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Xiao et al. report a photoresponsive MOF, PCN-401, which undergoes a structural
change and radical formation upon light radiation. The photoresponsive behavior,
caused by electron transfer among the phenothiazine-based ligands within the
framework, brings about drastic property changes.
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Photoinduced reversible phase transition in
a phenothiazine-based metal-organic framework

Zhifeng Xiao, "> Hannah F. Drake,’?> Gregory S. Day,"? Jason E. Kuszynski,'-* Hengyu Lin,’
Haomiao Xie," Peiyu Cai," Matthew R. Ryder,”* and Hong-Cai Zhou'-*¢*

SUMMARY

Photoinduced phase transitions in metal-organic frameworks are
provoked by structural changes of photoresponsive linkers within
the framework under light irradiation. These transitions are rare
but fundamentally important as they can bring about light-switch-
ability on a variety of properties of the materials. In this work,
phenothiazine as a photoresponsive unit with distinctive photo-
chemical properties is incorporated into a Zn-based metal-organic
framework, PCN-401. The structural characterization of PCN-401
revealed a reversible structural transition upon light irradiation.
The mechanisms behind the photoinduced phase transition are
studied systematically by spectrometric methods and structural
stability characterization. Our mechanistic studies successfully
showcased how the phenothiazine unit in the framework un-
dergoes structural transformation under light irradiation and how
the reversible phase transition leads to the property changes.
The findings have emphasized the significance of phenothiazine
in photoresponsive materials and can serve as inspiration for the
design and understandings of next-generation photoresponsive
metal-organic materials.

INTRODUCTION

Photoresponsive metal-organic frameworks (MOFs) can undergo structural
changes upon light irradiation, with many specific properties being photoswitch-
able. Switchable properties in MOFs have been reported that can influence the
gas sorption, host-guest dynamics, mechanical properties, magnetism, and cata-
lytic performance.’® These photoresponsive MOFs are constructed by integrating
photoactive motifs, including azobenzene, spiropyrans, anthracenes, stilbenes,
and dithienylethenes into their porous structures.'**’~?* The photoactive moi-
eties can be introduced as guest molecules, pendant groups, or as framework scaf-
folds, which can offer an extremely versatile platform to study photoresponsive
dynamics in a solid state.’* When the moiety is incorporated into a framework
scaffold, the photoresponsive motifs can bring about global structural changes
on the framework under light irradiation, which can further render prominent
changes in properties and enable photoswitchabilities.”> However, such global
structural changes are not always observed in MOFs with photoresponsive
scaffolds due to the colossal constraints from the rigid framework. In rare cases
in which photoinduced structural changes readily take place, the parent MOFs
must have inherent structural flexibility from the cluster and/or the ligand.?*?®
MOFs with structural flexibility require achievable activation energies for this struc-
tural transformation.
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Figure 1. PCN-401 metal-organic frameworks (MOFs)
(A) H3ptz and H3ptzO linkers that comprise PCN-401.
(B) PCN-401 synthetic scheme.

4%

(C) Images of the crystal morphologies with respect to the oxygen content of the DMF solution at synthesis and the corresponding ptz contents (ptz%) in

the final MOF products (scale bar: 30 um).

There has been a growing interest in expanding the potential properties of photo-
responsive MOFs by expanding into less common photoresponsive motifs that
have unique properties and promise fascinating potentials. Phenothiazine as a pho-
toactive molecule has been extensively studied experimentally and computationally
for its unique light-controllable isomerization and radical generation as well as for its
biological activity.”° In solution, the heteropolycyclic compound has been re-
ported to undergo a reversible bent-to-flat isomerization and radical formation
upon photoexcitation.””*'*? Such structural isomerization at the phenothiazine
core usually stabilizes the photoinduced radicals and as a result produces a tremen-
dous change in the molecular properties, particularly its magnetism, absorbances,
and fluorescence. In the company of an electron acceptor, the structural isomeriza-
tion becomes a redox event that can permanently alter the geometry of the pheno-
thiazine core. In phenothiazine derivatives, the accessibility of the transition and its
structural isomerization can be altered through geometric constraints of the photo-
chromic unit.***° In 2019, Kitagawa and coworkers reported a phenothiazine-based
Cu MOF with unusual temperature-mediated pore-opening effects due to the struc-
tural flexibility dictated by the phenothiazine-based linker.*® This important study
showcased how the flexible phenothiazine ligand can be dynamically tuned by tem-
perature and imposed global structural changes on the framework. We anticipated
that the unique photochemical properties of the phenothiazine as well as its flexible
nature would render unprecedented photoresponsivity in MOFs.

In this work, we investigated the photoresponsive effects of a phenothiazine MOF,
PCN-401, that was assembled from Zn?* and a new phenothiazine-based tritopic
ligand, 10-(4-carboxyphenyl)-10H-phenothiazine-3,7-dicarboxylic acid, Hsptz
(Figure 1A). The photoinduced phase transition triggered by ptz-mediated intermo-
lecular electron transfer in PCN-401 was systematically characterized and studied
mechanistically to uncover the photoresponsive behavior of ptz in the framework.

RESULTS AND DISCUSSION

Synthetic studies of PCN-401
PCN-401 was synthesized by a 7-day solvothermal reaction of its ligand precursor,
Hsptz, and Zn(NO3), hexahydrate with hydrochloric acid asthe modulator (Figure 1B).
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In our initial synthetic studies, the as-synthesized PCN-401 crystals were digested
in D,SO, to investigate the ligand concentrations with "H NMR and mass spectrom-
etry (Figures S6-59). Unexpectedly, the NMR spectra and mass spectra of the di-
gested MOF revealed that the starting ligand, Hzptz, was partially oxidized into
its oxide,10-(4-carboxyphenyl)-10H-phenothiazine-3,7-dicarboxylic acid 5-oxide
(H3ptzO), which implied an in situ oxidation event during the synthesis of PCN-401
(Figure 1A). As found in a series of systematic synthetic studies, using DMF with
higher dissolved O, content resulted in a faster crystallization, a higher tendency to-
ward polycrystal formation, and a higher average ptzO content in the resultant PCN-
401 (Figure 1C) as determined by MOF digestion and "H NMR studies (experimental
detailsin the supplemental information). These findingsimplied that the rate of Hzptz
oxidation has a great influence on the nucleation and growth of the PCN-401 crystals
as higher oxygen content was expected to promote the ptz oxidation into ptzO
during MOF formation. It has been previously reported that oxygen can serve as a
mediated synthetic condition for solvothermal synthesis, but to our knowledge,
this process is rare in supramolecular chemistry.?” An effort to eliminate the oxidation
entirely by using fully deoxygenated DMF under an inert atmosphere still resulted in
55% ptzO in the as-synthesized MOF, which implied that the starting ligand, Hsptz,
can also be oxidized by the HNO; produced from Zn(NO3), and HCl in the synthesis.
This conclusion was further confirmed by the fact that replacing the Zn salt or acid
modulator did not yield the same MOF. The unique behavior of PCN-401 crystalliza-
tion under different O, concentrations gave us the tool to tune the ptz:ptzO ratio in
the framework that has proven to be important in the photoswitchability of PCN-401.
PCN-401 and the ptz and ptzO ligands were fully characterized (Figures S3-56).

Structural characterization

Single crystal X-ray diffraction (SCXRD) studies were used for structural determina-
tion. Analysis indicated that PCN-401 crystallizes into a centrosymmetric space
group, C2/m, regardless of the ptzO content. In the structure, a disordered Zn,O-
based cluster is formed, connecting 7 ligands and forming a 3-dimensional (3D)
non-interpenetrated network. The metal cluster adapts a mirror symmetry with 2
groups of Zn?" ions and connecting 7 ligands via carboxylate and sulfoxide donors
(Figure 2A). The first group of Zn®* ions reside inside the mirror plane and adopt a
tetrahedral geometry, while the second group of Zn?* ions is generated by the
mirror plane and adopts the same geometry due to symmetry restrictions. After de-
convoluting the disorder by removing the mirror symmetry, it can be seen that the
two Zn?" ions adopt two coordination geometries, distorted octahedron and tetrag-
onal pyramid, with 1 coordinating water molecule on each side. There are 2 crystal-
lographically distinctive ligands connecting the metal clusters (Figure 2A). The first
kind, called La, connects 4 clusters with 3 carboxylate groups and 1 sulfoxide group.
The sulfoxide group in La bridges 2 Zn ions with 2 Zn-O bonds of 2.25 A, which are
longer than the usual sulfoxide O-Zn bond found in the structure database. Such
bridging coordination mode from the sulfoxide is quite rare in coordination chemis-
try, however. We expect that based on the cluster structure of PCN-401, the bridging
coordination bond is essential to the formation and integrity of the cluster. There-
fore, the Lo must be ptzO, which indicates that the in situ oxidation during the
solvothermal reaction is critical to the cluster and structure formation. The phenyl-
carboxylate group on L, is disordered by the ac mirror plane as one of the carbox-
ylate oxygen atoms and is shared by 2 Zn?*. The second kind, Lg, connects 3 clusters
with 3 carboxylate groups and thus can be either ptzO or ptz. In the refined struc-
ture, Lg exhibits 2-fold position disordering, particularly on the coordination mode
of the phenylcarboxylate group. We assumed that such disordering was caused by
the different configurations of ptz and ptzO that are concurrent at the Lg site. The
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Figure 2. Metal-organic framework structure
(A) Structures of ptz/ptzO linkers and cluster in PCN-401.
(B) Topological schemes of PCN-401 structure on ac and ab planes showing the pore sizes.

phenylcarboxylate in the ptzO part of Lg was refined to a monodentate coordination
mode with a 70% occupancy, while that in the ptz part was refined to a bridging co-
ordination mode. The refinement results showed that the crystal mounted had a ptz
content of 15%, which was unexpectedly low for a large single crystal. This discrep-
ancy implied that the ptz ligand can partially adapt to the ptzO configuration in the
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Lg site, which led to an underestimated occupancy of the ptz ligand upon refine-
ment. This implication was further supported by the fact that the extra Zn-O bond
in the ptz part has a bond length of 2.250(3) A, outside the range of a normal
Zn-O coordination bond, indicating that the extra bonding for the ptz part did not
significantly contribute toward the cluster formation. The strength of such interac-
tions may not offer enough stabilization toward an exclusive binding mode for
ptz. Moreover, the unique coordination modes and disordering exhibited in the
refined structure implies a high degree of flexibility that makes it potentially suscep-
tible toward structural isomerization. Topologically, the Zn,O-based cluster is
considered a 7-connected node. The ptzO ligands serve as 4-connected nodes
(La) and 3-connected nodes (Lg) (Figure 2B). The connections between the metal
cluster and ligands results in an infinite 3D (3, 4, 7)-connected 3-nodal net, which rep-
resents a new topology as analyzed by the ToposPro program.®® The new topology
is called the xdz topology as it would appear in the MOF topology databases. In the
packed structure, the La ligands pair up in an antiparallel manner to form a pillar
structure along the a direction. In the b direction, the clusters pack along a 2;-screw
axis and are chained by the staggered L disordered ligands. The arrangement of
the ligands in the structure results in two relatively large pore channels in the micro-
porous scale along the b and c directions, respectively (Figure 2B).

To characterize the pore structures of PCN-401, the activated PCN-401 samples
were subjected to gas adsorption Brunauer-Emmett-Teller (BET) studies. It is note-
worthy that PCN-401 can be activated only through supercritical CO, exchange®’
but not with conventional thermal activation under vacuum potentially due to the
framework collapse during the thermal activation, which is commonly seen in flexible
MOFs.*? After activation, the N, isotherms at 77 K indicated that the structure is
microporous with a surface area of 3,500 m%/g (Figure S16B). The type | isotherm
shape of the adsorption indicated that the framework is microporous.”’ The pore
size distributions were calculated via density functional theory (DFT) methods and
matched well with the single crystal experimental determination (Figure S16A).
Additional gas sorption studies for PCN-401 toward CH4 and CO; may be found
in Figure S17 and Tables S2-S4.

Light-induced reversible phase transition

Under irradiation by 365 nm light, PCN-401 exhibits fast photochromism accompa-
nied by the disappearance of fluorescence. The photochromism was later character-
ized by solid-state UV-visible spectrometry, indicating that 2 peaks arose at 548 nm
and ~800 nm, respectively, after UV irradiation (Figure 3A). It has previously been
reported that the light absorbance change can be attributed to the radical formation
and conformation change in phenothiazine.*® To capture the fast photochromism
event, we exploited the fluorescence decay of the process using fluorescence micro-
scopy (Figure S12). As shown in Figure 3B, 50% reduction of the fluorescence took
place in the first 10 s under 100% light intensity, which could be a sign of a fast syn-
ergistic process in the crystal lattice. We initially suspected such an effect was caused
by aerobic oxidation of the ligand under light. To verify the assumption, we
compared the ptz:ptzO ratio before and after UV irradiation by "H NMR spectra
of the digested MOF samples and found that the ratio was not changed by UV irra-
diation, which proved the process did not involve aerobic oxidation. Moreover, the
photochromism was later found to be reversible at room temperature. Two days
after the UV irradiation, the color and fluorescence were recovered as evidenced
by the solid-state UV-visible spectrum (Figure 3A) and fluorescence microscopy
studies (Figure S13B). To better understand the photoresponsiveness, we conduct-
ed gas sorption studies on the UV-irradiated activated samples. To our surprise, the
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Figure 3. Photochemical properties and phase transition
(A) Photochromism of PCN-401 under UV irradiation.
(B) Fluorescence decay of PCN-401 during phase transition.

o

Cell Rer_)orts )
Physical Science

e PCN-401a

Gradual relaxation

e eee® PCN-401B

N — .\
K 0% , :
0

(o]
o

300 600 900 1200
Absolute Pressure (mbar)

(C) CO, isotherms of PCN-401 at 273 K showing the change during the relaxation of B phase into o phase in the 96 h after the phase transition.

CO; sorption of the framework at room temperature was reduced by 75% at 1 bar
after lightirradiation (Figures 3C and $20). The CO, sorption reduction upon UV irra-
diation can be categorized as the light-induced switchable adsorption (LISA) ef-
fect.>1%*? Such an effect may be an indication that structural transitions have taken
place during light irradiation, causing a shift in the host-guest interactions. The fact
that the N isotherm and surface area of the post-irradiated sample remained unal-
tered by the transition implies that the porous nature of the MOF remains intact after
UV irradiation (Figure S19). Like the photochromism, the recovery of CO, sorption
behavior was observed within 2 days. The gradual relaxation of the framework after
the isomerization was clearly observed by the CO; sorption at serial time points after
UV irradiation. We therefore concluded that UV can induce reversible phase transi-
tion on PCN-401. The as-synthesized phase was denoted as PCN-401a and the
phase obtained by UV irradiation was called PCN-4018.

Under light irradiation, phenothiazine and its derivatives are strong electron do-
nors and capable of transferring an electron to an appropriate acceptor in prox-
imity to it.?7?%*%% Such a photoinduced charge separation event can induce
radical formation and molecular configuration change in the solution.?’**> We sus-
pected that the phase transition was caused by the light-induced isomerization of
phenothiazine cores within the framework. To directly observe the structural
changes brought about by the phase transition, single crystals of PCN-401B
were obtained by extended UV irradiation of PCN-401a and characterized by
SCXRD. Despite our effort to retain the crystallinity during UV irradiation, most
of the PCN-401a crystals disintegrated and lost birefringence. Fortunately, we
were able to obtain 1 dataset with sufficient quality that helped us to understand
the structural change. From the diffraction pattern, PCN-4018 crystallized into the
same crystal lattice type, C-centered monoclinic. When it comes to the unit cell pa-
rameters, the axis length differences are <3%, while the B angle changed from
100.889(2)° in the « phase to 93.38(4)° in the B phase (Table S1). After integration,
the R, value of the dataset was 13.1%, with a 98% completeness, presumably due
to the slow deterioration of the crystal during the measurement. In the refined
structural model of PCN-401B, the ligand configurations exhibit different degrees
of variability compared to those found in PCN-401a (Figure S15). In La, the inter-
planar angle between the N-phenyl plane and the phenothiazine plane decreased
from 162.2(1)° in the a phase to 154(1)° in the B phase (Figure S15A). While in Lg,
the position disordering resulted from concurrency of ptz, and ptzO was not
observed from the electronic map, potentially due to the poor resolution of the
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(A) Crystal structures of PCN-401 a and B showing the differences in the pore shape after phase transition.

(B) Crystal indexing of PCN-401.
(C) Young's moduli of PCN-401a and B.

dataset. The phenyl configuration change of Lg was found to be very minor (<1°
difference with uncertainty) (Figure S15C). Interestingly, in both La and Lg, the
phenothiazine ring became less flat by 1.47(2)° in Ly and by 4.2(9)° in Lg
(Figures S15B and S15D), which was the opposite of our initial assumption made
based on how phenothiazine and its derivatives reportedly behave in solution.
As for the cluster, elongation on the sulfoxide O-Zn coordination bonds was
observed in the B phase compared to that in the o phase. The change in the co-
ordination bond was an adjustment from the ligand configuration change during
the phase transition. As found in the packed structure (Figure 4A), the pore win-
dow in the ac plane morphed toward a more rectangular shape. The void percent-
age in the o phase was calculated to be 52% with the Platon program package,*®
while that in the B phase was 57%, potentially due to the change in pore shape.
Despite the poor quality of the dataset, the observations in the ligand configura-
tion and pore shape in the B phase are convincing as these structural differences
are too significant to be accounted for by model errors.

Cell Reports Physical Science 3, 101074, October 19, 2022 7
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Mechanical properties

Phase transitions in crystalline materials are often accompanied by mechanical prop-
erty changes.”’**® In these materials, the molecular configuration shifts in the micro-
scopic scale and are ordered and uniform. These changes can accumulate and
magnify into prominent change in the macroscopic scale. In the case of the light-
induced phase transition in PCN-401, we assumed the global structural changes
could be manifested by anisotropic changes in the hardness and elasticity of the sin-
gle crystals. To characterize the anisotropic mechanical properties and correlate the
change with the crystal structures, crystal face indexing of the single crystals of PCN-
401 were carried out on a diffractometer. Conveniently, the block-shaped crystals of
PCN-401 exposed (1 00), (01 0), and (007) faces that can be studied by nanoinden-
tation (Figures 4B and S21). The Young’s modulus of a material, a measure of how
easily the material can deform, can be determined through nanoindentation exper-
iments on single crystals of the PCN-401. Several large single crystals were mounted
in epoxy resin, exposing a clean crystallographic plane of the single crystal, with
several crystals oriented to expose all 3 indexed faces on several single crystals. Af-
ter determining the Young’s moduli of the PCN-401a. samples, the samples were
irradiated by UV in situ to induce the a-to-B phase transition. The Young’s moduli
were then determined on B phase samples on the same crystals that were measured
previously in the PCN-401a phase. Each sample was calculated in quadruplet with a
20-nm change in position on the clean crystal surface. The results are shown in
Figures 4C and S22. The results indicate the PCN-401a went through anisotropic
stiffening as it transitioned to the B phase. The Young's modulus along the b axis
in the B phase is 2 times that in the o phase, while the Young’s moduli along the a
and c axes are within statistical variance between the 2 phases. The abrupt and
prominent anisotropic stiffening further confirmed that the phase transition in
PCN-401 is not domain bound in the 3D lattice but global and uniform. From the
crystal structures of PCN-401, the phenothiazine planes of the 2 kinds of ligands,
La and Lg, are aligned along the b axis (Figure S14). As the a phase transitions to
the B phase under light, these planes deviate more from the flat configuration, which
can contribute to the stiffening effect along the b axis. This kind of mechanical
response in PCN-401 to the light is rare in photoresponsive MOFs. These results
are consistent with what has been observed in mechanical property studies in
MOFs,*"" but to our knowledge this is the first report of this phenomenon in a
phenothiazine-based framework.

Mechanistic studies of the photoinduced phase transition

We hypothesized that the phase transition is likely caused by the unique photores-
ponsive behavior of ptz in the framework, and therefore the ptz content in the frame-
work is expected to be crucial to the photoresponsivity and the property changes
associated with the phase transition. As previously mentioned, the synthetic studies
showed that the ptz/ptzO content in as-synthesized PCN-401 can be tuned by O,
concentration in the DMF. To identify the influences of ptz content on the photores-
ponsive behavior, a sample with high average ptz content (20%), called h-PCN-401,
and a sample with low average ptz content (8%), called I-PCN-401, were character-
ized and compared in the following studies. Initially, the |- and h-PCN-401 samples
were compared in the photochromism studies, wherein the absorbances of the sam-
ples were compared before and after photoinduced transition. As shown in
Figures ST1A and S11B, the spectra of both samples exhibit 2 newly arisen peaks
at 548 nm and ~800 nm, respectively. Specifically, the peak at 548 nm in the h-
PCN-401 spectrum increases by 75%, a much higher increase compared to the
32% increase in I-PCN-401. After the transition, the relaxation kinetics of B phase
to a phase in these 2 samples were monitored at room temperature using the
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Figure 5. Relaxation kinetics

(A and B) Relaxation kinetics of a-to-B phase in PCN-401 tracked by (A) the absorbance at 548 nm; (B) CO, adsorption at 273 K and 1 bar; inset in
(B) shows the CO; adsorption changes upon phase transition at room temperature and 1 bar.

(C) Oy isotherms of PCN-401 at 195 K.

548-nm peak. The results indicated that under room temperature, the relaxation in |-
PCN-401 took ~1 day, while that in h-PCN-401 took >2 days (Figure 5A). These dif-
ferences implied that a higher unoxidized ptz contentin PCN-401 can lead to a more
accessible and stable B phase, which leads to higher activation energy for the p-to-a
transition. The stability disparity between h- and I-PCN-401 was further proven by
the CO, adsorption recovery after UV irradiation, where h-PCN-401 exhibited a
slower recovery than I-PCN-401 (Figure 5B). Interestingly, I-PCN-401a adsorbed
slightly less CO; at 1 bar than h-PCN-401B, while the N, adsorption and pore sizes
remained the same. When transitioning to the B phase, I-PCN-401 exhibited a LISA
effect of a 52% reduction in CO, adsorption compared to the 75% decrease in that
seen in h-PCN-401. To our knowledge, such a tunable CO, LISA effect based on
ligand content in the same MOF is unprecedented in photoresponsive MOFs. These
findings also indicated that ptz interacts more strongly with CO; than ptzO in the
framework. Hypothetically, the phase transition has altered the electronic struc-

ture33,44,45

of the ptz that results in an outstanding decrease in CO, interactions.
This hypothesis was furthered verified by O, adsorption studies of different PCN-
401 phases. Unlike CO,, the O isotherms of | and h-PCN-401a. are the same within
experimental error (Figure 5C). But in the B phase, the O, uptake at 1 barand 195K of
h-PCN-401B increases by 27% while that of I-PCN-401p increases by 8% (Figure 5C).
The heat of adsorption toward O, (HOAp,) was calculated using reported
methods®>°° and is also consistent with the difference. The HOAg, of h-PCN-401
at 0.4 cm®/g uptake increases by 3 kJ/mol and that of I-PCN-401 increases by only
1 kdJ/mol upon the a-to-p transition (Figure S18). The enhanced interaction with
O, a paramagnetic gas, after transitioning to the B phase could be an indirect indi-
cation of radical formation upon light irradiation. In the meantime, the drastic
decrease in CO; adsorption and increase in O, adsorption result in a 2.3 times in-
crease in O,/CO; selectivity for h-PCN-401 upon the a-to- transition. This kind of
light-induced gas selectivity change phenomenon in MOFs was recently described
by Guo and coworkers for the first time,*® in which a photoinduced electron transfer
(PIET) event was proposed to be the cause of the CO,/C,H; selectivity change in the
MOF. The example shown in this work further proves the universality of the gas selec-
tivity switching strategy.

To further confirm the existence of radicals in the B phase, we conducted electron
paramagnetic resonance spectroscopy (EPR) experiments on both the |- and h-
PCN-401 samples at 4 K. The results indicated that only upon transitioning to the
B phase after light irradiation did the EPR signals start to appear in both |- and h-
PCN-401 samples (Figure 6A). Although solid-state EPR cannot reliably be

Cell Reports Physical Science 3, 101074, October 19, 2022 9



Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A B Srg Srg
Fle L Fle
——h-PCN-401a ——I-PCN-401a
——h-PCN-401B —— I-PCN-4018 — Fer Fo
> PCN-401a
—~ E
:é > ,_/\'
S - I\
.*? § J\ =
2 E o
®
[0} °
= N A 3
‘_E" |
T T s PCN-401B
3200 3300 3400 3500 Zz |

Field (G) 3000 3200 3400 3600
Magnetic Field Strength (G)

C
LUMO €
I ¢
249 eV I
l 2.67 eV
& * J
HOMO _H_
d C
D H,ptz H,ptzO
=
= ptz <= ° otz
*
\N Photoexcitation Structural Transition \
- 5 N
Y i)
RN
ptzO * © ptzO~
PCN-401a Inter-Linker Electron Transfer PCN-401p

Figure 6. Phase transition mechanism

(A) The EPR spectra of PCN-401 of different phases and ptz contents at 4 K.

(B) EPR spectra at 4 K showing the extinction of different radicals during the titration Fc™ into the PCN-4018.
(C) Computed HOMO and LUMO energy profiles of Hzptz and H3ptzO.

(D) Proposed photoinduced electron transfer mechanisms behind the phase transition.

interpreted in a quantitative manner, stronger signals observed in h-PCN-401 than in
[-PCN-401 under the same experimental conditions can still be indicative of a higher
radical concentration in h-PCN-401. The fact that the degrees of photochromism
and the CO,/O; adsorption change upon phase transition are positively correlated
with the ptz content in the samples implies that the radical formation does not orig-
inate from the ptzO but from ptz in the framework.

A recent study shows that the PIET behavior of phenothiazine derivatives shifts as
they are oxidized into sulfoxide or sulfone.*****>*” |n PCN-401, the coexistence
of ptz and ptzO can be crucial in forming a route of electron transfer. Hypothetically,
the radical observed in the B phase results from the photoexcited electron hopping
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from the ptz at the Lg site to the ptzO at either the La or Lg sites. The hypothesis was
computationally rationalized by the relative highest energy occupied molecular
orbital (HOMO) and lowest energy unoccupied molecular orbital (LUMO) energetic
profiles of Hzptz and H3ptzO. As shown in Figure 6C, the computed orbital energies
of the geometrically optimized ligands revealed that H3ptzO has a larger HOMO-
LUMO gap than Hsptz does. The LUMO orbital of Hzptz is higher in energy than
that in H3ptzO, meaning that it is possible for the photoexcited electron residing
atthe LUMO of Hzptz to be readily transferred to the LUMO of H3ptzO. This electron
transfer event can take place in the framework under light irradiation®® and theoret-
ically lead to the generation of 3 kinds of radicals in the framework, 1 ptz** radical at
the Lg site and 2 ptzO™ * radicals located at the La and Lg sites, respectively. These 3
radicals are expected to show varied redox potentials due to the differences in the
chemical environment. To experimentally characterize these 3 radicals in the frame-
work, we exploited the redox potential differences of the radical sites and titrated
these radicals with ferrocenium (Fc™) tetrafluoroborate. The titration of radical spe-
cies in EPR studies has been reported as a technique in studying plasmonic nano-

> including Fc*

crystal properties.®>” " To this end, a variety of radical trappers,
tetrafluoroborate®”®? have been reported. Fc* is a paramagnetic single electron
reducing reagent that can quantitatively reduce and eliminate radicals in the mate-
rial. We conducted an EPR measurement on PCN-4018 at 4 K and observed 3 sepa-
rate half-spin radicals (g values of 1.9550, 2.0001, and 2.0604) (Figure 6B). Then, an
Fc* solution was titrated into the system while an EPR measurement was taken be-
tween each addition, tracking the existence and extinction of each radical (full exper-
imental details are listed in the supplemental information and Figure S24). As shown
in Figure 6B, the signals accounting for each of the radicals disappeared one by one
rather than a uniform decrease across all of the signals. This indicates that the radi-
cals are not coupled to one another and are indeed 3 separate half-spin radical sig-
nals. We therefore conclude that there are 3 different kinds of radicals in the B phase
of PCN-401 corresponding to the 3 different ligand environments in the structure.

With all of the evidence obtained from the experimental data, a clear mechanism is
proposed to show how the photoinduced phase transition is provoked and how the
properties of PCN-401 are changed during the phase transition (Figure 6D). Upon
UV irradiation, the ptz linkers located at the Lg site are excited and donate an elec-
tron to the ptzO linkers in proximity to the ptz within the framework. This electron
transfer event induces the formation of ptz** and ptzO™ ® radicals in the framework
and subsequently causes the configuration shift in these linkers to adapt to the elec-
tronic structures. Synergistically, these configuration shifts lead to global structural
transformation and eventually provoke the a-to-B phase transition. Although the B
phase is not thermodynamically stable, the B-to-a transition is deterred kinetically
by the global constrain from the framework. Such a kinetic barrier is positively corre-
lated with the ptz content in the framework. This light-induced phase transition is
accompanied by changes in a series of macroscopic properties as a result of the uni-
form and ordered structural transformation at a microscopic level. Upon phase tran-
sition, new absorption peaks arise and fluorescence disappears, both of which are
caused by the electronic structural change. The anisotropic stiffening of the crystal
is caused by a global structural transition that changes the pore environment and
the subsequent O,/CO; selectivity.

Phenothiazine as a photoresponsive unit possesses unique photochemical proper-
ties and light-induced isomerization behavior that promise a great potential in the
construction of photoresponsive metal-organic materials. However, the research
in the field of such materials featuring the uniqueness of phenothiazine had been
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quite limited. This work serves as the first systematic investigation of a phenothia-
zine-based photoresponsive MOF, PCN-401. The rare in situ oxidation during the
solvothermal synthesis of PCN-401 allowed for precise control over the crystallite
formation with oxygen content. The crystal-to-crystal phase transition induced by
light irradiation was structurally characterized by SCXRD studies. The pore environ-
ment and shape change during the light-induced transition significantly influence
the gas sorption properties of the PCN-401. The uniform and synergistic atomic
movements induced by light also result in anisotropic stiffening of the materials as
evidenced by the nanoindentation experiments on different crystal faces. With sys-
tematic investigation, the mechanisms of the light-induced phase transition in PCN-
401 were fully depicted by a series of experiments on the PCN-401 with varied
amounts of ptz. The mechanisms proposed in this work can inspire future research
on the phenothiazine-based metal organic materials. The phase transition triggered
by a PIET mediated by ptz provides a rare example of the existence of stable radicals
in the MOF structures. As a fundamental study, this work pushes the boundaries of
our understanding of structure-property dynamic influences of photoresponsive
frameworks under light irradiation and has implications for other dynamic systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests should be directed to and will be fulfilled by the
lead contact, Hong-Cai Zhou (zhou@chem.tamu.edu).

Materials availability
All of the materials generated in this study are available from the lead contact.

Data and code availability

Single crystal information may be obtained through the Cambridge Crystallographic
Data Centre (CCDC) free of charge for structures with the deposition numbers of
2157065 (PCN-401a) and 2157078 (PCN-401p) and as Data S1 and S2.

Synthesis of PCN-401 single crystals

To a4-mLvial we added Zn(NO3),-6H,0 (100 mg) and high-performance liquid chro-
matography (HPLC)-grade N,N-dimethylformamide (DMF) (1.0 mL). The solution was
dissolved via sonication. Once dissolved, concentrated HCI (14 pl) was added by
pipette, followed by a solution of the Hzptz ligand (10 mg solid in 2.0 mL HPLC-grade
DMF). The clear solution was sealed in the vial and heated to 85°C for up to 9 days,
yielding light mustard yellow crystals (yield = 8.5 mg). A longer crystallite formation
typically resulted in a higher ptzrratio in the Lg as well as an improvement in crystalline
quality. To wash the crystals, the solution must be decanted immediately while the
solution is still hot and replaced with fresh HPLC-grade DMF.

Lg ligand ratio of ptz:ptzO variations of PCN-401

The synthesis of PCN-401 was performed using the same method as the single crys-
tal synthesis of the MOF. A 20-mL portion of HPLC-grade DMF was oxygenated
through strong ultrahigh purity (UHP) oxygen bubbling for 90 min (solution A). A sec-
ond 20-mL portion of HPLC-grade DMF was degassed with strong UHP nitrogen
bubbling for 90 min (solution B). The MOF samples were prepared with the following
solvent ratios (A:B): 0:1, 1:3, 1:1, 3:1, and 1:0. The vials were sealed and heated at
80°C for 9 days. The crystallite formation time for the samples was as follows:
2 days (1:0), 4 days (3:1), 5 days (1:1), 7 days (1:3), 9 days (0:1). "H NMR ratios of
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ptz/ptzO of the decomposed MOF products in D®-DMSO and single crystals may be
seen in Figures S3-S6 and S21.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.101074.
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