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COMPOUND SYNTHESIZED BY SLOW EVAPORATION METHOD:
CHARACTERIZATION AND COMPARISON OF MAGNETIC
PROPERTIES

A. Laurikénas *, K. Mazeika ®, D. Baltriinas °, R. SkaudzZius %, A. Beganskiené ?,

and A. Kareiva ?

* Institute of Chemistry, Vilnius University, Naugarduko 24, 03225 Vilnius, Lithuania
®Center for Physical Sciences and Technology, Savanoriy 231, 02300 Vilnius, Lithuania

Email: aivaras.kareiva@chgf.vu.lt

Received 19 October 2019; revised 26 October 2019; accepted 4 November 2019

In this study for the synthesis of a hybrid organic-inorganic Fe,O(TFBDC),(H,0),-(DMF), compound a slow
evaporation method has been suggested. The synthesis product was characterized using X-ray powder diffraction
(XRD) analysis, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) coupled with
SEM and electron paramagnetic resonance (EPR) spectroscopy. The antiferromagnetic/weakly ferromagnetic be-
haviour of the synthesized sample was confirmed by magnetization measurements and Mossbauer spectroscopy.
The synthesized magnetic material could be itself tested for different medical applications and could be used as pre-
cursor material for the preparation of nanostructured iron oxides with a variety of useful properties for biomedicine.
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1. Introduction

The development of new materials or new synthe-
sis routes for the materials applicable in medicine
is still a big challenge []. Different compounds
have been used in biotechnology and biomedicine
for many years, however, the search for novel bio-
materials to reach better quality of human life is
the principal task for the scientists working in this
area [H]. A number of different iron-containing
compounds is widely used in the clinical applica-
tions, both in diagnostics and therapy. For exam-
ple, recently Fe**-based polypeptides were sug-
gested to use in diagnostic radiology instead of

commercially available Gd containing magnetic
resonance imaging (MRI) contrast reagents [E].
The magnetic resonance angiography studies
showed an effective MRI contrast enhancement of
the suggested compound. Iron-containing com-
pounds could be used not only as contrast media
for MRI, but also for drug delivery and targeting,
as agents for hyperthermia and nanocarriers.

In the area of MRI, the Fe,O, nanoparticles are
widely used as contrast agents [@? The com-
bined method, based on susceptibility weighted
images, has been developed to investigate human
brains, particularly neural stem cells labelled with
iron oxide. This method could be successfully
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used in the diagnostics of ischemic disease. More-
over, the iron oxide nanoparticles modified with
polymer could be used for the investigation of
different microstructural features, also for drug
delivery and, consequently, for theranostic pur-
poses. Antibody-conjugated superparamagnetic
nanoparticles could be applied for the measure-
ment of the effects of drug treatments for Alzhei-
mer’s disease [E].

The hybrid organic-inorganic compounds
containing lanthanides or iron were investigated
as drug delivery systems and for specific tumour
imaging [, é]. Even a simple coordination
compound of iron shows potential application
in specific diagnostics []. For the detection of
accumulated metals or metal-containing com-
pounds remaining after imaging in the brain tis-
sues the high sensitive methods have been recent-
ly developed []. Superparamagnetic magnetite
nanoparticles were functionalized with the natu-
ral anticoagulant, heparin []. The modified
nanoparticles with heparin were successfully ap-
plied to prevent thrombosis and for cancer thera-
nostics. The systems composed of the cancer drug,
Doxorubicin, pH sensitive polymer and magnetic
materials were developed for the transportation
of drugs and targeted loading [@]. Importantly,
these systems could be also used for drug delivery
not only to the soft tissue but also to the bone. It
is well known that osteonecrosis is a severe com-
plication of high-dose corticosteroid therapy in
cancer sick patients. Therefore, the effective im-
aging to detect transplanted bone marrow cells in
osteonecrosis is very important. For this purpose,
the injected ferumoxytol (type of iron) was also
investigated [@].

However, the use of new different compounds
in diagnostics and therapy should be done with
care. For example, the analysis results of different
parts of human body which were injected with ther-
anostic compounds demonstrated the increased
iron concentration in the liver and the bone [@].
The authors state that this hyper-amount of iron
could cause a risk for liver fibrosis and cancer. Of
course, the toxicity of metals is very dependent on
their physicochemical form. Multi-functional mag-
netic nanovehicles for targeted and on-demand
delivery of therapeutic molecules and imaging of
defined tissues and organs are greatly important in
personalized medicine for the precise early diagno-

sis, efficient prevention and therapy without toxic-
ity. However, despite many years of research, there
are still no such transport systems available.

Recently, we suggested several important lumi-
nescence materials which could be used for bio-
medical applications []. However, the de-
velopment of new magnetic materials for possible
magnetically-guided transport systems for deliv-
ery of drugs and genes has a great potential. These
magnetic materials are still sought also for appli-
cations in magnetic resonance imaging, cancer
therapy, bone and dental repair, tissue engineer-
ing, biosensors, and in many other aspects. In this
study, the hybrid organic-inorganic compound of
Fe** with 2,3,5,6-tetrafluoro-1,4-benzenedicarbo-
xylic acid (TFBDC ligand) has been synthesized
by a slow evaporation method [@] and investigat-
ed. For the characterization of magnetic proper-
ties of the synthesized compound, magnetization
measurements and Mossbauer spectroscopy have
been performed.

2. Experiment

Iron (III) acetate was synthesized from metal-
lic iron powder by reacting it with glacial ace-
tic acid/hydrogen peroxide [@]. The obtained
product was purified by recrystallization from
2-isopropanol and was used as starting material
in the slow evaporation synthesis. 2,3,5,6-tetra-
fluoro-1,4-benzenedicarboxylic acid (TFBDC),
triethylamine, N,N-dimethylformamide, metha-
nol and all other chemicals were purchased from
Merck and Sigma Aldrich.

Triethylamine was diffused into a solution
of 2,3,5,6-tetrafluoroterephthalic acid (0.04 g,
0.15 mmol) and iron (III) acetate (0.125 g,
0.15 mmol) in an ethanol/N,N-dimethylformamide
(DMF) (1:1 v/v) mixture. The solution was kept in
a 10 ml glass vial covered with a plastic cap. One
hole was punctured in the plastic cap for slower
diffusion. The atmosphere of triethylamine was
created by placing a beaker with triethylamine
in a desiccator. The vial was kept in the desicca-
tor for 2 weeks. The precipitated red powders of
Fe,O(TFBDC),(H,0),-(DMF), were filtered and
washed with DMF (3 x 5 ml) and hexane (3 x 5 ml).
The precipitate was slightly soluble in water, but
stable in organic solvents. A schematic diagram of
the synthesis is presented in Fig. .
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Fig. 1. Scheme of the synthesis of Fe, O(TFBDC),(H,0),-(DMF), by a slow evaporation method.

X-ray powder diftfraction (XRD) analysis was
performed in a region of 20 = 10-55° on a Rigaku
Miniflex II diffractometer using Cu Ka, radia-
tion with graphite filters. The XRD data were ana-
lysed on the Match 3 (Crystal Impact) software.
The morphological characterization of the sam-
ple was carried out on a Hitachi TM3000 scan-
ning electron microscope (SEM). Continuous-
wave (CW) EPR measurements were performed
at X-band microwave frequency (~9.4 GHz)
using a conventional Bruker ELEXSYS E580 EPR
spectrometer. A vibrating sample magnetometer
consisting of a lock-in amplifier SR510 (Stan-
ford Research Systems, USA), a gauss/teslameter
FH-54 (Magnet Physics) and a laboratory mag-
net supplied by a power source SM 330-AR-22
(Delta Elektronika, Netherlands) was applied for
the magnetization measurements. The magnetic
susceptibility behaviour of the synthesized sam-
ples was studied with a SQUID magnetometer
(Quantum Design, MPMS) at 300 K using the stat-
ic field. The Maossbauer spectra were recorded
with a Mdssbauer spectrometer (Wissenschaftliche
Electronik GmbH) from 11 K to room temperature
using a source of ¥Co in the rhodium matrix.

3. Results and discussion

The phase crystallinity and purity of the syn-
thesized hybrid organic-inorganic compound
was characterized by means of X-ray diffraction
analysis. The powder XRD pattern of the syn-
thesized Fe,O(TFBDC),(H,0),-(DMF), is given
in Fig. @ The qualitatively recorded XRD pat-
tern is comparable to the XRD patterns of similar
lanthanide-containing hybrid compounds [@].
A high background observed in the XRD pattern
of the synthesized compound indicates, probably,

the formation of a partially amorphous phase or
that the crystallization is very poor. These results
are quite different from those published in [@]
when a similar compound has been synthesized by
using a perfluorinated linear dicarboxylate ligand.
The strong absorption of X-rays by iron contain-
ing hybrid material was also observed. The cor-
rect crystal structure and phase information
would be very important to understand the prop-
erties of this material, however, the identification
of reflections in the XRD patterns was problem-
atic, and therefore the crystal structure was not
solved. On the other hand, no reflections attribut-
able to other known iron crystalline phase were
determined in the XRD pattern of the synthesized
compound.

The SEM micrograph of the synthesized or-
ganic-inorganic hybrid material is shown in
Fig. H Relatively large particles (15-20 ym) were
formed during the slow evaporation method.
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Fig. 2. XRD pattern of the synthesized
Fe,O(TFBDC),(H,0) -(DMF),.
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Fig. 3. SEM micrograph of the synthesized
Fe,O(TFBDC),(H,0),-(DMF),

A similar size of the agglomerated particles was
determined for the lanthanide-containing hy-
brid materials [@]. The most of these particles
of Fe,O(TFBDC),(H,0),-(DMF), have a shape
of a bulk triangle. These volumetric particles are
slightly covered with differently shaped small-
er particles. Energy-dispersive X-ray spectros-
copy (EDX) was used for the determination of
an elemental composition of the synthesized
sample (see Table 1). The results presented in
Table 1 show a good agreement between the ex-
perimentally determined and the calculated
data indicating the possible correct composition
Fe,O(TFBDC),(H,0),-(DMF), of the prepared hy-
brid material.

H O

147727 718

Table 1. Elemental analysis data for C
termined by EDX.

Calculated, % C 34.01; 0 26.09; Fe 14.37; N 3.60; F 19.56

Fe, de-

Determined, % C 33.80; O 25.70; Fe 14.19; N 3.51; F 19.32

The electron paramagnetic resonance spectra
of Fe,O(TFBDC),(H,0),-(DMF), obtained at dif-
ferent temperatures are shown in Fig. H The ob-
served EPR lines at an electron g-factor of about
2 indicate the existence of Fe** (electron spin
S =5/2) [@]. The observed lines are very broad
at both temperatures indicating strong spin-
dipolar interactions between the paramagnetic
Fe’* ions [@, @]. Strong exchange interactions
between the electrons in the d orbitals of the Fe**
ions might be responsible for line broadening as
well [BQ].

295K
105K
0 200 400 600 800 1000
Magnetic field B (mT)

Fig. 4. Normalized EPR spectra of the synthesized
Fe,O(TFBDC),(H,0),-(DMF), and recorded at 295
and 105 K.

It is well known that different properties of syn-
thesized materials are very dependent on the used
synthesis method [@]. Therefore, the magnetic
properties of Fe,O(TFBDC),(H,0),-.(DMF), syn-
thesized by a slow evaporation method
were studied in comparison with those of
Fe,O(TFBDC),(H,0),-(DMF), synthesized by
a precipitation method [R2] and a similar
Fe,O(BDC),(H,0),-(DMF), compound (here BDC
is 1,4-benzendicarboxylic acid) obtained pre-
viously according to [@]. According to

m (emu/g)

H (kOe)

Fig. 5. The hysteresis loops for the differently synthe-
sized Fe,O(TFBDC),(H,0),-(DMF), (1 for a precipita-
tion method and 2 for a slow evaporation method) and
Fe,O(BDC),(H,0),-(DMF), (3) hybrid compounds.
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the magnetization measurements (Fig. H),
the iron-containing hybrid compounds with dif-
ferent ligands Fe O(BDC),(H,0),(DMF), and
Fe,O(TFBDC),(H,0),-(DMF), show a differ-
ent magnetic behaviour. The results of the mag-
netization measurements recorded for the differ-
ently synthesized Fe,O(TFBDC),(H,0),-(DMF),
compounds coincide very well. Interestingly,
the hysteresis of the Fe,O(BDC),(H,0),(DMF),
sample differs considerably from the sample with
the TFBDC ligand. The paramagnetic behav-
iour of Fe(III) gives a linear dependence of mag-
netization on the strength of the magnetic field
for the paramagnetic Fe,O(BDC),(H,0),-.(DMF),
sample according to Mdssbauer spectroscopy
(Figs. E, E). Evidently, the magnetization for
the Fe,O(TFBDC),(H,0),(DMF), samples is
higher. However, the magnetization is low com-
pared with ferro- or ferrimagnetic compounds of
iron [@] and is characteristic of antiferromagnet-
ic iron oxides/oxyhydroxides — hematite and goe-
thite, as determined by Mossbauer spectroscopy
(Figs. EI, E). Magnetization of the hematite (above
Morin transition) and goethite nanoparticles is
caused by a small canting angle between antiferro-
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Fig. 6. Mossbauer spectra of
the Fe,O(BDC),(H,0),-(DMF), sample
at 11 K (a) and room temperature (b).
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Fig. 7. Mossbauer spectra of
the Fe,O(TFBDC),(H,0),-(DMF),
sample at different temperatures.

magnetic sublattice magnetizations, uncompensat-
ed magnetic moments in antiferromagnetic nano-
particles and disordering of surface spins [@, @].
The magnetization of the samples does not satu-
rate at the applied magnetic fields because the cant-
ing angle and related uncompensated magnetic
moment increase with magnetic field. For paramag-
netic iron the magnetically split MOssbauer spectra
can be observed only in diluted samples (<1 mol of
Fe/L) [@]. For the Fe,O(TFBDC),(H,0),-(DMF),
samples the area of Mossbauer spectra was fit-
ted to the sextet and hyperfine field distribution
at low temperature (Fig. ﬁ). At T = 11 K hyper-
fine parameters of the sextet of the Fel site (35%
of area) — hyperfine field B = 53.11+0.03 T, quad-
rupole shift 2e = -0.197+0.004 mm/s and isomer
shift § = 0.49+0.001 mm/s - are such as for he-
matite [@]. The value of the quadrupole shift in-
dicates hematite above the Morin transition tem-
perature. For the bulk hematite Morin transition
occurs at 263 K, but the temperature decreases for
the nanocrystalline hematite and it is below 4 K
when the size of hematite nanoparticles is small-
er than 8-20 nm [@]. The rest of the spectrum at
low temperature was fitted to the hyperfine field
distribution which transforms to the doublet for
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Fig. 8. Dependences of the hyperfine field of Fel and Fe2 sites (left) and percent-
age of the paramagnetic area of the Mdssbauer spectrum (right) on temperature
for the Fe,O(TFBDC),(H,0),-(DMF), synthesized by precipitation (No. 1) and

slow evaporation (No. 2) methods.

the Fe,O(TFBDC),(H,0),-(DMF), samples when
the temperature increases.

Though the quadrupole shift is similar for Fel
and Fe2 iron structural sites, the values of the hy-
perfine field of Fe2 sites are distributed even at low
temperature and are lower than that of the Fel site
(Fig. E). The most probable values of the hyperfine
field and the quadrupole shift of the Fe2 site at low
temperature are consistent with these parameters
of goethite [@, @]. At room temperature 35% of
the area of the Mossbauer spectrum which is fitted
using the hyperfine field distribution having the av-
erage value of the hyperfine field (B) ~ 44 T (Fig. E)
is attributed to hematite nanoparticles. The dou-
blets and another hyperfine field distribution
(13% of area, (B) = 23 T) are caused by goethite
nanoparticles. The hyperfine field of =36 T char-
acteristic of the well-crystallized goethite at room
temperature decreases because of poor crystallin-
ity and the influence of superparamagnetic relaxa-
tion@]. The change in the area of the paramag-
netic part (samples No. 1 and No. 2) of Mdssbauer
spectra indicates the influence of the method of
preparation on the size and crystallinity of Fe goe-
thite nanoparticles.

The compound prepared from a precursor
containing a different valency of iron in the molar
ratio Fe(II):Fe(III) = 2:1, having the composition
Fe(II),Fe(IIT)O(TFBDC),(H,0),-(DMF), was also
synthesized by a slow evaporation method. Sur-
prisingly, for this sample the determined magneti-
zation is the highest (Fig. E). Two kinds of magnetic

m (emu/g)

H (kOe)

Fig. 9. The hysteresis loop for the Fe(II),Fe(III)
O(TFBDC),(H,0),-(DMF), compound.
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ions in the precursor can result in the formation
of ferrimagnetic ordering having unequal mag-
netic sublattices what leads to the increase of
uncompensated magnetization. The Madssbauer
data (Figs. , ) indicate the presence of para-
magnetic Fe(II) according to the parameters of
the doublet having the quadrupole splitting A =
2.04£0.01 mm/s and the isomer shift § = 1.32+0.01
mm/s at 11 K, and the area of which is about 7%.
At low temperature (11-27 K) broad Mossbauer
spectra of Fe(II) Fe(III)O(TFBDC),(H,0),-(DMF),
cannot be fitted to only one hyperfine field distri-
bution (Fig. ). A good fitting quality of the spec-
tra is achieved using three hyperfine field distri-
butions. Hyperfine field distributions covering 30,
20 and 43% of the area have almost equal aver-
age hyperfine fields ((B) ~ 44.6, 46.4 and 45.65 T)
but different quadrupole shifts (2¢ = 0.43+0.02,
-0.60+0.02 and -0.09+0.01 mm/s) at 11 K.
The values of hyperfine fields are distributed up to
approximately 55 T having the maximum proba-

11K
[}
< 45K
(=}
g
2 65 K
=
L
[
170 K
296 K

v (mm/s)

bility at =48 T (Fig. ). Akaganeite f-FeOOH sta-
bilized by Cl or F ions has Fe sites characterized by
different quadrupole shifts and hyperfine fields of
46.7-49.7 T [@] that are quite similar to the most
probable hyperfine fields of the Fe(II),Fe(III)
O(TFBDC),(H,0),-(DMF), sample. In the case of
chlorine stabilized f-FeOOH the transition tem-
perature from an antiferromagnetic to a paramag-
netic state is lower than room temperature (250-
296 K) and depends on the amount of crystalline
water [@]. Probably, a poor crystallinity of akaga-
neite obtained by hydrolysis of FeF, [g], results in
the decrease of transition temperature to 200 K.
For the Fe(I1),Fe(II))O(TFBDC), (H,0),-(DMF),
sample the transition temperature to a paramag-
netic or a superparamagnetic state is considerably
lower, between 30 K and room temperature, i.e.
at 170 K more than 80% of material are in a para-
magnetic/superparamagnetic state (Fig. ). This
can be explained by smaller sizes of the formed na-
noparticles compared with these obtained at usual

P (B)

B (T)

Fig. 10. Mossbauer spectra of the Fe(II),Fe(II)O(TFBDC),(H,0),-(DMF), sample at different temperatures.
Hyperfine field distributions fitted to the spectra are shown on the right.
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Fig. 11. Dependences of the average hyperfine field (left) and percentage of
the paramagnetic area of the Mdssbauer spectrum for Fe** and Fe** (right)
on temperature for the Fe(II),Fe(II) O(TFBDC),(H,0),-(DMF), sample.

conditions of akageneite preparation [@, @]. So-
matoid-type nanoparticles of a typical diameter of
~25 nm and a length of =200 nm are characteris-

differently shaped nanostructures (spherical or el-
lipsoidal nanoparticles, nanowires, nanorods) and
particles with different microstructure could be

tic Of akaganeite obtained by hYdfOIYSiS [ _]- AN realized []. The mesoporous iron oxides and
admixture of other Fe oxyhydroxides [§1] is less  , varjation of porosity of materials could also be

likely. The observed magnetization (Fig. }) is not
compatible with the paramagnetic state of akaga-
neite f-FeOOH at room temperature. However,
the -FeOOH structural decay in reducing envi-
ronments can form a ferrimagnetically ordered
phase [, @]. Because of partial transformations
the ferrimagnetic state may coexist with antifer-
romagnetic and quasi amorphous intermediate
states depending on preparation conditions.

The synthesized new organic-inorganic hybrid
material, taking into account its magnetic proper-
ties, could be itself tested for different medical ap-
plications, for example, for surface modification of
implants to facilitate the integration process [@].
Moreover, this material could be successfully ap-
plied as a precursor for the synthesis of nano-
structured iron oxides (wustite, hematite, magh-
emite, magnetite, goethite or different mixtures).
Depending on the field of application, various
magnetic properties are required. For instance,
to fabricate wustite Fe O with homogeneous
morphology and controlled phase composition
and stoichiometry still is a challenging task [@].
Using such type of a precursor the synthesis of

achieved using the hybrid precursors with a pro-
spective application in bionanotechnology @].
The high quality nanoparticles as ferrofluids with
enhanced magnetic properties could be also ob-
tained and successfully used in biomedicine [@].

4. Conclusions

The hybrid organic-inorganic Fe,O(TFBDC),
(H,0),-(DMF), compound was synthesized using
a slow evaporation method. The XRD pattern of
the synthesized hybrid material contained a high
background indicating the formation of a partial-
ly amorphous phase. The obtained hybrid organ-
ic-inorganic products are composed of relatively
large crystallites (15-20 ym); however, according
to our previous studies, these crystallites could
result from small particles via an agglomeration
process. The observed EPR spectra at different
temperatures were very broad indicating strong
spin-dipolar interactions between the paramag-
netic Fe’* ions. The magnetization and Mossbauer
data of the Fe, O(TFBDC),(H,0),-(DMF), sample
considering the composition of the sample were
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explained by superparamagnetism of the formed
Fe oxide/hydroxide nanoparticles. The synthe-
sized magnetic material could be itself tested
for different medical applications and could be
used as precursor material for the preparation
of nanostructured iron oxides with a variety of
useful properties for biomedicine. According to
the magnetization measurements and Mdssbauer
spectroscopy data, the iron-containing hybrid
Fe,O(BDC),(H,0),-(DMF), compound was para-
magnetic at any investigated temperature.
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HIBRIDINIO ORGANINIO-NEORGANINIO Fe,O(TFBDC),(H,0),-(DMF),
JUNGINIO SINTEZE LETO GARINIMO METODU. APIBUDINIMAS IR
MAGNETINIU SAVYBIU PALYGINIMAS
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Santrauka

Léto garinimo metodu susintetintas hibridinis or-  kopijos (EPR) metodais. Susintetinto méginio anti-
ganinis-neorganinis ~ Fe, O(TFBDC),(H,0),-(DMF), feromagnetiné / silpnai feromagnetiné reakcija buvo
junginys. Susintetintas naujas junginys buvo apiba-  patvirtinta magnetéjimo ir Méssbauerio spektroskopi-
dintas rentgeno spinduliy difrakcinés (XRD) anali- jos tyrimy rezultatais. Susintetinta magnetiné medzia-
zés, skenuojancios elektroninés mikroskopijos (SEM),  ga gali buti tiriama medicininiams tikslams ir panau-
energijos dispersinés rentgeno spinduliy spektrosko-  dota kaip pirmtakas nanostruktirinto gelezies oksido
pijos (EDX) ir paramagnetinio rezonanso spektros-  sintezei.
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