent can also be located via NMR analysis,

and this is a powerful tool for monitoring phase transitions as a
function of solvation.43,44 The solid-state 13C CP-MAS NMR
spectrum of 3 shows three peaks for DMF (Figure 6). These
correspond to the DMF molecules that are present in the 1D
channels. A comparison of the spectra of 3 and 4 shows that
there is no significant difference in the aryl region of the
spectrum, but an additional set of DMF peaks are observed at
35.5, 39.6, and 166.9 ppm (Figure S17 in the Supporting
Information). These additional resonances are due to the
presence of two DMF molecules that exhibit different local
environments, one contained within the pore and one between
the layers.
Analysis of the solid-state NMR spectra for frameworks 6 and

7 allowed us to correlate the peak positions with rotation of the
aryl ring in the solid state. The 13C CP-MAS NMR spectrum of

6 is similar to that of 3, with the aryl carbons yielding four
peaks at 131.7, 133.4, 135.3, and 136.7 ppm as a result of a
break in symmetry (Figure 7). Despite a change in solvent in

the tubular pore, there is little change in peak position of the
aryl-ring resonances. The triazole and methylene carbons both
exhibit two peaks each, at 46.6 and 49.8 ppm and 145.3 and
146.9 ppm, respectively (Figure 7 and Figure S18 in the
Supporting Information), whereas in 3 only one peak is present
for each carbon. The triazole and methylene carbons exhibit
two separate resonances because there is a slight tilt of the
ligand from right to left (Figure 4), causing each individual pore
and, ultimately, the ligand to be asymmetric.
When analyzed by 13C CP-MAS NMR spectroscopy,

framework 7 exhibits a single broad peak for the methylene
and triazole carbons with resonances at 49.7 and 146.6 ppm,
respectively, which is in contrast to the results for 6 (Figure 8
and Figure S19 in the Supporting Information). The
resonances for the aryl carbons are now at 125.9 (broad),
135.9, and 137.0 ppm. The broad resonance at 125.9 ppm
corresponds to the now four inequivalent “3” carbons in the
phenyl ring. This increased ring heterogeneity, combined with a
possible increase in the chemical shift distribution, leads to this
broader peak. Notably, the peaks for the 4 and 4′ carbons have
barely shifted between 6 and 7. The only significant change to
the solid-state NMR spectrum involves the resonances

Figure 6. (A) Highlighted portion of the crystal structure of 3 with
labeled carbon atoms. (B) Full solid-state 13C CP-MAS NMR
spectrum of 3. Asterisks denote spinning sidebands. (C) Highlight
of the aryl region of the spectrum of 3 with labeled peaks.

Figure 7. (A) Highlighted portion of the crystal structure of 6 with
labeled carbon atoms. (B) Highlight of the aryl region of the solid-
state 13C CP-MAS NMR spectrum of 6 with labeled peaks.
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correlated to the aryl carbons that moved with the framework,
which demonstrates that solid-state NMR analysis can
differentiate between different breathing modes for the bulk
material.
In addition to evaluating the pure-phase frameworks by solid-

state NMR spectroscopy, we monitored the changes in the
frameworks as a function of solvation. A solid-state 13C CP-
MAS NMR spectrum of a sample of 4 was collected, and the
sample was then soaked in water for 1 h. The 13C CP-MAS
NMR spectrum of hydrated 4 was collected and compared with
that of isolated 3. A match between the spectra of isolated 3
and hydrated 4 was obtained (Figure S20 in the Supporting
Information), demonstrating that NMR analysis was successful
in monitoring breathing of the framework.
To monitor aryl rotation between 7 and 6, the solid-state 13C

CP-MAS NMR spectrum of a freshly prepared sample of 7,
which had been verified by PXRD, was collected. The sample
was subsequently soaked in water for 1 h, and a second NMR
spectrum was collected (Figure 9). The spectrum of hydrated 7
was compared to the 13C CP-MAS NMR spectrum of pure 6,
and the two spectra were found to be identical. The same
sample of hydrated 7 (i.e., 6) was therefore soaked in NMP in
an attempt to reproduce framework 7. Although soaking in
NMP under ambient conditions did not reproduce 7, heating
the sample at 85 °C for 8 h resulted in an NMR spectrum that

was a direct match with that of the as-synthesized framework 7
(Figure 9). These experiments demonstrate that 13C CP-MAS
NMR spectroscopy is an effective technique to monitor
framework breathing in the solid state.

2.3. Simulations of the 2D Frameworks. To assist in
understanding how small changes in solvent conditions could
twist the phenyl ring between parallel and perpendicular modes
in the framework, we turned to simulations of the MOFs. We
sought to answer two questions. First, when the simulated
system was allowed to equilibrate, would each of the phenyl
rings maintain their respective parallel and perpendicular
modes? Second, could energetics derived from the equilibrated
systems suggest why different solvents induce a preferred
orientation of the phenyl ring?
To answer these two questions, two frameworks that had

phenyl rings in a parallel mode (3 and 6) and two frameworks
that had phenyl rings in a perpendicular mode (5 and 7) were
simulated using classical molecular dynamics in LAMMPS with
the parameters of the Universal Force Field (UFF).45,46 The
initial structure of each simulated MOF system was obtained
through X-ray diffraction. The simulations were then performed
with a Lennard-Jones cutoff of 15.0 Å. Each simulation was
equilibrated for 0.5 ns. Additional details about the simulations
can be found in the Supporting Information.
From simulations performed in the isobaric−isothermal

(NpT) ensemble at 100 K and 1 atm, deviations from the
experimental structure can be compared for both the lattice
parameters of the unit cell and the root-mean-square (RMS)
displacements of individual atoms. A comparison of the shapes
and sizes of the unit cells for the experimental systems and NpT
simulations shows minor distortions of any given lattice angle
(5% or less) and lattice vector (13% or less) (Table S1 in the
Supporting Information). In addition to the lattice parameters
of the cell, the RMS atomic displacements allow us to gauge the
precision of the simulations (Table S2 in the Supporting
Information). A visual depiction of the simulations shows that
MOFs 3 and 6 with parallel phenyl rings more closely adhere to
their single-crystal X-ray structures than MOFs 5 and 7 with
perpendicular phenyl rings (Figure 10 and Figures S21−S28 in
the Supporting Information). These depictions show instanta-
neous snapshots of equilibrated structures at 100 K. Overall,
these two results suggest that the potential employed is capable
of capturing the structure of the framework effectively.
Having established that the simulations can capture the

overall structure of the MOFs, we evaluated the rotation of the
phenyl rings versus their experimental values. The simulations
of MOFs with parallel phenyl rings (3 and 6) experimentally
show an alternating pattern of positive and negative angles with
a magnitude just larger than 20° (Table S3 in the Supporting
Information). The materials with perpendicular phenyl rings,
experimentally 90° for 5 and 78° for 7, display smaller angles of
71° and 49°, respectively. The comparison of the experimental
and simulated results of the ring rotation can be seen in Figure
11. Overall, the UFF potential produces results that are
consistently off from the experimentally observed rotations by
about 20°, but notably, the trend of parallel or perpendicular
rotation is correctly reproduced in all cases.
Since the simulations correctly reproduced the ring rotation

as a function of solvent, we investigated the interaction energies
to determine whether a rationale could be devised for the
phenyl ring orientation. Energies of interaction between groups
of atoms are reported in Table S4 in the Supporting
Information on a per unit cell basis. The interaction energies

Figure 8. (A) Highlighted portion of crystal structure of 7 with labeled
carbon atoms. (B) Highlight of the aryl region of the solid-state 13C
CP-MAS NMR spectrum of 7 with labeled peaks.

Figure 9. 13C CP-MAS NMR spectra of 7 (top) as-synthesized,
(middle) after exposure to water for 1 h, and (bottom) after
resolvation with NMP for 8 h at 85 °C.
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are similar within the two categories of ring rotations,
suggesting that the energy gap between the two ring positions
is small. Essentially, the rotation of the phenyl ring from a
parallel orientation to a perpendicular orientation occurs at the
cost of framework−framework energy, which is offset by
stronger framework−solvent energetic interactions. The anion
position also impacts the position of the phenyl rings in a more
limited manner. A secondary increase in framework−anion
energy and a secondary decrease in anion−solvent energy
indicate that the choice of solvent not only impacts the
orientation of the phenyl ring but also the position of the anion.
To further understand the effects of the surrounding atoms

on the phenyl ring itself, the energies of interaction between the
four rotating atoms of the phenyl ring and other surrounding
groups of atoms were calculated (Table 1). These results
explicitly highlight that the phenyl interaction with the rest of
the framework becomes less favorable as the phenyl ring rotates
to a perpendicular orientation but also that a more favorable
interaction between the phenyl ring and the solvent
compensates for this energetic penalty. Solvents that have
strong interactions with the phenyl ring favor rotation to the
perpendicular orientation, while solvents with weak interactions
favor a parallel mode.

3. CONCLUSION
A series of two-dimensional MOFs that display a topology of
fused 1D metal−organic nanotubes was synthesized, and the
frameworks were found to undergo two different trans-
formations in the solid state as a function of solvation. A
semirigid bis(1,2,4-triazole) ligand connects one-dimensional
copper chains through a syn conformation to form a tubular
architecture. The phenyl rings between the 1,2,4-triazoles are
oriented either parallel or perpendicular to the tube. The first
transformation involves expansion or contraction of the 2D
sheet layers as a function of DMF concentration. More notably,
DMA and NMP cause the phenyl ring to rotate to an
orientation perpendicular to the tube orientation. All of these
framework transformations were initially determined by single-
crystal X-ray diffraction and powder X-ray diffraction. Since the
breathing mode of phenyl rotation is solely ligand-based, we
believed that solid-state 13C CP-MAS NMR spectroscopy
would be a powerful tool to elucidate this switching mechanism
between the parallel and perpendicular modes of the phenyl
ring. Unlike PXRD, solid-state 13C CP-MAS NMR spectrosco-
py could directly monitor phenyl rotation as a function of
solvation, demonstrating that this is an effective approach for
monitoring changes to a breathing framework that occur solely
through gate switching of the ligand. Finally, simulations
showed that rotation of the phenyl ring from a parallel
orientation to a perpendicular orientation occurs at the cost of
framework−framework energy and that this energetic cost is
offset by stronger framework−solvent interactions. Future
research will focus on preparing isostructural 2D sheet MOFs
with functionalized or extended linkers to investigate the effect
of pore size on aryl subunit rotation.
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Figure 10. Graphical representations of portions of the equilibrated
structures of (A) 3, (B) 5, (C) 6, and (D) 7. The pictures display
instantaneous snapshots of equilibrated structures at 100 K.

Figure 11. Initial and equilibrated phenyl ring positions for 3 (A), 5
(B), 6 (C), and 7 (D). Initial positions (experimental) are above
dotted lines while equilibrated positions (simulated) are below the
dotted lines.

Table 1. Lennard-Jones Energies of Interaction between
Phenyl Rings and Surrounding Groups of Atoms (kcal/mol
per unit cell)

3 5 6 7

phenyl/framework −9.3 −2.6 −9.6 −3.2
phenyl/solvent −8.6 −13.6 −11.2 −19.8
phenyl/anion −6.4 −3.9 −6.4 −4.3
phenyl/water −1.1 −1.6 −1.1 −
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