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OUTLOOK

< About the subject of ferrofluids:
* What are they and what can they be used for?
« Information on the relevance of the topic

<+ Small angle neutron scattering method in the investigation of
ferrofluid structural properties

<+ About the goal of present project
« Development of new ferrofluids with enhanced magneto-
optical properties
<+ SAS investigations to determine the nanostructural features
for helping the chemists to choose or to improve their
preparation methods or protocols

» Conclusions



What are ferrofluids and what can they be used for?

Mechanical devices

-dampers Magnetic drug
delivery

*high vacuum bearings

actuators

*valves

switches

*lubricants
Technical acoustics
Measuring devices and sensors
Magnetic domain detection
Electromagnetic defectoscopy
Heat transfer
Materials Separators
Printing mechanisms
Bio-medical applications
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0 Magnetic particles:

Fe;O,, y-Fe,O;, CoFe,O,, Co, MnFe,O,, Fe, etc.
0 Mean diameter about 10nm;

0 Log-normal size distribution;
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High vacuum
bear'mgs
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0 One magnetic domain state;
U Stabilizing layer: surfactants, polymers, etc.

U Liquid carrier: hydrocarbons: alcohols, dieters,
oils, etc.; water, biological serum




On the relevance of the ferrofluid topic
Number of scientific publications in the
synthesis of ferrofluids over the years
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Web of Science Paper Topic Statistics in 2021 year
Ferrofluids, ferrocolloids, magnetic nanoparticles, magnetic fluids,
magnetic liquids and structure
7 148 papers
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IBR-2 Experimental Hall
(JINR, Dubna)




Small-angle neutron scattering (SANS)

d SANS resolves structures on
scales from 1 to 1000 nm;

 Neutrons can be used to study
bulk samples

(1-2 mm thick):

O SANS is sensitive to light
elements such as H, C and N;

0 SANS is sensitive to isotopes
such as H and D.
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Small-angle neutron scattering (SANS).
Non-polarized neutrons.
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For low concentrated fluids
(< 3 vol. %)

do ,_ 2
d—é(q) = Fi(a)+5 Fi(@) ~ Fi(0)

do is differential scattering
ae cross-section

Fy is nuclear scattering amplitude

F\v is magnetic scattering amplitude




Water-based ferrofluids

D;0/DBS+DBS/Fe;0,

B .
g <R>~6.6 nm;<R,-R>~3.5 nm;
. ARI<R>~0.5
152y 0.33%
0.165%
a !
+significant effect of interaction between colloidal particles in the

solution

Water-based ferrofluids: temperature effect

H,O/AL+DBS/Fe;0, @,=2.1% H,O/DBS +DBS/Fe;0, ¢n=2.0%
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*Temperature increase results in destroy of secondary aggregates
*At once temperature returns to RT the aggregation starts again

Water-based ferrofluids: aggregation effects

Experimental SANS curves for different
water-based ferrofluids and MEK
ferrofiuid.

SW1: H,0/AL+DBS/Fe,0, ¢ =2.1%
SW2: H,0/DBS +DBS/Fe;0, ¢p, = 2.0 %

e SW3: sap/AO+AO/Fe;0, on=21%
9 MEK: MEK/AO+DBS om=57%
e

001 4

1E3 4
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*Specific aggregation in initial ferrofluids takes place
*Formation of secondary fractal aggregates is detected

gl em”

Structure of ferrofluids on non-polar
organic carriers

Experimental curves Model
non-interacting particles:

19%
9.5%
6.3%

1

, nm*

\2r 252

«core-shell model works well !
sinteraction effect on the scattering is small for ¢, <5 %!

«effect of magnetic scattering contribution on resulting parameters does not exceed
15 % for d-carriers !

Aggregation in ferrofluids under
magnetic field
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Changes in the mean scattering intensity in time under Changes in the mean scattering intensity in time under

to

of No
scattering is observed.

magnetic field for benzene-based fluid (¢, = 5 %) due magnetic field for water-based fluid (¢, = 5 %) under

magnetic field due to anisotropy in 2D magnetic
scattering.

Effect of surfactant length

Oleic acid (0OA): CyzH3.0;

= d-benzeneOA. 4 =20%
= decyciohexaneiOA. &, =2.3%

Myristic acid (MA): Cy.Hz0;

= dberzenaMA, 4 =43%
= decyclohexane/MA, 4_ =2 8%

a nm

Resulis of fits of the core-shell modal:
Z Rg=4.6nm; AR/R;=10.25 5 = 1.21 nm

Ro = 4.1 nm; AR/ R = 0.4; § = 1.67 nm

q e’

Results of fits of the core-shell model:
Ro=2.4nm; ARfRy = 0.4; 5 = 1.28 nm
Rg=3.1nm; AR Ry = 0.25; 5, = 1.38nm

: In® (R/R
318: Dy (R)=Rs;exp[—L/°)]

Pentanol-base ferrofluids:
comparison with highly stable non-polar MF

H-pentancl/AQ+DBS/Fey0,

), em"

H-benzene/AQIFe,0,
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+Structures of the two types of ferrofluids are similar
+interaction effectin polar ferrofluids is stronger

Pentanol-based ferrofluids:
temperature effect

25°C  85°C

$=201%
=7%

~o— 4=38% .
,:,on *Desorption  of the second

surfactant layer starts at T ~ 80°C

*Desorption is higher for smaller

LY :
\ particle concentration

*Formation of micelles in the
systems and change in the
structure  of  particles  with
concentration and temperature

are unlikely
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Collaborations with:

= Romanian Academy Timisoara Section,

= Institute of Experimental Physics SAS, Kosice, Slovakia,

= Biology Centre CAS, Ceské Budéjovice, Czech Republic,

= Faculty of Physics, Taras Shevchenko National University of Kyiv,
Ukraine

= Institute of Technical Chemistry of Russian Academy of Sciences,
Perm

=West University of Timisoara, Romania
I Number of papers

~75 papers

1995 2000 2005 2010 2015 2020 2023

10



< Development of new magneto-optical systems for the control
of optical fluxes in optoelectronics

Ferrofluids with an increased magneto-optical response in comparison to the already
known effects was addressed.

Optical fluxes can be controlled if the properties of an anisotropic medium are
affected by external electric or magnetic fields.

B=0 B>0 |
2020 $88ss
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characteristic time of about ~ 10 ms
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characteristic time of about ~ 50 us !
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Preparation of anisometric
copper ferrite nanoparticles
(co-precipitation method)

Lauric acid (LA)
. C,;H;;CO0H

. Sodium dodecyi sulphate [SDS )
CH,(CH,),,050.Na

SD5:LA(1:1)

. Lauric acid (LA)
C,,H,.COOH

Particles stabilized by surfactant double layer composed from 3 surfactant compounds

12



/ Preparation of lamellar barium
hexaferrite nanoparticles
(hydrothermal synthesis)

() Oleicacid (04)
CH[CH, )L CH=CHICH, },COOH

. Sodium dodecyl sulphate (SDS)
CH,4(CH,),,050,Na
SD5: 1A (1:1)

. Lauric acid (LA)
C,;H;,COOH

Particles stabilized by surfactant double layer composed from 3 surfactant compounds
13




Characterization of CuFe,O, rod-like particles
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Characterization of BaFe,,0,9 nanoplates
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Particle size distribution according to

dynamic light scattering data.
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Birefringence in magnetic fluid subjected to
magnetic field

25 4

He-Ne Laser /

Voltage Ua, mV

T
10 100 1000 10000

Magnetic field frequency f Hz

PD

Frequency characteristics of magneto-optical signal for

General scheme of light birefringence : ferrofluids:
The beam is split into two orthogonally (1)- Ferrofluid with BaFe12019/H20, ‘large’ nanoplates:
polarized rays with angle 8 between them. (2)-Ferrofluid with Cu0.64Fe204/H20, ‘large’ nanorods.

Lysenko S.N., Lebedev A. et al, Physica Scripta (2020) 95(4).
15




Experimental
SAXS

SANS
SANS-YuMO Instrument

P——

:
ol

RIGAKU (MPhTI, Dolgopudnyi)

IBR-2 Experimental Hall
(JINR, Dubna)
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SANS RESULTS
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SAXS and SANS results on H-sample

Intensity, abs.units (SANS), arb.units (SAXS)

Intensity, cmL
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Sample Q Model fit Modal | Dimensions
range parameters
] i
Ellipsoid R 3.0%01
77a7 P JOATA+SDS/ 0.08=2
““Giligi:"""ii?’» BaFe,.0,/OA/LA+SDS/H:0 . N 140103
W«m@gg 75777
& “@M&ml lamellar-
- shaped 5 18+0.1
=
s particles
%
Elipsoid R, 15+01
“os (O SANS experimental curve BaFe,:0,./OA/LA+SDS/D.0 | 0082 . . 51501
% SAXS experimental curve .
—— SANS model fitting curve lamellar- 1201
(lamellar + ellipsoid) shaped P
SAXS model fitting curve particles
(lamellar + ellipsoid)
0,01 -1 0,1
’ Q, A 1
SANS results on H- and D-samples
% Experimentl | Q-range Model fit Modal Dimensions
method [nm-1] parameters [am]
Ellipsoid R, 3001
0072
SAXS + R, 340206
lamellar-shaped
particles § 70201
Ellipsoid R, 4101
SANS oor=2 + R, 261207
. lamellar-shaped
QO BaFe1p04g Ferrofluid (H,0) particles 5 14106
B BaFeq»0g Ferrofluid (D,0)
— Ellipsoid and lamellar
Ellipsoid and lamellar .
I I — Balasoiu M., Astaf'eva S. et al., Journal of

1E-7

0.01 0.1

QAl

Surface Investigation: X-ray, Synchrotron and

Neutron Techniques (2023) (submitted).



CuFe, 0,

Comparison with TEM

BoFelem
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Conclusions

“*New water based ferrofluids with anisometric particles have been
synthesized for magneto-optical applications;

“+»The magneto-optical response of new obtained ferrite colloids (BaFe;,04q
and CuFe,0,) as a function of magnetic field frequency showed a
pronounced effect;

%+ The SANS measurements have been accomplished at the YuMO
instrument in function at the IBR-2 reactor;

+SANS and SAXS analysis detected clearly system structure with
combined big and small particles; the morphology and size parameters for
each type have been obtained;

»The transmission electron microscopy images of the samples shows a
good agreement with SANS and SAXS results.

By combining SANS and SAXS investigations, and measurements of H-
and D-based ferrofluid, complementary information on the surfactant
distribution on the particles surface and structure of the system have
been obtained.
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