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ABSTRACT: A porous hydrogen-bonded organic framework
(HOF) responsive to acid was constructed from a
hexaazatrinaphthylene derivative with carboxyphenyl groups
(CPHATN). Precise structures of both 1,2,4-trichlorobenzene
solvate [CPHATN-1(TCB)] and activated HOF with
permanent porosity (CPHATN-1a) were successfully deter-
mined by single-crystalline X-ray diffraction analysis. Perma-
nent porosity of CPHATN-1a was evaluated by gas sorption
experiments at low temperature. CPHATN-1a also shows
significant thermal stability up to 633 K. Its crystals exhibit a
rich photochemistry thanks to intramolecular charge-transfer
and interunit proton-transfer reactions. Femtosecond (fs) experiments on crystals demonstrate that these events occur in ≤200
fs and 1.2 ps, respectively. Moreover, single-crystal fluorescence microscopy reveals a shift of the emission spectra most probably
as a result of defects and a high anisotropic behavior, reflecting an ordered crystalline structure with a preferential orientation of
the molecular dipole moments. Remarkably, CPHATN-1a, as a result of the protonation of pyradyl nitrogen atoms embedded
in its π-conjugated core, shows reversible vapor acid-induced color changes from yellow to reddish-brown, which can be also
followed by an ON/OFF of its emission. To the best of our knowledge, this is the first HOF that exhibits acid-responsive color
changes. The present work provides new findings for developing stimuli responsive HOFs.

■ INTRODUCTION

A porous organic framework with well-defined organic
components and pores is one of the most attractive functional
materials applicable not only for storage and separation of
gases and organic molecules but also for organic electronic
devices and sensors.1 Since Yaghi and co-workers reported
pioneering works on covalent organic frameworks (COFs),2

the field of porous organic materials has come to the forefront
of science and technologies.3 The materials built from
molecules through hydrogen bonding, known as hydrogen-
bonded organic frameworks (HOFs)4 or supramolecular
organic frameworks (SOFs),5 have also attracted much
attention recently because, in contrast to COFs, HOFs are
able to be isolated as high-crystalline materials, such as single
crystals, in many cases due to their reversible hydrogen-bond
formation and dissociation. This allows us to reveal their
structures precisely based on single-crystal X-ray diffraction
(SXRD) analysis and, therefore, to investigate their structure−
property relationship. HOFs can be also regenerable6 and
flexible7 due to the above-mentioned bond feature. Fragility,
on the other hand, has prevented HOFs from being applied as
functional porous materials. The structures often collapse
during removal of solvent molecules from pores of the solvated

frameworks. Furthermore, even when molecular structures and
hydrogen-bonding manners are predesigned well, the mole-
cules do not always yield the desired porous HOFs, but result
in unexpected nonporous materials. Establishment of a
universal design strategy and creation of new functionality,
such as external-stimuli responsiveness, are still developing,
although a number of HOFs have been reported.8

In connection with this, we previously proposed that C3
symmetric π-conjugated molecules with three o-bis-
(carboxyphenyl)aryl groups in periphery were able to be
applied for constructing HOFs9 and achieved significantly
stable HOFs with permanent porosity.10 To develop external
stimuli-responsive fluorescent HOFs with permanent porosity,
we next designed a carboxyphenyl-substituted hexaazatrinaph-
thylene11 derivative (CPHATN) as a building block.
Introducing nitrogen atoms into polycyclic aromatic hydro-

carbons allows (1) fine-tuning of frontier orbital levels,
lowering LUMO levels in many cases, (2) coordinating with
metal cations, and (3) interacting with cationic species such as
metal ions, proton, and other organic cations. After establish-
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ment of a facile synthetic route,12 HATN and its analogues
have been widely applied for electron-transporting materials,13

ligands of novel metal complexes,14 receptor for cations,15

catalysts,16 single-molecular magnets,17 cathode of lithium
batteries,18 and metal−organic frameworks,19 in addition for a
mesogen of liquid crystals.20 More recently, HATN segments
are used for constructing COFs applicable hydrogen storage,21

lithium battery,22 Pb(II) cation scavenger,23 and catalyst.24

However, no examples of HOFs based on HATN have been
reported so far.
In this work, we report an acid-responsive, extremely

thermostable HOF with permanent porosity by using
CPHATN. We reveal that the CPHATN forms a hydrogen-
bonded hexagonal network (H-HexNet),8 which is stacked
without interpenetration to give a layered HOF (Figure 1).

The HOF can be prepared by facile recrystallization. The
activated HOF (CPHATN-1a) retains its porous structure up
to at least 633 K and is basically stable against common organic
solvents. Femtosecond emission spectroscopy indicates that
the photobehavior of the excited crystals is shaped by ultrafast
intramolecular charge-transfer and proton-transfer events
happening in ≤200 fs and 1.2 ps, respectively. Space- and
time-resolved fluorescence microscopy shows that cracks and
expected defects in the crystals affect the emission spectra and
lifetime. We also observed that single crystals exhibit a high
anisotropic behavior, reflecting a strongly ordered system. Very
interestingly, CPHATN-1a changes color reversibly from
yellow to reddish-brown when exposed to acids, and its
fluorescence can be switched OFF or ON in the presence or
removal of acid vapors. This is, to the best of our knowledge,
the first example of HOFs with external-stimuli responsiveness
in color and emission. The present results would open a door
to develop new porous materials with stimuli responsiveness.

■ RESULTS AND DISCUSSION
Synthesis and Crystallization of CPHATN. 4,5-Bis-

(methoxycarboxyphenyl)-1,2-diaminobenzene (2) was synthe-
sized by Suzuki−Miyaura cross-coupling reaction of 4,5-

dibromo-1,2-diaminobenzene and 4-methoxycarbonylphenyl-
boronic acid (1). Diaminobenzene derivative 2 was treated
with cyclohexanehexone (3) in acetic acid to give ester
derivative 4, which was subsequently hydrolyzed to give
CPHATN (Scheme 1). Crystallization was preliminarily

attempted by using a mixed solution of polar solvent [N,N-
dimethylacetamide (DMAc) or N-methylpyrrolidone (NMP)]
and aromatic solvent [methyl benzoate (MeBz) or 1,2,4-
trichlorobenzene (TCB)] at 333 K, resulting nonporous
crystals CPHATN-NP(DMAc) and CPHATN-NP(NMP)
(Figure S1) in which carboxy groups of CPHATN are trapped
by solvent molecules via hydrogen bonds, preventing
formation of a H-HexNet. Finally, slow evaporation of a
mixed solution of NMP and TCB at 373 K for 12 h allowed
formation of a block-shaped P-1 crystal [CPHATN-1(TCB)],
which has a layered structure of H-HexNet frameworks.

Thermal Behaviors of CPHATN-1(TCB). Thermogravi-
metric (TG) analysis of CPHATN-1(TCB) shows that solvent
molecules accommodated in the channel are completely
removed at 527 K and the resultant desolvated state is kept
up to ca. 673 K (Figure 2a). The weight loss of 22% indicates
that CPHATN-1(TCB) contains TCB with a host−guest ratio
of 1:2 (calcd 24.7%). Next, to reveal structural changes of
CPHATN-1(TCB) during desolvation by heating, we
recorded variable-temperature powder X-ray diffraction (VT-
PXRD) patterns of as-formed crystalline bulks of CPHATN-
1(TCB) from room temperature to 633 K, which is the upper
limit temperature of the apparatus we used (Figure 2b).
Although the initial patterns are not clear due to bulk solvent
attached on the crystalline surface and severe disorder of
solvent molecules accommodated in voids, peaks gradually
appear with heating. Weak but unambiguous peaks at 4.30,
5.18, 8.62, and 10.48° start to appear at 356 K, and these peaks
are slightly shifted into wider angle up to 387 K, indicating
subtle shrinkage of the crystallographic cell. The peak intensity
increased as heating reaches a plateau at ca. 523 K and remains
up to 633 K (Figure 1b,c). These results indicate that the
desolvated framework is stable and rigid sufficiently to retain
the structure under high temperature.

Figure 1. Porous layered assembly of H-HexNets based on HATN
derivative (CPHATN), which has acid-responsive moieties.

Scheme 1. Synthesis Procedure of Hexaazatrinaphthylene
Derivative CPHATN
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Judging from the thermal behavior of the framework
mentioned above, activation of CPHATN-1(TCB) was
accomplished by heating at 463 K for 72 h under vacuum
conditions, giving the corresponding desolvated material
CPHATN-1a possessing permanent porosity. Complete de-
solvation and crystallinity of the activated material were
confirmed by 1H NMR spectra of solutions dissolved in
deuterated DMSO (Figure S2) and PXRD patterns (Figure
S3), respectively. Desolvation of CPHATN-NP(NMP) under
the same conditions also gives the similar desolvated
framework judging from the PXRD pattern, although its
crystallinity is lower (Figure S4).
Crystal Structures of CPHATN-1(TCB) and CPHATN-

1a. In P-1 crystal CPHATN-1(TCB), o-bis(carboxyphenyl)-
benzene moieties form a triangular hydrogen-bonded motif so-
called phenylene triangle (PhT) motif8 to give a hydrogen-
bonded hexagonal network (H-HexNet) sheet, which then
stacks without interpenetration to give a layered assembly of
H-HexNet (Figure 3a). The CPHATN core is slightly
deformed due to packing force: root-mean-square deviation
(RMSD) of the CPHATN core is 0.142 Å. An H-HexNet layer
tightly stacks with the adjacent layers in two ways (Figure 3b).
A CPHATN core in the first layer (yellow) stacks tightly with
a core in the second layer (cyan) with a N···N distance of 3.08
Å. Interplanar distances between mean planes of the stacked
CPHATN cores is 2.90 Å. The other stacking pattern is that

the cores in the second (cyan) and third (dark blue) layers are
overlapped between edges of the cores: the interplanar
distances is 3.13 Å. The framework has a one-dimensional
channel along the crystallographic a axis, and TCB molecules
used for crystallization are accommodated in the channel,
although they are severely disordered and, therefore, are not
able to be solved crystallographically. A ratio of total potential
solvent area volume calculated by PLATON software was 26%
(cell volume: 3190.3 Å3, void volume per cell: 843.0 Å3).
It is noteworthy that the material after activation partly

retain single crystallinity, allowing us to accomplish SXRD
analysis of CPHATN-1a. As shown in Table 1, mainly the
length of the b axis is shortened by 1.4 Å, and the γ becomes
smaller by 4.3°. The refined structure is shown in Figure 3d−g.
These changes in the cell parameters are brought particularly
from deformation in the carboxy dimers having conformational
frustration9a,b (for more details, see Figure S5), while relative
positions of the stacked CPHATN cores remains (Figure 3c,f).
The interplanar distances between cores in the first−second
layers and the second−third layers are 2.89 and 3.09 Å,
respectively, and the shortest N···N distance is 3.08 Å. As
shown in Figure 3g, one-dimensional pores with a triangular
cross section with width of 8.8 Å are formed along the c axis.
The wall of the channel has branched small spaces with
diameter of ca. 3 Å. The ratio of total potential solvent area
volume of CPHATN-1a was 20% (cell volume: 2989.6 Å3,
void volume per cell: 608.1 Å3)

Structure Durability toward Common Solvents. To
disclose structural durability of the framework toward common
solvents, crystalline powder of CPHATN-1a was soaked in hot
solvents [chloroform (333 K), toluene (373 K), ethanol (333
K), and water (373 K)] for 24 h. After being filtered, the
samples were subjected to PXRD measurements. The original
pattern of CPHATN-1a is retained for these solvents after
filtration, and the peak intensity is recovered after the sample is
heated to remove the solvent (Figure 4). Furthermore, it is
remarkable that CPHATN-1a was regenerated even after being
soaked in strong acid: although the PXRD pattern of the HCl-
soaked sample is decayed significantly, the original pattern is
recovered after removal of HCl by heating.

Evaluation of Permanent Porosity. The permanent
porosity of CPHATN-1a was evaluated by nitrogen, oxygen,
carbon dioxide, and hydrogen sorption measurements at 77,
77, 195, and 77 K, respectively (Figure S6). CPHATN-1a
shows type-I sorption isotherms for all gases, indicating that it
has micropores. The uptakes are 108.7 cm3/g for N2 at 99.7
kPa, 144 cm3/g for O2 at 20.9 kPa, 116.0 cm3/g for CO2 at
100.4 kPa, and 71.9 mL for H2 at 101.7 kPa. The calculated
BET surface area and pore size based on a N2 sorption
isotherm are 379 m2g−1 and 0.78 nm, respectively (Figures S7
and S8).
To investigate precise structural changes upon sorption of

hydrocarbons, PXRD patterns of CPHATN-1a were recorded
upon introduction of vapors of benzene and hexane (Figure
5a,b). The 010 and 011 diffraction peaks are shifted into the
small angle region upon vapor absorption, while the 001 peak
remained at the original position. Furthermore, when the
benzene-filled material CPHATN-1(Ben) is heated, the 010
and 011 peaks are shifted into the wide angle region, indicating
shrinking of the cell due to a release of benzene molecules
(Figure 5c). These structural changes consist of crystal
structures of CPHATN-1(TCB) and CPHATN-1a (Figure
5d).

Figure 2. Thermal behavior of crystalline bulk of as-formed
CPHATN-1(TCB). (a) TG-DTA profile of CPHATN-1(TCB).
(b) VT-PXRD measurements of CPHATN-1(TCB) heated from
room temperature to 633 K. Insets: typical PXRD patterns during
heating. (c) Changes of the 010 peak intensity with temperature. For
VT-PXRD measurements, the temperature was raised at a rate of 1 K/
min. PXRD patterns were recorded from 2° to 17° of 2θ with the scan
rate of 3°/min. Therefore, each scan has a temperature gradient of 5
K. λ = 1.54187 Å.
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Steady-State Absorption and Emission Studies. Figure
6a shows the absorption and emission spectra of CPHATN-1a
in the solid state, which display intensity maxima at 447 and
539 nm, respectively. The shoulder at around 500 nm reflects
the S0→S1 transition onset. The absorption band exhibits a
large full-weigh at half-maximum (fwhm) of intensity (∼27000
cm−1), which probably reflects the existence of different
absorbing species or strong spectral overlap of S0→S1 and S0→
S2 bands. Recently, we have reported on the photobehavior of
CPHAT and CBPHAT materials, which have similar
fundamental units.10 The difference between these materials

and the one here studied is the presence of an extra benzene
ring joined to each pyrazine group (Figure 1). Comparing their
UV−vis absorption spectra, we observe a large bathochromic
shift of CPHATN-1a one (447 nm) with respect to those of

Figure 3. Crystal structures of solvate CPHATN-1(TCB) (a−c) and activated form CPHATN-1a (d−f). (a, d) Three layers of the stacked H-
HexNet sheets, where first, second, and third layers are colored yellow, cyan, and blue, respectively. (b, e) Relative orientation of the stacked first−
second and second−third layers (left and right, respectively). (c, f) Relative orientation of the stacked cores: first−second cores (left), second−
third cores (middle), and side view of the stacking (right). (g) Visualized surface of the activated void in CPHATN-1a with the Mercury software.
In the crystal structure of CPHATN-1(TCB), solvent molecules (TCB) are accommodated in the voids but are severely disordered. Red circles in
(b, e) refer to the conformationally frustrated carboxy dimers, which experience structural changes upon activation.

Table 1. Crystal Data of CPHATN-1(TCB) and CPHATN-
1a

CPHATN-1(TCB) CPHATN-1a difference

space group P-1 P-1
a (Å) 7.27754(17) 7.3893(4) +0.111
b (Å) 20.8039(4) 19.3980(11) −1.406
c (Å) 21.7135(4) 21.3787(10) −0.335
α (deg) 76.5118(17) 80.108(4) +3.60
β (deg) 89.6714(17) 88.822(4) −0.85
γ (deg) 86.3993(18) 82.022(5) −4.38
V (Å3) 3190.33(12) 2989.6(3) −200.73
void per cell (Å3) 843.0 608.1 −234.9

Figure 4. PXRD patterns of crystalline bulk of CPHATN-1a before
and after soaking into hot solvents for 24 h. Thin lines: after
filteration. Bold lines: after heating the filtered samples at 423 K for 1
h to remove the solvents.
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CPHAT (392 nm) and CBPHAT (404 nm). This reflects a
larger π-conjugation in the molecular frame of CPHATN-1a
produced due to the core by the addition of the three extra
benzene groups, as it has been observed in other studied
molecules.26

The emission spectrum of CPHATN-1a has an intensity
maximum at 539 nm and displays a large red-shifted band in
comparison with those of CPHAT (470 nm) and CBPHAT
(491 nm) ones. The shift is explained by an increment in the

π-conjugation in the core of the fundamental units of the
material. Moreover, the fwhm of CPHATN-1a emission band
is ∼1900 cm−1, smaller than those of CPHAT-1a (3300 cm−1)
and CBPHAT-1a (2900 cm−1).
The fluorescence excitation spectra of CPHATN-1a do not

depend on the observation wavelength but display different
spectral shapes when compared to that of the absorption one
(Figures 6a and S9). Furthermore, they exhibit intensity
maxima at 370 and 504 nm. The different shapes of the
excitation spectra suggest the opening of efficient no-radiative
channels when excited at wavelengths between 400 and 500
nm. Based on the structure of the fundamental units, we
consider that the unpaired electrons of the six nitrogen atoms,
which form the core, make more efficient the nonradiative
channels due to the coupling with the (n,π*) states.10 The
shape and peaks positions in the excitation spectra also suggest
that the absorption at 370 and 504 nm are due to the S0→S2
and S0→S1 transitions, respectively.

Picosecond Time-Resolved Experiments. To elucidate
the behavior of the excited species in the crystals, we carried
out picosecond time-resolved emission experiments27 on
CPHATN-1a (Figure 6b). The decays exhibit a multi-
exponential behavior with time constants of 190 and 507 ps
and 2.51 ns. All of the components are decaying along the
whole observation range. The contribution of the fastest
component (190 ps) in the emission decay decreases at longer
wavelengths, while that of the slowest one (2.51 ns) appears
from 550 nm (the intensity maximum of the steady-state
spectrum) (Table 2). We suggest that the shortest component
corresponds to the emission from the initially excited species,
while that of the slowest decay reflects emitting structures
formed after an ultrafast event in the formers. We believe that
this photoinduced process is an intermolecular proton-transfer
between two acid groups of the fundamental units in the
crystals (Figure 1). It is worth mentioning that the time-

Figure 5. PXRD pattern changes of CPHATN-1a upon sorption of
(a) benzene and (b) hexane vapor. (c) VT-PXRD patterns of
benzene-filled material CPHATN-1(Ben). (d) Simulated patterns of
CPHATN-1(TCB) and CPHATN-1a. The diffraction patterns were
recorded with synchrotron X-ray radiation with wavelength of 1.000 Å
at BL02B2 in SPring-8.25

Figure 6. (a) (Solid line) UV−visible absorption, (dashed line) emission, and (dash dot) excitation spectra of the crystals ensemble of CPHATN-
1a. The excitation wavelength was 370 nm. (b) Magic-angle emission decays of the solid of CPHATN-1a, upon excitation at 371 nm, and
recording at the indicated wavelengths. The solid lines are from the best global fit using a multiexponential function. (c) Normalized time-resolved
emission-spectra (TRES) of the ensemble solid of CPHATN-1a. The excitation wavelength was 371 nm and gating at the indicated delay times.
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resolution of the setup (∼20 ps) does not allow us to obtain an
accurate time constant for the process. We will discuss the
ultrafast events in the femtosecond part. However, to support
the above assignment, we have to take into account the H-
bond interactions between the acid groups and the π−π
stacking between the core units. For T12-apo (HOF), we have
previously reported the presence of two different kind of
crystals, whose photobehavior is conditioned by the main
acting force in the crystal formation and stability.26d We found
that the value of the fluorescence lifetime of excited T12-apo
crystals is 20 ns when the main force between the core units
forming the crystals interactions is due to π−π stacking, and
8.5 ns for the H-bond stacking. While the T12-apo core does
not contain nitrogen atoms, allowing π−π stacking between
their units; CPHATN-1a, which has six nitrogens in its core,
will have difficulties packing by π−π interactions due to the
repulsion forces between the no-bonding orbitals of the
nitrogen atoms. Therefore, the main signal of emission will be
from crystals formed by the H-bonds interactions, contrary to
those of π−π stacking.
We assign the intermediate component (507 ps) to the

emission of species produced after an intramolecular charge
transfer (ICT) from the phenyl groups to the main core. T12-
apo HOF undergoes an ICT event, and the time of the
emitting species is ∼5 ns.10a,26c The lifetimes of CPHATN-1a
(190 and 507 ps and 2.51 ns) are much shorter than those of
T12-apo (∼1, ∼5, ∼8 ns). This difference is due to the
presence of unpaired electrons on the nitrogen atoms in the
CPHATN-1a core, opening a nonradiative coupling with not
fluorescent (n, π*) states, making faster the emission decays. It
also explains the shape of the excitation spectra at shorter
absorption wavelengths.
To obtain more information on the excited-state photo-

behavior, we recorded picosecond time-resolved emission
spectra (TRES). Figures 6c and S10 show the normalized and
not normalized TRES of the ensemble solid of CPHATN-1a.
To begin with, with gating at times shorter than 300 ps, the
spectra have their intensity maxima at ∼538 nm with a fwhm
of 1800 cm−1, which is very close in value to that of the steady-
state spectrum (1900 cm−1), suggesting that the species at
longer times exhibits a very lower fluorescence quantum yield.
The TRES gated at longer times (≥400 ps) clearly show a red
shift in their intensity maxima, and at 10 ns gating time, the
intensity maximum is at 590 nm. In addition to that, the
spectra become wider (fwhm = 3200 cm−1), reflecting the
emission from different species. Moreover, the Stock shift
between the intensity maximum of the excitation spectrum
(504 nm from the S0→S1 transition) and the maximum of the

TRES at longer gating times is large (2900 cm−1), suggesting
that an intermolecular proton-transfer is occurring at the
excited state, as we comment before.
The excitation spectrum displays two bands (Figure 6a), and

we recorded spectra at other wavelengths (433 and 470 nm) to
explore the nature of these bands. Figure S10 exhibits the
emission decays up both excitations, while Table S3 gives the
obtained values from the best fits. The difference in the lifetime
values, using three excitation wavelengths, is within the
expected error from the experiments and fits, indicating that
the emitting species are very similar. However, comparing the
contribution of the shortest component at the bluest part of
the emission band, we observe an increase from 55% (exciting
at 371 nm) to 75% when the excitation shifts from 371 to 470
nm. As we said above, this component reflects the emission
from the initially excited state. After excitation, few of these
species may exhibit an ICT process. Therefore, when we pump
with a lower energy (470 nm), some structures may not
undergo the ICT event, and the emission intensity from the
initially pumped state increases. However, when we excite with
more excess energy (370 nm), a larger population of these
species could undergo the ICT reaction, which is reflected by a
decrease in the contribution of the shortest component. This
behavior indicates the presence of an energy barrier between
the potential-energy surfaces of the initially excited structures
and the formed ICT species.

Femtosecond Time-Resolved Experiments. To explore
the ultrafast processes, we carried out femtosecond (fs)
experiments on CPHATN-1a in the solid state. We excited
at 400 nm and gated the emission at different wavelengths.
Figure 7 shows the fs emission transients decays in a short time
window, while Figure S12 displays the complete decays. Using
a multiexponential model to fit the emission decays, we
obtained three time constants with values of 1.1, 20, and 190
ps, with the longest one a fixed value in the fit, and using that
of the picosecond data (Table 3). The shortest component is
decay at the bluest part and becomes a rise from 540 nm, while
the other ones decay over the all-emission spectrum. Note also
that the up-conversion signals at 470−520 show an ultrafast
rise, which is under the time resolution of the setup (∼100 fs).
Taking into account the spectral position of the ultrafast
(≤100 fs) and fast (1.1 ps) components, we suggest the
following assignments, in agreement with that already
discussed in the ps-part. The ultrafast rising component at
the bluest emission region reflects the ICT reaction, while the
1.1 ps value (decay and rise) is due to intermolecular proton
transfer between the acid groups of the fundamental units of
the crystals. The 20 ps component most probably originates

Table 2. Values of Time Constants (τi), Normalized (to 100) Pre-exponential Factors (Ai), and Contributions (ci = τi × Ai)
Obtained from a Global Multiexponential Fit of the Emission Decays of the Ensemble Solid of CPHATN-1a upon Excitation at
371 nm and Observation As Indicated

sample λobs (nm) τ1 (ps) ± 30 ps A1 c1 τ2 (ps) ± 50 ps A2 c2 τ3 (ns) ± 0.2 ns A3 c3

ensemble solid of CPHATN-1a

490 59 35 41 65
510 55 33 45 67
530 54 32 46 68
540 54 32 45 61 1 7
550 190 53 28 507 45 62 2.51 2 10
570 48 23 48 57 4 20
590 42 15 51 50 7 35
610 32 9 54 40 14 51
650 20 4 54 28 26 68
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from structures having suffered a fast crossing to the dark
(n,π*) states, as previously mentioned. Moreover, it is well-
known that these kinds of materials (HOFs, MOFs and COFs)
are not free from defects, which can change their photophysical
properties.28 Defects can also be very beneficial for LED and
photocatalysis applications.29 These defects enhance non-
radiative transitions. In the following part, we examine the
emission lifetime and spectra at single and several crystals for
obtaining further knowledge on the effect of defects on their
photobehavior.
Confocal Microscopy Fluorescence and Time-Re-

solved Studies. To elucidate the effect of the size, cracking,
and possible defects on the photodynamics, we performed
confocal fluorescence microscopy studies of single crystals.
Figure 8a shows the fluorescence image (FLIM) of a
representative single crystal of around 35 μm in length. Figure
8b displays the emission spectra at different selected points of
the crystal. Interestingly, we observed a spectral red-shift

between the points 1−3 and 4−9. It turns out that points 1−3
are on the cracks and borders of the signal crystal (Figure 8a).
This behavior has been also observed on a similar HOF.10b As
noted above, these kinds of materials are not free from defects,
which can change their photophysical properties. Furthermore,
we performed the same experiments on crystals of different
sizes and forms (Figure 9a,b and Figures S13a,b and S14a,b).
The emission spectra show a small red-shift, as we observed for
the single crystal.
We also collected the picosecond emission decays at the

same positions for the emission spectra, although we only show
representative ones (Figures 8c, 9c, and S12c and S13c). The
decays were recorded at two different regions of the emission
spectrum using two detectors: detector 1 (D1) for the blue-
green emission region (475−525 nm) and detector 2 (D2) for
the red one (600−650 nm). Table 4 shows a summary of the
obtained results using a multiexponential fit of the decays,
while Table S4 gives the obtained lifetimes and pre-exponential
values. Interestingly, by gating at the blue-green region (D1),
we obtained time values of 220−400 ps and 0.5−0.6 ns, while
recording at the red region (D2) we got 500−700 ps and 2.7−
3.7 ns. These values are comparable to 190 ps, 507 ps, and 2.71
ns lifetimes obtained from the ps experiments on the ensemble.
Therefore, the shortest component comes from the initially
excited state, while the 500−700 ps is attributed to species
having suffered an ICT process. Finally, the longest lifetime
(2.7−3.7 ns) is assigned to the species formed after an
intermolecular proton-transfer reaction in the crystal.
To this end, fluorescence confocal microcopy measurements

on CPHATN-1a crystals show high anisotropic emission
behavior (Figure 8d). The anisotropy displays a value of
−0.44, which corresponds to a parallel orientation to the
observation plane. Moreover, there is a low population, which
exhibits an anisotropy centered at −0.2. Taking into account
the anisotropy image, we observe that the large and main
crystal displays the more negative value, while the smallest
ones adsorbed on the surface of the main crystal, and also the

Figure 7. Representative femtosecond emission transients of
CPHATN-1a in the solid state upon excitation at 400 nm. The
observation wavelengths are indicated in the inset. The solid lines are
from the best fit using a multiexponential function, and the dash line
denotes the instrumental response function (IRF).

Table 3. Values of Time Constants (τi) and Normalized (to
100) Pre-exponential Factors (Ai) Obtained from the Best
Fit of the Femtosecond Emission Decays of the Ensemble
Solid of CPHATN-1a upon Excitation at 400 nm and
Observation As Indicated

sample
λobs
(nm)

τ1
(ps) A1

τ2
(ps) A2

τ3
(ps)a A3

ensemble solid of
CPHATN-1a

470 1.1 80 18 10 10
480 1.1 79 20 11 10
500 1.2 43 22 45 12
520 1.2 17 22 63 20
540 0.8 −100 18 78 190a 22
550 1.0 −100 18 72 28
560 1.2 −100 21 70 30
580 1.1 −100 20 73 27
600 1.2 −100 22 28 72

aThe negative sign of Ai indicates a rising component in the emission
signal.

Figure 8. (a) Fluorescence image of a single CPHATN-1a crystal. (b)
Emission spectra at different points of the related crystal. (c) Emission
decays at selected spectral range using two different filters of
transmission to gate at D1 or at D2 region as shown in (b). For
detector 1 (D1), we used a FF01-625-32-25 Chroma filter, and for
detector 2 (D2), we used a FF01-503-40-25 Chroma filter. The solid
lines are from the best-fit using a multiexponential function. (d)
Histogram of the emission anisotropy for the related crystal. The
excitation wavelength was 390 nm.
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defects of the main crystal display other values, which form the
tail of the anisotropy. The different values reflect the different
disposition of the crystals. Similar behavior has been found for
CPHAT-1a and CBPHAT-1a.10 Therefore, the anisotropic
behavior suggests that the crystalline structure of CPHATN-1a
has a preferential orientation of the molecular dipole moments
perpendicular to the long axis with the π−π stacking. This fact
is also supported by the results from other crystals. For
example, Figure 8d presents the anisotropy histogram of
several crystals. The histogram is large, clearly reflecting the
different orientations of the crystals. Furthermore, Figure S13d
shows the result of another large crystal. The histogram shows
two maxima at −0.1 and +0.67 and a shoulder at 0.46. The
highest occurrence corresponds to the large crystal which is
vertically oriented, contrary to one of a negative anisotropy
(−0.44), having a horizontal orientation (Figure 8d).
Acid-Induced Color Changes. It is remarkable that

CPHATN-1a shows color changes by exposing it to HCl. As
shown in Figure 10a, yellow crystalline bulks of CPHATN-1a
immediately turned into redish-brown by adding a drop of 37%
HCl aqueous solution. Subsequence heating of the brown
bulks resulted into recovery of the original yellow color due to
removal of HCl. Note that the acid-responsive color change

was also observed in the case of crystalline solvate CPHATN-
1(TCB), while is not observed in a solution state of CPHATN
(Figures S15−S17). This characteristic color changes observed
only for the solid state suggests that the color changes might be
brought about not only by protonation of the HATN core but
by intermolecular interactions among protonated and neutral
HATN cores.
To obtain structural information on CPHATN-1a upon

HCl exposing, PXRD pattern of the crystalline bulks were
recorded before exposure, after adding a drop of 37% HCl, and
after heating at 423 K for 30 min (Figure S18). The PXRD
patterns were once disappeared by adding a HCl drop, while
the original pattern was completely recovered after heating the
HCl-dropped sample. This tendency is the same as that for the
HCl soaked sample (Figure 4). The disappearance of the
PXRD patterns is presumably attributed to (1) disorder of the

Figure 9. (a) FLIM of CPHATN-1a crystals. (b) Emission spectra at different points of the crystals. (c) Emission decays at selected spectral range
using two different filters (D1 and D2 in (b)). The solid lines are from the best-fit using a multiexponential function. (d) Histogram of the emission
anisotropy for the shown FLIM. The excitation wavelength was 390 nm.

Table 4. Summary of the Values of Time Constants (τi) and
Normalized (to 100) Pre-exponential Factors (Ai) Obtained
from the Fit of the Emission Decays of the Different Points
of the Different Point and Crystals of CPHATN-1a

image of
Figure detector

τ1 (ps) ±
50 ps A1

τ2 (ns)
± 0.2 ns A2

8 1 220−300 96−98 0.5−0.6 4−2
2 540−600 84−90 2.7−3.0 16−10

9 1 240−300 96−98 0.5−0.6 4−2
2 500−600 84−91 2.7−3.0 16−9

S13 1 280−310 96−98 0.5−0.6 6−2
2 600−660 82−90 2.9−3.0 18−10

S14 1 300−400 96−98 0.6−0.7 4−2
2 600−700 82−94 3.2−3.7 18−6

Figure 10. (a) HCl-responsive color changes of crystalline bulks of
CPHATN-1a (i) before exposure, (ii) after 37%-HCl was dropped
on, and (iii) after heating at 423 K for 30 min. (b) Absorption and (c)
emission spectra of solid CPHATN-1a upon exposure to HCl
atmosphere for 40 min and after leaving the exposed crystals in air
during 48 h to remove HCl.
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framework by adding HCl and/or (2) scattering of diffracted
X-ray by disordered Cl− and H3O

+ ions filling the void. To
exclude the second factor and estimate the only effects of HCl,
CPHATN-1a was exposed to a vapor of HCl. Color was
changed upon exposre to HCl vapor (Figure S19), and
simultaneously, new peaks at 4.86, 5.78, 9.78, and 11.7°
appeared in PXRD patterns in addition to the original peaks
(Figure S20). The new peaks disappear when the sample is
heated to remove HCl and back to the orignal yellow solid.
These results indicate that addition of HCl and protonation of
the HATN core perturbs the structure of the original
framework, resulting changes and decay of PXRD patterns.
When the HOF crystals are exposed to HCl vapors, the

absorption and emission spectra show insignificant changes
(Figure 10b). The absorption spectrum exhibits a new band at
500−600 nm, while the emission spectrum is strongly
quenched. These observations clearly indicate the sensitivity
of this HOF to acid vapors, and are explained in terms of
strong interactions of the protons acid with the core of the
fundamental unit, as we said above. Interestingly, the original
absorption and emission spectra are ∼90% recovered by
clearing the HOF crystals in air and at ambient temperature
during 48 h (Figure 10b). Thus, we can use this HOF as sensor
of acid atmospheres for several times. Furthermore, we
recorded ps-emission decays of the HOF exposed to HCl
vapor (Figure S21). We excited at 470 nm where the protoned
crystals absorbs. The decays show a multiexponential behavior
with time constants of 73 ps, 360 ps and 1.81 ns (Table S5).
All of the components decay over the entire spectral range, and
while the contribution of the shortest component decreases in
the red part, the others two increase. The time constants are
shorter than those of the original HOF (190, 507 ps and 2.51
ns), in agreement with the strong quenching observed in the
emission spectrum. Because 470 nm excitation will also pump
a population of unprotonated HOF, the recorded decays
should be a combination of protonated and unprotonated
crystals.

■ CONCLUSION

In this work, we demonstrated for the first time that
hexaazatrinaphthylene derivatives with carboxy phenyl groups
(CPHATN) can be a suitable building block to construct acid-
responsive porous crystalline materials. Facile recrystallization
of CPHATN solution gave a hydrogen-bonded organic
framework (HOF) with a layered structure of a hexagonal
network. Precise structures of both 1,2,4-trichlorobenzene
solvate [CPHATN-1(TCB)] and activated HOF with
permanent porosity (CPHATN-1a) were successfully deter-
mined by single-crystalline X-ray diffraction analysis. Perma-
nent porosity of CPHATN-1a is evaluated by gas sorption
experiments at low temperature. Thermal stability of
CPHATN-1a is also evaluated by VT-PXRD, disclosing its
stability up to at least 633 K. fs−ps time-resolved emission
experiments indicate the occurrence of an ICT (≤200 fs) and
intermolecular proton trasnfer (1.2 ps) reactions in the HOF.
Single-crystal fluoroescence microscopy reveals the high
orientation of the units to form the crystals and shows the
importance of defects and cracking in their photobehavior.
Remarkably, CPHATN-1a exhibits reversible acid-induced
color changes and ON/OFF of its emission due to
protonation/deprotonation of the pyridyl nitrogen atoms
embedded in its π-conjugated core. Thus, we believe that the

present system provides new insights for developing stimuli-
responsive HOFs.
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