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ABSTRACT: Here we report two new multicomponent supramolecular rotors (1 and 2) based on 2,7-
diphenyl-9H-carbazole stators and two rotators brought together by a non-innocent C-H…O interaction.
This hydrogen bond serves a dual function: it constitutes the rotational axis for THF and acts as a ‘brake’
for the motion of DABCO. Dynamic characterization of 1 by VT 2H NMR experiments supports that DABCO
rotates about its supramolecular axis with jumps of 120º (3-fold) and a  krot >10 MHz at 300 K,  but
interestingly, this motion is reduced to 5 MHz at 150 K. Concurrently, the THF experiences an atypical
motion on an axis that is perpendicular to that of DABCO, experiencing 180º jumps in the fast regime
even at 175 K. 1H(T1) relaxometry studies show that DABCO has an Ea=3.5 kcal/mol, while for THF, an
Ea=2.3 kcal/mol was computed by periodic DFT. Fast and organized mobility of two constituents within
crystals  is  extremely  infrequent  and  could  have  strong  implications  for  future  applications  of
multicomponent solids with regulated dynamics.

In recent years, supramolecular chemistry has
undergone  colossal  progress  due  to  the
construction  of  new and  complex  systems with
notable  applications  in  drug  delivery1 or
separation  and  storage  of  vapors  and  gases.2

From work on cryptophanes3 and cryptands,4 to
more  recent  developments  on  cages5 and
capsules,6 it  can  be  seen  that  directional
interactions, such as hydrogen bonds, are used to
assemble  frameworks  of  increasing  complexity,
more  specifically  on  molecular  rotors.7  These
molecules  exhibit  machine-like  segmental
displacements,  combining  long-range  order
(periodicity)  and  a  fast-rotating  portions
(mobility).  One  of  the  motivations  for  creating
such systems is that the collective motion could
enable the construction of artificial muscles,8 and
adaptronic  systems,9 being  the  internal  motion
the key to the crystal’s responsiveness.10 

One  way  to  obtain  these  artificial  synthetic
machines  is  to  devise  amphidynamic  crystals
through  the  synthesis  of  molecules  with
dumbbell-shapes.  This  design  incorporates  a
rotary  component  (rotator)  in  between  large

groups  that  create  the  crystal  lattice  (stator).11

Following  this  blueprint,  our  group  recently
reported  a  series  of  supramolecular  rotors  by
placing DABCO between carbazole derivatives.12

Other groups have followed different  strategies,
such  as  the  use  of  porous  crystals  as  the
framework  that  favors  the  inclusion  of  linear
rotary  components.13 In  the  realm  of  crystal
engineering  field,  realizing  larger  complexity  in
the solid-state is very interesting,14 particularly in
the  development  of  multicomponent  solids  for
several applications, including, but not limited to,
active  pharmaceutical  ingredients  (APIs)15,
sensors16 and dielectrics.17

Herein we describe the synthesis and structural
characterization  of  two  multicomponent
supramolecular  rotors  1 and  2 using  two
angularly  extended  carbazole  stators  7 and  8,
which  were  designed  to  facilitate  motion  and
promote  new  intermolecular  interactions  within
the  crystal.  DABCO  (1,4-diaza-
bicyclo[2.2.2]octane)  was chosen as  the rotator
because  it  is  a  base  known  to  form  hydrogen
bonds  with  this  type  of  stators  and  its  plastic



crystal nature is favorable in the construction of
soft  materials.18 The  conceived  stators  were
constructed to create enough space for  DABCO
and allow the occlusion of another component, in
this case tetrahydrofuran (THF) molecule (Figure
1).  Combining  solid-state  NMR,  relaxometry
studies,  and  density  functional  theory  (DFT)
computations,  we  conclude  that  both  guests
rotate  over  preferential  axes  at  very  high
frequencies,  contrary  to  the  most  commonly
observed  behavior  where  the  presence  of  one
component  completely  restricts  the  mobility  of
the other.19 
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Figure  1. Representation  of  the  multicomponent
rotor 1 studied in this work.

To  include  the  aromatic  substituents  in  the
positions 2 and 7 of the carbazole framework, a
three-step  route  was  followed  (see  Supporting
Information). In this way, the stators 2,7-diphenyl-
3,6-dichloro-9H-carbazole  7 and  2,7-bis(2,3-
difluorophenyl)-3,6-dichloro-9H-carbazole  8 were
obtained. It is interesting to note that the addition
of  chlorine  atoms  to  the  carbazole  frameworks
increases the solubility of the stators and forces a
twisted conformation of  the appended aromatic
rings. The desired angularity of the stators 7 and
8 was corroborated from the corresponding X-ray
structures.  The  appended  rings  in  7  form  an
angle of 170º, while in 8 the angle is 165º (Figure
S1-S2). The subsequent cocrystallization of 7 and
8 with  DABCO  rendered  the  2:1  triad  of  1.
Unfortunately, no single crystals of 2 suitable for
X-ray studies have been obtained so far.
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Figure 2. Structure of molecular rotor 1 at 298 K. a)
Asymmetric unit with the geometric parameters of

the H-bonds. b) Top-down view of the cavity formed
by four stators around the THF. c) C-H…O interactions
of DABCO and the disordered THF (two-positions).

Rotor  1, collected at 298 K, establishes strong
N-H…N hydrogen bonds between DABCO and the
stators,  with  distances  of  1.979  (17)  and
1.992(17) Å and angles of 174(2)º and 175(2)º,
respectively  (Figure  2a).  The  distances  in  the
crystal  between  the  nitrogen  atoms  of  these
hydrogen bonds are 2.85 and 2.87 Å, which are in
excellent  agreement  with  those  computed  by
periodic  DFT  calculations  (2.81  and  2.80  Å).
Interestingly,  the  cavity  is  large  enough  to
facilitate the inclusion of a tetrahydrofuran (THF)
molecule (Figure 2b). Note that there is a C-H…O
interaction between the two guests with an H…O
distance  of  2.366  Å  (Figure  2c),  which  is
considerably  shorter  than  those  found  in  other
THF solvates (2.62-2.71 Å).20 The computed CH…O
distance (2.38 Å) is also in good agreement with
the experimental data. The DABCO component is
not  disordered  in  1,  but  the  THF  molecule
occupies two positions, with its thermal ellipsoids
suggesting  a  preferred  vibrational  or  rotational
mode  above  and  below  its  molecular  plane
(Figure 2c). 

Figure  3.  a)  Non-covalent  index  (NCI)  schematic
representation  between  DABCO  and  THF,  b)
Neighboring interactions in 1.

Further structural insights were obtained using
the  non-covalent  index  (NCI).  According  to  this
analysis, the DABCO component has three types
of interactions. The first is with the THF via the C-
H…O  interaction.  The  second  set  of  contacts
correspond  to  six  C-H…Cl  interactions  between
DABCO and carbazoles. Finally, there are contacts
between DABCO and the p-cloud of four terminal
aromatic  rings  of  the  stators.  Similarly,  THF
presents two types of interactions: C-H…O contact
with  the  DABCO  and  the  interaction  between
methylenes  and  p-cloud  of  the  two  nearest
chlorinated rings (Figure 3).

To  prepare  larger  batches  of  1  and  2 and
subject them to solid-state NMR measurements,
the  Liquid-Assisted  Grinding  (LAG)  method  was
used.21 In the case of  1,  a comparison between
calculated  and  experimental  PXRD  patterns
confirmed that the THF solvate with the highest
phase  purity  could  be  obtained  within  minutes
(Figure S3-S4). Similarly, the ground mixture of 8
and DABCO produces a new solid with a unique
diffraction  pattern  (Figure  S3).  13C  CPMAS



experiments  show  distinct  signals  from  the
DABCO and THF molecules within the powdered
solids,  with  changes  in  chemical  shifts  of  the
stator when compared to the starting materials,
supporting  the  newly  formed  N-H…N  hydrogen
bond (Figure S7). 

Considering that the two guest molecules in  1
and 2 can be substituted by isotopically enriched
DABCO  or  THF,  deuterated  samples  were
prepared  using  DABCO-d10 or  THF-d8.  The
resulting  solids  were  also  analyzed  by  PXRD
(Figure S5-S6) and 13C CPMAS experiments (Figure
S8-S9). The 2H NMR spectrum of 1 shows that, at
room  temperature,  the  deuterated  DABCO
undergoes  very  fast  jumps  of  120º  along  the
supramolecular N-H…N axis (krot>10 MHz), with a
small isotropic contribution attributed to a minor
amorphous  component  from  the  LAG  synthesis
(Figure 4, left). The 2H line shape does not change
in the 300-200 K range (Figure S10),  but below
this  temperature,  it  starts  to  develop  broader
shoulders attributable to the gradual reduction of
its rotational motion. At 150 K, the trace agrees
very well with a simulated line shape indicating a
reduced rotational frequency of 5 MHz (Figure 4,
bottom  left).  The  slowdown  of  this  globular
rotator is unusual,22 and suggests that its rotation
may  be  affected  by  the  presence  of  the
neighboring  THF.  Considering  this,  it  seems
possible  that  such adjacency could  also  modify
the motion of THF. 

Figure  4. Experimental (solid lines) and simulated
(dashed lines) 2H NMR spectra for molecular rotor 1
between 150 and 300 K.

To  test  this  premise,  the  sample  of 1 grown
from  deuterated  THF  was  analyzed.  The
experiments  show  a  deuterium  line  shape
significantly broadened at room temperature and
down to 175 K (Figure 4, right). These findings are
unexpected  because  the  motion  of  THF  in
numerous clathrate  structures  is  extremely  fast
and  occurs  around  multiple  axes,  producing  a
narrow  deuterium  signal  (isotropic),  even  at
temperatures as low as 125 K.23 To reproduce the
broad  experimental  spectra  of  1,  a  dynamic
model  involving  180º  jumps  (2-fold)  with  large
amplitude librations (ϕ) of 60º was proposed. In
this case, the two types of deuterons contribute

in  a weighted manner  to  the spectra,  probably
due  to  the  differences  in  its  conformational
mobility (Figure S11). The results clearly indicate
that the THF rotation in  1 takes place around a
preferred rotational axis: the intermolecular C-H…

O interaction. In the case of rotor  2, the lack of
structure  and  complexity  of  2H  NMR  spectra
(Figure S12) prevented us from further studies of
this rotor. 

Figure 5. 1H T1 relaxation plots of Ln (1/T1) vs 1000/
T of the protonated mobile components in rotor 1. a)
Relaxation  behavior  or  DABCO.  b)  Relaxation
behavior of THF.

1H  spin-lattice  relaxation  experiments  were
carried  out  to  study  each  mobile  component
independently in  1, taking advantage of the fact
that the deuterated components of the samples
do not contribute to the T1 (Figure S13-S14). It was
possible to construct Ln(1/T1) vs 1000/T plots for
both  rotating  components  (Figure  5).  Note  that
the  DABCO  relaxation  behavior  reaches  a
minimum at about 270 K, which occurs when  c

coincides the Larmor frequency (600 MHz).  The
fitting indicates that its rotational dynamics has
an Ea=3.5 kcal/mol with a pre-exponential factor
A  of  5x1011 s-1.  The  latter  is  one  order  of
magnitude lower than the typical value reported
for  DABCO  in  other  supramolecular  rotors,
suggesting a geometrically constrained transition
state,24 probably  due  to  the  influence  of  the
adjacent THF. In the relaxation studies for THF, no
T1 minimum  is  found,  indicating  that  fast
molecular  reorganization  occurs  at  frequencies
above  600  MHz  at  150  K.  The  discontinuity
around 330 K is associated with the desolvation
process  of  1.  From  the  slope  of  the  data,  an
activation  energy  of  0.7  kcal/mol  is  obtained,
which is consistent with the rotational activation
energy between 0.5-0.9 kcal/mol for THF in other
reported crystal structures.25 

Figure  6. Computed  rotational  potential  through
periodic  DFT,  a)  The  barrier  of  DABCO  Ea=4.0
kcal/mol, b) The barrier of THF Ea=2.4 kcal/mol.



To better understand the experimental barriers,
we  calculated  the  rotational  barriers  within  the
crystal  using  a  PBE  functional,  including
scattering by the Grimme approximation.  These
periodic  calculations  were  performed  in  VASP.
Figure  6a  shows  that  the  calculated  rotational
barrier  for  DABCO  is  4.0  kcal/mol,  in  excellent
agreement  with  experimental  value  from  NMR
measurements.  The  computed  barrier  is  not
symmetrical,  resulting  from  the  four  chlorine
atoms  surrounding  this  fragment  with  different
distances.  The transition  state  is  at  51º,  and a
shoulder appears at 81º. On the other hand, the
calculated  rotation  potential  for  THF  (2.4
kcal/mol) is flatter with a maximum at 100º, and
the  rotation  occurs  on  the  axis  defined  by  the
CH…O interaction (Figure 6b). 

So, what causes the 0.7 kcal/mol experimental
barrier?  Both  X-ray  data  and DFT computations
indicate  that  THF  adopts  an  enveloped
conformation (Cs). Note that pure THF crystallizes
in a  C2 symmetry in the centrosymmetric space
group C2/c with the oxygen atom located on the
C2 crystallographic  polar  axis.26 However,  THF
undergoes several  conformational  changes both
in the gas phase and in the crystal. The energy
difference between the  Cs and  C2 conformers in
the gas phase does not exceed 0.2 kcal/mol. In
our  case,  the 0.7 kcal/mol  of  the occluded THF
could come from a combination of rotational and
conformational  modes  restricted  within  the
crystalline framework.

In  summary,  we  developed  two  new
multicomponent rotors 1 and 2 based on angular
carbazole  stators  containing  reorienting  DABCO
and THF molecules. Using a selective deuteration
approach,  small  activation  barriers  for  the
rotation  of  each  component  of  rotor  1 are
elucidated  through  solid-state  2H  NMR  with
DABCO  showing  an  Ea=3.5  kcal/mol.
Complementary  T1 relaxation  experiments  yield
an  Ea=0.7  kcal/mol,  associated  with  rotational
and  conformational  rearrangements  of  the  THF
molecule.  The  barriers  obtained  using  periodic
DFT  computations  are  in  good  agreement  with
the  experimental  values.  Considering  all  the
results, we postulate that the slowdown of DABCO
at low temperature is caused by THF, which acts
as  a  molecular  brake.  Simultaneously,  the
interaction  between  the  molecules  creates  a
preferential axis for the 2-fold motion of THF, for
which  periodic  DFT  computations  indicate  a
barrier of 2.4 kcal/mol. Our results indicate that it
is possible to obtain multicomponent crystals with
two or more constituents reorienting at extremely
fast  frequencies,  which  could  have  strong
implications  on  the  optical  and/or  mechanical
properties of multicomponent crystals.
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