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QUANTITATIVE DETERMINATION OF 3-AMINOPROPYLSILANE
ON THE SURFACE OF Fe3O4 NANOPARTICLES BY ATTENUATED
TOTAL REFLECTION INFRARED SPECTROSCOPY
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A technique for quantitative analysis of 3-aminopropylsilane on the surface of chemically modifi ed Fe3O4 magnetic 
nanoparticles in the concentration range 0.32–3.03 mmol/g was developed using attenuated total refl ection infrared 
spectroscopy. The technique was based on the ratios of band areas corresponding to Fe–O vibrations of the 
nanoparticles and Si–O vibrations of the coating as a function of the Si mass fraction in the nanocomposite that was 
determined by inductively coupled plasma atomic-emission spectroscopy.
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Introduction. Magnetic nanoparticles (MNP), including those based on iron and its oxides (γ-Fe2O3 and Fe3O4), 
are currently being investigated for medical applications (targeted drug delivery, improved contrast in magnetic-resonance 
imaging, and hyperthermal treatment of tumors [1–3]). Magnetic materials are used routinely, e.g., in biology for magnetic 
separation of biomolecules and cells [4] or in chemistry for development of magnetic separation of catalysts [5]. A promising 
method for modifying iron-oxide nanoparticles (NP) consists of depositing an organic layer on MNP using functionalized 
alkoxysilanes, in particular, 3-aminopropyltrialkoxysilanes [6–18] that form an organosilicon layer with functional groups 
on the surface. This enables the NP to be modifi ed further. The ability to conjugate MNP to biomolecules or organic catalysts 
depends essentially on the surface concentration of functional groups. IR spectroscopy is most often employed for a qualitative 
assessment of the degree of functionalization. As a rule, elemental analysis, inductively coupled plasma atomic-emission 
spectroscopy (AES), or thermogravimetric analysis (TGA) is used for a quantitative determination of the number of organic 
molecules on the MNP surface [6–8, 10–14].

The number of molecules immobilized on the MNP can be determined indirectly using sorption (desorption) or 
covalent binding of various organic chromophores to the surface groups. Fluorescence or UV/vis spectrometry can determine 
the number of free molecules remaining in solution [6–9, 15–17]. For example, MNP with surface 3-aminopropylsilane 
(APS) groups were modifi ed covalently with rhodamine B [15], N-difl uorenylmethoxycarbonyl-L-lysine [6], or S-naproxene 
[7] (production of amide derivatives) or p-nitrobenzaldehyde (Schiff base formation) [16, 17] in order to determine the 
concentration of surface amines. The degree of functionalization of the starting MNP was determined from the difference 
between the amounts of reagent added to the reaction mixture and unreacted reagent. Conductometric titration with HCl 
was used to determine the concentration of amines on the MNP surface [18]. The conductivity of the suspension began to 
rise rapidly after all amines were neutralized. The amount of consumed HCl and; therefore, the amount of amines could be 
calculated from this.

The goal of the present work was to develop a technique for measuring the amount of APS from 0.320 to
3.06 mmol/g of MNP on the surface of chemically modifi ed Fe3O4 MNP using attenuated total refl ection (ATR) IR 
spectroscopy. The technique was based on the ratio of vibrational band areas of nanomaterial Fe–O and coating Si–O bonds 
as a function of AES measurements of the Si mass fraction in the nanocomposite.
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Experimental. Fe3O4 MNP (average diameter 20 nm) were produced by gas-phase synthesis at the Institute of 
Metal Physics, Ural Branch, RAS [19]. IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer (Thermo Scientifi c) 
with a diamond crystal at beam-incident angle 45°, an accessory for recording ATR spectra, a DTGS KBr detector, and 
an XT-KBr beamsplitter. Spectra were recorded in the range 400–4000 cm–1 with 64 scans/min, amplifi cation 8, rate 
0.63 cm/s, diaphragm 100, and resolution 4 cm–1. Absorption band areas were calculated using the embedded Omnic 7.3 
software.

The amount of APS on the MNP was calculated from the Si mass fraction, which was determined by AES on an iCAP 
6300 Duo ICP spectrometer (Thermo Scientifi c) using the intensity of the most sensitive analytical spectral line at 251.6 nm. 
The results obtained using the technique developed by us were compared with elemental analysis data. For this, the carbon 
mass fraction in model samples was determined using a PE automated 2400 Series II CHN analyzer. Then, the amount of APS 
immobilized on the Fe3O4 MNP surface was calculated.

The APS-modifi ed MNP were prepared in analogy with previously described techniques [6–8]. Starting MNP in 
aqueous EtOH were treated for 6 h with 3-aminopropyltrimethoxy- (APTMS) or triethoxysilane (APTES) calculated for 
0.50, 0.75, 1.0, 3.0, and 20.0 mmol of alkoxysilane per gram of MNP. The modifi ed MNP were washed with H2O and EtOH 
and dried in vacuo. According to transmission electron microscopy, the MNP did not change size during the modifi cation 
and remained at ~20 nm. Nine Fe3O4 MNP samples containing various amounts of APS were obtained as a result. A weighed 
portion of the MNP (10 mg) was placed into a jasper mortar and thoroughly ground in order to increase the homogeneity of 
the analyzed sample. The analytical techniques required at least 5 mg of sample.

Results and Discussion. The Fe3O4 MNP (20 nm) surface was modifi ed with APTMS according to the previously 
developed technique [6–8] and the following scheme:

IR spectroscopy confi rmed that APS was immobilized on the surface (Fig. 1a). The principal characteristic bands in 
spectra of APS-modifi ed MNP were those corresponding to MNP Fe–O and organic coating Si–O vibrations. A band at 548 
cm–1 belonging to Fe–O stretching vibrations changed insignifi cantly. It shifted to 554 cm–1 in ATR spectra of the modifi ed 
NP. Clearly pronounced bands at 1084 and 816 cm–1 that were due to APTMS Si–O–C stretching vibrations disappeared 
[20, 21]. Absorption bands at 1103, 1010, and 931 cm–1 appeared in ATR spectra of APS-modifi ed MNP and corresponded 
to Si–O–Si vibrations. Bands at 1471, 1311, 1233, and 1191 cm–1 were also observed in spectra of modifi ed MNP. These 
were assigned to CH2 bending, skeletal CH2–CH2, Si–CH2, and C–N stretching vibrations, respectively. A band at 1568 cm–1 
was characteristic of NH2 bending vibrations. Furthermore, bands for asymmetric (down to 2926 cm–1) and symmetric (up 
to 2860 cm–1) C–H stretching vibrations in the modifi ed products shifted and diminished compared with the corresponding 
bands in spectra of starting APTMS (2940 and 2840 cm–1).

Thus, two groups of bands belonging to coating Si–O and MNP Fe–O vibrations were most interesting for a 
qualitative assessment of the amount of APS on the MNP surface. It was shown that the ATR spectra did not change for 
nanocomposites containing various amounts of APS. The shape and position of the principal absorption bands remained 
practically constant. However, the ratio of Si–O and Fe–O absorption band intensities varied smoothly as a function of the 
MNP surface concentration of organic molecules (Fig. 1b).

A calibration curve (Fig. 2) was constructed using IR spectroscopy and AES data from nine samples of APS-modifi ed 
MNP in order to quantify the amount of APS on the surface of the chemically modifi ed MNP, which were obtained by treating 
a suspension of Fe3O4 MNP with various amounts of APTMS:
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 с = 1.038х–1.279,  (1)

where c is the amount of APS on the Fe3O4 NP surface (mol/g of MNP) and x, the ratio of integrated intensities of Fe–O 
(SFe–O) (in the range 790–1180 cm–1) and Si–O (SSi–O) (in the range 480–755 cm–1) vibrations in ATR spectra.

ATR spectra of analyzed samples were recorded at least fi ve times (n = 5). The average of the ratios of vibrational 
band integrated intensities x was calculated for each sample (Fig. 1b). Equation (1) was used to calculate the amount of APS 
(c) on the Fe3O4 MNP surface (mol/g of MNP). The calculated x values agreed within uncertainty limits of less than 6%. The 
systematic error was 3%. The developed technique had 14% relative uncertainty for a calculated characteristic.

This technique for determining the amount of APS was an alternative to elemental analysis or AES for the type 
of used nanocomposites. It was faster, cheaper, and reproducible. Furthermore, small samples (5 mg) were adequate for 
analysis by this technique (whereas AES requires ~50 mg of MNP). The technique was used to determine the amount of APS 
in model samples of APS-modifi ed MNP that were synthesized under various conditions [6–8]. The results obtained using 
the developed technique were comparable to those from elemental analysis of the carbon mass fraction. The relative limit 

Fig. 1. ATR spectra of starting Fe3O4 magnetic nanoparticles (MNP) (1), APS-modifi ed 
Fe3O4 MNP containing 0.32 (2), 0.48 (3), 0.68 (4), 0.84 (5), and 3.06 mmol of APS/g of 
MNP (6) (calculated from the Si mass fraction determined by AES), and APTMS (7) (a) and 
an example of baselines relative to which integrated intensities of analytical bands of Si–O 
and Fe–O vibrations were measured (b).
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of reproducibility of the results was 11%. Practical application of the technique could be limited by the size of the studied 
particles (possible application of the technique to particles of different sizes was not studied).

Conclusions. An IR spectroscopic technique for determining the amount of APS on the surface of chemically modifi ed 
Fe3O4 MNP in the concentration range 0.320–3.06 mmol/g of MNP was developed. It was based on the ratios of vibrational 
band areas of nanomaterial Fe–O and coating Si–O bonds as a function of the Si mass fraction in the sample that was 
measured using AES. Such a technique could be used to determine the amounts of other organic molecules immobilized on 
the surface of different NP where individual characteristic absorption bands corresponding to vibrations of the nanocomposite 
inorganic and organic materials can be identifi ed in IR spectra.
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