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We report that the ligand-exchange reaction between [Ag(o-

SPhCO2H)]n deposited on a solid substrate and the free

p-HSPhCOOH ligand in solution results in crystal transformation

from [Ag(o-SPhCO2H)]n to [Ag(p-SPhCO2H)]n on the substrate.

Structural analysis revealed a structural transformation between

CPs with different topologies via ligand exchange.

As a nascent category of crystalline inorganic–organic hybrid
materials, coordination polymers (CPs) have garnered
considerable interest owing to their distinctive topologies and
prospective applications in diverse fields, including gas
storage and separation,1–6 sensing,7–9 catalysis,10–12 and drug
delivery.13–15 The structural configuration of the resulting CPs
appears to be a critical determinant of their electronic,
optical, and magnetic properties.16–22 Even minor alterations
to their structural configuration can significantly impact the
properties of the resulting CPs.

Several studies have investigated the structural
transformation of CPs through alterations in the counter
anion, solvent, metal ion, and ligand.23–28 Although the
structural transformation of CPs is based on the
rearrangement of metal clusters and ligands through the
cleavage of coordination bonds or structural change of metal
clusters, predicting such structural transformations remains
challenging. Hence, several researchers have focused on
identifying the factors that induce structural

transformation.29–32 To date, solvent-assisted ligand exchange
(SALE) represents one of the most effective strategies for
controlling the structures and properties of CPs.33 Although
analogous ligands could be partially or completely introduced
into the CP structure through competition between different
ligands in solution, most reported SALEs involve
transformations of porous CPs because the penetration of
solvent and ligands into the CPs is key for structural
transformation. In contrast, in the case of ligand exchange
for non-porous CPs by immersion of CP crystals into the
ligand solution, the reaction proceeds in a heterogeneous
system at the interface between the surface of the CP crystals
and the solution comprising ligands.29–32 While the ligand
exchange mechanism of porous CPs in a quasi-homogeneous
reaction system has been extensively studied, the ligand
exchange processes of non-porous CPs remain unclear owing
to the lack of an appropriate protocol. Therefore, developing
a comprehensive and straightforward approach to regulating
ligand-exchange processes could provide the foundation for
an improved understanding of the ligand-exchange
mechanisms of CPs.

Herein, we propose a promising and straightforward
strategy for the structural transformation of Ag thiolate CPs
via ligand exchange on substrates. This strategy involves the
preparation of [Ag(o-SPhCO2H)]n (o-SPhCOOH:
ortho-mercaptobenzonate) using an Ag+-doped organic
polymer substrate, followed by a ligand-exchange reaction at
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Scheme 1 Schematic illustration of the structure and the ligand-
exchange reaction between [Ag(o-SPhCO2H)]n and [Ag(p-SPhCO2H)]n
CPs. White, Ag; yellow, S; red, O; gray, C.
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the interface between [Ag(o-SPhCO2H)]n on the substrate and
p-HSPhCOOH (p-HSPhCOOH: para-mercaptobenzoic acid) in
solution. The transformation from 1D [Ag(o-SPhCO2H)]n to
2D [Ag(p-SPhCO2H)]n in the present approach occurred on
the surface of the initially formed [Ag(o-SPhCO2H)]n crystals
(Scheme 1). Furthermore, time-course analysis of the crystal
structure, surface morphology, luminescent properties, and
ligand composition of the resulting CP-based thin films
suggested that structural transformation by the ligand
exchange process occurred without the formation of an
intermediate phase at the solid–liquid interfaces. This study
elucidates the fundamental aspects of structural
transformation by ligand exchange of non-porous CP crystals
on the substrate and provides a potential pathway for
preparing continuous free-standing CP crystal films by ligand
exchange.

To form [Ag(o-SPhCO2H)]n CP on the substrate, Ag+-doped
polyimide films were immersed in an aqueous solution
containing the ligand, followed by heating at 180 °C for 60 min
under microwave irradiation (Scheme S1†). The SEM images of
the obtained samples (Fig. S1A†) reveal rod-shaped crystals
with micrometer lengths formed on the substrate. In addition,
the crystals were densely packed on the surfaces of the
polyimide films. The powder XRD measurement showed that
the peak positions of the obtained samples were consistent
with those of the simulated pattern of the [Ag(o-SPhCO2H)]n
crystals, indicating that they exhibited the desired 1D crystal
structure (Fig. S1B†).34 Considering 1D [Ag(o-SPhCO2H)]n
crystals exhibit photoemission properties, the emission
characterization of the obtained samples was also conducted in
this experiment, which revealed that the crystals obtained on
the substrate exhibited an emission peak at approximately 620
nm upon excitation at 365 nm (Fig. S1C†).

Ligand exchange of the Ag CPs was attempted by
immersing the resulting [Ag(o-SPhCO2H)]n crystal films in a
methanol solution containing p-HSPhCOOH. In this reaction,
the yellow [Ag(o-SPhCO2H)]n crystals deposited on the film
changed to white (Fig. 1A), indicative of [Ag(p-SPhCO2H)]n
crystals, thus indicating the success of the ligand-exchange
reaction.35 PXRD measurements showed that the pattern of

the obtained sample after ligand exchange was consistent
with the simulated pattern of the 2D [Ag(p-SPhCO2H)]n
crystals (Fig. 1B). The SEM images revealed that the rod-like
crystals were composed of nanosized plate-like crystals
(Fig. 1C). In addition, the sample before ligand exchange
showed red emission under UV light irradiation at 365 nm,
whereas the sample after ligand exchange showed no
emission, consistent with the non-emissive behaviour of
[Ag(p-SPhCO2H)]n (Fig. 1D). Interestingly, the ligand-
exchange reaction was carried out using a crystal film with
partially exfoliated CP crystals, which retained their initial
state after the reaction, suggesting that the ligand-exchange
reaction proceeded directly on the surface of the CP crystals
deposited on the substrate. These results demonstrated that
the simple process of immersing the CP films in the ligand
solution at 25 °C allowed the ligand-exchange reaction,
resulting in the transformation of 1D [Ag(o-SPhCO2H)]n to 2D
[Ag(p-SPhCO2H)]n crystals.

The concentration of the p-HSPhCOOH molecule was
varied in the 5–20 mM range to evaluate the influence of
the concentration of organic ligands on the exchange rate.
When the ligand-exchange reaction progressed at a lower
ligand concentration of 5 mM (standard condition: 10
mM), diffraction peaks derived from [Ag(p-SPhCO2H)]n
crystals were observed in the obtained sample after a
reaction time of 120 min, whereas the peaks derived from
the initial [Ag(o-SPhCO2H)]n crystals remained (Fig. S2A†).
In contrast, at the higher concentration of 20 mM, the
peaks of the initial [Ag(o-SPhCO2H)]n crystals completely
disappeared in the sample with a reaction time of 80 min,
with only the peaks derived from [Ag(p-SPhCO2H)]n crystals
observed (Fig. S2C†). These results indicate that the
reaction rate depends on the ligand concentration. The
SEM image of the sample obtained at a concentration of 5
mM showed plate-like crystals in the nanometer range
sparsely formed on the initial [Ag(o-SPhCO2H)]n crystals,
indicating that the initial crystals remained partially intact.
In contrast, SEM observations of the sample obtained at
the higher ligand concentration of 20 mM showed that the
rod morphology was maintained; however, the surface of
the crystals was fully covered with plate-like crystals,
indicating a completed ligand-exchange reaction (Fig. S2F†).
Thus, the memory shape of the initial crystals was
maintained.

To study the mechanism of ligand exchange using the
present approach, we performed a time-course analysis of the
ligand-exchange reaction using PXRD and emission
measurements. The crystal structures of the samples during
the ligand-exchange reaction are shown in Fig. 2A. The
characteristic XRD peaks with the 2θ degrees of 6.8° and 9.6°
for the sample before the reaction can be assigned to the
simulated pattern of the [Ag(o-SPhCO2H)]n crystal. The
intensities of these diffraction peaks decreased dramatically
after 10 min and gradually decreased with increasing reaction
time. In addition, after 120 min of reaction, the peaks
disappeared completely. In contrast, after 10 min of reaction,

Fig. 1 (A) Optical images, (B) XRD patterns, (C) SEM image, and (D)
emission images under irradiation at 365 nm of the obtained samples
before and after ligand exchange.
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two diffraction peaks with the 2θ degrees of 5.2° and 10.4°
were newly observed, corresponding to the [Ag(p-SPhCO2H)]n
crystal. The intensities of these diffraction peaks increased
with the reaction time. In addition, only diffraction peaks
originating from the [Ag(o-SPhCO2H)]n and [Ag(p-SPhCO2H)]n
crystals were observed during this reaction, indicating that
the [Ag(o-SPhCO2H)]n crystals were directly converted to
[Ag(p-SPhCO2H)]n crystals without the formation of an
intermediate state. Characterization of the emission
properties of the sample confirmed that the intensity of the
emission attributed to the [Ag(o-SPhCO2H)]n crystals
decreased with increasing reaction time, and the emission
peak disappeared after 120 min (Fig. 2B), consistent with the
PXRD measurement results.

Time-dependent changes in the surface morphology of
the obtained samples during the ligand-exchange reaction
are shown in Fig. 3. As mentioned above, the initial
[Ag(o-SPhCO2H)]n crystals exhibited a rod-like morphology
with a smooth surface. Although the crystals retained their
rod morphology after a reaction time of 10 min, new
small crystals were formed on the surface of the initial
crystals. After a reaction time of 60 min, the number and
size of the crystals deposited on the surfaces of the initial
crystals increased. For the sample with a reaction time of

120 min, although tetrahedral crystals were observed, the
rod morphology, size, and number of crystals remained
unchanged. The SEM observations and XRD measurements
clearly indicate that [Ag(p-SPhCO2H)]n crystals formed
from the initial [Ag(o-SPhCO2H)]n crystals via a ligand-
exchange reaction. In addition, no crystals, except for
[Ag(p-SPhCO2H)]n crystals and eluted silver ions, were
observed in the solution during the reaction, indicating
that the initial 1D [Ag(o-SPhCO2H)]n crystals directly
converted to 2D [Ag(p-SPhCO2H)]n crystals.

To gain further insight into the ligand-exchange process,
we characterized the ratio of p-SPhCOOH to all ligands
(o-SPhCOOH and p-SPhCOOH) in the crystals using NMR
measurements. As shown in Fig. 4A, the ratio of
p-SPhCOOH for all ligands increased dramatically in the
early stages of the reaction, reaching approximately 0.68 at
a reaction time of 30 min. After 30 min, the ratio gradually
increased with reaction time. The rate of change in the
ratio depended on the ligand concentration. At a lower
ligand concentration of 5 mM, the ratio increased slowly
up to 80 min and tended to saturate at 0.8, even at 120
min. At a higher concentration of 20 mM, the ratio
increased rapidly at 30 min and reached almost 1 at 80
min. To confirm these changes in the ligand ratio, the
changes in the emission intensity during the ligand-
exchange reaction were also examined (Fig. 4B). The results
showed that the emission intensity decreased dramatically
in the initial reaction stage and then gradually decreased.
In addition, the rate of decrease in the emission intensity
increased with increasing ligand concentration. Based on
these results, we propose a mechanism for the conversion
of 1D [Ag(o-SPhCO2H)]n crystals into 2D [Ag(p-SPhCO2H)]n
crystals via a ligand-exchange reaction (Scheme S2†). The
ligand-exchange process proceeded preferentially on the
surface of the initial [Ag(o-SPhCO2H)]n crystals that formed
on the substrate during the early stages of the reaction.
The newly formed [Ag(p-SPhCO2H)]n crystals covered the
surfaces of the initial [Ag(o-SPhCO2H)]n crystals. Finally, the
initial [Ag(o-SPhCO2H)]n crystals were completely converted

Fig. 2 (A) XRD patterns and (B) emission spectra of the obtained
samples prepared under different reaction times (0–120 min).

Fig. 3 SEM images of the obtained samples prepared under different
reaction times (0–120 min).

Fig. 4 Change in (A) ratio with ligands and (B) emission intensity of
the crystals by using ligand exchange solution containing different
concentrations of organic ligand as a function of reaction time.
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to [Ag(p-SPhCO2H)]n crystals as ligand exchange proceeded
through the intercrystalline vacancies.

Subsequently, the immersion approach was applied to
reverse ligand exchange from 2D [Ag(p-SPhCO2H)]n to 1D
[Ag(o-SPhCO2H)]n CPs. However, the reverse ligand-exchange
reaction did not proceed when the [Ag(p-SPhCO2H)]n crystal
film was immersed in a solution containing the
o-HSPhCOOH ligand. This may be caused by the differences
in the Ag–S bond distance. The Ag–S bond distances (Ag–S:
2.456, 2.493, 2.623 Å) in [Ag(p-SPhCO2H)]n CP are slightly
shorter than those of [Ag(o-SPhCO2H)]n CP (Ag–S: 2.487,
2.560, 2.639 Å). In addition, the Ag–Ag bonds are formed in
[Ag(p-SPhCO2H)]n CP (Ag–Ag: 2.936 Å). These differences
imply that [Ag(p-SPhCO2H)]n CP may be thermodynamically
more stable than [Ag(o-SPhCO2H)]n CP. Therefore, instead of
immersing the substrate in the solution, the ligand-
exchange reaction was conducted in neat conditions by
covering the [Ag(p-SPhCO2H)]n crystal film with
o-HSPhCOOH ligand powder and heating it at 180 °C for
12 h (melting point of o-HSPhCOOH ligand: 168 °C).
Consequently, the colour of the crystals on the substrate
changed from white to yellow, indicating the formation of
[Ag(o-SPhCO2H)]n CPs (Fig. 5A). SEM images of the
obtained samples show that fiber-like crystals were formed
on the substrate (Fig. 5B). The PXRD analysis of the sample
obtained on the substrate clearly showed the formation of
[Ag(o-SPhCO2H)]n CPs (Fig. 5C). Moreover, the sharp
diffraction peaks of the obtained samples indicated that
the obtained CPs consisted of [Ag(o-SPhCO2H)]n CPs with
high crystallinity. However, the diffraction peaks of the
[Ag(p-SPhCO2H)]n CPs were observed in the sample after
ligand exchange, indicating that not all [Ag(p-SPhCO2H)]n
crystals converted into [Ag(o-SPhCO2H)]n crystals. This result
implies that reversible crystal conversion based on ligand
exchange between [Ag(p-SPhCO2H)]n and [Ag(o-SPhCO2H)]n
CPs on the substrate is achievable using the present
approach.

Herein, we proposed a unique ligand-exchange reaction
between 2D [Ag(p-SPhCO2H)]n and 1D [Ag(o-SPhCO2H)]n CPs on
a substrate and characterized their structural conversion. The
crystal conversion from [Ag(o-SPhCO2H)]n to [Ag(p-SPhCO2H)]n
CPs can be readily proceeded by immersing the [Ag(o-SPhCO2-
H)]n CP film into the methanol solution containing
p-HSPhCOOH ligands at 25 °C. In contrast, the reverse crystal
conversion from [Ag(p-SPhCO2H)]n to [Ag(o-SPhCO2H)]n CPs
requires the heating process at 180 °C. This difference in crystal
conversion between the [Ag(o-SPhCO2H)]n and [Ag(p-SPhCO2H)]n
CPs may be caused by the thermodynamic stability of these CPs.
These results provide interesting insights into the structural
transformation of CPs on substrates via ligand-exchange
reactions.
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