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*S Supporting Information

ABSTRACT: We report for the first time the high sorption
properties of a molecular rotor with no permanent voids or
channels in its crystal structure. Such crystalline phase originates
from THF, DCM, or the irreversible desolvation of entrapped
benzene molecules. From these, the benzene in its solvate form
acts as rotation stopper, as supported by dynamic character-
ization using solid-state 2H NMR experiments. In the solvent-
free form, the diffusion of small quantities of iodine vapors
caused a significant change in the intramolecular rotation,
increasing the known activation energy to rotation from 8.5 to
10.6 kcal mol−1. Notably, those results paved the way for the
discovery of the high CO2 uptake (201.6 cm3 g−1 at 196 K,
under 1 atm) and acetone (5 wt %), a sorption property that was attributed to both, the restriction of the molecular rotation at
low temperatures and the flexibility of the molecular axle made of conjugated p-(ethynylphenylene), surrounded by carbazole.

■ INTRODUCTION

Carbon dioxide emissions generate the unwanted greenhouse
gas effect1 which is the main gas responsible for global
warming. Therefore, a considerable reduction of the CO2

emissions is crucial to limit the increase in average global
temperature (below 275 K).2 To address this issue, numerous
porous materials with increasingly larger gas uptakes have been
developed.3 Among them, porous organic materials4 have
gained considerable attention as an alternative to metal−
organic frameworks.5 They have numerous possible applica-
tions, among them gas storage,6 molecular separation,7 and
catalysis.8 Interestingly, the term “porous” in these materials has
evolved thanks to the interesting sorption properties found in
molecular crystals: from the early requirement of well-defined
channels within the crystals,9 to the current opinion that the
presence of internal, interstitial, or latent voids are a
prerequisite of the material to be considered porous.10

Depending on the nature of those voids, the porosity of these
materials could be classified as intrinsic or extrinsic. For
example, molecular cages are tailored solids that feature
intrinsic porosity, which have been successively improved to
show excellent sorption properties, though producing crystal-

line cages remains a great challenge.11 However, crystalline
solids with extrinsic porosity can result from molecules that
form channels, like tris(o-phenylenedioxy)cyclophosphazene,12

or by desolvation of the entrapped solvent molecules in
calixarenes.13 In the latter cases, the resulting pores are not
evidently interconnected, so the observed gas sorption has been
attributed to the cooperative internal motion of the molecules,
resulting in a collective process that enables a better diffusion
process.14 Unfortunately, not many molecules crystallize in a
channel-forming manner, nor is the desolvation route always a
good strategy because it may render amorphous solids with
reduced sorption properties.
The study and control of collective internal motion in

crystalline solids is exactly the main goal in the field of
molecular rotors.15 Particularly, it has been reported that when
the rotors are embedded in porous scaffolds, the diffusion of a
guest into the framework could modify the motion of the rotary
component, and this could be used as a reliable internal probe
of the interaction.16 On the basis of this idea, some research
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groups have successfully incorporated mobile parts in
permanently porous metal−organic frameworks (MOFs),17

periodic mesoporous organosilicas (PMOs),18 or polymers of
intrinsic porosity (PIMs),19 among other porous materials.20

Due to the vast number of these networks, this remains a fertile
area for dynamic characterization but is hampered when the
materials do not show internal motion due to the pore size or if
the guest−host interaction is not detectable. In addition, some
known complications of these materials, i.e., the low stability of
some MOFs (challenging when working in humid conditions)
or the low crystallinity of PMOs (difficult structure−function
correlation), make it highly desirable to find crystalline, discrete
organic compounds that feature both selective porosity and
molecular motion.
This is precisely the strategy we envisioned as an alternative

approach. That is, we would like to start with organic crystalline
rotors, since they contain the structural elements that facilitate
the intramolecular motion, and progressively fine-tune the
structures with appropriate functional groups to enable the
uptake of certain chemical species. Although our strategy is still
in early stages, we were encouraged by the elegant work of the
Sozzani group. We considered that our recently reported
molecular rotor 1,21 which shows a 6 MHz rotation frequency
at room temperature, could be a useful structural platform for
more elaborated structures with possible sorption properties.
Therefore, we carried out proper control studies to obtain
reference values for future compounds. Surprisingly, after solid-
state experiments and physicochemical measurements, we
found that this rotor shows an intriguing porosity that we
termed “transient”, since the crystal structure has no internal
voids and its sorption is triggered only by certain external
stimulus, thus challenging the notion that a void is a
prerequisite.
In this manuscript, we first describe how the internal motion

of rotor 1, studied by variable-temperature solid-state 2H NMR,
has been proved to be sensitive to some chemical species. We
start by describing the rotation of the molecular components in
its known benzene solvate (form I), and we compared them to
that of its the thermally stable solvent-free crystal reported
earlier (form II). The two types of motion, before and after the
desolvation, helped us to discriminate the significant influence
in the intramolecular motion of small quantities of benzene and
iodine vapors diffused into the solvent-free crystals (Figure 1).
From these, the iodine vapors significantly restrict the motion

of the rotor, increasing the activation barrier to rotation by 2
kcal/mol, as compared to that of the nontreated sample. These
experiments opened the door to N2, CO2, and several VOCs
sorption experiments, showing high uptakes of CO2 (39.6 wt %
at 196 K, under 1 atm) and acetone (5.4 wt %). Considering
that the X-ray crystal structure of 1, obtained from synchrotron
radiation, does not feature channels or voids, the uptake was
attributed to the lack of intramolecular rotation and the
flexibility of the central p-(ethynylphenylene) axle, which allows
the formation of transient, selective pores.

■ RESULTS AND DISCUSSION
Intramolecular Dynamics of Phase I. While we have

demonstrated in an earlier report that the central phenylene is
the only mobile component in the solvent-free crystal, in the
case of the solvate, the entrapped benzene should be
recognized as an additional rotary constituent. Thus, dynamic
characterization was carried out to determine how its presence
within the crystal affects the behavior of the phenylene. An
approach to probe only the potentially mobile components in
the solvate was to carry out solid-state deuterium NMR
experiments. This nucleus is widely used to identify internal
dynamics in solid-state materials, due to the high sensitivity of
the C−D bond to the geometry and rate of the motion; thus, if
the deuterated molecular component undergoes a motion with
a rotational frequency within 104−108 Hz, then it would be
reflected in the deuterium spectrum.22,23

The motion of benzene molecules in the solvate was studied
by carrying out a crystallization of compound 1 in deuterated
benzene. This strategy enabled us with the unique opportunity
to capture the onset of the crystallization process,24 by using a
glass tube with a supersaturated solution of 1 in benzene-d6 and
acquiring different 2H spectra at room temperature (Figure
S14). At the beginning of the crystallization, only a large
isotropic signal was detected in the spectrum, reflecting that the
deuterated solvent is moving freely. The gradual crystallization
and the gentle removal of the excess of solvent caused a gradual
transformation of the 2H line shape until two distinguishable
shoulders with a distance between peaks of 62 kHz became
dominant. The anisotropy of the line shape and the
corresponding simulation revealed that the benzene-d6
experiences a fast in-plane rotation (60° jumps or 6-fold
rotation) when it crystallizes in between two molecules of 1
(Figure 2b). A similar rotational behavior has been reported
before in other host−guest complexes.25 Notably, if the
temperature of the sample is raised only ten degrees, i.e., to
305 K, then an isotropic signal appears again in the spectrum,
consistent with the escape of the benzene at the beginning of
the desolvation and the phase transition. Finally, the lack of the
signal in the spectrum evidenced the complete removal of
benzene from the lattice at 315 K or higher (Figure S14).
A complementary view of this process was achieved by using

the compound that contains a deuterated central 1,4-
diethynylphenylene (1-d4), crystallized from regular benzene.
At the beginning of this experiment, two types of signals were
observed, that is, one isotropic peak from the fully dissolved
compound 1-d4 tumbling around freely and a characteristic
Pake pattern with two singularities separated by 132 kHz; these
indicate that upon crystallization the central ring of compound
1 does no longer experiences free motion but is restricted to
oscillations with very low frequency (104 Hz) as illustrated in
Figures 2 and S15. Heating the sample to 323 K caused a full
desolvation of the sample, enabling the fast 180° rotation

Figure 1. Changes in the rotational behavior of carbazole-based
molecular rotor 1 reported here, upon the diffusion of external
stimulus (VOCs = volatile organic compounds).
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reported before (see Figure S15). In addition, HSM experi-
ments helped us to assess the phase transition in a more
controlled manner (Figure S29). The loss of solvent in 1
resulted in the generation of a crystalline powder, although this
is not necessarily the case in other solvates that can render
amorphous solids.26

X-ray Structure of Solvent-Free Form II by Synchro-
tron Radiation. Besides the benzene desolvation that
produces the solvent-free crystals of compound 1 (form II),
such form can also be accessed from evaporation of
dichloromethane or tetrahydrofuran solutions. After various
unsuccessful attempts to grow large single crystals using these
solvents and traditional methods, we resorted to the less
explored gel-assisted crystallization method.27 This approach
reduces the rate of crystallization by regulating the diffusion of a

saturated solution through a tridimensional organic network,
i.e., poly(ethylene) oxide.28 This method provided larger
needles that were successfully collected by X-ray diffraction
using Cu Kα radiation (three-day experiment) or synchrotron
radiation. In both experiments the same structure was obtained,
but the best crystallographic results evidently came from the
synchrotron source and were selected for a detailed analysis.
The crystallographic data for compound 1 is available in the
Supporting Information and from the The Cambridge
Crystallographic Data Centre (CCDC deposit number
1534257) free of charge via www.ccdc.cam.ac.uk/data_
request/cif.
The crystal structure was solved in the triclinic system in the

space group P1̅, showing two disordered positions of the
central phenylene ring with a 50:50 occupancy, related by an
angular displacement of ca. 75° (Figure 3a).29 Relevant
crystallographic parameters of the newly obtained form I
along with those of previously reported form II are compiled in
Table S1. Interestingly, besides the disorder in the central
aromatic ring, no significant changes in the molecular
conformation were observed with respect to the molecules in
the solvate, which can be visualized as if the molecules were
rigid rods piling up after the benzene escapes the lattice. One
large difference is that in form II, only two phenylene rings
remain coplanar and the third is out-of-plane compared to its
fully coplanar conformation in the solvate (Figure S1).
Interestingly, the crystal array shows a very dense columnar
stack with numerous CH···π interactions among neighboring
molecules, a packing that resembles a cogwheel of the
macroscopic world and which fully supports our earlier findings
of rapid internal motion in 1 (Figure 3b).

Diffusion of Benzene and Iodine Vapors in Form II.
After establishing the rotation of the molecular components in
the benzene solvate of 1, we explored if the phase transition was
reversible from solvent-free to solvate; in this case, it should be
reflected in the internal motion. To this end, recently
desolvated crystals were exposed to benzene vapors on a
glass plate in a closed vial. After 12 h, the crystals were analyzed
under the optical microscope, at which time we noticed that the

Figure 2. (a) Section of the crystal array of the benzene solvate of 1.
(b) 2H wide-line spectra of the fast in-plane 6-fold rotation of benzene
molecules and the very slow motion of the 1,4-diethynylphenylene
fragment.

Figure 3. (a) Molecular structure of rotor 1 from synchrotron radiation. (b) Dense packing of 1 along one column, with no significant voids. (c)
View down the a-axis of the columnar array.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b02015
J. Am. Chem. Soc. 2017, 139, 7549−7557

7551

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_002.cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b02015


crystals were no longer opaque. Motivated by these results, the
exposure was carried out using deuterated analog 1-d4 to
determine if the benzene solvate was restored. Remarkably, the
deuterium spectrum of the exposed sample was significantly
different when compared with those from the solvate or the
solvent-free form (Figure 4).
The experimental 2H spectrum of the treated sample was

best fitted when considering that the central 1,4-diethynylphe-
nylene-d4 undergoes 180° jumps (2-fold flips) at a frequency of
0.70 MHz (Figure S17), confirming that some amount of
benzene vapors was allowed back into the crystal lattice,
without completely stopping the intramolecular rotation.
Surprisingly, the PXRD pattern of this same sample showed
exclusively the solvent-free phase II, with no traces of phase I.
Nevertheless, a Le Bail fitting of the powder data (Table S2)
revealed that the volume of the unit cell increases its size
slightly, from 1572.12(2) to 1590.58(6) Å3, suggesting that a
small amount of benzene could be diffused inside the crystal.
Physicochemical studies detailed below showed that only a very
small amount of benzene returns to the crystals and that minor
quantity is the responsible of the changes in the intramolecular
rotation.
Motivated by this result, we posed the hypothesis that this

material could display sorption properties. To this end, we
decided to evaluate the behavior of the solvent-free phase II
using other chemical species. We decided to conduct an
experiment reported by the Sozzani group,16 exposing a
microcrystalline sample of solvent-free 1-d4 to vapors of iodine
for 12 h, during which the sample turned reddish-brown.
Gratifyingly, the resulting deuterium line shape is analogous to
the one obtained after exposition to benzene vapors, that is, the

rotational frequency of 1 at room temperature was reduced
from 6 MHz down to ca. 0.75 MHz.
From the thermodynamic parameters of activation (entalphy

and entropy) of the untreated sample, it can be concluded that
the rotation in compound 1 is not correlated, that is, the
motion of each rotor inside the crystal is independent. With
that in mind, we considered that a uniform slowdown of the
intramolecular rotation upon vapors exposure can be
considered as evidence of the presence of a small amount of
I2 inside the crystals.
Indeed, such chemical stimulus needed to be determined to

further support our results. To ensure this, four additional
studies were carried out: (1) powder X-ray diffraction (PXRD),
(2) electron paramagnetic resonance (EPR), (3) X-ray
fluorescence (XRF), and (4) variable-temperature 13C
CPMAS, as detailed below.
The PXRD results evidenced that the crystal structure does

not significantly change upon exposure to iodine vapors, and no
additional peaks were detected in the X-ray diffraction pattern
(Figure S5). However, the Le Bail adjustment of the X-ray data
reveals that the crystal lattice expands slightly upon treatment
compared to that of the untreated sample from 1572.12(2) to
1596.78(2) Å3 along with small elongation of the lattice
parameters and change in its angles as detailed in Table S2. The
absence of new peaks in the difractrogram could be indicative
that iodine is not located in a periodic manner but randomly
diffused instead.
Moreover, EPR experiments clearly corroborated that the

iodine (I2) is incorporated into the crystals of 1 and that
electrons are transferred from the rotor to iodine creating a
charge-transfer complex between the I2 and the rotor which
facilitates the creation of holes as indicated by the Lorentzian

Figure 4. Overview of the changes in crystalline compound 1. Columns: crystal habits (left), associated molecular structures (middle), and their
corresponding internal rotation (right). Rows: (a) freshly crystallized solvate prisms where the entrapped benzene restricts the intramolecular
motion, (b) solvent-free form obtained by heating the previous benzene-solvate, with rotation in the intermediate exchange, and (c) same solvent-
free crystals exposed to benzene vapors (12 h), recovered some birefringence without changing the crystal phase but showed reduced rotation.
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line centered at g = 2.0048 with a peak-to-peak line width ΔHpp
of ca. 10 G (Figures S9−S11); this is consistent with several
reports of iodine-doped crystals of pentacene.30

Additionally, we carried out XRF experiments31 to
undoubtedly show the presence of iodine in the crystalline
samples of rotor 1. According with these experiments, the
pristine sample showed minimum traces of copper, palladium,
and iodide coming from the cross-coupling reaction. When
compared to the iodine-treated samples, there was an increase
of about a factor of 10 in the L line of iodine as well as an
increase of about a factor of 14.7 in the K line of iodine (Figure
S8). The relatively high amount of iodine could be due to the
superficial and diffused iodine.
Finally, solid-state NMR 13C CPMAS also supported the

presence of iodine, by comparing the spectrum with that of the
nontreated sample. We observed changes in the intensity of the
signals associated with the central phenylene and the alkyne
fragments, ca. 130 and 108 ppm, respectively, suggesting that
iodine is nearby the central part of the molecule, affecting the
1H → 13C cross-polarization (Figure S12). We also carried out
variable-temperature 13C CPMAS experiments at 175, 295, and
375 K, and no significant changes were found, thus ruling out
that the changes in the spectrum are due to chemical exchange
of inequivalent carbons (Figure S13).
These results strongly suggested that the crystals of 1 allow

the diffusion of a small amount of iodine vapors without
undergoing a solid-to-solid phase transition; however, contrary
to the labile benzene solvate, the I2−phenylene interaction32

has been reported to be more persistent than the benzene−
phenylene interaction. Qualitatively speaking, the reddish color
of the sample was preserved for several hours or even days,
indicating that the I2 remained longer within the crystals.
Because of the longer persistence of I2, a treated sample was

used to acquire 2H experiments at different temperatures from
265 K up to 325 K. The line shape fitting analyses revealed that
the central 1,4-phenylene still experiences 180° rotations even
with I2, as it occurred in the nontreated sample, but this time it
must surpass a higher barrier to rotation (Ea= 10.6 kcal/mol), 2
kcal/mol more than that reported earlier for the solvent-free
form, as illustrated in Figure 5, as a reference.
More importantly, the correlation between experimental and

simulated data allowed the construction of an Eyring plot
(Figure S19), to extract the enthalpy and entropy components
of the processes (Table 1). The activation enthalpy ΔH⧧ from
the iodine-treated sample is higher than that from the solvent-
free from, which is consistent with the values of the activation
energy to rotation. Interestingly, the entropy in the treated
sample is larger than that of the solvent-free form. These results
were interpreted as an evidence of the interaction between
iodine and the central phenylene, making a more disordered
transition state.
Considering all these results together, it became evident that

the solvent-free phase of compound 1 can accommodate small
amounts of chemical vapors within the crystals, i.e., benzene or
iodine, both of which reduce the intramolecular rotation
frequency without altering the crystallographic phase. Sub-
sequently, we resorted to typical physicochemical measure-
ments to explore in deep this behavior with other gases, as
detailed below.
Transient Porosity of the Form II of Compound 1. As

detailed in the Introduction, some discrete organic molecules
have been reported as porous after the removal of encapsulated
solvent molecules if the desolvation leaves empty cavities in the

lattice, thus enabling several potential applications of the solids.
However, according with the X-ray studies, the solvent-free
form of compound 1 has a high density with no detectable
voids, so it could be reasonable to say that porosity should not
be expected. Nevertheless, the interesting results from solid-
state NMR motivated us to carry out sorption experiments,
starting with N2 at 77 K. To this end, we used a sample of 1, in
its solvent-free form II, activated under mild conditions at 353
K and 10−5 bar for only 30 min. We rationalized that these mild
outgassing conditions were appropriate since this material
should not be as rigid as zeolites or metal−organic frameworks
(MOFs) and that perhaps higher temperatures and/or longer
activation times could promote sample degradation. The
activated sample of 1 was cooled down to 77 K, and a N2
adsorption−desorption measurement was recorded. The very
low N2 uptake and the shape of the isotherm (nonporous, see
Figure S22) confirmed that compound 1 does not have
permanent pores. Importantly, the sample retained its
crystallinity after the activation and the N2 adsorption−
desorption isotherm. Since the crystallinity was indeed retained,
the very low N2 uptake could be attributed to the poor
selectivity for N2.
Complementary investigations led us to prepare a new

activated sample of 1 (under the same conditions 353 K and
10−5 bar for 30 min) for a CO2 sorption experiment performed
at 196 K and 1 bar. Excitingly, this time the isotherm (showed
in Figure 6) indicated a reversible CO2 uptake of approximately

Figure 5. (a) Calculated and experimental 2H line shapes from the
solid exposed to I2. (b) Arrhenius plots with and without chemical
vapors.

Table 1. Comparison of the Activation Parameters from the
Arrhenius and Eyring Plots

Ea (kJ/mol) A (s−1) ΔH⧧ (kJ/mol) ΔS⧧ (e.u.)

form II 35.5 1.1 × 1013 33.5 −2.5
form II + I2 44.3 7.0 × 1013 41.9 12.0
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9.0 mmol g−1, with no hysteresis. The significant CO2 uptake of
1 is 201.6 cm3/g, that is, 4 times higher than the reported
sorption for the porous rotor mentioned before16 and
comparable to tailored porous organic materials.33 The uptake
of 1 can even be compared to those exhibited by MOFs, with
their characteristic permanent porosity due to their rigid walls
and well-defined pores. For example, PCM-1534 showed a CO2
uptake of 14.1 mmol g−1, with a BET surface area (calculated
from its CO2 adsorption at 196 K) of 1187 m2 g−1. Thus, we
also estimated the surface area of activated 1 (vide supra), which
was calculated from the CO2 adsorption at 196 K to be 376 m2

g−1. The BET surface area of 1 is 2 times higher when
compared to the permanently porous molecular rotor from the
Sozzani group.
Subsequently, to corroborate the transient porosity of 1, we

decided to run two more cycles of CO2 sorption experiments
using the same sample but activating it between cycles (Figures
S23 and S24). Remarkably, the adsorption−desorption
isotherms exhibited the same reversible behavior and lack of
hysteresis with total uptakes of 8.9 and 8.3 mmol g−1,
respectively. The average CO2 uptake from the three sorption
experiments was 8.7 mmol g−1, and the corresponding BET
surface area was 375.15 m2 g−1. It is noteworthy that after these
CO2 sorption experiments with cyclic measurements, the
integrity of the solvent-free phase II was corroborated by the
Rietveld refinement of its PXRD pattern (Figure S4). These
results indicate that is possible to promote a transient porosity
in this molecular rotor with a completely reversible process as
confirmed by the CO2 desorption. We attributed this high
stability to the carbazole heterocycles, which in the rotor 1 act
as anchors, producing highly robust molecular rotors.
Mechanism of the Transient Porosity in 1. Considering

the sorption behavior and the surface area of 1, which is
approximately one-third that found in the porous PCM-15, it is
remarkable to see that the CO2 uptake of rotor 1 is not a third
of that of MOF but quite higher. The high adsorption and the
nonlinear behavior of the uptake versus surface area is not
typically observed on rigid porous materials, so it seemed
interesting to explore whether a correlation exists between the
sorption behavior, the structure and the rotational dynamics.
To do this, we carried out CO2 sorption cycles at, 295, 273,

250, 231, 212, and 196 K along with solid-state 2H NMR
experiments (under N2) at the same temperatures

35 (Figure 7).

Comparable to the CO2 adsorption−desorption isotherm at
196 K, the isotherms at 212, 231, and 250 K exhibited fully
reversible CO2 uptakes of approximately 7.1, 5.0, and 4.4 mmol
g−1, respectively at 1 bar, but at 273 and 295 K no significant
adsorption was observed (Figure 7). The absence of hysteresis,
in the experiments between 212 and 250 K, is consistent with
the results of CO2 adsorption−desorption experiment at 196 K.
Interestingly, the CO2 linear sorption that was clearly observed
in all experiments here has been previously observed in MOFs.
For example, PCM-1436 exhibited a very similar linear
correlation for the CO2 adsorption. Conversely, the absence
of hysteresis for 1 in the desorption step emphasizes the
flexibility of 1, as compared to that of PCM-14 which is a
robust and rigid porous material that showed a marked
hysteresis due to the strong interaction of CO2 molecules with
Ca(II) open metal sites.36

The isosteric CO2 heat of adsorption (Qst) for 1 was
experimentally measured using two CO2 isotherms (196 and
212 K) and the data were analyzed using a virial-type
equation.37 The value of ln(n/P) for a given amount adsorbed
(n) was calculated by linear regression from the virial equation
analysis (Figure S25). Thus, Qst was equal to 15.4 kJ mol−1, in
good agreement with the value of the porous molecular rotor
reported by the Sozanni group (21 kJ mol−1).16

Regarding the intramolecular rotation, at 295 K the line
shape that was best fitted to a 2-fold motion occurring at 6
MHz frequency. As the temperature gets lower, the line shape
changes too, clearly reflecting the slowdown of the motion.
Importantly, at 212 K and below, the experimental spectrum
adopts the characteristic Pake pattern, suggesting that if any
internal motion is present, it would take place at frequencies
lower than 104 Hz. Since the CO2 adsorption was increasingly
higher at lower temperatures, it seems that the internal motion
plays a role in the adsorption of CO2. However, we think it is
also important to consider that very high gas sorption could
arise from the particularly flexible backbone of rotor 1, which is
based on soft ethynyl linkages that are easily bendable.38

Considering all the information, we postulate that the
molecular flexibility and the lack of significant motion in 1
along with the relative pressure of CO2 during the sorption
experiments facilitate the gas molecules gradually going inside
the crystalline sample at 196 K. Unfortunately, an in situ X-ray

Figure 6. Adsorption (red solid circles) and desorption (red open
circles) CO2 isotherms for activated 1 compared to those of its
shortest analog bis(carbazol-9-yl-phenylene) at 196 K.

Figure 7. (a) Adsorption (solid circles) and desorption (open circles)
CO2 isotherms for activated 1. (b) Experimental and simulated solid-
state 2H NMR line shapes at the same temperatures of the sorption
experiments.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b02015
J. Am. Chem. Soc. 2017, 139, 7549−7557

7554

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02015/suppl_file/ja7b02015_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b02015


study of the sample while performing the CO2 sorption
experiment was largely inaccessible. Instead, a visualization of
the phenomenon was simulated, starting from the X-ray
structure of 1 from synchrotron radiation and optimizing
their geometries with two molecules of CO2 inside. The
simulations suggest that the CO2 molecules could locate
between the bent axes of 1 in this small cluster (Figure S26).
To further support our argument, the shortest analog,
bis(carbazol-9-yl)phenylene, a crystalline compound that has
neither internal motion nor alkyne groups, was subjected to the
same activation and sorption conditions and showed a
negligible uptake (bottom of Figure 6).
Adsorption of Acetone. Encouraged by the CO2 uptake

results, we decided to evaluate the sorption capacity for solvent
vapors. We explored several polar (acetone, acetonitrile, water,
chloroform, ethanol, and methanol) and nonpolar solvents
(benzene, hexane, and toluene) at 293 K. This temperature was
chosen to avoid any solubility of compound 1 at higher
temperatures (for example, 303 K).
The total uptakes for all the solvents were rather low (from

approximately 0.4 to 1.2 wt %), except for acetone which shows
a total uptake of 5.4 wt % (0.9 mmol g−1) and a desorption
hysteresis (Figure 8). The presence of acetone inside the

crystals of compound 1 was verified by FTIR (Figure S28),
which showed a small band at 1715 cm−1, corresponding to the
CO stretching, and no other significant changes were
observed in the position of the bands. Using the new
adsorption data, we went back to include acetone vapors in
crystals of 1-d4 and acquire solid-state NMR (Figure S18).
Gratifyingly, the fitting of the experimental 2H line shape of the
acetone-treated sample indicated a slightly slower internal
motion of the central phenylene (0.6 MHz), as compared to
the sample exposed to benzene vapors (0.7 MHz), verifying the
larger acetone uptake with no phase changes (Figure S3). We
propose that acetone accommodates not only within bent
layers of 1 (Figure S27), but also via dipole interactions
between the carbonyl group and the nitrogen atom from the
carbazole group, giving rise to the hysteresis and reflecting the
moderate physisorption between the relatively small and polar
acetone vapor molecules and the carbazole heterocycles in
compound 1.
Indeed, the organic solvent uptake in 1 (ca. 0.9 mmol/g) is

still lower than that found in a highly porous organic crystal

reported recently (2.5 mmol/g),39 although it was completely
unanticipated in this dense crystal. Finally, we carried out a
PXRD experiment after these vapor adsorption measurements,
which confirmed the retention of the crystallinity of compound
1 (Figure S2). The vapor uptakes are in excellent agreement
with the results of the dynamic characterization, indicating that
only a small quantity of vapors is required to cause a slowdown
of the rotational frequency as opposed to a fully reversible
process that would completely stop the intramolecular rotation.

■ CONCLUSIONS
This work describes the solid-state 2H NMR studies carried out
to fully describe the internal dynamics of the molecular
components in two crystal phases of rotor 1. We have
determined that benzene molecules contained inside the solvate
(form I) experience rapid in-plane, 6-fold reorientations
invisible to X-ray diffraction while acting as excellent stoppers
for the internal rotation of compound 1. When the benzene
departures from the lattice, it triggers a phase transition that
fully enables the motion of the rotator in 1, which then adopts
the thermally stable, solvent-free form II. Using the gel-assisted
crystallization technique and synchrotron radiation, we
obtained the X-ray structure of this form II, which is a densely
packed organic crystal.
Interestingly, we have demonstrated that the rapid internal

rotation in form II can be reduced by the diffusion of benzene
or iodine vapors, which cause an increase of the Ea to rotation
by 2 kcal/mol, as compared with that of the untreated
crystalline solid. These findings led us to reveal the significant
and selective CO2 sorption properties of this seemingly
nonporous rotor (201.6 cm3 g−1), with a SABET = 376 m2

g−1. The uptake was favored by the lack of internal motion at
196 K and the flexible p-(ethynylphenylene) backbone of the
molecular rotor 1, thus creating the mentioned transient pores.
Thanks to the carbazole heterocycle that surrounds this axle,
the same crystalline sample can endure cyclic experiments
without losing its crystallinity. Finally, the sorption behavior
using different solvents was also explored, with the larger
uptake found when using acetone (5%), which also cause a
reduction of the internal motion. Our work highlights the
pivotal role of a rotary movement as an internal probe sensitive
to guests. Work toward the development of other structurally
conjugated compounds with similar behavior may be useful to
obtain responsive materials with future applications and is
currently underway.
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