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Abstract

Comparison of the Mossbauer spectra of the as-prepared native iron oxide nano-
particles (IONs) and the citrate-functionalized IONs demonstrates differences in the
spectral shapes at room temperature and variations of the 3’Fe hyperfine parameters
at 80 K. The observed differences are claimed to result from capping the IONs
with citrate, thus decreasing the particle-particle interaction while promoting inter-
action of the outer atomic layers of the IONs with the surface molecular coating.
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1 Introduction

Iron oxide nanoparticles (IONs) are developed for elaborating magnetic fluids for a
long time [1-3]. There are numerous studies by various techniques, including
Maéssbauer spectroscopy, on the effect of different IONs’ preparations, size distribution,
shape modulation, surface functionalization, encapsulating, etc. Functionalization is
important for further modification of IONs’ surface to address various features in
biomedical applications (see [3-5]). Surface coating leads to interaction of coating
molecules with the IONs surface that can change the magnetic properties of the latter
(see, for instance, [6—10]). Recently, it has been shown that magnetic nanoparticles
presenting average sizes between 10 and 14 nm and functionalized with different
carboxylic acids are superparamagnetic at 80 K [11, 12]. In the present study, the
effect of maghemite nanoparticles (NPs) functionalization with citrate is analyzed using
Maéssbauer spectroscopy.

2 Experimental

As schematically shown in Fig. 1, citrate-functionalized maghemite (y-Fe,O3;) NPs were
synthesized using a slightly modified procedure already described in [5]. Briefly, S0 mL of
aqueous solution containing 50 mmol of Fe2+, 25 mmol of Fe3* and 20 mmol of HCI were
quickly poured into 250 mL of NH4OH aqueous solution (1 mol/L), under vigorous
stirring (1000 rpm) at room temperature. The as-formed black precipitate of magnetite
(Fe304) was magnetically separated and washed several times with water until the solution
reached neutral pH. Then, the precipitate was acidified with HNO3 aqueous solution
(0.5 mol/L) and magnetically separated from the supernatant. Next, the slurry containing
magnetite was oxidized to maghemite by boiling with 0.5 mol/L Fe(NO;); for 30 min. The
as-treated precipitate (essentially maghemite) was removed out from the solution by
magnetic decantation and labeled as sample FM.

Maghemite NPs functionalized with citrate were prepared from the as-produced bare
maghemite (sample FM) using trisodium citrate solution (1.0 mol/L) at 80 °C for
30 min (molar ratio of citrate to iron=0.1). The obtained precipitate was magnetically
collected, washed twice with acetone (excess of acetone evaporated), and labeled as
sample FMC.
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Fig. 1 Scheme of maghemite nanoparticles preparation: FM — as-prepared sample, FMC — nanoparticles
functionalized with citrate (adopted from [5])
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Fig. 2 X-ray diffraction pattern of the as-prepared FM sample. Symbols “+” and “|” indicate peak positions for
maghemite (JCPDS 39-1346) and magnetite (JCPDS 19-0629), respectively

Powdered samples for Mgssbauer spectroscopy were prepared with surface thickness of 8—
10 mg Fe/cm?2.

The FM sample was characterized using X-ray diffraction (XRD). Powder analysis of the sample
was carried out with a Miniflex 600 diffractometer (Rigaku) over 20 range of 20-70° using Cu-K,,
radiation (A = 1.541 A) and operating at 40 kV and 30 mA. Size and morphology of the as-produced
FM sample were examined by transmission and high-resolution transmission electron microscopy
(TEM and HRTEM) using a JEOL 1100 apparatus.

The room temperature Mossbauer spectra of the FM and FMC samples were
measured using an automated precision Mdssbauer spectrometric system, built on the
base of the SM-2201 spectrometer, with a saw-tooth shape velocity reference signal
formed by the digital-analog converter using discretization of 212 (quantification of the
velocity reference signal using 4096 steps). Details and characteristics of this spec-
trometer and the system as well as this method’s features were described in [13, 14].
The 1.0 x 10° Bq *’Co in rhodium matrix (Ritverc GmbH, St. Petersburg) is kept at
room temperature. The MoOssbauer spectra were measured in transmission geometry
with moving absorber and recorded in 4096 channels. The 80 K Mdgssbauer spectra of
the FM and FMC samples were measured using a conventional Wissel spectrometer
with the triangular velocity reference signal formed using quantification with 512 steps
(low velocity resolution) and liquid nitrogen cryostat. The ~1.8 x 10° Bq 37Co in
rhodium matrix source (Ritverc GmbH, Saint-Petersburg) is kept at room temperature.

The 80 K Mogssbauer spectra were computer fitted by the least squares procedure with
MossWinn code [15] after folding using a Lorentzian line shape in different ways. Firstly, the
Massbauer spectra were fitted by the hyperfine field distribution with further fitting the
distribution function. Then, the Mdssbauer spectra were fitted by the independent magnetic
sextets. The spectral parameters such as: isomer shift, o, quadrupole shift for magnetically split
components, €, magnetic hyperfine field, B, line width, I, relative subspectrum area, A, and
normalized statistical quality of the fit, x2, were determined. Criteria of the best fit were
differential spectrum, the value of x2, and physical meaning of parameters. Values of & are
given relative to -Fe at 295 K.
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Fig. 3 Transmission and high resolution transmission electron microscopy images of as-prepared FM sample (a
and b, respectively) and its particles’ size distribution (c)
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Fig. 4 The difference between the room temperature Mossbauer spectra of as-prepared FM and FMC
nanoparticles

3 Results and discussion

The XRD pattern of the MF sample is shown in Fig. 2, being the recorded diffractogram typical of
the maghemite/magnetite phase. Using the Scherrer’s formula [16] for the broadening of the (311)
XRD line, the average crystalline size of the MF sample is estimated to be ~9.3 nm.

Although there is a limitation of the XRD technique in magnetite and maghemite differ-
entiation and in determination of the possible presence of both phases in the studied sample,
the XRD peak positions in Fig. 2 indicate the predominance of maghemite phase in FM
sample. Actually, apart for few extra peaks, such as (210) and (211) solely observed in pure
maghemite (not seen in Fig. 2), XRD peaks of magnetite and maghemite are very analogous.
However, the equivalent XRD peaks are slightly shifted towards the higher angles indicates the
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Fig. 5 Madssbauer spectra of as-prepared FM nanoparticles and those functionalized with citrate FMC nanopar-
ticles measured at T = 80 K and fitted with hyperfine field distribution function, the differential spectra are shown
on the top (left panel) and corresponding distribution functions of the hyperfine field (right panel). 1, 2 and 3 are
Lorentzian single lines used for the fit of P(B)
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Table 1 Parameters resulting from the fits of the hyperfine field distribution with three singlet Lorentzian lines
for the FM and FMC Mgssbauer spectra shown in Fig. 5

Sample Singlet No Bnao T A, %

M 1 51.9 57.1
2 49.7 313
3 459 11.6

FMC 1 524 459
2 50.8 383
3 48.9 15.8

predominance of maghemite phase. Particularly, quantitative shift of the (511) XRD peak
towards 57.5° indicates complete conversion of magnetite into maghemite [17]. Moreover, the
classical chemistry titration using K,Cr,O; (dichromatometry) was employed to determine the
FeZ* and Fe3* contents in the FM and FMC samples. The Fe3*/Fe2* molar ratio was found to be
about 2 after the first step of synthesis (fabrication of magnetite in Fig. 1). However, after
oxidation of magnetite into maghemite NPs (step 2 of the synthesis), Fe2* was not detected in
the FM and FMC samples, corroborating with the XRD results of complete conversion of
Fe;0, into y-Fe,0s.

The TEM and HRTEM images of the as-prepared FM sample are shown in Fig. 3. The
as-prepared NPs reveal spherical shape. The assessed interatomic layer distance of 0.24 nm
(see middle panel of Fig. 3) corresponds to the (311) plane in the maghemite phase. The
size distribution of the as-prepared NPs (see Fig. 3¢) demonstrates the average nanopar-
ticles’ diameter < D > of 10.6 nm. As usual, the average crystalline size obtained from the
XRD data (~9.3 nm) is slightly smaller than the average nanoparticles’ diameter deter-
mined from the TEM data (10.6 nm), suggesting the presence of a surface crystalline dead
layer.

The room temperature Mdssbauer spectra of as-prepared FM and those functionalized with
citrate FMC nanoparticles are shown in Fig. 4. The difference between the two spectra is
clearly seen. Both spectra demonstrate relaxation character with different relaxation rates. The
shape of the room temperature Mossbauer spectrum of as-prepared FM nanoparticles with
more pronounced magnetically split pattern could be interpreted as a result of interparticle
interactions which leads to slowing down of the magnetic relaxation. The shape of the room
temperature Mdssbauer spectrum of functionalized with citrate FMC nanoparticles with
possible presence of doublet and smaller contribution of magnetically split component(s)
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Fig. 6 Mossbauer spectra of as-prepared FM nanoparticles and those functionalized with citrate FMC nanopar-
ticles measured at T =80 K fitted with three independent sextets numbered 1, 2 and 3
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Table 2 Maossbauer parameters for as-prepared FM nanoparticles and those functionalized with citrate FMC
nanoparticles measured at T=80 K

T, mm/s 5, mm/s 2¢, mm/s By T A, % Component
FM
0.61 £0.04 0.45 £ 0.02 0.00 + 0.02 51.8 £ 0.1 53.7 Sextet 1
0.61 £0.04 0.42 +0.02 -0.02 + 0.02 48.8 + 0.1 31.3 Sextet 2
0.61 £0.04 0.43 +0.02 —0.06 + 0.02 444 +£0.1 15.0 Sextet 3
FMC
0.55+0.04 0.45 + 0.02 0.02 + 0.02 522 +0.1 51.1 Sextet 1
0.55+0.04 0.43 + 0.02 —-0.04 + 0.02 49.8 £0.1 36.3 Sextet 2
0.55+0.04 0.46 + 0.02 -0.01 + 0.02 46.1 £ 0.1 12.6 Sextet 3

can be explained as a result of (i) a decrease of interparticle interactions due to the NPs capping
by citrate leading to the faster relaxation rate and (ii) the 37Fe magnetic hyperfine field
influenced by the electrostatic interaction of citrate polar molecules with iron oxide nanopar-
ticles’ surface leading to decrease of Fe spin disorder (see, for instance, [18]). Then the
Maossbauer spectra of these samples were measured at 80 K.

The 80 K Mdssbauer spectra of as-prepared FM nanoparticles and those functionalized with
citrate FMC nanoparticles fitted with hyperfine field distribution function P(B) are shown in
Fig. 5. Further the distribution functions were fitted using Lorentzian single lines and the best fit
showed the presence of three single lines which can be related to three different S7Fe microen-
vironments in nanoparticles. Parameters of these single component (single lines) in the distri-
bution probabilities for FM and FMC samples are shown in Table 1. It is clearly seen small
variations of By, and A values for corresponding singlets for as-prepared FM nanoparticles and
those functionalized with citrate FMC. This result indicates that the process of as-prepared FM
nanoparticles interaction with citrate led to some changes in NPs after functionalization. Then to
excavate more detailed Mdssbauer parameters, these spectra were fitted using three independent
sextets (Fig. 6). Mdssbauer parameters for these sextets are collected in Table 2. The values of &
for all sextets are the same within the error while quadrupole shifts are almost the same. On the
other hand, the values of By for the same sextets in the Mdssbauer spectra of FM and FMC
nanoparticles are slightly different beyond the error. These values appeared to be slightly
increased for sextets in the Mdssbauer spectrum of nanoparticles functionalized with citrate
FMC. This fact indicates that citrate capping of FM nanoparticles leads to small increase in the
magnetic hyperfine field on the *’Fe in corresponding microenvironments. Moreover, the
relative areas for sextets 1 and 3 are slightly decreased while that for sextet 2 is slightly
increased for the Mdossbauer spectrum of FMC. This may indicate that functionalization of
as-prepared FM nanoparticles with citrate caused re-distribution of the relative parts of three
different 37Fe microenvironments with increasing of the magnetic hyperfine fields on the 37Fe.

4 Conclusion

The Mdossbauer spectra of as-prepared iron oxide (maghemite) nanoparticles and those func-
tionalized with citrate demonstrated different shapes at room temperature, indicating that the
citrate capping of the NPs’ surface may decrease the interparticle interaction while adding
interaction of the polar end of the citrate molecules with the Fe3* ions at the NPs’ surface.
Comparison of as-prepared IONs (sample FM) with the citrate functionalized NPs (sample
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FMC) using 80 K Mdssbauer spectroscopy demonstrated that the NPs can be considered as
consisting of three slightly different 3’Fe microenvironments, with different magnetic hyper-
fine field values. The citrate functionalized NPs’ lead to some re-distribution of the relative
parts of these 37Fe microenvironments, slighting increasing the corresponding magnetic
hyperfine field. Neglecting the relaxation effects of potentially occurring particle size changes
and leaving out redox reactions of nanoparticles by citric acid [10], our finding can be a result
of the interaction of the polar end of the citrate molecules (carboxylate groups) with surface-
terminating Fe3+, leading to improvement of the surface spin ordering. This polar carboxylate-
Fe3* interaction can affect the magnetic properties of the surface of functionalized NPs.
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