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Abstrakt

Hydrotermdlni metodé p¥ipravy nanocastic s vyuZitim kyseliny olejové byla v
poslednich letech vénovéna jistd pozornost, nicméné publikované prace trpi
nedostatkem systematického piistupu a mechanismus nebyl pfezkouman natolik,
aby byly dosaZeny piedvidatelné vysledky syntéz. V predkladané praci byl
zkouman vliv sloZeni organické a vodni faze na syntézu nanocastic feritu
kobaltnatého (oxidu kobaltnato-Zelezitého) a magnetitu, pficemZz byl navrZen
mechanizmus tvorby Castic. Organicka faze se skladala z pentanolu, oktanolu
nebo toluenu, s obsahem prekurzoru — oledtu prvkid skupiny Zeleza. Kromé
hydrofobnich ¢astic bylo moZzno dokonce pfimo pripravit hydrofilni Castice
pokryté oledtem, a to s vyuZitim vodni faze obsahujici oleat sodny. Synteticky
postup byl déle zjednoduSen oddélenou pripravou oleatu kobaltnato-zelezitého,
¢imZ byl ziskan produkt s uzsi distribuci velikosti a lepsi fazovou Cistotou. Byla
dosaZena kontrola velikosti v rozsahu 6-11 nm, s vytéZkem cca. 500 mg na
syntézu.

Pozornost byla vénovana také povrchové tpravé, vedouci k hydrofilnim
Casticim. Byly pouzity di- a trikarboxylové kyseliny s kratkym fetézcem a také
karboxymethyl-dextran a oxid titaniCity. Oxid titani¢ity vyZadoval dodatecnou
ochranu kyselinou nitrilotris(methylfosfonovou) za ticelem stabilizace produktu
ve vodni disperzi.

Ke kontrole fazové Cistoty a pro urceni velikosti ¢astic byla pouzita praskova
rentgenova difrakce. Pfipravené Castice byly charakterizovany také transmisni
elektronovou mikroskopii, dynamickym rozptylem svétla, Mossbauerovou
spektroskopii a magnetickymi méfenimi na SQUIDu, konkrétné méfenim zero-
field-cooled a field-cooled magnetizace, hystereznich smycek a stfidavé
susceptibility.

Predkladana prace obsahuje také detailnéjsi vysvétleni analyzy rentgenové
difrakce a Mossbauerovy spektroskopie. Ostatni metody charakterizace jsou
dostatecné diskutovany v pfiloZenych publikacich.

Klicova slova: ferit kobaltnaty, nanokrystaly, modifikace povrchu,
superparamagnetismus, kyselina olejova



Abstract

Hydrothermal method of nanoparticle preparation, involving oleic acid, has
received certain attention in the last years. However, the published works lack
systematic approach to the subject, and the mechanism was not thoroughly
investigated, so as to achieve a predictable outcome of the synthesis. The present
work investigated the influence of composition of organic and water phase on the
synthesis of cobalt ferrite (cobalt(II)-iron(IIT) oxide) and magnetite nanoparticles,
and the mechanism of nanoparticle formation was proposed. Organic phase was
based on pentanol, octanol or toluene, containing the precursor — metal oleate.
Besides hydrophobic particles, it was even possible to directly prepare
hydrophilic oleate-coated particles by using water phase with sodium oleate.
Synthetic procedure was then simplified by a separate preparation of cobalt-iron
oleate, which led also to a product of narrower size distribution and better phase
purity. Size control in the range of 6-11 nm and a batch yield of ca. 500 mg was
achieved.

Attention was given also to the surface modification of the particles, thus
imparting them hydrophilicity. Small di- or tricarboxylic acids were utilized, as
well as carboxylmethyl dextran and titanium dioxide. Titanium dioxide required
additional protection with nitrilotri(methylphosphonic acid) to stabilize the
product in water dispersion.

Powder X-ray diffraction (XRD) was used to check the phase purity and to
estimate the particle size. Prepared particles were characterized also by
transmission electron microscopy, dynamic light scattering, Mossbauer
spectroscopy and magnetic measurements on SQUID by means of zero-field-
cooled and field-cooled magnetizations, hysteresis loops, and alternating-current
(AC) susceptibility.

The present thesis also provides a more detailed explanation of XRD analysis
and Mossbauer spectroscopy. Remaining characterization methods are
sufficiently discussed in the attached publications.

Keywords: cobalt ferrite, nanocrystals, surface modification,
superparamagnetism, oleic acid



1. Uved

Magnetické nanocéastice se v posledni dobé tési Siroké pozornosti, a to nejen z
hlediska zkoumani jejich zajimavych fyzikélnich vlastnosti, ale také kvtili jejich
moznému vyuZziti v mediciné, konkrétné pro dopravu 1éciv, hypertermickou 1é¢bu
nadord, magnetickou rezonanci a znaceni buriek [1]. Mezi dalsi aplikace patii
oblast katalyzy, ¢i uZ primo, nebo jako nosi¢ magneticky separovatelnych
katalyzatorti (napf. TiO,). Magnetické nanocastice mohou byt také pouZity v
pamétovych médiich.

Pro pripravu kvalitnich monodisperznich ¢astic (tj. majicich stejnou velikost)
se v soucCasnosti nejvice pouziva metoda tepelného rozkladu acetylacetonati [2]
nebo oleétti [3] ve vysokovroucich organickych rozpoustédlech za pfitomnosti
kyseliny olejové, ktera posléze pokryva povrch pripravenych nanocéstic a ¢ini je
hydrofobnimi. Tyto céstice je potom moZno dispergovat v hexanu, toluenu a
jinych rozpousStédlech. Nicméné metoda tepelného rozkladu se vyznacuje
komplikovanym postupem, casto s pouZitim drahych chemikalii a toxickymi
vedlejSimi produkty. Proto je Zadouci najit alternativni metodu, kterd by vedla ke
stejnému produktu. Tomu v principu vyhovuje hydrotermalni metoda s vyuZitim
mastnych kyselin [4, 5], kterd se zatim nesetkala se SirSi odezvou v literatufe.
PredloZena prace se proto zabyva studiem této metody, za tiCelem objasnéni jejiho
mechanizmu, zvySeni vytézku a dosaZeni kontroly velikosti pfipravenych castic.

2. Cile prace

Cilem prace bylo prozkoumat hydrotermalni metodu pripravy feritu
kobaltnatého a magnetitu s vyuZitim kyseliny olejové. Prvni pokusy ukazaly, Ze
neni snadné dosahnout Castice s jinou velikosti neZ 6 nm tak, aby pfitom byla
zachovéana jejich dostatecnd monodisperzita. Byly proto zkoumény jednotlivé
parametry syntézy a provedeny jeji dal$i modifikace. Pripravené castice byly
zaroven podrobeny povrchové modifikaci s riznymi ligandy, zejména di- a
trikarboxylovymi kyselinami s kratkym fetézcem, dale karboxymethyl dextranem
(pro mozné medicinské pouZziti) a nakonec oxidem titanicitym.

Mezi neméné dilezité cile patfila také charakterizace pripravenych
nanocastic, a to praskovou rentgenovou difrakci (ureni fazové Cistoty a velikosti
nanokrystald), transmisni elektronovou mikroskopii, rozptylem svétla,
Mossbauerovou spektroskopii a magnetickymi méfenimi. Ackoliv vétSina zde
uvedenych metod slouZi zejména k urceni kvality produktu, magnetickd méfeni
mohou poskytnout také vysledky zajimavé samy o sobé pro lepSi pochopeni
vlastnosti magnetickych materiali v nano-méfitku (superparamagnetismus a pod.)
a jejich vzajemnych interakci.

3. Material a metodika

Podle publikovanych praci [4, 5] byla syntéza nejprve vedena pres
heterogenni reakéni smés obsahujici oledt sodny, kyselinu olejovou, alkohol a
vodni roztok dusi¢nanu kobaltnatého a Zelezitého. Tato smés byla v autoklavu
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(objem 45 ml) podrobena hydrotermalnim podminkam (180 °C), naceZ byly
ziskdny nanocastice ve formé sedimentu dispergovatelného v hexanu. Dalsi
vyzkum vedl k oddélené pripravé oleatu kobaltnato-Zelezitého, resp. Zeleznato-
Zelezitého, ¢imZ bylo zaroven dosaZeno zjednoduSeni reakéni smési a lepsi
kontrola podminek.

Povrchova modifikace karboxylovymi kyselinami a také oxidem titanic¢itym
byla provadéna ve smési toluenu a dimethylsulfoxidu, ve které bylo mozZno
dosdhnout homogenni smés dispergovanych hydrofobnich c¢éastic a daného
ligandu. Oxid titanicity bylo potfeba stabilizovat kyselinou nitrilotris(methyl-
fosfonovou) kvili dosaZeni ve vodé dispergovatelného produktu. Modifikace
karboxymethyl-dextranem byla provedena odliSné, a to pfimo s pouZitim
hydrofilnich nanocastic, pripravenych specidlné navrzenou hydrotermalni
syntézou. VSechny hydrofilni ¢astice byly nakonec vycistény dialyzou.

Z hlediska charakterizace bylo potieba vyvinout spolehlivou a
reprodukovatelnou metodu pro fitovani praskovych difraktogram za ucCelem
urCeni velikosti Castic, protoZe elektronova mikroskopie byla dostupna jen
obtizné. Analyzu difraktogramii komplikovalo zejména vysoké pozadi a Siroké,
vzdjemné se prekryvajici piky. Nakonec byl vytvoren skript pro gnuplot, ktery
provadél fitovani v reciprokém prostoru se vzajemné svazanymi Sitkami difrakci.

Dynamicky rozptyl svétla a zeta potencial byl méren ve vodni, resp. hexanové
disperzi o koncentraci 0.05%. Mdssbauerova spektroskopie byla provedena na
praskovych vzorcich o hmotnosti cca. 50 mg prfi pokojové teploté a pii 4 K v
externim poli 0 T a 6 T, ¢imZ byly ziskany informace o distribuci Zeleza a jeho
magnetickém usporadani ve spinelové struktute feritu kobaltnatého a magnetitu.

Nakonec byla provedena magneticka méfeni na SQUIDu, konkrétné ZFC/FC
magnetizace (pro urceni teploty blokace), hysterezni smycky (urCeni saturované
magnetizace a koercivity) a nakonec stfidava susceptibilita, na zdkladé které bylo
mozno bliZe zhodnotit meziCasticové interakce ve vzorcich s riznou povrchovou
dpravou.

4. Vysledky a diskuse

Castice nejlepsi kvality byly ziskdny samostatnou pripravou oleatu
kobaltnato-Zelezitého (reflux oledtu sodného s dusiCnanem Zelezitym a
kobaltnatym ve smési vody, ethanolu a hexanu), kterého pentanolovy roztok byl
jednoduSe doplnén vodou a pentanolem, oktanolem nebo toluenem a podroben
hydrotermélni hydrolyze pfi 180 nebo 220 °C. Pfima pfiprava hydrofilnich ¢astic
byla dosaZena pomoci vodni faze s obsahem oleatu sodného.

PIné 1uspésnd modifikace Ccastic byla dosaZena pouze pro kyselinu
dimerkaptojantarovou. Kyselina citronova vedla k nizkému vytézku a Castice se z
vodni disperze vysraZely po 1 tydnu, bylo je vS8ak moZno stabilizovat zfedénim
methanolem. Modifikace karboxymethyl-dextranem sice vedla ke stabilni
disperzi, ta vSak vykazovala relativné veliky hydrodynamicky primér 90 nm.
Modifikace oxidem titani¢itym nevedla k ocekdvanym core-shell Casticim, ale k
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sitovité strukture, ktera ale byla pomérné stabilni ve vodni disperzi.

Magnetickd méfeni rizné velkych a rtizné pokrytych castic CoFe,O, vedla k
nasledujicim zavértim: Velikost Castic zasadné ovliviiuje teplotu blokace (Ts), ta
stoupd od 180 K pro 6 nm castice aZz po 330 K pro 10.5 nm céstice. Zména
teploty blokace se vzdjemnou vzdélenosti Castic je naproti tomu nizsi, dosahuje
jednotky az desitky Kelvint, pficemz T je niZsi pro Castice s vétSimi vzajemnymi
vzdalenostmi (kvili slabsim interakcim). Mensi vzdalenosti také vedly k urcitému
sniZeni koercivity. V1iv vzajemnych interakci se vyraznéji projevil pfi analyze AC
susceptibility, a to napriklad ve zménach Vigelovy-Fulcherovy teploty. Pozoroval
se také pokles efektivni anizotropie s rostouci teplotou, coZ bylo ocekavano uz na
zakladé publikovanych vysledki pro makroskopické krystaly [6]. Mdssbauerova
spektroskopie ukazala, Ze rozloZeni kationtd ve spinelové struktufe ma statisticky
charakter pro mensi ¢éstice (6 nm), s tendenci nabyvat inverzniho usporadani se
zvétSujici se velikosti.

5. Zavéry

Detailni prozkoumani hydrotermalni metody vedlo k jejimu zjednoduSeni a k
lepsi kontrole velikosti Castic v rozsahu 6-11 nm, ¢i dokonce jejich hydrofobni /
hydrofilni povahy. Byla demonstrovana povrchovd modifikace kyselinou
dimerkaptojantarovou, citronovou, karboxymethyl-dextranem a oxidem
titani¢itym. Magnetickd méfeni prokazaly vliv meziCasticové vzdalenosti na
jejich vzajemné interakce a na teplotu blokace.
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1. Introduction

Magnetic nanoparticles experienced wide attention in the last years, not only
due to investigation of their interesting physical properties, but also for their
possible application in medicine, e.g. for drug delivery, hyperthermical treatment
of tumors, magnetic resonance imaging and cell labeling [1]. Other applications
include catalysis, either directly, or as a carrier for magnetically separable
catalysts (e.g. TiO,). Magnetic nanoparticles can be also employed in memory
devices.

In order to prepare high-quality monodisperse particles (i.e. having the same
size), the most widely utilized method today is the thermal decomposition of
acetylacetonates [2] or oleates [3] in high-boiling organic solvents in the presence
of oleic acid, which then covers the surface of prepared nanoparticles and makes
them hydrophobic. These particles can be then dispersed in hexane, toluene and
other solvents. Nevertheless, the thermal decomposition method involves
complicated procedure, often employing expensive reagents and leading to toxic
by-products. It is therefore desirable to find an alternative approach, which would
give the same product. This is in principle satisfied by hydrothermal method
utilizing fatty acids [4, 5], which did not yet lead to a wider response in literature
to date. The present thesis is therefore focused on the investigation of this
method, in order to clarify its mechanism, increase the yield, and achieve a
control over the size of prepared particles.

2. Aims of the study

The aim of the thesis was to investigate the hydrothermal method for
preparation of cobalt ferrite and magnetite utilizing oleic acid. First experiments
showed that it is not easy to achieve other than 6 nm particles, while keeping their
satisfactory monodispersity. Therefore, various parameters of the synthesis were
investigated and its further modifications were done. At the same time, the
prepared particles were subjected to a surface modification by various ligands,
mainly small di- and tricarboxylic acids, then by carboxymethyl dextran (for
possible medical applications) and finally by titanium dioxide.

Another, but not less important aim was the characterization of the prepared
nanoparticles by powder X-ray diffraction (to estimate the phase purity and the
size of the nanocrystals), transmission electron microscopy, light scattering,
Massbauer spectroscopy and magnetic measurements. Although most of these
methods mainly evaluate the quality of the product, the magnetic measurements
can provide also some results interesting by themselves, leading to better
understanding of the properties of magnetic materials in nanoscale
(superparamagnetism etc.) and their mutual interactions.

3. Material and methods

According to published works [4, 5], the synthesis was first conducted
through heterogeneous reaction mixture containing sodium oleate, oleic acid,
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alcohol and a water solution of cobalt and iron nitrate. This mixture was treated
hydrothermally (180 °C) in an autoclave (volume of 45 ml), to obtain
nanoparticles as a sediment dispersible in hexane. Further investigation led to a
separate synthesis of cobalt(II)-iron(IlI) and iron(Il)-iron(III) oleate, thus
achieving simplification of the reaction mixture, and better control of the
conditions at the same time.

Surface modification by carboxylic acids and by titanium dioxide was
realized in a mixture of toluene and dimethylsulfoxide, which provided a
homogeneous mixture of dispersed hydrophobic nanoparticles and the ligand. It
was necessary to stabilize the titanium dioxide by nitrilotri(metylphosphonic
acid) so as to achieve water-dispersible product. Modification with
carboxymethyl dextran was carried out differently, using directly hydrophilic
particles, prepared by a specially designed hydrothermal synthesis. All
hydrophilic particles were then purified by dialysis.

In regard to characterization, it was necessary to develop a reliable and
reproducible method of fitting powder diffractograms, in order to determine the
particle size, because electron microscopy was not easily accessible. The analysis
of diffractograms was hindered mainly by a strong background and the wide,
mutually overlapping peaks. Finally, a script for gnuplot was written, which did
the fitting in reciprocal space with constrained widths of the diffractions.

Dynamic light scattering and zeta potential was measured in water or hexane
dispersion with a concentration of 0.05%. Mossbauer spectroscopy was done on
powder samples of ca. 50 mg at room temperature and at 4 K in external field of
0 T and 6 T, leading to the information about distribution of iron and its magnetic
ordering in the spinel lattice of cobalt ferrite and magnetite.

Finally, magnetic measurements were done on SQUID, namely ZFC/FC
magnetization (to obtain blocking temperature), hysteresis loops (to get saturation
magnetization and coercivity) and finally AC susceptibility, which enabled a
more detailed evaluation of inter-particle interactions in the samples with various
surface coatings.

4. Results and discussion

Particles of the best quality were obtained by a separate preparation of cobalt-
iron oleate (by refluxing sodium oleate with iron and cobalt nitrate in a mixture of
water, ethanol and hexane), whose pentanol solution was simply mixed with
water and pentanol, octanol or toluene and subjected to a hydrothermal hydrolysis
at 180 or 220 °C. Direct preparation of hydrophilic particles was achieved by
using a water phase with added sodium oleate.

Fully successful surface modification was achieved only with
dimercaptosuccinic acid. Citric acid led to low yield and the particles precipitated
from the water dispersion after one week, however, it was possible to stabilize
them by dilution with methanol. Although a modification with carboxymethyl
dextran led to a stable dispersion, the particles showed relatively large
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hydrodynamic diameter of 90 nm. A modification with titanium dioxide did not

lead to the expected core-shell particles, but to a net-like structure, which was

nevertheless quite stable in water dispersion.

Magnetic measurements of the CoFe,O, particles of various size and coating
led to the following conclusions: The size of the particles strongly influences the
blocking temperature (T3), which increases from 180 K for 6 nm particles up to
330 K for 10.5 nm particles. The change of the blocking temperature with varying
inter-particle distance is comparably smaller, reaching units or tens of K, and Tp
is lower for particles with larger distances (due to weaker interactions). Shorter
distances led also to a certain lowering of the coercivity. The influence of inter-
particle interactions was more clearly demonstrated during the analysis of AC
susceptibility, e.g. in the shifts of the Végel-Fulcher temperature. I observed also
a lowering of the effective anisotropy with increasing temperature, as was
expected according to published results for bulk crystals [6]. Mossbauer
spectroscopy demonstrated that the cation distribution in spinel structure has a
statistical character for smaller particles (6 nm), gradually achieving inverse
distribution for larger particles.

5. Conclusions

Detailed investigation of the hydrothermal method led to its simplification
and to a better control of the particle size in the range of 6-11 nm, and even of
their hydrophobic / hydrophilic condition. I demonstrated a surface modification
with dimercaptosuccinic acid, citric acid, carboxymethyl-dextran and with
titanium dioxide. Magnetic measurements confirmed the influence of inter-
particle distance on their interactions and blocking temperature.
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