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Abstract: Stimuli-responsive physisorbents that undergo reversible structural transformations induced by external stimuli\
(e.g. light, guests, or heat) offer the promise of utility in gas storage and separation. Whereas reports on guest or light-
responsive sorbents have increased in recent years, we are unaware of reports on sorbents that exhibit both light and
guest-induced structural transformations. Herein, we report that the square lattice, sql, topology coordination network
Zn(fba)(bis)-2DMF (sql-5,6-Zn-o, S =trans-4,4'-bis(1-imidazolyl)stilbene = bis, 6=2,2-bis(4-
carboxyphenyl)hexafluoropropane =H,fba) underwent single-crystal-to-single-crystal transformation (SCSC) upon
activation, affording nonporous sql-5,6-Zn-p. Parallel alignment at 3.23 A of olefinic moieties on adjacent bis ligands in
sql-5,6-Zn-a enabled SCSC [2+2] photocycloaddition upon exposure to UV light (365 nm) or sunlight. sql-5,6-Zn-o
thereby transformed to met-5,6-Zn-a, which was subsequently activated to the narrow pore phase mot-5,6-Zn-p. sql-5,6-
Zn-p and mot-5,6-Zn-p both exhibited S-shaped adsorption isotherms characteristic of guest-induced structural changes
when exposed to CO, at 195 K (type-F-IV and type F-I, respectively). Cycling experiments conducted upon sql-5,6-Zn-p
reduced particle size after cycle 1 and induced transformation into a rare example of a shape memory coordination
network, sql-5,6-Zn-y. Insight into this smorgasbord of SCSC phase changes was gained from in situ PXRD, single crystal

\XRD and 'H NMR spectroscopy experiments.

J

Introduction

Porous coordination networks (PCNs), especially metal—
organic frameworks (MOFs), have attracted interest by
virtue of their crystallinity, diverse compositions, high sur-
face areas and modularity that enables fine tuning of
composition, structure and properties.'"” There are already
>118,000 structures in the MOF subset of the Cambridge
Structural Database (CSD), the majority of which tested by
gas sorption were found to exhibit a Type-I sorption
isotherm characteristic of a rigid pore structure.”™ Stimuli-
responsive PCNs that undergo structural transformation(s)
induced by external stimuli (e.g. light, guests, or heat)
remain understudied, representing <1% of MOFs. Even
rarer are PCNs verified to exhibit the following features:
guest-induced switching between closed and open phases

(ca. 60 examples, <0.1 % of MOFs);*'? a shape memory
effect after the first cycle of sorption (a handful are
known);!* 1! reversible light and guest induced transforma-
tion (to our knowledge, none yet reported). Typical
isotherm profiles for these phenomena are given in Figure 1.

Our motivation to study stimuli-responsive PCNs comes
from their potential utility in gas storage and separation,
drug delivery, sensing and catalysis.'”? In this context, light
is a desirable stimulus as it can be fast, controlled and
energy efficient."?!%?7 Light-responsive PCNs are classified
into three categories:®™® (i) light-responsive guest
molecules;? (ii) light-responsive ligand side chains;**! (iii)
light-responsive linker ligands where the light responsive
moiety is part of the backbone, meaning that the framework
structure must change.’>* A mechanism for light-induced
structural transformation is cis-trans isomerization, which
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Figure 1. Isotherm profiles characteristic of (a) guest-induced switching
between closed and open phases followed by a shape memory effect;
(b) reversible light or guest induced transformation.

can impact pore size, shape and electronic structure >3]
Light and guest-responsive frameworks are relatively
understudied.’***! Indeed, to the best of our knowledge,
there has not yet been a report of a guest (gas) and light
responsive framework based on photochemical [2+2] cyclo-
addition, a long known®***!! and well-studied”* reaction
in the solid-state that can be reversed by heat. Herein, we
introduce the first such example, the two-dimensional (2D)
square lattice, sql, topology PCN sql-5,6-Zn. In addition, sql-
5,6-Zn exhibited a shape memory effect induced by CO,.
The properties of sql-5,6-Zn are enabled by mixed linkers,
an olefinic ligand, trans-4,4'-bis(1-imidazolyl)stilbene (bis or
5), and an angular ligand, 2,2-bis(4-
carboxyphenyl)hexafluoropropane (fba or 6).

Front view
Zigzag chain
3 Zigzag layer ),'
Ny Side view -
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Results and Discussion

Large light yellow block crystals of Zn(fba)(bis)-2DMF
(sql-5,6-Zn-0) were obtained at gram scale through solvo-
thermal reaction of Zn(NO;),-6H,O with H,fba and bis in
N,N-dimethylformamide (DMF) at 105°C (Figure 2 left,
Figure S1 and S2). Single crystal X-ray diffraction (SCXRD)
analysis revealed that sql-5,6-Zn-o. had crystallized in the
monoclinic space group P2,/n (Table S1). Phase purity of
sql-5,6-Zn-a was indicated by powder X-ray diffraction
(PXRD) (Figure S13). There is one Zn?" cation, one fba
linker, one bis linker and two DMF molecules in the
asymmetric unit (ASU) of sql-5,6-Zn-a (Figure S3). sql-5,6-
Zn-o is just the second example of a crystal structure
containing bis.**! As shown in Figure 3a, each Zn** cation is
coordinated by two fba and two bis ligands. The fba ligands
are bent at 110° and form a zigzag chain with Zn*" cations
(Figures 2 and 3a) that are cross-linked with bis ligands to
form an undulating sql network with rhombohedral cavities
(Figures 2). The Zn—Zn distance between adjacent layers is
6.70 A (Figure S4) and there are multiple C—H-m (2.38 A)
and m-m (3.91 and 4.12 A) interactions between adjacent
layers. Thermogravimetric analysis (TGA) indicates that
sql-5,6-Zn-a is stable below 400°C (Figure S22a).

That the distance between ethylene moieties in adjacent
layers is 3.23 A is significant as, according to Schmidt’s
topochemical principle, parallel alkenes that pack within
<42 A can undergo [2+2] cycloaddition induced by UV
radiation to form a cyclobutane.*! sql-5,6-Zn-a indeed
transformed to a cyclobutane product, mot-5,6-Zn-a, after

mot Topology (3D) 32.7%

sql-5,6-Zn-a. mot-5,6-Zn-a

2 2
5 m 5 m
o o o o
< = [ S
c 2 g =
3 S 3

=z =z

sql Topology (2D) 0%
sql-5,6-Zn-p

mot Topology (3D) 31.7%
mot-5,6-Zn-p

Figure 2. Synthesis and structure of sql-5,6-Zn-a (left) and its structural transformations (right) to sql-5,6-Zn-f, mot-5,6-Zn-a,, and mot-5,6-Zn-f3.
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Figure 3. Structures of sql-5,6-Zn-a, sql-5,6-Zn-f, mot-5,6-Zn-a, and mot-5,6-Zn-f. (a-d) connectivity of Zn*" ion with fba and bis linkers; (e-h)
crystal packing viewed along the a-axis; (i-I) crystal packing viewed along the b-axis; (m-p) comparison of guest accessible channels.

exposure to UV light (365 nm) for 5 minutes or sunlight for
several months. mot-5,6-Zn-a retained single crystallinity,
and SCXRD analysis revealed that it retained the space
group P2,/n (Table S1). The phase purity of bulk mot-5,6-
Zn-o was supported by PXRD (Figure S15). As revealed by
Figure 2, photodimerization reduces the 323 A distance
between adjacent ethylene moieties to that of C—C single
bonds (1.59 A). This reaction thereby transformed the
layered structure of sql-5,6-Zn-a into the 3D framework of
mot-5,6-Zn-a in a single-crystal-to-single-crystal (SCSC)
manner. The meot topology of mot-5,6-Zn-0 has point
symbol {6*.8%12{6%). A survey of TOPOS TTONCSD (Ta-
ble S2) revealed 37 examples of mot topology networks,
much less than sql, (16341), primitive cubic (pcu, 4850) and
diamondoid (dia, 2724)."**"1 According to Platon calcula-
tions, solvent accessible voids are 34.0% for sql-5,6-Zn-a)
and 32.7% for mot-5,6-Zn-a), consistent with the 1.3%
decrease in unit cell volume after photocycloaddition
(Figures 3m and 30).14Y

When sql-5,6-Zn-o was activated under dynamic vac-
uum, a new phase, sql-5,6-Zn-p, was formed via SCSC
transformation. sql-5,6-Zn-$ adopted the monoclinic space
group P2/c (Table S1). The phase purity of sql-5,6-Zn-f was
verified by PXRD (Figure S14). TGA revealed no weight
loss before decomposition, indicating full desolvation (Fig-

Angew. Chem. Int. Ed. 2024, 202404084 (3 of 7)

ure S22a). SCXRD revealed that the ASU of sql-5,6-Zn-p is
comprised of one Zn cation, half an fba ligand and half a bis
ligand (Figure S5). sql-5,6-Zn-p is non-porous according to
Platon (Figure 3n). sql-5,6-Zn-p differs from sql-5,6-Zn-a as
follows: i) The angle of fba ligands is 110° in sql-5,6-Zn-a vs.
103° in sql-5,6-Zn-p (Figures 3a and 3b); ii) The angle of the
linkers in the zigzag layer is 105° in sql-5,6-Zn-a vs. 96° in
sql-5,6-Zn-p (Figures 3e and 3f); iii) In sql-5,6-Zn-0, the
benzene planes of the bis ligands are almost orthogonal with
the plane of the (4,4) grid (88.94° and 87.40°), much more
obtuse than in sql-5,6-Zn-p (20.77°, Figure S10); iv) The
distance between (4,4) layers changed from 5.55 A and
325 A for sql-5,6-Zn-a to 3.95 A for sql-5,6-Zn-p (Figur-
es S11 and S12); v) The angles formed by connecting Zn
cations in sql-5,6-Zn-a, 88°, are more obtuse than sql-5,6-
Zn-p (69°, Figures 3i and 3j); vi) the distance between Zn*"
ions in adjacent layers increased from 6.70 Ain sql-5,6-Zn-a
to 7.01 A in sql-5,6-Zn-p (Figures S11 and S12); vii) sql-5,6-
Zn-o exhibits an ABAB layer arrangement, while the
stacking mode in sql-5,6-Zn-p is AAAA (Figures S6 and
S7). Notably, adjacent C=C bonds are much further apart in
sql-5,6-Zn-p (Figure 1), precluding photodimerization. Crys-
tals of sql-5,6-Zn-p soaked in DMF overnight reverted to
sql-5,6-Zn-o (Figure S17).

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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A narrow pore variant of mot-5,6-Zn-f was obtained
upon activation of mot-5,6-Zn-a in vacuo overnight.
SCXRD revealed that mot-5,6-Zn-p had retained space
group P2,/n (Table S1). The bulk phase purity of mot-5,6-
Zn-p was confirmed by PXRD (Figure S16). TGA revealed
no weight loss before decomposition, indicating that mot-
5,6-Zn-p is an anhydrate (Figure S22b). The structures of
mot-5,6-Zn-a and mot-5,6-Zn-p are similar (Figures 3, S8,
and S9), with Platon calculated voids of 32.7 % and 31.7 %,
respectively (Figures 30 and 3p).

To further evaluate the dimerization of C=C bonds to
cyclobutane rings by photoirradiation, we conducted solu-
tion 'H nuclear magnetic resonance (‘H NMR) studies by
digesting activated samples of sql-5,6-Zn-p and mot-5,6-Zn-p
in DMSO-d¢/DCI/D,O. As illustrated in Figure S23, the 'H
NMR spectrum of sql-5,6-Zn-p displays H-C=C resonances
at 7.02 ppm™! whereas mot-5,6-Zn- exhibits a new peak
consistent with a cyclobutane ring at 4.52 ppm and the
aformentioned H-C=C signals had disappeared. Further,
the integrated peak area of the C2 protons of imidazole
moieties at 9.09 ppm (~2.00) for mot-5,6-Zn-p matches that
of the cyclobutane protons at 4.52 ppm (~2.03). We also
selected 20 random crystals from a bulk sample of mot-5,6-
Zn-p that had been used for sorption studies and collected
single crystal data on each crystal. We found that all the
structures had dimerized. Overall, these test results are
consistent with full conversion.

Variable temperature PXRD (VT-PXRD) measure-
ments conducted upon sql-5,6-Zn-a and mot-5,6-Zn-a under
N, flow revealed transformations from as-synthesized to the
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corresponding guest-free phases (Figures S20 and S21). sql-
5,6-Zn-o0. converted to sql-5,6-Zn-p at 80°C, whereas mot-
5,6-Zn-o. transformed to mot-5,6-Zn-p at 80°C before
reverting to sql-5,6-Zn-p at 300°C, reversing the [2+2]
photocycloaddition.

The structure and pore chemistry differences between
these phases motivated us to investigate their sorption
properties. Low-pressure CO, adsorption isotherms col-
lected on sql-5,6-Zn-p at 195 K revealed type F-IV iso-
therms consistent with a closed to open phase transforma-
tion (Figure 4a).""*! sql-5,6-Zn-p exhibited a sharp step at a
threshold pressure of 63 kPa and a saturation uptake of
5.58 mmolg™" (125 cm®g™") at 100 kPa. The recyclability of
sql-5,6-Zn-p for CO, at 195 K was studied by reactivating
the sample in vacuo for two hours. Interestingly, the low-
pressure CO, sorption isotherm of sql-5,6-Zn-p was ob-
served to be different than the first cycle, consistent with a
shape-memory effect.>?! As revealed by Figure 4, sql-5,6-
Zn-p displayed a type F-II isotherm with uptake of
1.1 mmolg™" CO, in the low-pressure region in the second
cycle; the third cycle matched the second cycle. The gate-
opening pressure of the second cycle was slightly higher
than that of the first cycle.

With regards to mot-5,6-Zn-p, low-pressure CO, adsorp-
tion isotherms at 195 K revealed gradual CO, uptake with
increasing pressure until a gate opening at a threshold
pressure of 58 kPa. This is consistent with a type F-I
isotherm (Figure 4d).**?! After the first step, uptake
increased from 3.85mmol g' (86cm’g™!) at 58kPa to
6.47 mmol g (145 cm®g™") at 100 kPa. A type F-I isotherm

a)s b) 51
AR o
~ 5| - —5
,E % —a— -3 Cycle 1 ol 4 / & @ f
» 4—--3-- Cycle 2 *af” f/ = J
o 4 $ / ‘4 » -
T @ B A P i
£ 3 £ » N whwing
E3 : E 34 S B e e e |
e J # 5 e Pt | 8
- 4 L - / _5 3 S— A b e v ey e v =%
8, | & / e - Y VIR S P v
- W VR, R W,
3 pL ] a2 . e i v | =
e f o/ @ @ A W Ve WY S e | el
g4 e T oot 2 = e = "3
814 4 T ] | e P
e : 84 o * : R T |3
g | ° - i e
o :w L STmsiiErae e | o v ¢ vy Lw) -
T —— T T —— T T ——T L S — T T T 1
0 10 20 30 40 50 60 7O 80 90 100 0 10 20 30 40 50 €0 70 80 80 100 10 20 30 40
Pressure (kPa) Pressure (kPa) 2theta (deg)
d) 7 p)ﬁ f)
P~
6 593 ~— 5+
—_ g3 - - ?
o o @ L4
= ¥ = @
5 e < y @, ? g 9
o ' [ > :
v = °
244 . S F P T
£ v P Es o a®®
~ -~ — @
-g g -‘,‘f’"”‘ 2 . ?
a § £%1es s
3 24 | —a— g Cycle 1 5 33 2
.3 1 <—--2--Cycle 2 @ -
3
? 0
., - -
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 T T T d
Pressure (kPa) 10 20 30 40

Pressure (kPa)

2theta (deg)

Figure 4. (a) Three cycles of low-pressure CO, sorption isotherms collected on sql-5,6-Zn-f at 195 K; (b, c) In situ PXRD study of CO, adsorption/
desorption upon sql-5,6-Zn-f during the first cycle at 195 K; (d) Three cycles of low-pressure CO, sorption isotherms collected on mot-5,6-Zn-f§ at
195 K; (e, f) In situ PXRD study of CO, adsorption/desorption upon mot-5,6-Zn-f§ at 195 K.
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is consistent with structural transformation of a narrow pore
phase to a larger pore phase. Recycling studies of CO,
sorption at 195 K were performed by activating in vacuo for
2 h; no obvious changes in profile or uptake were observed
after three consecutive cycles of adsorption-desorption (Fig-
ure 4d). The PXRD pattern after CO, sorption at 195 K
matched well with that calculated from SCXRD data (Fig-
ure S19). Upon exposure of these two samples to N, at 77 K
no phase transformations were observed, with negligible
uptake for sql-5,6-Zn-p and uptake of 4.15 mmolg™
(93 cm’g™") for mot-5,6-Zn-p (Figures S24 and S25). Sim-
ilarly, neither underwent phase transformation upon expo-
sure to C2 hydrocarbons (C,H,, C,H,, and C,Hg) at 273 K
and 298 K: no appreciable uptakes for C2 hydrocarbons
were observed for sql-5,6-Zn-p; mot-5,6-Zn-p exhibited
C,H,, C,H,, and C,H; uptakes of 2.50, 2.12, 2.27 mmol g * at
298 K, respectively, without steps (type I, Figures S26 to
S29).

To gain further insight into the CO,-induced phase
transformations of sql-5,6-Zn-B, in situ variable-pressure
PXRD studies under CO, at 195K were conducted
(Figures 4 and S18). Adsorption of CO, by sql-5,6-Zn-p
revealed a two-step profile (Figure 4b and 4c) with peaks at
20="7.5°10.8°, and 23.3° indicative of phase transformation.
After the first desorption cycle, the PXRD pattern was
consistent with sql-5,6-Zn-y (Figure 4c). However, SCXRD
data sql-5,6-Zn-y was of poor quality because of crystal
degradation. For mot-5,6-Zn-f, the peaks shifted slightly,
consistent with minor structural differences between mot-
5,6-Zn-p and mot-5,6-Zn-a (Figure 4e and 4f).

To investigate crystal size before and after CO, sorption
in the first cycle, scanning electron microscopy (SEM) was
conducted (Figures 5, S30 to S34). Average crystal length
before irradiation decreased from 152.56 pm to 23.55 um
after CO, sorption, as determined by particle size distribu-
tion analysis (Figures S34 and S35). For a sample after UV

Figure 5. Scanning electron microscopy (SEM) images of (a) sql-5,6-
Zn-f before CO, sorption at 195 K, (b) sql-5,6-Zn-f after CO, sorption
at 195 K, (c) mot-5,6-Zn-f before CO, sorption at 195 K, and (d) mot-
5,6-Zn-f after CO, sorption at 195 K.

Angew. Chem. Int. Ed. 2024, 202404084 (5 of 7)
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irradiation, the average crystal length of mot-5,6-Zn-§
before the first cycle (111.72 um) was larger than that after
the first cycle (78.00 um) (Figures S36 and S37). The width
was also affected as crystals of mot-5,6-Zn-p (average
78.00x15.57 um) are generally much bigger after CO,
sorption than those of sql-5,6-Zn-B (23.55 and 6.47 pm,
respectively).

Conclusion

In summary, we report the first example of light and guest
responsive physisorbent which shows gas-induced nonpo-
rous to porous switching and [2+2] photocycloaddition
upon exposure to UV irradiation or sun light. The flexible
olefinic ligands used herein are key to enabling photo-
responsive PCNs based upon [2+2] cycloaddition. The
resulting transformations occurred in SCSC fashion from
sql-5,6-Zn-a, with 2D sql topology, to mot-5,6-Zn-a, with 3D
mot topology. The activated compounds before and after
dimerization (sql-5,6-Zn-p and mot-5,6-Zn-p) exhibited
different stepped isotherms when exposed to CO, at 195 K
(Type F-IV and Type F-II isotherms for sql-5,6-Zn-p,
Type F-1 for mot-5,6-Zn-p). The phase transformations
induced by heat or CO, at 195 K were studied by VT-PXRD
and in situ variable-pressure PXRD. The structural trans-
formation processes included reversible cyclobutane ring
opening and closing as confirmed by SCXRD. In addition,
to our knowledge, sql-5,6-Zn-p is the first example of a
shape memory sql topology PCN studied by cycling gas
sorption experiments. This work not only provides an
additional strategy to control flexibility in PCNs, but also
opens up new avenues for the study of light and guest
responsive materials based on [2+2] photo cycloaddition.
Such PCNs could offer an opportunity for the development
of new classes of sorbents which undergo hydrocarbon
release/storage or separation triggered by light, optical
writing/storage and microswimmers.
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We report a light and guest responsive
physisorbent which exhibited gas-in-
duced nonporous to porous switching
and [2+ 2] photocycloaddition upon ex-
posure to UV irradiation or sunlight. The
phase transformations were enabled by
flexible olefinic linker ligands and oc-
curred in single-crystal-to-single-crystal
fashion (2D sql to 3D mot topology).
Activated variants exhibited different
stepped isotherm profiles when exposed
to CO, at 195 K.
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