COzregulates molecular rotor dynamics in porous materials
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ABSTRACT: A crystalline hydrogen-bonded framework
with permanent porosity built by rod-like struts, that are engi-
neered to bear ultra-fast molecular rotors between two triple
bonds, offered the possibility to control rotational rates upon CO2
adsorption. CO: entered the pores from the gas phase and reduced
the rotational rates from the extremely fast regime of 10" Hz re-
gime at 216 K, down to 10° Hz. COq-rotor interaction was ob-
served by ?H NMR response to the dynamics of rotors in contact
with COz in the crystal structure and by 2D 'H-3C NMR. This
new approach reveals that rotor dynamics can be regulated by in-
termolecular interactions between molecular rotors and an ad-
sorbed gas that has diffused into accessible crystal channels.

Carbon dioxide is perhaps the most important gas in nature be-
cause of its role in prominent biological mechanisms, such as car-
bon fixation in the vegetal world, and is emitted by animal com-
bustion processes, thus it is a protagonist in the global energy cy-
cle.r Both its interaction with much higher molar mass molecules
and its reversible capture/release play a key role in such pro-
cesses, therefore fine-modulation of the dynamics at interfaces is
central to understanding and mimicking a vast anthology of
chemical and biological phenomena.?

Porous materials offer a valid platform for observing gas-
solid interfaces,® because of the high surface area that promotes
gas interactions with molecular moieties facing the cavities.
When molecular moieties exhibit fast rotary motion, they can be
included in the challenging area of ‘molecular rotors and motors®,
If rotors are properly engineered in the walls of porous architec-
tures® it is possible to follow the dynamics of the molecular enti-
ties as a function of host-guest interactions occurring at the inter-
faces.® Supramolecular chemistry” provides the principles for de-
signing functional multidentate molecules that self-assemble into
an architecture endowed with both dynamics and porosity. To
date, only rare examples of Porous Molecular Materials (PMCs)
with rotors in their main framework are found in the literature.5
Here we present a molecular crystal that shows extremely fast ro-
tor dynamics and low-density architecture endowed with perma-
nent porosity and capable of gas absorption. The porous and ab-
sorptive molecular structure was realized by the robustness of
charge-assisted hydrogen bonds and the use of rigid molecular
rods bearing the rotors. In fact, we designed a suitable strut that
contains a central p-phenylene unit (the rotor) connected through
ethynyl groups to other p-phenylenes and terminated by two sul-

fonate anions. The strut was shown to spontaneously self-assem-
ble with n-benzylammonium counterions (Figures 1 and S1). The
p-phenylene rotor is inserted at the center of the rod, like a wheel
mounted on an axle, and is pivoted in between two triple bonds,
thus experiencing a virtually barrier-free rotation. The resulting
molecular architecture shows low-density packing wherein
empty crystalline channels are self-organized. The pores are
open and easily accessible from the gas phase, as proven by re-
versible COz adsorption. The rotor speed can be reduced by the
gas molecules diffused in the open nanochannels, but the rotation
was fully recovered again after guest removal under vacuum, thus
realizing crystals that are switchable in their dynamics. This fea-
ture is relevant for the construction of switchable ferroeletric ma-
terials and gas sensors.*2

Figure 1. a) Crystal structure of the permanently porous compound 1 as
viewed perpendicular to the channel axis. The empty channel is described
by sky blue region calculated by a sphere of 1.0 A. b) 4,4"-bis(sul-
fophenylethynyl)benzene moieties in the crystal structure showing the
distance between the two central p-phenylene rings (above: chemical
structure of the p-phenylene rotor attached to two ethynyl groups).

The molecular strut 4,4'-bis(sulfophenylethynyl)benzene
(BSPEB) was crystallized with n-benzylamine (BA) from a mix-
ture of methanol and 1,4-dioxane to yield the inclusion compound
with 1,4-dioxane. The porous crystalline compound (1) was ob-
tained by evacuation under mild conditions (102 torr and 80 °C
for 2h) and its crystal structure was resolved by single crystal X-
ray diffraction (monoclinic space group P21/c). It consists of non-



polar layers orderly alternated with polar double-layers, forming
a 2D charge-assisted hydrogen-bond network (Figure S4). The
crystal structure reveals an array of parallel and independent 1D
channels, of rectangular cross-section of 4.4x7.5 A2, to which the
p-phenylene moieties are exposed (Figures 1a). No substantial
changes in the crystal structure were observed from 298K down
to 130K, except for a slight contraction of the unit cell volume
(SI, Table S4), indicating the full preservation of the empty po-
rous architecture with temperature. 13*C CP MAS NMR spectrum
confirmed that no residual guest is included within the channels.

The permanent porosity with open channels in the crystalline
material was demonstrated by a CO2 adsorption/desorption iso-
therm performed at 195 K (Figure 2). It showed a type-I Lang-
muir profile with an uptake of 86 cm3(STP)g* at p/p°=0.97 con-
sistent with 2 CO2 moles per mole of host and the complete filling
of the available void in the crystal structure. The uptake is com-
parable to that of best-performing porous molecular crystals con-
taining 1D channels with similar cross-section.® Moreover, the
crystals absorb CO: efficiently at 273K and 298K, reaching 80%
pore-filling at 5 and 10 bar, respectively. The isosteric heat of
adsorption, according to the Clausius-Clapeyron equation, was 30
kdmol* at low coverage (< 5 cm® g'1) and reached a plateau with
27 kdmol* at more than 10 cm® g% these energy values are ex-
plained by the encapsulation of COz2 in the electron-rich environ-
ment of the n-system.3®
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Figure 2. CO, adsorption/desorption isotherms of porous compound 1 at
195 K, showing the permanent porosity of the crystalline material. The
insert shows the CO, adsorption isotherms at 298 K and 273 K and up to
5 bar.

The channel wall structure reveals that the separation between
the axes of central p-phenylene rings on adjacent molecules is 5.5
A (Figure 1b). Considering that each aromatic ring possesses a
lateral van der Waals hindrance of ca. 1.7 A, a space much larger
than that of a face-to-face configuration is available, enforcing
the expectation that such moieties could be efficient as fast mo-
lecular rotors. Robust evidences were provided by 2H solid-state
NMR spectroscopy, which is a unique method to understand the
motional trajectories and reveal the mechanism of the reorienta-
tion of the C-D vectors.® Thus, the porous compound selectively
deuterated on the central p-phenylene moiety (ds-1) was prepared
to investigate the dynamics of this rotor. ?H spin-echo NMR spec-
tral profiles of da-1 vary progressively with increasing tempera-
ture from 155 to 290 K (Figure 3A) and were successfully simu-
lated by considering reorientational rates spanning from 10* to
108 Hz, according to the timescale sensitivity of wide-line 2H
NMR.

The line-shape analysis indicates that the mechanism of motion
is consistent with a rapid two-site 180° flip reorientation of p-
phenylene moieties about their para-axis. At a temperature of
216K, the spectrum exhibits a restricted profile with 30.8kHz sep-
aration between singularities, due to motional averaging. The
profile is reduced to one fourth of the ‘static’ Pake spectrum, in-
dicating an exchange rate k>10"Hz. At a temperature as low as
200K, the motional regime is still in the Megahertz domain. This
unusually fast regime of motion at such temperatures overcomes
the exchange rates of p-phenylene groups in most organic mate-
rials and solid polymers.**1° More specifically, the extremely fast
dynamics is a benchmark in this class of porous crystalline mate-
rials.>* The motion in compound ds-1 is still fast at 175K, with
reorientation rates in the order of 10°Hz.
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Figure 3. Experimental 2H spin-echo NMR spectra as function of tem-
perature of A) porous compound d,-1; compound d4-1 loaded with CO,
at 3.3. bar (B) and 5.4 bar (C) at room temperature. The 2H NMR spectral
profiles were simulated considering a two-site 180° flip mechanism (blue,
green and red, respectively). (6) corresponds to libration semi-amplitude.
The reorientation rates (k) in Hz are reported. D) Arrhenius plots of the
log(k) versus the inverse of temperature.

At high temperature, above 248K, the linewidth restriction to-
gether with the weakening of the spectral shoulders is apparent,
demonstrating that the rapid libration of the central p-phenylene
ring must be included. Rates in the fast exchange limit (108Hz)
and libration amplitudes up to 6=+18° are achieved at room tem-
perature. This result is consistent with the (*3C)T1 relaxation
measurements in compound 1. In fact, the signal at 6=131.2ppm
assigned to CH carbons of the p-phenylene rotor exhibits a T
relaxations as short as 515 ms at room temperature, falling close
to the maximum relaxation rate and in nanosecond correlation
times.

Moreover, as the rotors are easily accessible by the gas phase,
CO: can effectively regulate rotor dynamics. Thus, the crystalline
powders were sealed under pressurized COz at 3.3 bar and 5.4 bar
at room temperature (denoted as ds-1/midCO2 and d4-1/highCOz,
respectively). The crystal structure of samples after CO2 loading
at these pressures does not change, as shown by X-ray diffraction
and 3C CP MAS NMR at room and low temperature (SI).

2H NMR spectra were collected at variable temperatures (Fig-
ure 3B and C): at room temperature and down to 240K, the spec-
tral profiles remained unaltered with respect to those of the empty
matrix, i.e. the fast rotational regime of 5x107Hz prevails and the
loading of the channels remains moderate. On the contrary, at
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200K, a clear reduction in the molecular rotor spinning-rate of
two orders of magnitude was observed in the ds-1/highCO2 sam-
ple with respect to the empty crystals; the same reduced spinning
rate (k=6.3x10*Hz) was observed in the empty matrix at a much
lower temperature, i.e. 167K, making it evident that the effect of
CO:zon rotor dynamics is comparable to a drop of 33K. Moreover,
the spectrum at 181K showed a virtually static Pake spectrum
(k=5.6x10%Hz), clearly showing that CO2 molecules enter the
crystal and diffuse into the open pores where they encounter ro-
tors, hampering their facility to rotate. At lower loadings (ds-
1/midCQy), intermediate dynamics were deduced by 2H line
shape analysis (Figure 3B).

Notably, the spectra of the d4-1/highCO2 sample below 212K fall
in a range of constant CO: loading of 1.8 mole/mole, indicative
of virtually complete filling of the channels (Table S7). This en-
sured that the loading parameter played no role in evaluating the
activation energy, derived from an Arrhenius plot. The activation
energy increased to 7.0 kcalmol in the fully loaded sample, com-
pared to 5.7 kcalmol™ in the empty matrix, indicating that more
energy is required for the 180° flip reorientation of the rotors
when COz is loaded. Thus, the exchange process between the
stable arrangements of the two-site 180° flip mechanism is gov-
erned by an activation energy increased by 1.3 kcal mol, which
may be accounted for by the stabilization of the ground state be-
cause of the favorable interactions between CO2 and rotors. The
steric hindrance generated by CO: in the channels hardly affects
rotor trajectories, because the favorable interactions of CO: car-
bon with electron-rich ethynyl units observed in the crystal struc-
ture kept CO2 molecules aside from the rotor.*? In fact, we have
observed from the crystallographic structure with CO2 and the
Hirshferld surfaces (Sl) that the CO2 oxygen interacts with the p-
phenylene hydrogen (do-+=3.4A). Although small, the amount
of energy determined here accounts for a substantial 20% of the
total energy involved in the p-phenylene flip, and this energy is
sufficient to modulate the dynamical properties of the host. Treat-
ment of the crystals under vacuum resulted in the reverse phe-
nomenon, and the regaining of pristine fast rotor-dynamics.

The direct detection of CO2 and its location in close contact
with the rotors along the crystalline channels was achieved by 2D
!H-13C HETCOR NMR of CO2-loaded compound 1 at low tem-
perature (Figure 4). In fact CO2 molecules, although depleted of
hydrogens, can receive magnetization from the aromatic hydro-
gens of the struts through nuclear dipolar interactions and under
cross-polarization conditions and produce a correlation signal.?
Signal intensity decays rapidly with internuclear distance (ocr)
and requires relatively long residence times of the gas molecule
on the site. Specifically, the notable intensity of CO2 cross-peak
demonstrates the occurrence of short internuclear distances of
about 4 A. 2D heteronuclear NMR correlations and cross-polar-
ization from a solid to a gaseous molecule are rare,*® providing
clear evidence of gas associated with interaction sites. Moreover,
the location of CO2 molecules along the channels could be deter-
mined by synchrotron radiation XRD experiments on single-crys-
tals sealed at 20 bar. The channel architecture was retained with
respect to the empty structure and the distance of the adjacent rod-
like molecules was unaltered (Figure 4b). Two CO2 molecules are
located per each host: they are aligned parallel to the channel axis
and arranged in close association with the rod-like struts, which
bear the rotors, in agreement with NMR results.
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Figure 4. a) 2D *H-*C Hetero-correlated NMR spectrum of CO,-loaded
compound 1 at 220 K. b) Crystal structure of compound 1 sealed at 20 bar
under CO, atmosphere. CO, molecules diffused into the channel are de-
picted by a space-filling model.

In conclusion, the present work successfully shows that molec-
ular rotors built in porous materials can be actively manipulated
from the gas phase by simple exposure to gaseous CO.. This chal-
lenging phenomenon was enabled by engineering porous molec-
ular crystals, which were endowed with extremely fast dynamics
of their rotors and low energy barriers for rotation. The CO2 mol-
ecules diffuse easily into the crystalline channels and interact in-
dividually with rotors, thus increasing by 1.3 kcalmol the acti-
vation energy for rotation and by braking the dynamics in the en-
tire crystal. This measurement was realized by a newly designed
experiment through 2H NMR and 2D 'H-13C NMR detection of
the CO2-host interface. Motional behavior on solid surfaces in the
presence of interacting gases takes on a fundamental and applic-
ative relevance, since it addresses a crucial issue in catalysis and
materials chemistry.
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