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ABSTRACT: Atmospherically stable porous frameworks and
materials are interesting for heterogeneous solid−gas
applications. One motivation is the direct and selective uptake
of pollutant/hazardous gases, where the material produces a
measurable response in the presence of the analyte. In this
report, we present a combined experimental and theoretical
rationalization for the piezochromic response of a robust and
porous molecular crystal built from an extensively fluorinated
trispyrazole. The electronic response of the material is directly
determined by analyte uptake, which provokes a subtle lattice
contraction and an observable bathochromic shift in the
optical absorption onset. Selectivity for fluorinated absorbates is demonstrated, and toluene is also found to crystallize within the
pore. Furthermore, we demonstrate the application of electronic structure calculations to predict a physicochemical response,
providing the foundations for the design of electronically tunable porous solids with the chemical properties required for
development of novel gas-uptake media.
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The past 20 years has seen the emergence of designer
porous materials, including metal−organic frameworks

(MOFs),1 covalent organic frameworks (COFs),2 zeolitic
imidizolate frameworks (ZIFs),3 porous molecular cages,4,5

and less recently, zeolites.6 Besides uses such as molecular
vessels for gas storage and capture,7−10 success has also been
realized through implementation of functional porous materials
as light harvesters,11−13 catalysts,14,15 and more recently as
electroactive species in semiconducting devices.16−19 There has
also been significant progress toward implementation of porous
materials in gas sensing and separation applications.20−23 A
limitation is that most hybrid frameworks are chemically
unstable in the presence of polar compounds (e.g., water).24

This instability arises from degradation of the chromophore or
macroscopic decomposition stemming from the ionicity of the
metal−ligand bond.25−27

However, the modularity of hybrid porous materials renders
them ideal candidates for heterogeneous applications. To
circumvent the softness of the metal−organic bonding, many
COFs and zeolitic compounds have been developed, but the
exclusion of polar bonds dramatically decreases the material
polarization, subsequently resulting in poor gas uptake.28 In
addition, many COFs are based on boronate esters, boroxines,
or imines, all of which are hydrolytically labile structural

elements.29,30 It is challenging to design porous frameworks
with 3D covalent connectivity and high polarization;31,32 most
COFs have two dimensions of covalent bonding and one
dimension of weaker electrostatic adhesive forces (e.g., π-
stacking).33 This connectivity poses problems for gas storage
applications, as the electrostatic interactions that cause the
sheets to adhere are the same forces that attract and bind guest
molecules. More effective gas storage is thus achieved if these
forces are orientated into the vacuous pore, rather than
between the sheets.
Given the current challenges in increasing guest uptake,

porous materials have found success in chemical sensing and
separation applications,34−36 that is, processes that are defined
by a physical interaction between the material and absorbate.
Because of their inherent softness, these framework materials
are particularly good candidates for sensing, as they display
large physical responses to small quantities of analyte.37−40 At
low loading levels, in the Henry’s law regime, many vacuous
materials contract due to the addition of an increased dielectric
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in the pore, which increases the strength of the electrostatic
interactions in the framework.41 This phenomenon can be
viewed as a net stabilization of both the guest and framework.
Low loading of absorbates can result in either isotropic or
anisotropic lattice modulation, as shown in Figure 1. The
details of the geometry of the contraction and the elastic
response depend on the chemistry of the framework: some
bonds are more compressible than others (e.g., π···π
interactions have smaller force constants than covalent
bonds).42−44

These factors present a challenge in computational
prediction and synthetic design of novel porous materials; the
variety of chemical compositions and interactions makes
physical property predictions difficult. Furthermore, the ideal
material must be atmospherically stable and produce an
electrical, mechanical, or optoelectronic response upon
exposure to absorbates at low concentrations.
Kitagawa and co-workers presented a compelling example of

absorbate detection through an indirect response (Figure 1) by
preloading a flexible framework with a fluorescent tag.45 The
vacuous capacity is hindered by the inclusion of the fluorescent
tag, and the chemical response relies on both the materials and
the fluorophore to deform inducing an observable color change.
Swager and co-workers suggested a similar approach, where the

absorbate quenched a fluorescent marker in the material,46

however this method relies on the absorbate to be a
chromophore. In contrast, Dinca ̆ and co-workers recently
presented an example of a direct chemical sensing metal−
organic framework that produced a change in fluorescence
upon metal−ammonia interaction.47 In both cases, material
stability remains a concern.
In this study, we examined the behavior of a fluorinated

polyaromatic pyrazolic molecular crystal, 1, composed of the
molecular building block shown in Figure 2a. The solid is a
hydrophobic (H2O contact angle ca. 132°), thermally stable
(upper limit ca. 250 °C) porous framework with absorption
selectively for fluorinated hydrocarbons.48 The intraplane
connectivity is mediated by hexagonal arrays of pyrazole
hydrogen bonds (N−H···N) (Figure 2b,c), while the interplane
interaction is defined by the offset π-stacking between electron
deficient aromatics and pyrazoles, Figure 2d. Surprisingly for
molecular crystals, this solid is chemically stable, as the
potentially chemically reactive motifs (the pyrazole hydrogen
bonds) are buried within the channel walls. The overall
framework is deformable and is more mechanically flexible than
the COF series (the rigid boroxine motif is substituted by the
hydrogen bound pyrazole system in 1).

Figure 1. Two approaches for detecting physical modulation of porous materials. In the direct example, the material has a characteristic observable
response (gray) upon low-loading of the absorbate (yellow circles) the material is structurally and/or electronically modulated, producing a change
in observable response (blue). An indirect measurement relies on a change in material property upon exposure to the absorbate, but the change in
observable originates from an indirect (dependent) process, that is, a change in fluorescence of a preloaded fluorophore (hexagon) in the pores.

Figure 2. The material examined in this study is a hydrophobic porous molecular crystal, 1, composed of the fluorinated polyaromatic pyrazole, (a).
The material self-assembles into hexagonal channels (b) that are held intraplane through pyrazolic hydrogen bonds (c). The interplane connectivity
is similar to the COF series: offset π-stacking. The vacuous structure (d) selectively absorbs fluorinated hydrocarbons, causing a contraction primarily
in the π···π direction (e).
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The crystal structure of 1 has been redetermined here and
was found to crystallize in the monoclinic space group I2/a (a
= 7.367 Å, b = 34.52 Å, c = 18.23 Å, β = 91.56°), an alternate
setting of the previously reported C2/c structure. Calculations
based on density functional theory (DFT) with the HSE06
functional were performed49 with temperature independent
structure parameters within 0.75% of the experimental values
(experimental details are included in Supporting Information).
In terms of electronic structure, 1 features a valence band

maximum (VBM) and conduction band minimum (CBM) with
the same orbital contributions as the single molecule frontier
orbitals, drawn in Figure 3. It should be noted that the

calculations refer to the occupied and empty electronic band
structure and do not probe optical transitions (excited states).
Both the molecular and crystal orbitals display characteristic
aromatic intramolecular bonding (i.e., π) and antibonding (i.e.,
π*) topology. In the perfect solid, the electronic levels of both
the VBM and CBM are dependent on intermolecular distance,
and the band gap (Eg) is sensitive to the cell pressure. In the
equilibrium configuration, solid-state calculations predict Eg =
3.54 eV, which, while not formally equivalent, is in reasonable
agreement with the absorption maximum obtained from the

spectrofluorescence excitation of the vacuous 1, λmax = 3.73 eV
(332 nm), Table 1.
To recover the absolute electron energies (work function) of

the porous material, we can align the electronic structure of 1
relative to the vacuum level.50 The response of the electronic
structure to compression and dilation is shown in Figure 3e.
The calculated volume deformation potential (αV = (dEg)/(d ln
V)) is 2.65 eV, that is, a 1% increase in hydrostatic pressure
would change the band gap by 0.0265 eV. Material 1 is “soft”
with a predicted bulk modulus (B) of 1.21 GPa: the
intermolecular π-system is highly compressible and minor
changes in the π-stacking direction directly modulate the VBM
and CBM energies. The corresponding band gap pressure
coefficient (αP = −(αV/B)) is −2.19 eV/GPa, which is almost
20 times larger than the value for bulk Si.51 The hydrogen
bonding system remains essentially unaltered upon lattice
contraction (bond length changes are described in the
Supporting Information Table S1).
The origin of the electronic response to stress can be

understood by examining the electron density of the frontier
bands. Upon compression, the valence band is destabilized as
the out-of-phase, destructive, intermolecular π-overlap is
increased, resulting in a decreased ionization potential.
However, the conduction band intermolecular interactions
have a component of constructive wave function overlap, as
emphasized in Figure 3d, originating from the spatially helical
wave function (the product of the molecular propeller-like
geometry) this overlap is stabilized under pressure.52 It is
therefore expected that a decrease in sheet separation should
result in a redshift in optical absorption.
In order to verify these predictions, we examined absorbate-

specific lattice deformation, optical response and temperature
dependence of 1, both vacuous, and loaded with perfluorohex-
ane, n-hexane, benzene, toluene, and cyclohexane. 1 was first
“activated” by heating under vacuum at 80 °C for 12 h. The
samples were then exposed to each absorbate overnight. From
capillary-mode powder X-ray diffraction experiments, it was
found that the principal low angle reflections (Figure 4) do not
shift with a change in temperature. However, the high-angle
reflections (attributed to a-directional reflections) shift to
higher 2θ values with a decrease in temperature indicating
contraction of the unit cell along the a-axis (the π-stacking
direction). Thus, while not formally quantified here, 1 shows
anisotropic positive thermal expansion: the hydrogen bound
directions appear temperature insensitive, while the π-stacking
direction is more susceptible to compression. Flat plate-mode
PXRD experiments were conducted to provide additional
insights into the contraction of the materials when loaded with
various absorbates. All loaded samples displayed similar PXRD
patterns to that of the evacuated sample except for the toluene-
loaded material (shown in yellow, Figure 4), which contained
two additional peaks; this can be attributed to a new
evacuation-reversible crystalline material. However, while
PXRD confirmed crystallinity, it was found to be insufficient
for determining these minor lattice contractions.
Single crystal X-ray diffraction measurements were per-

formed on vacuous 1, and subsequent absorbate-loaded
derivatives. After evacuating 1 under high vacuum for 3 h,
single crystal data showed a large void in the material. This
vacuous structure remained unchanged after 1 week of
exposure to atmospheric conditions (ca. 45% rh, 20 °C). The
vacuous structure has a larger cell volume and a-parameter than
any of the loaded materials; see Table 1. Upon loading, the

Figure 3. Computed valence band maximum (b) and conduction band
minimum (d) of the solid have the same appearance as the molecular
building block HOMO (a) and LUMO (c). The electronic structure of
1 is tunable with mechanical pressure: the work function, Φ, and
electronic band gap, Eg, of the solid decreases with unit cell contraction
(e), independent of absorbate. The five systems represent dilation and
contraction by ±2.5% by volume intervals, and their relative external
pressures are reported in MPa. The single molecule represents the
dilute limit. Isosurfaces from single molecule and periodic HSE06
calculations are drawn to 0.05 and 0.0001 e/Å3, respectively.
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largest contraction in volume was observed for perfluorohex-
ane, which is not surprising given the reported affinity for
halogenated absorbates.48 The other absorbates all showed very
minor volume contraction. Complete single crystal X-ray
diffraction data was not obtained for the loaded structures.
The absorbate-induced pressure should cause an optical

redshift inversely proportional to cell volume, according to our
DFT predictions. To probe this experimentally, UV−vis
absorption and fluorescence emission specta were collected
using solid-state spectrofluoresence, Figure 5.54 The absorption
λmax redshifts for all absorbates relative to the vacuous structure
(corresponding values are listed in Table 1). Importantly, the
perfluorohexane loaded 1 (λmax = 341 nm) shows a +9 nm
(0.09 eV) red shifted from the vacuous structure (λmax = 332
nm). From our model, this 0.09 eV bathochromic shift
corresponds to an effective mechanical pressure of approx-
imately 36 MPa (a low pressure relative to other chemical
sensing porous frameworks).55 All systems show a characteristic
emission peak at 370−371 nm. The relaxation process is

absorbate-independent; the effective pressure does not alter this
peak position.
It is remarkable that such minor lattice deformation is

detectable by both X-ray diffraction and optical methods.
Furthermore, it is unusual to find porous materials that display
a red shift upon contraction. Transitions of this nature are
particularly useful in designing sensors that change from
colorless to colored upon low level uptake of absorbate.56−58

Thus, we can envisage further electronic modulation through
typical organic functionalization59 or increased aromatic
catenation, pushing this observable response into the visible
region.
In summary, the porous molecular crystal examined in this

work is a prototype example of where the anisotropy in the
chemical bonding (hydrogen bonding and π-stacking) is
exploited in order to achieve an observable optical response
to absorbates, that is, direct chemical detection of fluorinated
hydrocarbons. We also note the unusual crystallographic
behavior in the presence of toluene. Quantum chemical
calculations confirm that the response is driven by electronic
modulation within the material with a characteristic band gap
pressure coefficient that is an order of magnitude larger than
dense materials, dictating the high sensitivity of this material.

Table 1. The 150 K Single Crystal XRD Experimental Lattice Parameters, Spectrofluorescence Absorption Maximum, λmax, and
HSE06 Computed Band Gap, Eg, for Each Absorbate†

absorbate a b c β volume (Å3) λmax (nm) Eg (eV)

vacuous 7.3673(7) 34.542(2) 18.225(2) 91.56(1) 4636.1(7) 332 3.73
perfluorohexane 7.29(1) 34.57(6) 18.05(3) 91.1(1) 4549(13) 341 3.64
hexane 7.34(2) 34.5(1) 18.19(6) 91.9(3) 4600(20) 334 3.71
benzene 7.286(6) 34.59(3) 18.30(1) 92.72(6) 4605(6) 333 3.72
toluene 7.34(2) 34.6(1) 18.15(4) 91.7(2) 4611(2) 335 3.70
cyclohexane ‡ ‡ ‡ ‡ ‡ 334 3.71

†There is definitive cell volume and a-axis contraction upon uptake of perfluorohexane. Notably, the benzene-loaded material appears to contract in
the a-axis, however the substantial increase in β suggests that the sheetlike structure is slipping out of favorable interaction. ‡After an exhaustive
number of attempts, we could not successfully collect single crystal data on the cyclohexane loaded structure.

Figure 4. Upper panel: Capillary-mode PXRD shows that low angle
reflections, associated with pore dilation, are not significantly altered
with temperature or the inclusion of the absorbate. Rather, the high-
angle reflections in the π-stacking direction are both compressed upon
cooling and inclusion of absorbate (emphasized by the blue lines).
Higher resolution was achieved with flat-plate PXRD. Lower panel:
The flat-plate PXRD was used to confirm the crystallinity of 1 upon
loading with the stipulated absorbates. Toluene loading resulted in two
new reflections, highlighted by stars.53

Figure 5. UV−visible spectrofluorescence measurements of vacuous 1
and organic loaded derivatives. Perfluorohexane loaded 1 shows a
bathochromic redshift of 9 nm resulting in λmax = 341 nm. Emission
λmax = 370−371 nm in all cases.
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The design principles found here open up new directions for
electronic modulation of porous frameworks.
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