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In this work, yttrium(III) coordination polymer (Y-CP) ball-flower-shaped microparticles with diameters

ranging from 5 mm to 10 mm were synthesized using vanillin and asparagine as ligands under

solvothermal conditions at 150 �C for 24 h. Then, we investigated the reaction influencing factors such

as the concentration of reactants (involving vanillin, asparagine, and rare earth), reaction temperature,

and reaction time. Both uniform and sphere-like nanoparticles with an average size of �50 nm were

obtained using vanillin as a ligand at 120 �C for 12 h. Furthermore, the products were characterized and

the results of cytotoxicity research demonstrated that the nanoparticles had low cytotoxicity and the

coordination polymer nanospheres were perfectly biocompatible.
1. Introduction

In the last few decades, there has been considerable interest in
rare-earth-based coordination polymers (RE-CP). Inorganic–
organic hybrid materials are very important because they have
many potential applications in a broad range of elds such as
chemical sensing, lighting and display1–7 bioapplications,8,9 and
thermometric probes.1,10 Lanthanidematerials are very useful in
many applications.11,12 For example, YVO4 nanoparticles are
known to be useful probes for biological applications.13

In this study, yttrium has been selected as it is one of the
most abundant rare earth elements. Because of its unique
physical properties, it has been extensively studied in the elds
of laser materials,14 new magnetic materials,15 nuclear fuel
cladding materials,16 and other materials. Moreover, due to the
anti-tumor activity of rare-earth complexes, yttrium has
a signicant inuence in the medical eld.17,18

Ce-CP owerlike micro/nanostructures have been prepared
and this structure shows optical andmagnetic properties.19 This
type of ower-like micro/nanostructures have excellent physical
and chemical properties because of their unique structures and
large specic surface area.20 With the development of bioma-
terial applications, lanthanide complexes have attracted
considerable attention. If ligands own certain functional groups
such as maleimide, amino, and carboxyl groups, they could
show successful bioapplications.21–23,37 However, as
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a biomaterial, controlling the morphology, structure and size of
the micro/nanoparticles is important.5,21,24

Ortho-vanillin is a popular ligand in coordination chemistry
because it is a Schiff base that generates rich multifarious coor-
dination polymers.1 Especially, complexes were synthesized from
dual ligands, i.e., vanillin and asparagine. The complexes have
various interesting properties such as cytotoxicity and lumines-
cence. Furthermore, the morphology and structure of the lantha-
nide coordination polymers are affected by several factors, such as
the molar ratio of ligand (including vanillin, asparagine) and rare
earth,25,26 reaction temperature,25,27–30 pH,25,27,28 and reaction time.

In this study, we synthesized the yttrium(III) coordination
polymer (Y-CP) with different morphologies with a single ligand
and dual ligands using a solvothermal method. The sol-
vothermal method is developed from the hydrothermal
method, and the reaction process was simple and easy to
control, as well as had a wide range of applications in synthetic
chemistry.31–33 To date, few studies have reported this type of
a synthetic method; however, there has been no successful
report related to the preparation of 3D micro ball-ower-like
coordination polymer from yttrium(III). Therefore, the ball-
ower-like samples will be discussed herein. Uniform and
sphere-like nanoparticles with an average size of �50 nm were
then obtained and investigated in this study.
2. Experimental

In this work, Y-CP micro/nanospheres were prepared. In
a typical procedure (Scheme 1), 0.3 mmol of vanillin and
0.3 mmol of asparagine were placed in a 25 ml teon-lined
stainless steel autoclave. Then, the chemicals were dissolved
in 10 ml of distilled water under magnetic stirring. Then,
0.2 mmol Y3+ was added to the above solution, and the
RSC Adv., 2020, 10, 32357–32362 | 32357
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Scheme 1 Flow diagram for the synthesis of the coordination polymer.

Fig. 1 Images of SEM (a–d) and TEM (d) of the product obtained
sample 1.
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autoclave was sealed and heated at 150 �C for 24 h. The nal
products were collected by centrifugation and washed several
times with ethanol and distilled water. Finally, the precipitate
was dried at 60 �C for 8 h.

The MTT assay was used to detect the viability of HeLa cells
exposed to nanospheres. In brief, �104 cells were seeded per
well of the 96-well plate; aer overnight incubation, the samples
in phosphate-buffered saline were added to each cell with their
concentrations ranging from 20 to 100 mg ml�1 at 37 �C. Aer
incubation for 48 h, MTT was added to each well, and incuba-
tion was continued for 4 h. All media was removed and dimethyl
sulfoxide was added to each well, and then absorbance was
measured using a microplate reader.
Fig. 2 (a) XRD pattern, (b) IR spectrum and (c) TG-DTA curves of sampl

32358 | RSC Adv., 2020, 10, 32357–32362
3. Results and discussion

We characterized the samples to obtain the required data. Firstly,
FT-IR spectroscopy was performed to determine whether there
was coordination polymer formation. Secondly, SEM was used to
observe its microstructure and size to determine whether it could
be used in cell experiments and mass production. Then, we used
XRD, EDS, TG, and DTA to infer the chemical formula of the
complex. Finally, we carried out cytotoxicity experiments to
explore whether it could be used as a biomaterial. Therefore, the
results could be useful for future work.

The SEM technique was used to characterize the
morphology, structure, and size of products. The SEM image
(Fig. 1a) shows a representative morphology; these micro-
spheres are composed of uniform micro-ball-ower-like and
can be prepared on a large scale. The enlarged SEM image
(Fig. 1b) clearly reveals that the as-synthesized product
comprises a micro-ball-ower with a diameter varying from 5 to
10 mm. The other enlarged SEM and TEM images (Fig. 1c and d)
of the product conrms the SEM results (Fig. 1b).

XRD pattern of the sample 1 product (other samples XRD
patterns can be seen in ESI†) is shown in Fig. 2a. It obviously
shows that sample 1 is amorphous. The FT-IR spectrum of Y-CP is
shown in Fig. 2b. It turns out that the absorption peak at
3500 cm�1 could be assigned to –OH because its oxygen atoms
coordinate with rare-earth ions. Moreover, it causes the absorption
peak to shi to blue, thus breaking the hydrogen bonds in the
molecule. The FT-IR results prove the formation of the
e 1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Distribution diagrams of integrated elements (a) and elements of yttrium (b), carbon (c), oxygen (d), nitrogen (e).

Fig. 5 IR spectra of sample 2, sample 3, sample 1, sample 4, vanillin,
and asparagine.
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coordination polymer. Both TG and DTA (Fig. 2c) were measured
under atmospheric conditions. TG analysis shows that the rst
mass loss in the range of 50 to 300 �C is 13.0%, indicating the loss
of the physically absorbed water molecules and dimethylforma-
mide molecules. An apparent weight loss between 300 and 530 �C
is ascribed to the decomposition of asparagine and vanillin
frameworks. At this stage, Y(OH)3 is produced, which reacts with
CO2 to produce Y2O2CO3. Note that Y2O2CO3 decomposes between
530 and 800 �C. Both TG and DTA curves were similar to the
decomposition of La(OC2H4OH)3.3,21

The element distribution in the sample was obtained using
EDS (Fig. 3). The yttrium distribution is shown in Fig. 3b. Fig. 4c
shows the distribution of carbon, and the distribution of oxygen
and nitrogen are shown in Fig. 4d and 5e, respectively. The
distribution of nitrogen is observed to a lesser extent. Based on
the abovementioned results, the formula of the product can be
proposed as C8H8O3$C4H8N2O3$Y.
Fig. 4 SEM images show that the ratio of ligands to rare earth were
3 : 3 : 2 (a, sample 2), 3 : 3 : 4 (b, sample 3), 3 : 3 : 5 (c, sample 1), and
3 : 3 : 6 (d, sample 4).

This journal is © The Royal Society of Chemistry 2020
A range of controlled experiments were performed. The
experiments were carried out at different levels of Y3+ in the
reaction. Therefore, additional SEM images (Fig. 4) were
Table 1 Molar ratios of the corresponding ligands to rare-earth for
samples 1–5

Sample

Ligands

YVanillin Asparagine

1 3 3 5
2 3 3 2
3 3 3 4
4 3 3 6
5 3 —a 3

a “—” represent that the ligand is not used in the sample.

RSC Adv., 2020, 10, 32357–32362 | 32359
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Fig. 6 (a–c) SEM images of the product (sample 2); (d) sample 2
nanospheres with a concentration of 150 mg ml�1 after 6 days and (e)
the above solution obtained after centrifuging (d) at 10 000 rpm.
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captured, showing the morphology and structural features. The
molar ratio of ligands and rare earths were 3 : 3 : 2 (Fig. 4a),
3 : 3 : 4 (Fig. 4b), 3 : 3 : 5 (Fig. 4c), and 3 : 3 : 6 (Fig. 4d). The
molar ratios of the corresponding ligands to rare-earth in
samples 1–5 are summarized in Table 1. A ball-ower-like
morphology was obtained when the ratio was 3 : 3 : 4
(Fig. 4b). However, the ball-ower-like structure was not formed
Fig. 7 (a) XRD pattern, (b) IR spectrum and (c) TG-DTA curves of sampl

Fig. 8 Elemental distribution of sample 5.

32360 | RSC Adv., 2020, 10, 32357–32362
when the molar ratio was 3 : 3 : 2 (Fig. 4a). The SEM image
shows that the product morphology is ball-like; however, the
balls were split and broken. When the molar ratio of Y3+ was
increased to 3 : 3 : 6 (Fig. 4d), the morphology of the sample did
not change. Furthermore, the images show the ball-ower-like
morphology with good dispersity.

FTIR spectra of samples with different contents of Y3+ in Y-CP
are shown in Fig. 5. There is no discernible difference in the FT-
IR spectra. The absorption peak at 3500 cm�1 is assigned to
–OHbecause its oxygen atoms coordinate with rare-earth ions. The
FTIR results conrm the formation of the coordination polymer.

We also synthesized materials under similar reaction
conditions but without the addition of asparagine. There was
a remarkable inuence on the morphology of the products. In
Fig. 6, the sample 5 with nanosphere shape with a size of �20–
50 nm was formed. Moreover, this product showed good dis-
persibility when sample 5 was dispersed in water. Aer 7 days,
the dispersed solution was still very stable (Fig. 5d and e).

TG and DTA (see Fig. 7c) were measured under atmospheric
conditions. TG analysis shows that the rst mass loss was in the
range of 50–300 �C, indicating the loss of the physically absor-
bed water molecules and dimethylformamide molecules. The
weight loss between 300 and 530 �C is ascribed to an apparent
decomposition of the vanillin frameworks. In this process,
Y(OH)3 was produced, which reacts with CO2 to produce
e 2.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05325b


Fig. 9 Viability of cells exposed to different concentrations of the
coordination polymers nanospheres (sample 5).
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Y2O2CO3. The formed Y2O2CO3 was then decomposed between
530 and 800 �C. The TG and DTA curves were similar to the
decomposition pattern of La(OC2H4OH)3.21,34

The element distribution of the sample was obtained by EDS
(Fig. 8). The image shows that the sample contained yttrium,
carbon, and oxygen.

Cytotoxicity experiment results are shown in Fig. 9. The
living cells are �98% at the concentration of 100 mg ml�1, and
the morphology of sample 5 is nanosphere with a size of �20–
50 nm. The results indicated that sample 5 has good biocom-
patibility35 and low cytotoxicity. Moreover, the cytotoxicity of
sample 5 was lower than that of inorganic materials.19,36

Therefore, it can use as a biomaterial.

4. Conclusions

In summary, we successfully synthesized yttrium(III) coordination
polymer micro/nanospheres with a single ligand and dual ligands
for the rst time. It can be concluded from the results of the study
that in the dual-ligand approach, themicrostructure of the product
gradually tends to be a complete ball-ower-like with the increase
of Y3+ content at constant ligands concentrations. That is to say,
the content of rare earth determines the microstructure of the
product in this case. It is worth mentioning that when a single
ligand is used, the products obtained are nanoscale rather than
micro scale, showing better good biocompatibility, low cytotoxicity
and good dispersibility in water. Because of the low cytotoxicity,
extensive bioapplications can be identied.
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