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Abstract—We report on a synthesis procedure for obtaining a UiO-66 metal-organic framework in the form
of nanoparticles with a modified surface. A distinctive feature of the developed procedure is that modification
occurs directly during synthesis. Biocompatible polyethylene glycol (PEG) is selected as the organic polymer
covering the surface of the UiO-66 nanoparticles. The effect of the degree of PEG polymerization on the size,
morphology, and surface charge of UiO-66 nanoparticles is studied. The presence of PEG molecules is con-
firmed by infrared (IR) spectroscopy. The materials obtained are single phase and characterized by a high
degree of crystallinity. The particle size varies from 80 to 120 nm, depending on the type of PEG used. A high
surface charge in an aqueous medium ({-potential over 20 mV) indicates the possibility of forming a stable
suspension. Thus, the obtained materials are promising as nanocontainers for the delivery of biologically
active substances.
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INTRODUCTION

Metal-organic frameworks (MOFs) are a class of
porous materials with a modular structure [1, 2]. Their
structure can be thought of as a combination of
organic and inorganic constituents linked by covalent
bonds. The inorganic parts are clusters of metals coor-
dinated by oxygen or nitrogen (less often by other non-
metals). The organic molecules linking these clusters
into a single framework are called linkers [3]. Thus,
the size, shape, and functionality of the pores of
MOFs are determined by a combination of organic
and inorganic components, which opens up wide pos-
sibilities for creating materials with desired properties.
This structure flexibility makes it possible to use
MOPFs in a wide variety of areas: for the storage and
separation of gases, selective catalysis, and water and
air purification as part of chemical current sources [4,
5]. The material properties must be selected for each
task. Recently, great success has been achieved in the
application of MOFs for biomedical problems, in par-
ticular, for targeted drug delivery. The critical proper-
ties for this application are the nanoscale size, stabil-
ity, and low toxicity of MOFs.

One of the types of MOFs that meets these require-
ments is UiO-66. It consists of zirconium-oxygen
clusters connected by terephthalic-acid molecules
into a three-dimensional cubic framework (Fig. 1).
Each cluster is formed by six zirconium ions con-
nected by bridging OH-groups (u;-OH), which can
split off hydrogen, transforming into bridging oxygen
(u3-O). The composition of the cluster changes

12+

according to the following scheme: Zr;0, (OH),” —

Zr60162+. Each zirconium-oxygen cluster is coordi-
nated by 12 linker molecules. This high bonding,
together with strong covalent Zr—O bonds, results in a
chemically and thermally stable material. The UiO-66
framework contains two types of pores (tetrahedral
and octahedral) and has a high specific surface area
(1125 m?%/g) [6].

To obtain UiO-66 in the form of nanoparticles, the
method of coordination modulators is usually used.
According to this method, an additional monocarbox-
ylic or inorganic acid is added to the reaction mixture
[7—9]. Benzoic, hydrochloric or acetic acids are most
often used as modulators. Acetic acid was used to pre-
pare UiO-66 nanoparticles in [10], which were then
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Fig. 1. Model of the structure of UiO-66: (a) cubic unit cell (zirconium-oxygen polyhedra are shown, the spheres are carbon
atoms); (b) model of a zirconium-oxygen cluster coordinated by terephthalic-acid molecules ((/) carbon, (2) zirconium, and
(3) oxygen atoms, both variants of the (4) u3-OH and (5) u3-O bridging groups are shown).

modified with polyvinylpyrrolidone so that they could
be combined into two-dimensional layers. A UiO-66
derivative with an azide fragment was obtained using
the same modulator [11]. The surface of the particles
was further coated with DNA molecules, which
increased the stability of the colloid in saline and
increased cellular uptake compared to unmodified
particles. In [12], UiO-66 nanoparticles were
obtained; benzoic and hydrochloric acids simultane-
ously acted as modulators. Then the nanoparticles
were used for postsynthetic exchange; linkers were
replaced with molecules of photosensitizers and the
resulting material was used in photodynamic therapy.

Coating the surface of MOF crystals with biopoly-
mers can significantly improve their properties. Thus,
coating the UiO-66 surface with polyethylene glycol
(PEG) made it possible to achieve the controlled
release of a model fluorescent dye. At pH 7.4, PEG
chains block the interaction of the medium with the
nanoparticle surface, while at pH 5.5 the loaded mol-
ecules are released. In addition, PEG coating resulted
in increased uptake of the material by cells [13]. In
[14], a radioactive analogue: UiO-66 with the 3°Zr iso-
tope, emitting positrons, is reported. The surface of
the nanoparticles was additionally functionalized with
PEG with a pyrene group and conjugated to a peptide
ligand for accumulation in breast tumors. The porous
framework of UiO-66 was saturated with doxorubicin,
which served as both a therapeutic agent and a fluores-
cence imager in this study.

In this work, a procedure is presented that makes it
possible to obtain UiO-66 in the form of nanoparti-
cles, the surface of which is modified with PEG, so,
synthesis and modification occur simultaneously.

EXPERIMENTAL
Synthesis

The initial reagents ZrCl,, terephthalic acid
(BDC), dimethylformamide (DMF), isopropyl alco-
hol (CH;CH(OH)CH;) manufactured by Alfa Aesar
were used without additional purification. Also, poly-
ethylene glycols (PEG) with an average molecular
weight of 200 (PEG200), 600 (PEG600), and 1500
(PEG1500) from Sigma-Aldrich were used. Deion-
ized water was obtained from distilled water in a Sim-
plicity UV purification system.

To obtain an unmodified UiO-66 sample, a
method developed earlier by the authors was chosen,
which makes it possible to obtain MOF in the form of
nanoparticles [15]. For this, an additive of benzoic
acid was used, which acts as a modulator. Modified
samples were obtained by the same method, but with
the addition of PEG. Zirconium tetrachloride (0.1507 g)
was dissolved in DMF (15 mL), 35 puL of water was
added, and then benzoic acid (0.7890 g) was added
and stirred with a magnetic stirrer until complete dis-
solution. Then the corresponding PEG was added to
the resulting clear solution (Table 1). The latter tere-
phthalic acid (0.1073 g) was added to the reaction mix-
ture, stirred until complete dissolution, and placed in
an oven preheated to 120°C for 24 h. The resulting
powders were separated by centrifugation, thoroughly
washed with DMF, isopropanol, and then dried at
60°C in air for 16 h.

ANALYSIS PROCEDURES

Diffraction patterns were obtained on a Bruker D2
PHASER X-ray powder diffractometer with a copper
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Table 1. Designations of samples and molar ratios of precursors used for their preparation

Molar ratio of precursors
Sample
ZrCly BDC water PEG200 PEG600 PEG1500 DMF
UiO-66 — — -
200 5 — -
1 1 3 300
600 — 5 —
1500 — — 5

anode (CukK,, A = 1.5417 A) in the 20 range from 5° to
50° with a step of 20 = 0.01°. The infrared (IR) spectra
were measured on a Bruker Vertex 70 spectrometer in
the ATR (Attenuated Total Reflectance) geometry
using an MCT detector and a Bruker Platinum ATR
attachment. The spectra were measured in the range
from 5000 to 300 cm~! with a resolution of 1 cm~' over
the course of 64 scans. The comparison sample was
air. Transmission electron microscopy (TEM) images
were obtained using an FEI Tecnai G2 Spirit TWIN
microscope with an accelerating voltage of 80 kV. The
Z potential and pH values of the suspensions were
measured using a Stabino {-potential analyzer (parti-
cle charge titrator) to analyze the stability of colloidal
particles and suspensions. To prepare a suspension,
the corresponding powder sample (0.02 g) was placed
in 10 mL of deionized water or saline solution and then
homogenized for 30 min in an ultrasonic bath. The
particle size in the suspension was determined using a
NANO-flex analyzer based on the theory of dynamic
light scattering. Nitrogen-adsorption measurements
were performed using the ASAP 2020 system for
determining the surface area and measuring the poros-
ity of solid materials (Micrometrics, USA). The
Brunauer—Emmett—Teller model was used to calcu-
late the specific surface area.

RESULTS AND DISCUSSION

The X-ray diffraction patterns are shown in Fig. 2.
As one can see from the data presented, the addition of
PEG during synthesis has no noticeable effect on the
phase composition and degree of crystallinity of the
samples. All profiles can be described in terms of cubic

symmetry, space group Fm3m (No. 225). The unit-
cell parameters of the UiO-66, 200, 600, and 1500
samples are close and amount to 20.7589(4),
20.7140(16), 20.7700(6), and 20.7659(7) A, respec-
tively.

According to the TEM images (Fig. 3), the shape of
the particles is retained regardless of the introduced
PEG. Thus, the UiO-66 sample is made up of octahe-
dral crystals, which corresponds to published data.
Samples 200 and 600 are also represented by octahe-
dral particles; however, one can see that the crystal
faces are smoothed, which may indicate the formation
of an amorphous PEG layer on the surface of the par-

ticles. All three UiO-66, 200, and 600 samples show a
low degree of aggregation. In contrast, sample 1500 is
represented by large aggregates consisting of octahe-
dral crystals.

It can also be observed that the introduction of
PEG during synthesis leads to a change in the average
particle size. The average particle size in the UiO-66
sample obtained without the introduction of PEG was
66 nm. The introduction of PEG200 and PEG600
during synthesis slightly increases the average particle
size, but they remain monodisperse (Fig. 4). The aver-
age particle size in samples 200 and 600 according to
TEM data was 78 and 91 nm. The increase in particle
size is in good agreement with surface modification by
polymer molecules. Molecules with a longer carbon
chain lead to a larger increase in the average particle
size. Unlike UiO-66, 200, and 600 samples, sample
1500 prepared with PEG1500 polymer exhibits not
only a larger particle size, but also a wider particle size
distribution. The average particle size of sample 1500
was 117 nm. The particle size determined by dynamic
light scattering is larger than the size obtained by TEM
(Fig. 4c¢). This is due to the measurement procedure,
which is sensitive to the formation of aggregates and
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Fig. 2. Diffraction patterns of (/) UiO-66, (2) 200, (3) 600,
and (4) 1500 samples. Profiles are y shifted and multiplied
by 10 after the dashed intensity line to better represent the
data.
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Fig. 3. TEM images of (a) UiO-66, (b) 200, (c) 600, and
(d) 1500 samples.

solvation shells. However, the trend persists, i.e., with
an increase in the molecular weight of PEG, the par-
ticle size increases. The average particle size in an
aqueous suspension according to dynamic-light-scat-
tering data was 180, 210, and 355 nm for samples 200,
600, and 1500, respectively. The average particle size
in the initial UiO-66 sample is 200 nm. It can be
assumed that the coating with polyethylene glycol
reduces the degree of aggregation and the thickness of
the solvation shell of the particles.

To measure the acidity and { potential of the sam-
ples, the suspension was prepared in water and saline.
The acidity of the suspensions for each sample did not
change significantly both in water and in saline, and
the medium had a noticeable effect on the values of
the £ potential. Suspension UiO-66 is rather acidic.
This is due to the structure of the zirconium-oxygen
clusters that form the crystal lattice of the MOF. The
zirconium ions in it are linked by bridging u;-OH
groups, which determine the acidic properties of the
entire material (pK, = 3.52) [16, 17]. When MOF is
modified with PEG molecules, the pH of the medium
increases from 3 for unmodified UiO-66 to 4.5—5.5
for samples 200, 600, and 1500. Since PEG itself is a
weak acid and cannot significantly affect the acidity
value, such pH changes can be explained by modifica-
tion of the crystal surface. The polymer molecules
partially block access to the acidic u;-OH groups of
the initial MOF, which reduces its acidic properties.

The coating of MOF crystals with PEG molecules
also confirms the change in the { potential (Fig. 5). As
one can see from the diagram, surface modification
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Fig. 4. Particle size distribution obtained from TEM data
for 200 particles in each sample (a, b) and by dynamic light
scattering in an aqueous suspension (c¢) for samples:
(a) UiO-66 (1), 200 (2); (b) 600 (3), 1500 (4); (c) UiO-66
(1), 200 (2), 600 (3), 1500 (4).

leads to a decrease in the value of the { potential from
41 mV for UiO-66 to 21, 26, and 27 mV for samples
200, 600, and 1500 in an aqueous medium, respec-
tively. In saline, the tendency is the same: the { poten-
tial decreases from 3 mV for UiO-66 to 2 mV for mod-
ified samples. The high { potential of UiO-66 in water
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Fig. 5. Diagram showing the change in pH and { potential of a suspension of the synthesized samples (1) UiO-66, (2) 1500,

(3) 600, and (4) 200 in (a) an aqueous medium and in (b) saline.

is primarily associated with the deprotonation of zir-
conium clusters [16]. Hydrogen ions that formed
during the dissociation of u;-OH groups and cause
low pH values of the UiO-66 suspension form a dou-
ble layer on the surface of the negatively charged
framework. Accordingly, the decrease in the surface
charge is in good agreement with the decrease in the
availability of u;-OH groups after modification of the
PEG surface. However, in general, high values of the {
potential in an aqueous medium are an indicator of the
stability of a colloidal solution. When passing to sus-
pensions in saline, a decrease in the { potential is
observed while maintaining pH values. This is appar-
ently due to the effect of additional Na*™ and Cl~ ions
in the solution, which affects the double layer [18].

The IR spectra of all synthesized samples were
measured (Fig. 6). In the “fingerprint” region, the

(a)
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1 1 1 1 1 1 1 J
2000 1800 1600 1400 1200 1000 800 600 40
Wavenumber, cm ™!

spectra are identical, since this range is due to vibra-
tions of the UiO-66 framework. The peaks at 505 and
550 cm™! are attributed to the vibrations of the bonds
of zirconium with carboxyl groups of the linker [6]. A
small peak at 613 cm~! can be attributed to the defor-
mation vibrations of benzene rings of linkers. The peak
at 740 cm™! is due to vibrations of the C—H and O—H
groups [15]. Symmetric and asymmetric vibrations of
carboxyl groups give peaks at 1390 and 1585—1660 cm ™',
respectively [19]. Benzoic acid used in the synthesis of
MOF remains in the structure and gives peaks at 720
and 1020 cm™! [15]. Passing to the region of 2500—
3900 cm™!, one can note the differences in the spectra
of the modified and the initial samples. The broad
peak at 3000—3600 cm~!' is attributed to water
adsorbed in the pores. The peak at 3675 cm~! common
for all spectra is attributed to the vibrations of free

(b)

-3650
...2955
72930

"72850

Absorption, rel. un.

E
1
1
1
1
1
1

1 ! 1 1 1 1
3800 3600 3400 3200 3000
Wavenumber, cm™

Il Il
2800 2600
1

Fig. 6. IR spectra of samples (/) UiO-66, (2) 200, (3) 600, and (4) 1500 in the range: (a) 400—2000; (b) 2500—3900 em™ L
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(2) 200, calculated using density functional theory according to the model of cylindrical pores.

W;-bridging hydroxyls belonging to zirconium clusters

[19, 20]. The peaks at 3065 and 2935 cm™! refer to the
vibrations of C—H bonds and are common for all sam-
ples [20]. The spectra of samples 200, 600, and 1500
contain new peaks that were not observed for the UiO-
66 sample and are due to the presence of a PEG layer
covering the particles. Thus, the peaks at 3650 and
2955 cm~! refer to hydroxyl groups linked by hydrogen
bonds, the peaks at 2930 and 2850 cm™! are due to
vibrations of the CH,-groups of PEG [21].

For the successful application of materials in the
biomedical field, it is also necessary to maintain the
availability of pores for guest molecules. To confirm
the high porosity of the modified MOFs, nitrogen
adsorption—desorption isotherms were measured
(Fig. 7a). The isotherms of samples 200, 600, and 1500
have a similar shape to UiO-66. It can be classified as
type 1 according to the IUPAC classification. This
shape is typical for microporous materials. The spe-
cific surface areas of the UiO-66, 200, 600, and 1500
samples were 1355, 1295, 1285, and 880 m?/g. Thus,
there is a slight decrease in the porosity of samples 200
and 600 in comparison with unmodified UiO-66,
while for sample 1500 there is a decrease in porosity by
35%. In addition, a slight decrease in the pore diame-
ter of sample 200 compared to UiO-66 can be seen in
the pore size distribution. This indicates that the pore
surface is decorated with PEG molecules (Fig. 7b).

CONCLUSIONS

In the course of this study, a method for the synthe-
sis of UiO-66 was developed, which makes it possible
to obtain nanoparticles of MOCP with a modified sur-
face. PEGs with an average molecular weight of 200,
600, and 1500 were used as modifying polymers. It was
shown that the introduction of these polymers does

not lead to a change in the phase composition or the
degree of crystallinity of the product. However,
depending on the degree of PEG polymerization, the
average particle size changes, namely, an increase in
the molecular weight of PEG leads to an increase in
the particle size from 80 to 120 nm. IR spectroscopy
confirmed the presence of PEG molecules in samples
200, 600, and 1500. It was shown that surface modifi-
cation with PEG molecules reduces the availability of
u;-OH groups of zirconium clusters of the UiO-66
framework. This leads to a decrease in the concentra-
tion of hydrogen ions in aqueous suspensions and a
decrease in the { potential. However, its value is still
high, which makes it possible to expect the formation
of a stable colloidal solution. Thus, the developed pro-
cedure can be used to obtain biocomposites or con-
tainers for drugs based on modified porous UiO-66
nanoparticles.
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