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ABSTRACT: A quenching-triggered reversible single-crystal-to-single-crystal (SC-SC) phase transition was discovered in a met-
al-organic framework PCN-526. During the phase transition, the one-dimensional channel of PCN-526 distorts from square to rec-
tangular in shape while maintaining single crystallinity. Although SC-SC transformations have been frequently observed in MOFs,
most reports have focused on describing the resulting structural alterations without shedding light on the mechanism for the trans-
formation. Interestingly, modifying the occupancy or species of metal ions in the extra-framework sites, which provides mechanis-
tic insight into the causes for the transformation, can forbid this phase transition. Moreover, as a host scaffold, PCN-526 presents a
platform for modulation of the photoluminescence properties by encapsulation of luminescent guest molecules. Through judicious
choice of these guest molecules, responsive luminescence caused by SC-SC transformations can be detected, introducing a new

strategy for the design of novel luminescent MOF materials.

INTRODUCTION

Single-crystal-to-single-crystal (SC-SC) phase transition has
recently attracted great attention in the area of metal-organic
frameworks (MOFs).l‘6 Since MOFs maintain their single
crystallinity throughout the transformation process, the change
in structure can be precisely and straightforwardly character-
ized by single-crystal X-ray diffraction. This makes SC-SC
phase transition an excellent opportunity to study the struc-
ture-property relationships of these functional materials in
addition to methods of synthesizing them through rational
design rather than trial and error. Generally, phase transition
can be caused by chemical changes in the material, including
the change of species (guest mole-
cules/counterions/coordinated metal ions),” host-guest interac-
tions,” bond rearrangement and topochemical reactions.® In
addition, phase transition can also be triggered by some physi-
cal stimuli, such as light, temperature, and pressure.”® Alt-
hough SC-SC transformations have been observed in MOFs
many times, most reports have focused on describing the re-
sulting structural alterations without proposing mechanism or
structural causes for the transformation. Obtaining precise
structural information accounting for the phase transition is
still an elusive goal and the related research is very rare.”
Moreover, there are few studies of potential applications em-
ploying the structural transformation. If the SC-SC transfor-
mation triggered by external stimuli can induce the change of

another physical property of the material, it would establish a
responsive communication between these two properties. The
technique to detect or indicate a complicated physical or
chemical process by a readily detectable secondary responsive
variable is very useful in many areas, such as industry and
medicine.” Herein, we report the synthesis of a MOF, PCN-
526 (PCN: Porous Coordination Network), based on tetrazo-
late porphyrinic ligands and cadmium clusters. PCN-526 ex-
hibits a SC-SC transformation by an abrupt drop in tempera-
ture: the one-dimensional channel distorts from square to rec-
tangular in shape when being cooled down from room temper-
ature to 110 K and vice versa. Some efforts were then made to
understand the mechanism of the phase transition. Interesting-
ly, our investigation shows that the transformation can be for-
bidden by treating the crystals with solutions that can change
the occupancy or species of the partially occupied metal ions
in the extra-framework sites (around the metal cluster). These
observations are testaments to the decisive role of the partially
occupied metal ions, which may cause the phase transition by
anisotropic stress or strain upon fast cooling. Furthermore, we
were aiming to explore a physical property granted by the
phase transition which may be taken advantage of for potential
applications. Photoluminescence (PL) came to mind based on
the fact that the energy transfer between two photoactive mol-
ecules is usually very sensitive to the distance of chromo-
phores. PL studies of pristine PCN-526 indicate that the SC-
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SC transformation did not result in any changes in lumines-
cence. However, if certain fluorescent molecules were encap-
sulated, it was expected that the phase transition of PCN-526
would alter the distance and interaction between guest and
host molecules in addition to guest and other guest molecules,
therefore inducing changes in PL. In this work, we discovered
a temperature-triggered reversible SC-SC transformation in
PCN-526. A set of control experiments was performed to ob-
tain detailed mechanistic aspects of the phase transition. In
addition, we modulated and introduced responsive PL of
PCN-526 by accommodating a series of luminescent guest
molecules in the channel. This SC-SC transformation provides
a unique strategy to establish a connection between structure
and luminescence and indicates the structure change of the
material by easily detectable physical properties.

EXPERIMENTAL SECTION

General Information. Commercial chemicals are used as
purchased unless otherwise designated. Detailed chemical
sources are provided in the Supporting Information (SI).

Instrumentation. Powder X-ray diffraction (PXRD) was
carried out with a BRUKER D8-Focus Bragg-Brentano X-ray
Powder Diffractometer equipped with a Cu sealed tube (A =
1.54178) at 40 kV and 40 mA. About 10 mg of the sample
was heated on a TGA Q500 thermogravimetric analyzer from
room temperature to 1073 K at a ramp rate of 2 K/min under a
N, flow of 15 mL min™. Nuclear magnetic resonance (NMR)
data were collected on a Mercury 300 spectrometer. Inductive-
ly Coupled Plasma Emission - Mass Spectrometry (Laser Ab-
lation) was carried out by Perkin Elmer DRCII ICP-MS with
both solution and laser ablation capabilities. Energy dispersive
X-ray spectroscopy (EDS) was carried out by Hitachi S-4800
equipped with X-ray mapping. PTI QuantaMaster series spec-
trofluorometer equipped with arc lamp provides illumination
for steady state measurements for both emission and excitation
scans. A Xenon arc lamp provides pulsed illumination for
measuring phosphorescence lifetimes. Additionally, some
laser and LED sources are available at specific wavelengths
that can be attached for collecting fluorescence lifetime meas-
urements. Photoluminescence studies at 77 K were acquired
with NMR tube as sample holder in Cold finger dewar filled
with liquid nitrogen. Felix32 software was used to collect and
analyze excitation scans, emission scans and lifetime meas-
urements.

Synthesis of PCN-526. Solvothermal reaction of CdCl, *
2H,0 (30 mg) and 5,10,15,20-tetrakis[4-(2H-tetrazol-5-
yDphenyl]porphyrin (H,TTPP, 8 mg) ligand in the mixture of
N,N’-dimethylacetamine (DMA) (2.5 mL) and methanol (0.5
mL) at 413 K gave rise to dark purple cuboid crystals of PCN-
526. Yield: 67 %.

Synthesis of PCN-527. Solvothermal reaction of CdCl, *
2H,0 (30 mg) and H,TTPP (8 mg) in the mixture of DMF (2.5
mL) and methanol (0.9 mL) at 338 K gave rise to dark purple
cuboid crystals of PCN-527. Yield: 78 %.

Synthesis of PCN-528. Solvothermal reaction of MnCl, *
2H,0 (30 mg) and H,TTPP (8 mg) in the mixture of DMF (2.5
mL) and methanol (0.9 mL) at 338 K gave rise to dark purple
cuboid crystals of PCN-528. Yield: 52 %.

Preparation of PCN-526"""“""""C, As-synthesized samples
PCN-526 (10 mg) were washed with fresh DMA and im-

mersed in a solution of 20 mg biphenyl-4,4’-dicarboxylic acid
(BPDC) in 3 mL DMA. The mixture was allowed to stand at
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room temperature for 12 hours. A crystal was selected and
single crystal X-ray diffraction data were collected at 110 K.
The same procedure was followed to prepare the samples
treated with benzene, toluene, benzoic acid, terephthaldehyde
(TPA), 1,5-diamino-naphthelene (DAN) and BPDC.

Preparation of PCN-526"""""". As-synthesized samples
PCN-526 (10 mg) were washed with fresh DMA and im-
mersed in a solution of 20 mg NaNO; in 3 mL DMA. The
mixture was allowed to stand at room temperature for 12
hours. A crystal was selected and single crystal X-ray diffrac-
tion data were collected at 110 K.

Preparation of guest@PCN-526 samples for lumines-
cence studies. Herein, the encapsulation of naphthalene in
pristine PCN-526 is taken as an example to describe the prep-
aration procedure of guest@PCN-526. In order to minimize
the error caused by dilution and control the signal in measur-
ing range, a solution of 5 mg naphthalene in 1 mL DMA was
prepared and measured with UV-vis spectroscopy. As-
synthesized pristine PCN-526 (83 mg) was soaked in the solu-
tion and agitated to ensure sufficient contact between the solid
and solution phases at 298 K. The mixture was centrifuged
and the supernatant was collected for UV measurement every
10 min (Figure S4 in SI). The absorbance of the soret band
was proportional to the concentration of naphthalene accord-
ing to the Beer-Lambert law. Therefore, the loading amount
can be calculated by measuring the concentration of superna-
tant and then subtracting from the initial solute (5 mg). The
detail information were listed in Table S4. After the guest
molecules were encapsulated, the unit cell parameters of com-
plexes were determined by single crystal X-ray diffraction and
listed in Table 2.

Single X-ray Crystallography. Single-crystal X-ray data
frames were collected using the program APEX 2 and pro-
cessed using the program SAINT routine. The data were cor-
rected for absorption and beam corrections based on the multi-
scan technique as implemented in SADABS. The structure
was solved by direct methods and refined by full-matrix least-
squares on F° with anisotropic displacement using the
SHELXTL software package. Non-hydrogen atoms were re-
fined with anisotropic displacement parameters during the
final cycles. Hydrogen atoms on carbon and nitrogen were
calculated in ideal positions with isotropic displacement pa-
rameters set to 1.2 x U, of the attached atoms. Contributions
to scattering due to these solvent molecules were removed
using the SQUEEZE routine of PLATON, and the structures
were then refined again using the data generated. Solvent mol-
ecules are not represented in the unit cell contents (chemical
formula) in the crystal data. Details are given in SI. Crystallo-
graphic data and structural refinements for PCN-526"",
PCN-526"""¢, PCN-526"""“""", PCN-526"""""", PCN-527
and PCN-528 are given in Table S1 (CCDC 1063029-
1063034).

RESULTS AND DISCUSSION
Phase transition

Single crystal X-ray analysis at room temperature revealed
that PCN-526 crystallizes in the tetragonal P4/mmm space
group (denoted by PCN-526""*%). Chloride-centered square
planar [Cd,C1]™" clusters are connected with eight TTPP lig-
ands to form a 3D network with opening channels about 21 A.
The framework adopts a 4, 8-connected scu-a topology with a
point symbol of {4*6°}, {4'°6'*} by considering [Cd,CI]”*
clusters as eight-connected nodes and TCPP ligands as four-
connected nodes.*” The two uncoordinated N atoms of adja-
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cent tetrazolate rings on different TTPP ligands bridge Cd(II)
ions (occupancy is about 25 %) along the edges of the square
of the cluster. The partially occupied Cd(II) ions can be
viewed as extra-framework metal sites, which were also ob-
served in a 3, 8-connected Mn-MOF.'" There is an isolated
Cd(II) in the channel of the framework close to the [CdCl]”"
node for charge balance. At room temperature, the free Cd(II)
in the channels are highly delocalized, which cannot be as-
signed with a reasonable thermal parameter. However, the
existence of isolated Cd(Il) can be clearly confirmed by single
crystal X-ray diffraction collected at 110 K, as we will discuss
subsequently in PCN-526""". TTPP ligands in the framework
adopt an ideal planar conformation with four tetrazol-phenyl
moieties perpendicular to the porphyrin center (Figure 1). A
five-coordinated Cd(II) ion occupies the porphyrin center
adopting a square pyramidal geometry with chloride atom in
the vertex position.

Upon exposure to a liquid nitrogen flow at 110 K, PCN-526
underwent a SC-SC transformation from the P4/mmm to the
P4/mbm space group (denoted by PCN-526""""). Single crys-
tal X-ray diffraction indicates that the framework still main-
tains the scu-a topology, but the [Cd,Cl]”" clusters display an
apparent rotation along the ¢ axis after structural transfor-
mation (Figure 1). Moreover, the four tetrazole-phenyl moie-
ties deviate from the perpendicular positions of the porphyrin
center with a dihedral angle of about 82° (Figure 1c). As a
result, the TTPP ligand slightly deforms into a concave con-
formation accompanied with an obvious variation of the
Cd(II)-N bonds in the porphyrin center (Table S2 in SI). The
conformational change of the ligand induces the open channel
of the framework to twist from square (21 x 21 A without
considering the Van der Waals radius) to rectangular (23 x 14
A), as shown in Figure 1a. We chose four different tempera-
tures to determine the unit cell parameters of PCN-526 during
the slow cooling down process (Table S3) and it is interesting
to find that this SC-SC transformation was only achieved
through an abrupt drop in temperature, such as with a cooling
rate of > 20 K/min, obtained by immediately placing a crystal
in the single crystal X-ray diffractometer at 110 K or lower.
Slowly cooling did not induce the structural transformation.
Moreover, the structure converted back to P4/mmm upon be-
ing warmed to 298 K, indicating a reversible SC-SC transfor-
mation. Usually, the unit cell reduces with the decrease of
temperature for the positive thermal expansion materials and it

is the same for PCN-526 by slowly decreasing the temperature.

Although quenching treatment is very rarely applied in the
MOF field, it is widely utilized in material science to forbid or
force a material to undergo a phase transition ''* The distinct
behaviors of PCN-526 by different heat treatments of quench-
ing and slowly cooling down attracted our interest in investi-
gating the structural characteristic accounting for the phase
transition.
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Figure 1. a) Structures of PCN-526"* and PCN-526"""% b) the
ligand conformations in PCN-526** and c) in PCN-526"""%.

Mechanistic studies

Structural roles were first examined to gain insight to the
mechanism of the phase transition. Since the Cd(II) ion in the
porphyrin center of the TTPP ligand underwent evident con-
formational changes during the process, we firstly speculated
that the presence of such Cd(II) ions may be crucial for the
structural transformation. Therefore, we attempted to synthe-
size an isostructural MOF of PCN-526 without metal species
chelated in porphyrin center, denoted by PCN-527. The low
reaction temperature makes the deprotonation of the porphyrin
center difficult and hence there was no Cd ion chelated. It
turned out that PCN-527 displayed the same SC-SC transfor-
mation as PCN-526 (Table 1). This control experiment rules
out a decisive role of Cd(II) behind the transformation despite
its apparent conformational change as a result of the transfor-
mation. It is known that phase transitions are usually related to
stress or strain changes in materials.'' With this consideration
in mind, we treated PCN-526 with certain molecules which
can provide strong interactions with the framework. Six mole-
cules, benzene, toluene, benzoic acid, TPA, DAN and BPDC,
were selected based on functional groups and molecular size
(Table 1). After treatment with DMA solutions containing
these molecules, the unit cell parameters of PCN-526 were
characterized by single crystal X-ray diffraction. The results
indicate that phase transitions of PCN-526 were forbidden by
treated with benzoic acid, TPA, DAN and BPDC, likely due to
interactions with the framework through the terminal groups
of imbued molecules. In contrast, phase transitions were al-
lowed after the treatment using molecules hypothesized to
interact with the framework more weakly, such as benzene or
toluene. This phenomenon was further confirmed when the
polycyclicaromatic compounds were encapsulated for PL
studies as discussed in the following section (Table 2).
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Figure 2. Structures of a) PCN-526"* b) PCN-526"""% and c)
PCN-526110K-BPDC.

As a representative, single crystal X-ray diffraction data of
PCN-526""" after treatment with BPDC solution (denoted by
PCN-526"""""") was collected and the structure was solved
and refined (Figure 2). The result indicates that PCN-526"""
BPPChas the same structure as PCN-526""** but with a remark-
ably shorter [Cd,Cl]”" distance of 19.96 A compared with
21.60 A in PCN-526""*" (based on the center to center CI-CI
distance). Further analysis of the structure of PCN-526"""
BPPC indicates that the [Cd,Cl]™" clusters display an apparent
rotation along the ¢ axis after structural transformation while
retaining the square arrangement (as highlighted by the yellow
dotted lines in Figure 2c). Moreover, it is interesting to find
that the cluster distance in PCN-526"""“""" is close to that of
PCN-526110K, as well as those samples treated with solutions
of benzoic acid, TPA, and DAN, in which the transformation
was forbidden (CI-Cl distances equal to the a and b axis
lengths which were listed in Table 1). Usually, it is observed
that the unit cell size decreases after temperature reduction.'”
The difference for PCN-526 is that the porphyrin ligand dis-
torts from planarity during shrinkage of the unit cell, resulting
in the phase transition. However, after treatment with BPDC
as well as the above mentioned solutions, PCN-526 shrunk
into a smaller volume without deforming the conformation of
the ligands. Although we cannot determine the specific posi-
tion of BPDC in framework by single X-ray diffraction be-
cause of the low density, a very interesting variation was ob-
served in the refined structure: the partially occupied Cd(II)
ion in the extra-framework metal sites has a much lower occu-
pancy compared with that in the pristine PCN-526 (Figures 3a
and 3b). The change of occupancy is probably due to the in-
fluence of BPDC molecules which can competitively bond
with Cd ions in the extra-framework sites. This discovery im-
plies that the partially occupied Cd(II) may be a very im-
portant structural cause for the transformation, and we were
inspired to investigate further by continuing to alter the com-
position of the metal cluster.
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a PCN-526"1%K b  PCN-526110%-8PDC

Occupancy: 25% Occupancy: 12.5%

C  PCN-52610KNa d PCN-52811K

©cd
@ Na
@ Mn
Co
; Cl
v N
Occupancy: 25% Vacant ®c

Figure 3. a) Representative of the [Cd,Cl]”" cluster and extra-
framework sites (highlighted with black circle) in PCN-526""",
b) in PCN-526"""%BPPC ¢y in PCN-526""""™ and d) the
[Mn,CI]”" cluster with vacant extra-framework sites in PCN-
578110K

The as-synthesized PCN-526 was immersed in NaNOj; solu-
tion for 12 hours. Single crystal X-ray diffraction reveals that
the Cd(II) ions in the extra-framework sites were substituted
by Na ions with an occupancy of about 25 % (Figure 3c), and
this result is consistent with the ICP analysis (Cd : Na = 4:1,
Section 8 in SI). Most significantly, PCN-526 failed to under-
go SC-SC transformation after the treatment (denoted by
PCN-526110K'N”, as shown in Table 1). This observation indi-
cates that the substitution of Cd ions with the relatively light
metal Na ions forbids the phase transition during the tempera-
ture decrease. Therefore, we speculate that the analogous
structure of PCN-526 without partially occupied metals, if it
exists, should not have the same phase transition behavior.
Reaction of MnCl, and TTPP ligand produced PCN-528
which crystallizes in the same space group as PCN-526 but
without partially occupied metal ions in the extra-framework
sites (Figure 3d)."” As expected, PCN-528 did not display the
structure transformation by changing the temperature, indicat-
ing the partially occupied Cd(II) ions in the exterior of metal
cluster play a decisive role for the structural transformation.

Based on the thermodynamic principle, the phase transition
is a consequence of a compromise: the energy tends to make
the material to be ordered and the entropy associated with the
temperature tends to disobey the current order. '™ In PCN-
526, the disordered distribution of Cd(II) ions in the extra-
framework sites implies that the orientation of Cd(Il) differ
randomly in every unit cell. Usually, the observed disordered
atoms can be viewed as real movement in crystal.111 Therefore,
it is reasonable to infer that the random movement of Cd (II)
ions may induce anisotropic stress or strain at the instant of
abrupt drop in temperature and hence increase the tendency of
breaking the original order of material to trigger the phase
transition. However, such tendency was diminished when the
framework was treated with some molecules which can inter-
act with the partially occupied metal ions, producing less une-
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ven force toward framework upon abrupt drop in temperature.
Therefore, the structural transformation was effectively for-
bidden by lowering the occupancy of disordered metal (PCN-
526""""*PC) or substitution of the heavy metal ions with light
metal ions like in PCN-526""""*_ This observation was fur-
ther supported by the investigation on PCN-528, an analogous
structure with vacancies in the extra-framework sites, which
cannot display the same SC-SC structure transformation that

Journal of the American Chemical Society

PCN-526 does. Actually, the very similar phenomena were
observed in some ammonium salts where the reorientation or
the ordered-disordered processes of anions have been proven
to account for the phase transition.' ™

Table 1. Unit cell parameters of PCN-526, PCN-527""" and PCN-526 at 110 K after treated with different molecules.

PCN- PCN-  PCN-  PCN-
526 526''"% 527" 528" NaNO;

COOH

SEELY

COOH

Ben Tolu Benzo-
o TPA DAN BPDC
-zene -ene ic acid

Phase
transition

Allowed Allowed Forbidden Forbidden Allowed Allowed Forbidden Forbidden Forbidden Forbidden

a,b(A) | 21.60 2785 2785  20.55 20.33
c(A) | 1938 2045 2045 19.91 20.29

wBy©) | 90 90 90 90 90
V(A% | 9043 15862 15862 8406 8391

28.30 28.18 20.30 19.61 19.97 19.96
20.18 20.34 20.20 19.59 20.33 20.47
90 90 90 90 90 90
16160 16154 8326 7537 8108 8156

Table 2. Unit cell parameters of PCN-526 after incorporat-
ing different fluorescent molecules.

o"ﬁ

Naphth  Anthra Phenan Bina

-alene -cene -threne —lene -phthyl
Phase | Ajlowed Allowed Allowed Allowed Allowed
transition

a,b(A) 28.72 28.39 28.76 28.36 28.25
c(A) 20.21 20.42 20.32 20.49 19.69

a, B, v 90 90 90 90 90
V(A% 16674 16460 16803 16481 15717

Potential applications

We sought to explore the quenching-triggered phase transi-
tion for potential applications as sensors or indicators by tak-
ing advantage of the changes in structure. The porous frame-
work can act as an efficient scaffold that non-covalently traps
guest molecules for variety of applications.”” With guest mole-
cules incorporated, phase transitions involving an alteration in
channel size would provide a unique pathway to change host-
guest interactions and achieve efficient energy transfers. Thus,
five polycyclic aromatic molecules, including naphthalene,
phenanthrene, anthracene, perylene and 1,1’-binaphthyl, with
gradually increasing size across the series, were encapsulated
in PCN-526 and the effect on PL properties was investigated.

The successful encapsulation of luminescent molecules in
frameworks was confirmed by UV-vis absorption spectra
(Section 6 in SI). The phase transitions after guest incorpora-
tion were then confirmed by single crystal X-ray diffraction
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(Table 2). The emission wavelength of PCN-526 displays an
intense and broad emission peak with a maximum at 407 nm
upon excitation at 323 nm, and the SC-SC transformation does
not result any changes in luminescence (Figures S7 and S8 in
SI). When naphthalene molecules are loaded, the emission of
naphthalene@PCN-526 displays almost exactly the same
spectrum as that of PCN-526 (Figure 4a). Incorporation of
phenanthrene in the framework results in a slight red shift of
the emission compared with PCN-526 (Figure 4b). These re-
sults indicate that there is no energy transfer between the guest
molecules and host matrix. In order to achieve efficient energy
transfer, we explored possible routes of fluorescence reso-
nance energy transfer (FRET) from organic linker to encapsu-
lated guest acceptor.

a = Naphthalene@PCN- 526at 298 K b == Phenanthrene@PCN-526at 298 K

== Naphthalene@PCN- 526 at 77 K = Phenanthrene@PCN- 526 at 77 K
== PCN-526 == PCN-526
Naphthalene » Phenanthrene
7 N '
AN
El g
8 &
= =
2 2
2 ]
= =
300 350 400 450 500 550 600 350 400 450 500 550

Wavelength (nm) Wavelength (nm)
Figure 4. The emission spectra of a) naphthalene, and b) phe-
nanthlene@PCN-526 at 298 K (red) and 77 K (blue) respectively,
PCN-526 (black) and free molecules (green).
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a
—— Excitation of Anthracene b == Anthracene@PCN- 526 at 298 K
—— Emission of PCN- 526 = Anthracene@PCN-526at 77 K

- PCN- 526
- e Anthracene

Intensity (a.u)
Intensity (a.u)

300 350 400 450 500 55 600 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 5. a) The emission spectrum of PCN-526 and excitation of
anthracene, b) the emission spectra of anthracene@PCN-526 at
298 K (red) and 77 K (blue) respectively, PCN-526 (black) and
free molecules (green).

FRET describes the transfer of excited state energy from an
initially excited donor to an acceptor. The efficiency of energy
transfer in FRET is very sensitive to the distance between the
relative orientation of the donor and acceptor’s dipole mo-
ments."** ° This process would occur if the emission spectrum
of the donor overlaps with the adsorption spectrum of the ac-
ceptor. Anthracene was selected because its excitation spec-
trum overlaps very well with the emission spectrum of PCN-
526 (Figure 5a). When anthracene@PCN-526 is excited at
335 nm, the emission of PCN-526 is completely quenched
whereas a strong anthracene emission appears with an approx-
imate 60 nm blue shift as shown in Figure 5b, indicating an
efficient light harvesting process. This resonance energy trans-
fer is further supported by the excitation spectrum of anthra-
cene@PCN-526 collected at the anthracene emission (410
nm), in which a maximum peak at 335 nm clearly suggests the
contribution of PCN-526 to the observed emission (Figure
S11 in SI). In addition, the fluorescence decay profile of the
anthracene@PCN-526 monitored at 407 nm shows a longer
life-time of 3.19 ns upon excitation at 395 nm (the anthracene
excitation) compared to a lifetime of 0.44 ns upon excitation at
340 nm (the pristine PCN-526 excitation), providing further
proof for energy transfer (Figures S12 and S13 in SI).

Naphthalene@PCN-526, phenanthrene@PCN-526 and an-
thracene@PCN-526 display the same emission band at 298 K
and 77 K. These findings indicate that the shrinkage of the
channel, caused by a structural transformation, does not
change the host-guest interaction and the interaction between
guest molecules. However, when a larger guest molecule,
perylene, was encapsulated, the complex displayed new emis-
sion bands at higher wavelength (Figure 6a). The phenyl rings
in perylene may be parallel with the porphyrin center, promot-
ing the m-n” interaction, thus facilitating the host-guest energy
transfer.'® Moreover, the emission of perylene@PCN-526
displays an obvious peak splitting at 77 K compared with 298
K. A peak split is usually caused by temperature, stress, pres-
sure, and/or energy transfer between two particles.'” A plausi-
ble explanation is that the distances or orientations between
the host and guest or the inter-guest molecules are changed
due to the structural transformation. To validate this hypothe-
sis, we encapsulated 1,1°-binaphthyl to investigate the PL of

the complex at 298 K and 77 K. The single bond of 1,1’-
binaphthyl would allow the two naphthalene moieties to
change relative orientations freely from external stimuli. As
expected, the emission of 1,1’-binaphthyl@PCN-526 dis-
played a more evident peak splitting with a 30 nm blue-shift at
77 K compared with the emission at 298 K as shown in Figure
6b. Moreover, the blue shift is also considered to have been
caused by the alteration of the aggregated structure.' These
results confirm the occurrence of a temperature triggered
structure transformation, and more interestingly, the transfor-
mation can be responsively expressed by another readily de-
tectable physical property: an evident difference in lumines-
cence phenomena at 298 K and 77 K.

The systematic PL investigations of different guest@PCN-
526 complexes indicate that the PL of complexes is greatly
affected by the size of polycyclic aromatic molecules. Incor-
poration of molecules with relatively small size, such as naph-
thalene and phenanthrene, has a negligible impact on the emis-
sion band of host matrices. However, when the guest mole-
cules with larger size, such as perylene and 1,1’-binaphthyl,
were incorporated, the host-guest interaction and the interac-
tion between guest molecules influences the energy transfer
pathways and results in the appearance of guest emissions or a
new emission band. By exploring FRET mechanism, PCN-
526 acts as an efficient light harvesting scaffold for anthracene
guest molecules. PL of the pristine PCN-526 initially was
unchanged by the SC-SC transformation. However, with suit-
able guest molecules entrapped inside the pore, the lumines-
cence of guest@PCN-526 displays a blue shift and apparent
peak splitting in response to the structural transformation and
host-guest interactions. In this way, we have demonstrated a
novel method to reveal normally imperceptible structural in-
formation by readily detectable PL phenomena.

a = Perylene@PCN-526at 298 K b == 1,1-Binaphthyl@PCN- 526 at 298 K
= Perylene@PCN-526at 77 K = 1,1'-Binaphthyl@PCN-526at 77 K
== PCN-526 == PCN-526

- Perylene 1,1'-Binaphthy!

Intensity (a.u)
Intensity (a.u)

350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 6. The emission spectra of a) perylene, and b) 1,1°-
binaphthyl @PCN-526 at 298 K (red) and 77 K (blue) respective-
ly, PCN-526 (black) and free molecules (green).

CONCLUSION

In this study, we discover a reversible crystallinity-
preserving phase transition in PCN-526 triggered by an abrupt
change in temperature. Remarkably, we are able to observe the
phase transition allowed and forbidden behaviors which eluci-
dates the structural causes for the transformation and provides
mechanistic insight into the phase transition. Moreover, we
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have demonstrated that the unique phase transition properties
can be utilized as a platform to responsively indicate the struc-
tural change of materials by luminescence, which might pro-
vide a new perspective for design of smart materials, such as
sensing device and logic gates.
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