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Abstract

The growing interest in functionalized nanoparticles and their implemen-
tation in oilfield applications (e.g., drilling fluids and enhanced oil recovery
(EOR)) facilitate the ongoing efforts to improve their chemical functionaliza-
tion performance in stabilization of water based or hydrocarbon based na-
nofluids. Cyclic azasilanes (CAS), substituted 1-aza-2-silacyclopentanes, pos-
sess a strained 5-member ring structure. Adjacent Si and N atoms in the ring
provide opportunity for highly efficient covalent surface functionalization of
hydroxylated nanoparticles through a catalyst-free and byproduct-free click
reaction. In this work, hydroxylated silica, alumina, diamond, and carbon
coated iron core-shell nanoparticles have been studied for monolayer CAS
functionalization. Two cyclic azasilanes with different R groups at N atom,
such as methyl (CAS-1) and aminoethyl (CAS-2), have been utilized to func-
tionalize nanoparticles. All reactions were found to readily proceed under
mild conditions (room temperature, ambient pressure) during 1 - 2 hours of
sonication. CAS functionalized adducts of hydroxylated nanoparticles have
been isolated and their microstructure, composition, solubility and thermal
stability have been characterized. As a result, it has been demonstrated, for
the first time, that covalent surface modification with cyclic azasilanes can be
extended beyond the previously known porous silicon structures to hydrox-
ylated silica, alumina and carbon nanoparticles. The developed methodology
was also shown to provide access to the nanoparticles with the hydrophilic or
hydrophobic surface functional groups needed to enable oilfield applications
(e.g., EOR, tracers, drilling fluids) that require stable water based or hydro-
carbon based colloidal systems.
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1. Introduction

Colloidal systems of functionalized nanoparticles have been evaluated in oil in-
dustry for enhanced oil recovery, formation damage remediation, flow assurance,
and water treatment operations [1]-[8]. Surface modified nanoparticles have also
been considered for applications as tracers in reservoir studies, active media in
thermal management fluids, and fillers in high performance elastomers [9] [10]
[11] [12] [13]. Conventional functionalization of nanoparticles, which mostly
use alkoxysilanes and chlorosilanes for covalent bonding to surface, need cata-
lytic amount of water for the reactions to proceed, require multiple hours to ful-
ly saturate the surface, and release by-products capable of interfering with the
desired functional or chemical behavior of the modified surface [14]. Control of
monolayer deposition on the nanoparticle surface to obtain a high density of func-
tional groups represents a particularly difficult challenge. The reaction of surface
hydroxyl groups with alkoxysilanes normally requires hydrogen bonding of hy-
droxyl groups with either neighboring hydroxyl groups or the addition of hy-
drogen-bonding additives such as amines [15]. Alternatively, alkoxysilanes can
be first hydrolyzed to silanols, but these silanol-containing species tend to self-
polymerize, generating their own nanoscale domains, often large enough to bridge
across features of the treated nanoparticle [16]. Prehydrolyzed silanes are not
suitable for vapor phase deposition-the method of choice for most nanoscale ap-
plications, since they are not volatile. The most critical intrinsic limitation in reac-
tivity of conventional silanes is the absence of significant thermodynamic driv-
ing force for formation of siloxane bonds with substrates.

The increasing demand for surface-modified materials and pigments and func-
tionalized nanoparticles has been driving the continued efforts to improve their
chemical coupling performance in critical applications. In response to this de-
mand a new class of chemical compounds, called cyclic azasilanes, has been de-
veloped for maximizing the bonding efficiencies to hydroxyl-terminated surfaces.
Reactivity of cyclic azasilanes has recently been demonstrated on films, micro-
particles, and porous silicon particles [17]. Combination of ring strain and un-
stable Si-N bonding makes the cyclic azasilanes chemically reactive with hydrox-
yl surfaces through a ring-opening reaction. These compounds are also expected
to react with a variety of hydroxyl-functionalized nanoparticles via a ring-opening
reaction that is thermodynamically driven without the formation of volatile by-
products, thus proceeding in an environmentally friendly manner. Moreover,
cyclic azasilanes offer a higher level of monolayer deposition than traditional

organosilane and metal-organics based chemistries, making them suitable as
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coupling agents, surface modifiers and functionalizing tools [17] [18]. However,
the literature covering the utility of this approach realized through a mild wet
chemistry conditions, has been limited to porous silicon structures [18]. The ap-
plication of this chemistry to free standing silica and other oxide nanoparticles
as well as carbon based nanostructures has not been demonstrated so far.

In this work, we have shown that application of cyclic azasilanes (CAS) that
have a strained ring structure with adjacent Si and N centers enables a highly ef-
ficient functionalization route of a series of different hydroxylated spherical na-
noparticles (Scheme 1) proceeding catalyst-free and by-product-free with the
exothermic formation of siloxane bonds between the coupling agent and the na-
noparticle surface.

The nanoparticles selected for these studies include nanosilica, prepared by
colloidal synthesis, alumina, nanodiamond, and carbon coated iron core-shell
nanoparticles. Prior to reacting with the cyclic azasilane, the nanoparticles with
the carbon surfaces have been hydroxylated by treatment with the appropriate
reagents. Two cyclic azasilanes with different R groups at N atom, such as me-
thyl (CAS-1) and aminoethyl (CAS-2), have been utilized in the click reactions
(Scheme 1) to generate surface functionalities enabling the solubility of nano-

particles either in hydrocarbons or in water.

2. Materials and Methods
2.1. Materials

All chemicals were used as received, without further purification. Cyclic azasi-
lanes, N-methyl-1-aza-2, 2, 4-trimethyl-2-silacyclopentane (CAS-1) and N-(2-
aminoethyl)-1-aza-2, 2, 4-trimethyl-2-silacyclopentane (CAS-2) with the puri-
ty > 95% each were purchased from Gelest, Inc. Powders of Silica (10 - 20 nm
particle size range) were purchased from SkySping Nanomaterials Inc. and Alu-
mina (<50 nm size of particle aggregates) were obtained from Sigma Aldrich,
diamond nanopowder (consisting from 3 - 6 nm size primary particles forming
up to a micron size aggregates according to TEM) received from NanoAmor,
and black powder of Fe@C with 99.5% purity and 25 nm average particles size
(APS) was purchased from Sigma Aldrich. The solvents, tetrahydrofuran (THF)
and dimethylformamide (DMF), were also supplied by Sigma Aldrich.

OH R™ O p R

+ e
N
Si~” R
R' / \R"

CAS-1 R:R':R":R"':CHs
CAS-2 R=CH2CH2NH2, R':anRm:CHS

Scheme 1. General representation of click reaction for surface modification of OH-terminated
spherical nanoparticles with cyclic azasilanes.
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2.2. Methods
2.2.1. Hydroxylation of Nanoparticles

Silica and alumina nanoparticles already had a substantial surface coverage by
hydroxyl groups in the as received powder form, therefore the hydroxylation was
carried out only on diamond and Fe@C nanoparticles.

For nanodiamond, surface hydroxylation by an acid mediated modification of
Fenton reaction [19] has been adopted. The schematic representation of the reac-
tion is given in Scheme 2.

In this process 50 g of nanodiamond (nD) were mixed in a beaker with 250 g
of FeSO4+7H,0 as the catalyst in 500 mL of 30% H,SO,. This was followed by
slow and careful addition of 500 mL of H,O, divided in two equal portions un-
der cooling in an ice bath. After the reaction, product was washed multiple times
on the Whatman filter until the pH of the filtrate reached 4 to 5 range. The in-
crease in the nanodiamond surface coverage by OH groups was evidenced by
FTIR spectrum of freeze-dried sample of the hydroxylated product.

Hydroxylation of carbon shell in Fe@C nanoparticles (Scheme 3) was per-
formed by the following procedure: Fe@C powder was first dispersed by mixing
in 35% H,O, and then ultrasonicated for 2 hours. After sonication, the particles
were magnetically separated and washed multiple times. Particles separation was
carried out with the centrifugation in water-sucrose media using different wt%
concentrations of sucrose (30%, 50%, and 70%) for 10 min at 1000 rpm.

The particles were collected from the centrifuged top layer, washed with wa-
ter, and then magnetically separated and re-dispersed in water. After freeze-drying
of the H,O, treated Fe@C sample, the FT-IR analysis showed the presence of

hydroxyl groups.
OH
HO OH
FeSO,/H,0,
>
H,SO,/H,0 HO OH
nD OH
HO-nD

Scheme 2. Surface hydroxylation of diamond nanoparticle aggregates through acid me-
diated Fenton reaction.

H,O.

v

OH

Fe@C

Fe@C-OH

Scheme 3. Surface hydroxylation of carbon coated iron core-shell nanoparticles.

DOI: 10.4236/anp.2021.101003 39 Advances in Nanoparticles


https://doi.org/10.4236/anp.2021.101003

R. Suresh et al.

2.2.2. Reaction of Hydroxylated Nanoparticles with Cyclic Azasilanes
Silica, alumina, and hydroxylated diamond were treated with N-methyl-aza-2, 2,
4-trimethyl-2-silacyclopentane (CAS-1) at room temperature by taking 0.03 g of
SiO,, 0.05 g of ALLOs each in 5 mL Toluene, and 0.2 g of HO-nD in 5 mL THF.
To each mixture, 0.3, 0.5, and 0.2 mL of CAS-1, respectively, were added and
followed by sonication for 1 hr. After sonication, the reaction mixtures were
washed several times on filter membrane with the same solvent. The residues
collected on the filter were placed in ethanol and centrifuged. The precipitates
were then dried in vacuum oven at 60°C.

Similarly, 0.2 g of Fe@C-OH and HO-nD nanopowders were each taken in 5
mL DMEF, each mixed with 0.5 mL N-(2-aminoethyl)-aza-2, 2, 4-trimethyl-2-
silacyclopentane (CAS-2) and then sonicated for 2 hours; thereafter, the reaction
product was isolated by filtration and extensive washing on the filter and fol-

lowed by freeze-drying of the residue collected on the filter.

2.3. Materials Characterization

The FTIR spectra of the powder samples were obtained in ATR mode using Ther-
mo Fisher instrument equipped with the diamond ATR accessory. The ATR
FTIR spectra of the samples, placed over the diamond crystal surface, were col-
lected at 64 scans with 4 cm™ resolution. Nanoparticles were analyzed by a field
emission Scanning Electron Microscope (SEM) JEOL JSM-7800. For the particle
morphology and elemental analysis, the samples were drop casted on a Si wafer
substrate and imaged. Elemental analysis was performed by EDS with 15 kV
electron beam acceleration energy at working distance of 10 mm. Thermal gra-
vimetric analysis (TGA) was performed using a TA Q500 instrument with Ni-
trogen as a purge gas at a flow rate of 40 mL/min at heating rate of 10°C/min up

to 900°C. The change in weight with temperature was plotted.

3. Results and Discussion

3.1. Hydroxylated Diamond and Fe@C Nanoparticles

Fenton redox reaction used for synthesis of hydroxylated diamond nanoparticles
is highly exothermic, therefore, a controlled addition of H,O, to nanodiamond
and iron (II) sulfate catalyst in the presence of sulfuric acid is required. Never-
theless, after workup of the reaction mixture, the finally isolated and freeze-dried
hydroxylated diamond nanopowder did not contain any iron impurity according
to SEM/EDS analysis. As a result, the FTIR spectrum of HO-nD powder (Figure
1(b)) shows prominent bands of the hydroxyl groups bonded to carbon only,
such as bands at 3387 cm™ and 1105 cm™ due to O-H and C-OH stretches, re-
spectively.

The hydroxylation of diamond surface facilitates very good dispersability of
nanoparticles in water. Photograph in Figure 2 shows a suspension of HO-nD
particles that has been stable in water for over two weeks. Water dispersions of
HO-nD particles were analyzed through DLS (Figure 2(B)). Analysis yielded
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Figure 1. FT-IR spectra of CAS-1 (a) and hydroxylated nanodiamond taken before (b)
and after (c) its reaction with CAS-1, showing (c') the expanded along Y-axes section of
the spectrum c in the 3700 - 2800 cm™ range.
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Figure 2. Photograph of HO-nD water dispersion taken after 2 weeks and showing no
visual precipitation of the particles (A). DLS measurements data plots for HO-nD particle
size distribution (B) and Zeta Potential (C) obtained from two repeated measurements.

mean size of particles aggregated through the surface OH groups, which is around
64.5 nm. This has substantially decreased in comparison to DLS aggregate’s size
of ~200 nm for as-received nanodiamond powder dispersed in water. Surface
potential measurements yield zeta potential value of —42.2 mV (Figure 2(C)).
This data confirms the presence of negatively charged hydroxyl functional groups
on the surface of nanodiamond particles.

The as-received commercial Fe@C nanopowder is polydispersed with the sizes
of the particles ranging from 25 nm to several microns in diameter according to
SEM (not shown). In absence of added surfactants, its dispersion shows very
high settling rate in water. However, treatment with H,O, turns the carbon sur-
face of these core-shell nanoparticles hydrophilic and, as in the case of nano-
diamond, helps to stabilize the suspension. The IR spectrum of Fe@C-OH na-
nopowder (Figure 3) shows a distinct broad band in the 3000 - 3500 cm™ region
indicating the introduction of surface OH groups by hydroxylation.

3.2. Nanoparticles Functionalized by CAS-1 Coupling Agent

The click reactions of silica, alumina and HO-nD with the CAS-1 are expected to
result in formation of new NH bonds in the adducts formed after the CAS ring-
opening (Scheme 1). Appearance of these bonds can be qualitatively verified by

the color reaction typically used for secondary amines with Ninhydrin to form a
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Figure 3. FTIR spectra of Fe@C-OH (red line) and the product of its click reaction with
CAS-2 forming amino group terminated product (black line).

yellow colored product [20] [21]. In these tests, nanoparticles of SiO,, Al,O5 and
HO-nD, acquiring a secondary amine units after functionalization with CAS-1,
were each treated with the solution of Ninhydrin in water and heated at 70°C for
15 mins. The observed appearance of yellow color indicated the presence of sec-
ondary amine. The photographs of the test vials shown on Figure 4 compare the
colorless Ninhydrin solution with the formed bright yellow colored suspensions
of Si0,-CAS-1 and ALO;-CAS-1 adducts as well as colloidal suspension of nD-
OH-CAS-1 adduct to Ninhydrin exhibiting brown color. This coloring occurred
perhaps due to overlapping and mixing of adduct’s yellow color with an intense
gray color of initial HO-nD-CAS-1 nanoparticle suspension.

The IR spectra of silica (Figure 5) and nanodiamond (Figure 1) powders
showed significant changes after click reactions of their hydroxylated derivatives
with the CAS-1 coupling agent have been completed and the respective adducts
Silica-CAS-1 and HO-nD-CAS-1, isolated. They show characteristic bands of the
C-H stretching and deformation modes in the 2800 - 3000 cm™ and 1200 - 1470
cm™ ranges, respectively. New N-H and Si-O(C) bonds formed as the result of
addition and ring opening reactions are best seen in the IR spectrum of HO-
nD-CAS-1 adduct through the observation of broad band of NH stretch at 3316
cm™ (Figure 1(c')) and NH bending mode at 1654 cm™, and strong band at
about 1049 cm™ due to Si-O(C) stretching mode. (Figure 1(c)). In the spectrum
of Silica-CAS-1 (Figure 5(b")) the broad band observed near 3310 cm™ and
mid-intensity band at 1670 cm™ can be associated with the NH stretch and NH
bending mode, respectively [22].

Less notable changes have been observed in the IR spectrum of alumina-
CAS-1 adduct in comparison with the as-received alumina nanopowder and
CAS-1 coupling agent (Figure 6). Only weak shoulder peaks belonging to C-H
stretching vibrations of CH; groups have been detected in the 2800 - 3000 cm™
region, and several weak bands characteristic for the CH (1487 cm™), HCSi
(1260 cm™) deformation and NH (1646 cm™) bending modes were observed in
the 1200 - 1670 cm ™’ region (Figure 6(b")). These data likely indicate that in the
cases of alumina and hydroxylated nanodiamond the click reaction proceeds less
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Figure 4. Photographs of Ninhydrin and colored products resulting from its reaction
with the CAS-1 adducts to hydroxylated nanoparticles in water.
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Figure 5. FTIR spectra of silica powder (a), and silica-CAS-1 derivative (b) as well as ex-
panded along Y-axes spectra (a) and (b) shown under (a') and (b') respectively.
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Figure 6. FTIR spectra of as-received alumina powder (a) and ALLO3-CAS-1 derivative (b)
also showing under (b'). The expanded along Y-axes spectrum (b).

efficiently than for silica. This observation is confirmed by comparison of TGA
data obtained for HO-nD-CAS-1, SiO,-CAS-1 and ALQO;-CAS-1 derivatives shown
on Figure 7.

The TGA plots (Figure 7) show the estimated weight loss occurring due to
degradation of CAS-1 moieties covalently bonded to nanoparticle surface in SiO»-
CAS-1, ALLO;-CAS-1, and HO-nD-CAS-1, of 35, 16, and 12 wt%, respectively, in
the 100°C - 300°C temperature range, as referenced to plot of thermal degrada-
tion of neat CAS-1 occurring in lower temperature range, 100°C - 200°C. Since
CAS molecules are covalently bonded to nanoparticles, their thermal degrada-

tion occurs at higher temperatures than degradation of free CAS molecules
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Figure 7. TGA plots (N2 flow) of (A): SiO2 nanopowder (a), SiO2-CAS-1 derivative (b)

and CAS-1 (¢); (B): ALOs nanopowder (a), ALLO3-CAS-1 derivative (b), and CAS-1(c);
(C): HO-nD nanopowder (a), HO-nD-CAS-1 derivative (b), and neat CAS-1 (¢).

as seen on the TGA plots. Usually such observation serves as an indication of the
covalent functionalization of the surface of nanoparticle [14].

From these TGA data, the surface grafting density (¢TGA) values were calcu-
lated by using the methodology described by Colvin et al [23]. By taking into
consideration the averaged diameters of primary particles, 15 nm for silica and 6
nm for alumina and diamond, taken from TEM images provided by vendors for
calculation of volume and surface area of individual nanoparticles, then bulk
densities of materials were used for calculation of total number of particles and
estimation of total surface area. Ultimately, the calculations yielded the following
0T GA values (in number of grafted CAS-1 molecules/nm?): 13.2 for SiO,-CAS-1,
3.0 for AL,Os-CAS-1, and 2.0 for HO-nD-CAS-1. The calculated differences in
surface grafting densities for functionalized nanoparticles indicate a higher sur-
face coverage by CAS-1 achieved on silica as compared to alumina and nano-
diamond. This can be related to higher acidity of surface O-H group on silica,
resulting in easier OH bond dissociation and hydrogen atom mobility in silica
than in alumina and hydroxylated nanodiamond, which facilitate a more effi-
cient addition of O-H from silica surface across the Si-N moiety in CAS-1 coupl-
ing agent via a click reaction (Scheme 1).

Functionalization of SiO,, ALLO; and HO-nD nanoparticles by CAS-1 enable
their solubility in hexane which was demonstrated by sonication of 5 mg of each
powder in the solvent for 10 min and photographs taken after 5 min standing
(Figure 8). This very quick proof-of-concept test shows that after the sonication

is complete, the non-functionalized particles precipitate immediately while the
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Figure 8. Photographs of vials containing SiO», AlOs and HO-nD, and their CAS-1 func-
tionalized derivatives taken after 10 min sonication in hexane and 5 min standing.

CAS-1 treated particles remain suspended in hexane. The higher surface cover-
age by CAS-1 in silica aids better colloidal stability of SiO,-CAS-1 derivative in
hexane as compared to hexane dispersions of AL,O;-CAS-1 and HO-nD-CAS-1
powders which already show some slight precipitation after 5 min standing

(Figure 8).

3.3. Fe@C-OH and HO-nD Nanoparticles Functionalized by CAS-2
Coupling Agent

The click reactions of these nanoparticles with CAS-2 ultimately resulted in the
formation of primary amine terminated functional groups covalently bonded to
surfaces of nanoparticles. The ATR-FTIR spectrum of CAS-2 functionalized
Fe@C nanopowder (Figure 3) shows weak bands of NH and NH, stretching vi-
brations in the 3100 - 3250 cm™ region and a higher intensity peaks in the 1650 -
1550 cm™' region typical for bending deformation modes of these groups in pri-
mary and secondary amines [23]. CAS-2 functionalized Fe@C nanoparticles were
also characterized through SEM/EDS elemental analysis performed by drop
casting the nanoparticles dispersed in ethanol on Cu substrate. The comparative
EDS analysis (Figure 9) taken on the single particle and beside it shows the in-
creased atomic concentration of C, N, O, and Si elements in the Fe@C-CAS-2
nanoparticles and allows to conclude that the functionalization of Fe@C nano-
particle surface via its reaction with the cyclic azasilane CAS-2 indeed took place.

The SEM images also show some increase of the spherical particle sizes for
Fe@C-CAS-2 relatively to the as-received F@C nanopowder. This can be most
likely related to covalent functionalization of the particle surfaces by about 2 nm
long linear molecular chains of -OSi(CH;),CH,CH(CH;)NHCH,CH,NH,, re-
sulting from ring opening of CAS-2, and thus capable of adding at least 4 nm to
the diameter of the particles.

The functionalized particles were re-dispersed in DI water for particle size dis-
tribution analysis measurement. Initial measurement showed the polydispersity
and gave huge error in the measured data. Therefore, these particles were filtered
through a 250 nm Whatman filter membrane. The obtained clear filtrate solu-
tion was analyzed for particle size by DLS. The analysis showed the presence of

particles with the average size of about 80 nm (Figure 9(C)).
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Figure 9. Analysis of Fe@C-CAS-2 nanoparticles: (A) SEM image; (B) Comparative EDS
elemental analysis taken on the spots of single particle (designated by red square) and be-
side the particle (outlined by yellow rectangle) on SEM image (A); (C) DLS data plots ob-
tained from two repeated measurements on filtrated water solution.

In addition, presence of amino groups on the CAS-2 functionalized Fe@C and
diamond nanoparticles has been verified by using the Ninhydrin test [20] [21].
Small amounts of each nanoparticle were treated with Ninhydrin solution and
heated to 70°C for 15 min, which resulted in coloration of the solutions. How-
ever, unlike the CAS-1 functionalized nanoparticles, which contained a second-
ary amino group and formed a yellow colored adducts with the Ninhydrin, in
these tests the appearance of purple/dark violet color has been observed, as shown
by photographs on Figure 10, due to presence of terminal primary amine moie-
ties formed as result of click reactions with CAS-2 (Scheme 1).

Having a terminal primary amino group in the functional groups covalently
bonded to the nanoparticle surface enable, besides the solubility in polar sol-
vents, also an opportunity for further chemical modifications that can be tai-
lored for particular applications of nanoparticles, e.g., in polymer systems and
fluids [1] [2]. For instance, functionalizing the nanoparticles with the fluorescent
tags will assist in determination of their placement location when nanoparticle
containing fluids are deployed in oil reservoir [9], similar to recently described
detectable penetration of tagged magnetic Fe@C nanoparticles inside the living
cells [24]. Accordingly, we have used the terminal primary amino group in the
structures of HO-nD-CAS-2 and Fe@C-OH-CAS-2 nanoparticles for their mod-
ification with the fluorescent marker by coupling to isothiocyanate -N=C=S group
containing dye. This has been carried out through treatment of these nanopar-
ticles with 0.005 g FITC (Fluorescein isothiocyanate) dye in 5mL THF at room
temperature. Dye treated nanoparticles were washed multiple times with ethanol
and acetone to remove the unbonded dye and dried under vacuum. Dried par-
ticles were characterized by photoluminescence (PL) emission spectra (Figure
11) taken on powders excited with 365 nm light.

In the PL spectra, a detectable emission has been observed only from dye
treated samples and virtually none from Fe@C-OH-CAS-2 and nD-OH-CAS-2
powders, as indicated by Al and B1 curves on Figure 11. The emission band in
nD-OH-CAS-2-dye adduct (curve A2) has broaden and red-shifted by about 30
nm relatively to FITC dye sample. In case of Fe@C-OH-CAS-2-dye, the observed
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(D)

Figure 10. Photographs of vials containing Ninhydrin treated nanoparticles of HO-nD-
CAS-2 (A) and Fe@C-OH-CAS-2 (B); and non-treated nanoparticles HO-nD-CAS-2 (C); and
Fe@C-OH-CAS-2 (D) dispersed in water.
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Figure 11. PL spectra of FITC dye (black line), Fe@C-OH-CAS-2 (A1), Fe@C-OH-CAS-2-dye
(A2), nD-OH-CAS-2 (B1), nD-OH-CAS-2-dye (B2).

emission band (curve B2) was very broad and weak, however it showed a maxi-
mum similarly red-shifted with respect to emission band of dye itself. These
spectral data confirm the transformation of both NH, groups on nanoparticles

and FITC dye after the reaction with the functionalized nanoparticles.

4. Conclusion

In summary, the series of experiments described in this work provided a proof-
of-concept evidence for covalent surface modification of hydroxylated nanopar-
ticles using cyclic azasilanes that can be successfully extended beyond the silicon
nanostructures to alumina and carbon nanoparticles, built from sp* bonded
carbon atoms (diamond) and also from the sp? bonded carbon shell in Fe@C. All
studied reactions proceed at especially mild conditions, room temperature, com-
plete in short time and produce no by-products. As a result, such demonstrated
facile chemical method utilizing click reactions with either CAS-1 or CAS-2 rea-
gents yielded the nanoparticles surface functionalized with the terminal second-
ary or primary amino groups. These moieties can particularly serve as anchor

points for further modification with the functional groups and enable stable dis-
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persions of nanoparticles in fluids and polymer systems for oilfield applications

on demand.
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