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Composition Dependent Dynamic Behaviors of
Non-Stoichiometric Cocrystalline Hydrogen-Bonded
Organic Frameworks

Taito Hashimoto, Ryusei Oketani, and Ichiro Hisaki*

Non-stoichiometric multicomponent crystals have the potential not only to
fine-tune material properties but also to emerge new functionalities. In this
paper, the composition-dependent dynamic transformation of
non-stoichiometric cocrystalline hydrogen-bonded organic frameworks
(NS-HOFs) composed of tetrakis(4-carboxyphenyl)hexahydropyrene and
-pyrene derivatives (CP-Hp and CP-Py, respectively) is reported. Isostructural
mono-component frameworks of CP-Hp and CP-Py (CP-Hp-1 and CP-Py-1,
respectively) underwent structural transformation into the corresponding
shrunk frameworks (CP-Hp-2 and CP-Py-2, respectively) by spontaneous
release of the included solvent molecules, where the transformation speed of
CP-Hp-1 is faster than that of CP-Py-1. NS-HOFs of CP-Hp and CP-Py,
denoted by CP-HpPy-1(x), where x is the mixing ratio of CP-Hp, show the
transformation into CP-HpPy-2(x), and the transformation behaviors strongly
depend on the composition ratio. Interestingly, the transformation speed is
not proportional to the composition ratio, while the maximum speed is
observed for CP-HpPy-1(0.5). This is, to the best of these knowledge, the first
example of composition-dependent structural changes in non-stoichiometric
cocrystalline frameworks, demonstrating that dynamic behaviors can be
modulated nonlinearly by the composition of the frameworks and shedding
light on new aspects of porous soft crystals.

1. Introduction

Non-stoichiometrically mixed multicomponent frameworks
make it possible to fine-tune the crystal structures and material
properties, and furthermore, to emerge new functionalities
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which are not achieved by mono-
component frameworks.[1–3] These frame-
works are of great interest for improving
the designability and developing the func-
tionality of organic porous materials. As
a pioneering work, in 2010, Yaghi and
co-workers prepared multicomponent
metal-organic frameworks (MOFs)[4–6]

using several para-phenylene ligands with
different functional groups and demon-
strated that multicomponent MOFs exhibit
high selective uptake of CO2 over CO com-
pared with pristine MOF-5.[7] In the case
of covalent-organic frameworks (COF),[8–10]

Dichtel and co-workers constructed 2D
COFs using triaminophenylbenzene and
two different dicarboxyphenyl derivatives,
showing the possibility of synthesizing
structurally and functionally complex COFs
depending on the composition ratio.[11]

MOFs and COFs are becoming a sophisti-
cated platform to study non-stoichiometric
multicomponent frameworks because
strong metal coordination bonds and
covalent bonds make it easy to mix mul-
ticomponents into the frameworks. Thus
far, a lot of examples have been reported

to tune or improve their material properties, such as absorp-
tion selectivity,[12] emission property,[13–15] catalytic activity,[16]

and electronic property.[17,18]

On the other hand, it has been generally difficult to con-
struct non-stoichiometric cocrystalline hydrogen-bonded organic
frameworks (NS-HOFs), where an HOF[19–21] is a crystalline
porous framework constructed by self-assembling molecules
through hydrogen bonds (H-bonds). This is because H-bonding
formation is highly reversible, and therefore, thermodynamically
more stable frameworks tend to form. To date, only a few ex-
amples of NS-HOFs have been reported.[22–26] We have demon-
strated that tetracarboxylic acid derivatives based on pyrene and
hydropyrene skeletons (CP-Py and CP-Hp, respectively) yielded
single crystals of NS-HOFs named CP-HpPy-1,[24] where CP-Py
and CP-Hp are contained with a non-stoichiometric ratio in the
framework, and their composition of each single crystal is ca-
pable of being determined from single crystal X-ray diffraction
(SCXRD) analysis. Since HOFs usually exhibit high crystallinity
and the single crystals suitable for SCXRD analysis are easily ob-
tained, it is possible to conduct the precise structural analysis of
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Figure 1. Composition-dependent structural transformation of non-stoichiometric hydrogen-bonded organic frameworks (NS-HOFs). a) Schematic
representation for structural transformation of NS-HOFs CP-HpPy-1(x) into CP-HpPy-2(x) with shrunk apertures by spontaneous solvent release. The
NS-HOFs are composed of hydropyrene and pyrene derivatives (CP-Hp and CP-Py, respectively) with a mixing ratio of x: 1−x. b) Cracking in a single
crystal of the framework upon the structural transformation. c) Schematic diagram for the transformation speed of CP-Hp-1, CP-Py-1, and CP-HpPy-1(x).
The speed of CP-Hp-1 is larger than that of CP-Py-1, while the speed of CP-HpPy-1(x) changes in a nonlinear manner depending on the composition
ratio of CP-Hp and CP-Py. CP-HpPy-1(0.5) exhibits the maximum transformation speed.

the non-stoichiometric framework, which is difficult with MOFs
and COFs due to structural defects. More recently, tuning the
material properties has been achieved with the NS-HOF system.
Chen and co-workers prepared NS-HOFs with permanent poros-
ity using pyrene-based derivatives bearing ─H, ─CH3, ─NH2,
and ─F groups and demonstrated that hydrophobicity can be
modulated depending on the component fraction.[25] Our groups
constructed the NS-HOF BTNT-1 using two tetracarboxylic acid
derivatives with benzothiazole and naphthalene moieties (BTTA
and NTTA, respectively) and demonstrated that versatile fluores-
cent colors can be achieved on the single crystal of NS-HOF de-
pending on the composition ratio and distributionmanner of the
components in the crystal.[26]

During our study on NS-HOF CP-HpPy-1, we found that
mono-component HOF CP-Py-1 undergoes reversible structural
transformation with shrinkage and expansion of the voids upon
desorption and adsorption of guest molecules, which was con-
firmed by SCXRD analysis of both structures.[27] Molecule-based
flexible frameworks have been gaining attention as new func-
tional porous materials from the viewpoint that they can change
their crystal structures in response to external stimuli.[28–31] Al-
though HOFs capable of changing their crystal structures trig-
gered by the guest molecules are also reported,[32–41] tuning of
their dynamic behaviors has been unexplored. In connection
with this, the flexible nature of CP-Py-1 inspired us to modulate
the structural transformation behavior of NS-HOFs by changing
the composition ratio in a single crystal.
Herein, we demonstrate composition-dependent dynamic

structural transformation of NS-HOFs, whose structures are
well-characterized by SCXRD analysis. The transformation of
NS-HOF CP-HpPy-1 was reversibly induced by desorption and
adsorption of aromatic guest molecules (Figure 1a), accompa-
nied by propagation of cracks in the single crystal (Figure 1b).
CP-HpPy-1 transforms into either of the two crystalline forms de-
pending on the major components in the crystal. Furthermore, it

is remarkable that the transformation speed nonlinearly depends
on the composition ratio of the NS-HOF: the maximum speed
was achieved in the case of the ratio of 0.5:0.5 (Figure 1c). This is
the first example of the composition-dependent structural trans-
formation of the non-stoichiometric frameworks, shedding light
on a new aspect of multicomponent porous materials.

2. Results and Discussion

2.1. Structural Transformation of Monocomponent HOF CP-Hp-1

Mono-component HOFs CP-Py-1 and CP-Hp-1 were prepared
by slow evaporation of their solutions dissolved in N,N-
dimethylformamide (DMF) and 1,2-dichlorobenzene (DCB) at
60 °C according to our previous report,[24] giving single crystals
of HOFs CP-Py-1 and CP-Hp-1, respectively. These HOFs have
nearly the same structures as each other (Figure S1, Supporting
Information): molecules are connected through H-bonding be-
tween the carboxy groups to form a 2D sql-topological network
layer, and the layers are slip-stacked to give the HOFs. Struc-
tural change of CP-Py-1, which has been reported before,[27] was
summarized in Figure S2 (Supporting Information). As shown
in Figure 2a,b, we found that CP-Hp-1 also underwent struc-
tural transformation into CP-Hp-2 gradually upon spontaneous
release of solventmolecules under ambient conditions. Upon the
transformation, the network topology of the original structure re-
mained, while periodicity of the framework was shrunk by 4.1 Å
along the [010] direction corresponding to the shorter diagonal of
the rhombic aperture and elongated by 1.6 Å along the [101] direc-
tion corresponding to the longer diagonal of the aperture (Table
S1, Supporting Information). A host-guest ratio of CP-Hp and
DCB changed from 1:4 to 1:2 upon the transformation (Figure
S3, Supporting Information). The transformation from CP-Hp-1
intoCP-Hp-2 changes the space group from P21/c toC2/m (Table
S1, Supporting Information). This is because the propylene part
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Figure 2. Structural transformation ofCP-Hp-1 toCP-Hp-2. Crystal structures of a)CP-Hp-1 and b)CP-Hp-2 revealed by SCXRD analysis, wheremolecules
of included DCB are omitted. c) Propylene parts in the central hexahydropyrene cores in CP-Hp-1 and CP-Hp-2. The part in CP-Hp-2 was disordered into
two conformations, colored yellow and green, with a 1:1 ratio. d) PXRD pattern changes from CP-Hp-1 to CP-Hp-2 in the bulk crystalline state. e) TG-DT
curves. f) Morphological changes of a single crystal of CP-Hp-1 after wiping off the bulk solvent from the surface of the crystal. The structure of CP-Hp-1
was drawn using crystal data (CCDC No. 2206158) previously reported.[24]

Figure 3. Structural transformation of CP-HpPy-1(0.5) to CP-HpPy-2(0.5). Representative crystal structures of a) CP-HpPy-1(0.5, 0.506) and b) CP-HpPy-
2(0.5, 0.254) revealed by SCXRD analysis, where molecules of included DCB are omitted. Disordered structure of the hydropyrene (yellow and green)
and pyrene (red) core in c) CP-HpPy-1(0.5, 0.506) and d) CP-HpPy-2(0.5, 0.254). e) PXRD pattern changes from CP-HpPy-1(0.5) to CP-HpPy-2(0.5),
f) TG and DT curves, (g) Morphological changes of a single crystal of CP-HpPy-1(0.5) after wiping off bulk solvent from the surface of the crystal. The
structure of CP-Hp-1(0.5, 0.506) was drawn using crystal data (CCDC No. 2206160) previously reported.[24]
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Figure 4. Crystalline morphology and composition ratio of a) CP-HpPy-
1(0.5, 0.478) and b) CP-HpPy-1(0.5, 0.527) before and after the transfor-
mation into CP-HpPy-2. The ratio of CP-HpPy-1 was determined by SXRD
analysis on the whole crystal, while that of CP-HpPy-2 was on a platelet
fragment picked from the cracked crystal.

of the hydropyrene core is disordered into two positions with the
up and down conformations related to the 𝜎h plane on the core
(Figure 2c). This symmetrical change of CP-Hp-1 is not observed
forCP-Py-1, which keeps the space group ofP21/c upon the trans-
formation (Table S2, Supporting Information). Dihedral angles
of the peripheral phenylene groups against the cores and shapes
of the apertures of CP-Py-2 and CP-Hp-2 also slightly differ from
each other (Figure S4 and Table S5, Supporting Information).
Time-dependent powder X-ray diffraction (TD-PXRD) mea-

surement showed that the diffraction peaks ascribable to CP-Hp-
1, such as those at 2𝜃 of 12.8°, 13.3°, 16.0°, and 17.3°, gradu-
ally disappeared, while new peaks ascribable to CP-Hp-2, such
as those at 8.1°, 12.2°, 16.7°, and 22.7° appeared (Figure 2d). The
rapid weight loss observed in the thermal gravimetric (TG) curve
and endothermic peaks in the differential thermal (DT) curve
support the structural transformation that occurs by the release
of guest molecules (Figure 2e). The addition of a drop of CP-
Hp-2 quickly recovered the initial form CP-Hp-1, indicating the
reversible transformation between these two crystalline forms
(Figure S5, Supporting Information).WhenCP-Hp-2was further
left under ambient conditions, the diffraction peaks ascribable to
CP-Hp-2 decayed and new peaks appeared at 8.7°, 13.8°, 17.4°,
and 20.3°, indicating further transformation into the third form
CP-Hp-3 (Figure S6, Supporting Information), although the crys-
tal structure could not be determined by SCXRD analysis due to
the low single crystallinity.
Focusing on the morphology of a single crystal, a columnar

crystal of CP-Hp-1 started to get cracks from the edges after wip-
ing off the bulk solvent on the surface (Figure 2f). For detailed
morphological changes of single crystals, see Movie S1 (Support-
ing Information). Interestingly, the resultant platelet pieces re-
tained single crystallinity, allowing us to reveal the crystal struc-
ture of CP-Hp-2 by SCXRD as described above (Figure 2b).

2.2. Structural transformation of NS-HOF CP-HpPy-1

Mixtures ofCP-Hp andCP-Py in various composition ratios were
dissolved in a mixed solution of DMF and DCB and left at 100 °C
to evaporate solvent slowly, giving crystals of NS-HOFsCP-HpPy-

1(x, y), where x and y denote the molar fraction of CP-Hp in the
initial solution and crystallographically-determined occupancy
of CP-Hp in the resultant single crystal of CP-HpPy-1, respec-
tively. The crystals whose y has not been determined are sim-
ply presented byCP-HpPy-1(x). NS-HOFsCP-HpPy-1(x) also un-
derwent structural transformation into CP-HpPy-2(x) upon the
spontaneous solvent release (Figure 3; Figures S8–S13, Support-
ing Information). The structural transformation between CP-
HpPy-1(x) and CP-HpPy-2(x) was reversible (Figures S14–S16,
Supporting Information), and we confirmed that multiple cycles
of conversion between them were possible (Figure S17, Support-
ing Information). The crystal structures ofCP-HpPy-1(x) andCP-
HpPy-2(x) were solved using the disorder model of CP-Hp and
CP-Py, and the composition ratio of each single crystal was capa-
ble of being determined by optimizing their occupancies.
Representative crystal structures of CP-HpPy-1 and CP-HyPy-

2 are shown in Figure 3a,b, respectively. A single crystal of CP-
HpPy-1 was picked out from a crystallization batch with the
mixing ratio of x = 0.5. SCXRD analysis revealed that the crystal
exhibited a composition ratio of y = 0.506: the crystal is denoted
as CP-HpPy-1(0.5, 0.506). The structure is basically the same as
the monocomponent crystal except for the disordered core parts
(Figure 3c). The crystal structure ofCP-HpPy-2(0.5) exhibits a sql-
topological network sheet with narrow apertures (Figure 3b). The
core moiety is composed of disordered pyrene and hydropyrene
structures. Propylene parts of the hydropyrene core are further
disordered into two parts, and therefore, the core is disordered
into three parts (Figure 3d). Based on the refinement of the occu-
pancies, the composition ratio of CP-Hp and CP-Py in the crystal
ofCP-HpPy-2 is revealed to be 0.254:0.746 (Figure 2d). Therefore,
the crystal is abbreviated as CP-HpPy-2(0.5, 0.254).
The structural change of bulk crystals of CP-HpPy-1(0.5) into

CP-HpPy-2(0.5) was monitored by a TD-PXRD measurement.
The diffraction peaks ascribable to CP-HpPy-1, such as those at
2𝜃 of 13.8°, 16.1°, 17.5°, and 21.3° were gradually replaced by
peaks at 2𝜃 of 8.0°, 12.2°, 17.0°, and 22.3° ascribable to CP-HpPy-
2 (Figure 3e). TG and DT curves support the structural trans-
formation that occurs by the release of guest molecules, as in
the case of CP-Hp-1 (Figure 3f). A rod-shaped single crystal of
CP-HpPy-1(0.5) got cracks upon the transformation (Figure 3g)
(For details, see Movies S1–S5, Supporting Information). The re-
sultant platelet pieces retained single crystallinity and allowed
us to determine their crystal structures and the composition
ratio.
It should be mentioned that the ratio (y) was not matched be-

tween CP-HpPy-1 and CP-HpPy-2, even when the SCXRD mea-
surements were conducted on the same crystal, but before and
after the transformation. This is because component distribution
is not completely uniform like an ideal solid solution, although
the distribution in the present system is relatively uniform com-
pared to other systems.[26] The composition ratio of CP-HpPy-1
determined by SCXRD analysis is an average value of the entire
single crystal, while the ratio of CP-HpPy-2 was for one of the
cracked platelet fragments, which reflects the local structure of
the original crystal. For example, the SCXRD analysis revealed
that platelet pieces located at the different positions in the cracked
crystal of CP-HpPy-1(0.5, 0.478) exhibit the y values of 0.892 and
0.303, as shown in Figures 4a and S18 (Supporting Information).
Similarly, two platelet pieces picked from the cracked crystal of
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Figure 5. a) Composition in single-crystals of CP-HpPy-2(x, y), where x and y denote the molar fraction or occupancy of CP-Hp in the initial solution
and the resultant single crystal, respectively. The crystals corresponding to the blue plots have the space group of C2/m, and the pink plots have that of
P21/c. b) The dihedral angles 𝜑1 and 𝜑2 of the peripheral phenylene groups relative to the naphthalene for CP-HpPy-2(x, y). c) Intermolecular distance
d for CP-HpPy-2 with various y values. Crystallographic parameters for CP-HpPy-2 with various y values: d) a axis, e) b axis, f) c axis, g) angle 𝛽.

CP-HpPy-1(0.5, 0.527) showed the y values of 0.908 and 0.791
(Figure 4b; Figure S19, Supporting Information).
To explore the structural details of CP-HpPy-2 with differ-

ent composition ratios, we prepared bulk crystals of CP-HpPy-
1(x), where x = 0.2, 0.3, 0.4, 0.5 0.6, 0.7, and 0.8, by mix-
ing CP-Hp and CP-Py. In total, 25 platelet pieces were cor-
rected from the cracked crystals of CP-HpPy-1(x) and analyzed
by SCXRD (Figures S20,S22; Table S4, Supporting Information).
Figure 5a shows the relationship between the x and y values
of CP-HpPy-2. The proportional relationship between x and y
is considerably lower than that of CP-HpPy-1.[24] This is likely
due to the manifestation of the inhomogeneous component dis-
tribution in localized areas of the crystal of CP-HpPy-1. Partic-
ularly, the y values at x = 0.5 are widely dispersed from 0.232
to 0.908. Platelet fragments corrected from a crystal of CP-
HpPy-1(0.3, 0.272) and CP-HpPy-1(0.7, 0.715) were also ana-
lyzed by SCXRD to determine the composition ratio of the corre-
sponding CP-HpPy-2 crystals, resulting in the dispersed y values
such as y = 0.182 and 0.559 (Figures S20 and S21, Supporting
Information).
It was revealed that the space group of CP-HpPy-2 depends on

the y value. CP-HpPy-1(x, y) changes to CP-HpPy-2(x, y) with the
space group of P21/c when the CP-Py composition is higher than
0.35 (i.e., y< 0.65) and to that with the space group ofC2/mwhen

the CP-Hp composition is higher than 0.65 (Figure 5a; Table S4,
Supporting Information). The change of space group is provided
by changes in symmetry related to the dihedral angles (𝜑1 and
𝜑2) of the peripheral phenylene groups against the central naph-
thalene ring: for the crystals with y < 0.65, 𝜑1 and 𝜑2 are dif-
ferent at ≈73° and 80°, respectively, whereas for those with y >
0.65, 𝜑1 and 𝜑2 are equal at ≈86° (Figure 5b; Figures S23 and
S24, Supporting Information). The changes in the dihedral an-
gles may be caused by the nonplanar conformation of the hy-
dropyrene core. When the ratio of CP-Hp increases, the averaged
intermolecular distance (d) between stacked molecules also in-
creases, making the dihedral angle nearly perpendicular. In fact,
distance d increases from 4.65 Å to 4.84 Å as y value increases
from 0 to 1 (Figure 5c), and both dihedral angles 𝜑1 and 𝜑2 also
increase up to 86°, resulting in two types of frameworks with dif-
ferent symmetries depending on the y value. CP-HpPy-2(x, y) (y
< 0.65) has distorted rhombic apertures similar toCP-Py-2, while
CP-HpPy-2(x, y) (y > 0.65) has rhombic ones similar to CP-Hp-2
(Figures S25 and S4, Supporting Information). The cell parame-
ters of CP-HpPy-2(x, y) also change as the y value increases from
0 to 1. The lengths of the a and c axes of the unit cell change
discontinuously around y = 0.65 from 7.55 to 26.7 Å and from
26.7 to 7.55 Å, respectively, due to the changes of space groups
(Figure 5d,f). The length of the b axis of the unit cell has no clear
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Figure 6. Morphology changes of two representative single crystals for each of CP-Py-1, CP-HpPy-1(0.3), CP-HpPy-1(0.5), CP-HpPy-1(0.7), and CP-Hp-1.
(Inset) Schematic representation of the crack propagation, where Tcrack is defined as the time from when the first crack is generated until the cracks
cover the entire crystal.

correlation with the y value (Figure 5e). The 𝛽 angle of the unit
cell increases continuously from 92.9° to 94.1° (Figure 5g).

2.3. Structural Transformation Speed Depending on the
Composition Ratio

As described above, the single crystals get cracks gradually from
the edges with the structural transformation triggered by the re-
lease of guest molecules.
The cracks are nearly parallel to the (1 0 −4) plane, which

corresponds to the H-bonded 2D layers (Figure S7, Supporting
Information). Therefore, the cracking part shows that the trans-
formation is occurring there, and the cracking speed spreading

throughout the entire crystal can be regarded as the structural
transformation speed in a single crystal.
We investigated the composition ratio dependence of the struc-

tural transformation of the NS-HOF CP-HpPy-1. The crystals
picked up from batches were washed with DCB, and the bulk sol-
vent on the crystal surface was whipped off. Then, we recorded
the time course of the morphological changes and measured the
time fromwhen the first crack was generated until the cracks cov-
ered the entire crystal. The time is denoted by Tcrack. Totally, 82
single crystals of CP-HpPy-1(x) with x = 0, 0.3, 0.5, 0.7, or 1 were
subjected to the measurements. In Figure 6, the time courses of
morphological changes in two representative crystals for each of
CP-Py-1 (x = 0), CP-HpPy-1(x) (x = 0.3, 0.5, 0.7), and CP-Hp-1
(x = 1) are shown. A crystal of CP-Py-1, represented by x = 0,
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Figure 7. a) Relationship between the time taken for the entire single crystals to crack (Tcrack) and their length. b) Relationship between the transformation
speed (S = L / Tcrack) and the composition ratio of CP-Hp in the crystal (y).

showed Tcrack of ca. 6.5 min, while a crystal of CP-Hp-1, repre-
sented by x = 1, showed Tcrack of ca. 4 min, which is shorter than
that of CP-Py-1. Moreover, it is remarkable that the Tcrack value
of NS-HOFs CP-HpPy-1(x) (x = 0.3, 0.5, 0.7) changes in a non-
linear way as x value increases, instead of a proportional change
between the values of CP-Py-1 and CP-Hp-1. CP-HpPy-1(0.5) ex-
hibits the smallest value, although the length (L) of single crystals
along the long axis is nearly identical at ≈200 μm. Additionally,
a crystal of CP-Hp-1 is divided into smaller pieces than CP-Py-
1 upon the transformation. Crystals of CP-HpPy-1(x) tended to
be divided into smaller pieces as the x value increased. These
are probably caused by the disorder of the hydropyrene core, as
well as the large changes in the dihedral angle of the peripheral
phenylene groups: the angle changes by up to 10.6° in the trans-
formation from CP-Py-1 to CP-Py-2, while 12.3° from CP-Hp-1
to CP-Hp-2 (Table S5, Supporting Information).
We also measured the ratio of cracked parts in a single crystal

every 5 s to reveal how the heterogeneity in a crystal affects crack
propagation (Figure S26a, Supporting Information). In CP-Py-1,
the ratio increased discretely, whereas in CP-Hp-1, it did contin-
uously. This is because a crystal of CP-Py-1 divides into larger
pieces than that of CP-Hp-1 (Figures S26b,c, S27, and S31, Sup-
porting Information). In CP-HpPy-1(x) (x = 0.3, 0.5, 0.7), both
continuous and discrete increases were observed in the plots
(Figure S26d–f, Figures S28–S30, Supporting Information), in-
dicating that some parts in a crystal are divided into large pieces,
while others are done into small ones. These results are expected
to be due to the heterogeneity of distribution in a crystal.
To clarify the relationship between the transformation speed

and the composition ratio, Tcrack and L for the examined sin-
gle crystals are plotted as shown in Figure 7a. L and Tcrack are
roughly proportional to each other. The slope represents the av-
erage cracking speed (S). The value of S changes depending on
the composition ratios in the single crystals, where we assume

that the value of x can be treated as y because the composition
ratio (y) of NS-HOF single crystals has a moderately good pro-
portional correlation with the mixing ratio (x), as we revealed.[24]

Figure 7b shows a statistical summary of cracking speed
(S = L/Tcrack) for each of CP-Hp-1, CP-Py-1, and CP-HpPy-1(x) (x
= 0.3, 0.5, 0.7), respectively. For each composition ratio, the me-
dian and the average values of S were approximately the same.
The graph reasonably indicates that the cracking speed increases
in the order CP-Py-1 < CP-HpPy-1(0.3) < CP-Hp-1 < CP-HpPy-
1(0.7) < CP-HpPy-1(0.5). Importantly, S of CP-HpPy-1(x) (x =
0.3, 0.5, 0.7) does not vary linearly between the values of CP-Py-1
and CP-Hp-1, while it does non-linearly as the composition ratio
changes. The maximum value of S was observed for CP-HpPy-
1(0.5).
The observed transformation speed can be explained as fol-

lows. The destabilization of the framework caused by the mixing
of the two components makes the transformation speed faster.
Comparison of CP-Py-1 and CP-Hp-1 structures shows that the
dihedral angles relative to the naphthalene rings, the framework
periodicity, and the guest molecules’ positions are slightly differ-
ent (Figure S1, Tables S1 and S2, Supporting Information). In
addition, as revealed in our previous study, CP-HpPy-1 is the ki-
netically formed crystal with heterogeneous distribution. These
facts support that CP-HpPy-1 has more structural defects than
mono-component crystals and undergoes structural transforma-
tion at a faster speed.

3. Conclusion

In this paper, we report the structural transformation behavior of
mono-component HOF CP-Hp-1 and non-stoichiometric cocrys-
talline HOF CP-HpPy-1. These HOFs were revealed to change
into the second crystalline form by the release of guestmolecules.
CP-Hp-1 has an identical crystal structure to CP-Py-1, but
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CP-Hp-2, the second crystalline form, has a different structure
from CP-Py-2. CP-HpPy-1 changes into two different structures
depending on the main component. Furthermore, the transfor-
mation speed changes non-linearly with increasing the compo-
sition ratio of CP-Hp in the framework: CP-HpPy-1(0.5) has the
fastest transformation speed. These results are the first examples
of modulating the transformation behavior of the porous frame-
work depending on the composition ratio and provide impor-
tant insights into the development of flexible non-stoichiometric
cocrystalline frameworks.

4. Experimental Section
Determination of the Transformation Speed: Wet single crystals of HOF

CP-Hp-1, CP-Py-1, and CP-HpPy-1 were placed on a glass plate, and the
bulk solvent on the surfaces of the single crystals was carefully wiped off
using thin fibers of tissue paper. The single crystals were left under am-
bient conditions, starting crack propagation corresponding to the struc-
tural transformation from CP-Hp-1, CP-Py-1, and CP-HpPy-1 to CP-Hp-2,
CP-Py-2, and CP-HpPy-2, respectively, which was recorded on video. The
transformation speed (S) was calculated by dividing the crystal length (L)
along the long axis by the time it took for crack propagation (Tcrack).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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