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A B S T R A C T

Nitinol (NiTi) nanoparticles are a valuable metal alloy due to many unique properties that allow for medical
applications. NiTi nanoparticles have the potential to form nanofluids, which can advance the thermal con-
ductivity of fluids by controlling the surface functionalization through chemical attachment of organic acids to
the surface to form self-assembled alkylphosphonate films. In this study, phosphonic functional head groups such
as 16-phosphonohexadecanoic acid, octadecylphosphonic acid, and 12-aminododecylphosphonic acid were used
to form an ordered and strongly chemically bounded film on the NiTi nanopowder. The surface of the NiTi
nanoparticles was modified in order to tailor the chemical and physical properties to the desired application. The
modified NiTi nanoparticles were characterized using infrared spectroscopy, powder X-ray diffraction, X-ray
photoelectron spectroscopy, and 31P solid-state nuclear magnetic resonance. The interfacial bonding was
identified by spectroscopic data suggesting the phosphonic head group adsorbs in a mixed bidentate/mono-
dentate binding motif on the NiTi nanoparticles. Dynamic light scattering and scanning electron microscopy-
energy dispersive X-ray spectroscopy revealed the particle sizes. Differential scanning calorimetry was used to
examine the phase transitions. Zeta potential determination as a function of pH was examined to investigate the
surface properties of charged nanoparticles. The influence of environmental stability of the surface modifications
was also assessed.

1. Introduction

Nanoparticles are particles with a diameter of< 100 nm that pos-
sess properties that differ from the properties of the bulk material of the
same composition [1]. Due to their decreased volume-to-surface area,
nanoparticles experience an increase in quantum effects and kinetic
energy [2] when compared to the bulk material. Nitinol, discovered by
William J. Buehler and Frederick Wang in 1959 for Goodyear Aero-
space Corp., is a metal alloy of equal atomic percentages of nickel and
titanium [2–4]. Originally, it was designed to produce a missile nose
cone resistant to heat and fatigue. Nitinol (NiTi) is best known for its
superelasticity, shape-memory, and corrosion resistance, making it an
ideal component for aerospace and biomedical tools. NiTi is capable of
undergoing a controlled distortion and is then able to return to the
original morphology at a slightly higher temperature [5]. The trans-
formation temperature or pressure is the line between martensite and
austenite forms, in which the martensite form is more flexible at low

temperatures. This process is reversible, so that the product can be used
repeatedly with little fatigue [6].

When NiTi shifts between the austenite and martensite forms, na-
noparticles of this material also experience a change in electrical and
thermal conductivity, which may allow NiTi to act as a chemical sensor
in the form of a smart nanofluid [1,7]. In terms of medical applications,
the shape memory and flexibility of NiTi metal has been exploited to
create a less invasive heart stent [6]. NiTi nanoparticles have been
shown to exhibit bioactive properties, leading to the belief that NiTi
nanoparticles could be used to assist in cellular adhesion to biomater-
ials, such as bone implants and prosthetics, and have also been tested to
target cancer cells for apoptosis [7–9]. Furthermore, Ni-based elec-
trodes have received increased attention because of their excellent
electrochemical properties and applications in rechargeable Ni-based
alkaline batteries [10]. However, most of these alloy electrodes are
difficult to operate due to the oxidation of the electrode and compli-
cations controlling the size of the particles during fabrication. These
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issues can be resolved using surface modification to provide a practical,
robust electrode and a material with long-term stability. Adding a
coating to the nanoparticles can also alter the charge, functionality, and
reactivity of the surface, and improve the dispersity of the nanoparticles
[11–13].

Coatings are chemically adsorbed onto the surfaces of nanoparticles
via the formation of self-assembled monolayers (SAMs), which often
include head groups such as thiols, [14,15] silanes, [16] or phospho-
nates [17,18]. The head group chemically binds to the substrate and a
protective layer is thereby formed over the surface of the nanopowder
[19,20]. SAMs are formed spontaneously by chemisorption, yielding
robust, well-defined structures on substrates. SAMs are particularly
useful when they contain modifiable head and tail groups; these bi-
functional SAMs provide an effective and inexpensive method for tai-
loring the surface properties of the nanoparticles [21,22].

The formation of SAMs provides a common means to modify the
surfaces of conductors and semiconductors [23]. The occurrence of
oxidation and reduction reactions on the nanoparticle exterior can be
limited using SAMs, [17] and the type of headgroup used in the pro-
duction of the monolayer is vital to the stability of the surface [24].
Phosphonic acids are ideal for the production of SAMs on the surface of
NiTi nanoparticles due to the low acid dissociation constant, making
them safe for use within the human body [6]. Phosphonic acids are also
prone to binding to metals due to their ability to have as many as three
covalent bonds on the surface of the nanoparticles [25,26]. The phos-
phonate head group may increase the nanoparticle stability when
paired with an electronegative terminating group, such as a carboxylic
acid group, as noted in the literature [27,28].

In this study, phosphonic acids, including 16-phosphonohex-
adecanoic acid, octadecylphosphonic acid, and 12-aminododecylpho-
sphonic acid, were used to form thin films on NiTi nanoparticles. These
modifications were characterized using X-ray photoelectron spectro-
scopy (XPS) and a scanning electron microscope with energy-dispersive
X-ray spectroscopy (SEM/EDS). Along with the images collected using
SEM, dynamic light scattering (DLS) and zeta potential were used to
confirm the sizes of the NiTi nanoparticles and the surface charge.
Attenuated total reflectance infrared spectroscopy (ATR-IR) identified
the presence and ordering of the alkyl groups within the bonded acids
on the surface of the NiTi nanoparticles. Differential scanning calori-
metry (DSC) was used to analyze the martensite to austenite transitions
and the phosphonic acid desorption. Furthermore, solid-state nuclear
magnetic resonance (SS-NMR) was used to analyze the attachment of
the phosphorous on the surface of the NiTi.

2. Experimental section

2.1. Materials and methods

Octadecylphosphonic acid (ODPA, 97.0% purity) and 12-aminodo-
decylphosphonic acid hydrochloride (12-NH2PA, 95.0% purity) were
purchased from Alfa Aesar. 16-phosphonohexadecanoic acid (COOH-
PA, 97% purity) was purchased from Aldrich. NiTi nanoparticles
(99.9% purity, 60–80 nm in diameter, Ni/Ti 50/50 atomic percent)
were purchased from SkySpring Nanomaterials Incorporated. The
manufacturer reported average particle sizes between 60 and 80 nm
with a Brunauer-Emmett-Teller surface area of 15 m2/g.
Tetrahydrofuran (THF, Optima grade), methanol (ACS grade), acetone,
sodium hydroxide (NaOH), lithium hydroxide (LiOH), and plain cell
culture medium: Dulbecco's Modified Eagle Medium (DMEM) were
purchased from Fisher. Hexane (Tech grade) was purchased from
Preiser Scientific, and ethanol (190 proof) was purchased from Pharmo-
Aaper. All chemicals were used without further purification.

2.2. Formation of the monolayers

SAMs were formed on the surface of the nanoparticles by sonicating

0.35 g of NiTi nanopowder in 30 mL of THF at a frequency of 40 kHz for
15 min at 33 ± 3 °C. An organic acid solution, formed by sonicating
15 mM of the organic acids (either ODPA, COOH-PA or 12-NH2PA) in
6 mL of THF for 5 min, was prepared. The well-dispersed nanopowder
was added to the organic acid solution and then the nanoparticle/or-
ganic acid solution was sonicated without heat for 30 min. The sample
was left to stir under a fume hood overnight. Since a physically ad-
sorbed layer can be formed, the modified particles were rinsed and
sonicated again in 10 mL of THF for 15 min at 33 ± 3 °C and then
centrifuged to remove weakly bound molecules from the NiTi surface
[26]. The modified nanoparticles were recovered using a vacuum
centrifuge (< 20 mbar, 1400 rpm for 10 min) and the particles were
again left under a fume hood overnight to dry.

2.3. Environmental stability

Various stability tests were performed and then samples were ana-
lyzed by ATR-IR spectroscopy. The stability tests performed include
rinsing the nanoparticles with water and humidity testing with the
passage of time. Solvent tests utilized the aforementioned procedure to
make samples, but substituted THF for deionized water; a basic, mixed
alkaline solution containing both 30 mM KOH and 10 mM LiOH in
deionized (DI) water (net hydroxide concentration of 40 mM), which
was chosen to mimic a base fluid for a nanofluids; and DMEM, which
was used in order to mimic a body fluid. To investigate the durability of
samples over time, ATR-IR was performed on samples immediately
after rinsing and sonication and then again one year after preparation.
To examine the effect of humidity on NiTi, individual samples were
tested after sitting under 0%, 30%, 60%, and 90% relative humidity for
one month. The ATR-IR spectra of the samples after humidity testing
were compared to the spectra of the initially modified NiTi samples.

2.4. Characterization of the films

2.4.1. ATR–IR
ATR – IR was performed using a Thermo Scientific Nicolet iS50 FT-

IR and was used to analyze the alkyl chain ordering and bonding motif
of the molecules to the surface. The unmodified NiTi nanoparticles were
used to collect a background spectrum for analysis purposes. Typically,
512 scans were collected.

2.4.2. SS-NMR
Solid state NMR spectra were acquired with a Bruker Avance 300

console and 7 T Bruker magnet. Samples were packed into 4 mm zir-
conia rotors. A Bruker double resonance Magic-angle-spinning (MAS)
probe was tuned to a 1H frequency of 300.405 MHz and a 31P frequency
of 121.606 MHz. MAS with rotor frequencies of 10 kHz was employed.
The 31P direct-polarization pulse sequence used a 3.5 μsec 90° pulse on
the 31P channel and 30 kHz of proton decoupling during acquisition.
The FID was Fourier transformed with 16 Hz of line broadening after
zero filling to a total of 32 k points. The 31P spectra were referenced
externally utilizing measurement of the resonance frequency of an
aqueous solution of 85% phosphoric acid (set to 0.0 ppm).

2.4.3. XPS
XPS measurements were performed with a PHI 5000 VersaProbe

ESCA Microprobe system (ULVAC-PHI) using a focused Al K-Alpha X-
ray source at 1486 eV energy and 25 W with an X-ray spot size of
100 μm. The take-off angle of the photoelectron was set at 45°. An
analyzer pass energy of 117.4 eV was used for a survey scan, and high-
resolution scans for nickel, titanium, oxygen, phosphorus, carbon, and
nitrogen elements were carried out at an analyzer pass energy of
23.5 eV. The XPS spectra were referenced to the C1s peak at a binding
energy of 284.8 eV.
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2.4.4. SEM/EDS
SEM/EDS was performed using a JEOL JSM-7600F field emission

SEM. The EDS was collected with an Oxford INCA EDS system and data
was analyzed using the Oxford Aztec Energy Analyzer software. The
chamber of the SEM was held under high vacuum conditions. The ac-
celerating voltage for the EDS ranged from 3 to 10 kV. Samples were
prepared individually in pin stubs and sputtered with a 10-nm thin
coating of gold/palladium. SEM/EDS was used to analyze the surface
composition of the nanoparticles and obtain information about particle
size and elemental composition. The size distribution of the nano-
particles was calculated from the size measurements of> 50 nano-
particles.

2.4.5. Dynamic light scattering (DLS) and zeta potential measurements
A Brookhaven ZetaPlus Potential Analyzer (90Plus PALS) was used

to perform DLS and zeta potential measurements of the unmodified and
modified NiTi nanoparticles. The measurements were performed at
25 °C in water and THF. For DLS, at least three measurements were
made for each sample and the collected values were averaged. For zeta
potential, 10 measurements were made for each sample and the col-
lected values were averaged. The Zeta Potential Analyzer was employed
to determine the direction of particles under the influence of an electric
field, allowing the estimation of the zeta potential of the NiTi suspen-
sions under water and THF. In order to analyze the dependence of each
suspension on pH, the zeta potential of unmodified and modified NiTi
nanoparticles was measured at consecutive pH values from 2 to 12 in
2.0 mL samples in deionized water. The dispersions were manually
stirred for proper particle and ion distribution.

2.4.6. Differential scanning calorimetry (DSC)
DSC experiments were conducted with a TA Instruments Q100 in-

strument calibrated for temperature by means of an indium standard.
The DSC was employed to determine the phase transformation tem-
peratures by using a 10 °C/min heating/cooling rate in a temperature
range of −60 to 140 °C. Thermograms were run on samples of ~20 mg
of NiTi nanoparticles in sealed aluminum pans under a purging atmo-
sphere of helium. Values of peaks' positions and transition temperatures
were determined using TA Universal Analysis software that accom-
panies the DSC instrument.

3. Results and discussion

Various phosphonic acid functionalized thin films were formed
through chemical bonding of ODPA, COOH-PA, and 12-NH2PA onto the
NiTi nanoparticles.

3.1. Attenuated total reflectance infrared spectroscopy (ATR-IR)

ATR-IR spectroscopy was used to confirm the presence of the or-
ganic modifiers on the surface of the nanoparticles and to determine the
manner by which the SAMs were bonded to the surface. The NiTi na-
noparticles were modified via surface chemical adsorption of three
organic acids with phosphonic functional groups (ODPA, COOH-PA,
and 12-NH2PA). This treatment led to the formation of self-assembled
monolayers on the surface of the nanoparticles, which were rinsed and
sonicated to verify that the attachments were both stable and strongly-
bound. Modified samples were then characterized using infrared spec-
troscopy; the spectra of the unmodified NiTi nanoparticles contained no
peaks indicative of the presence of organic materials.

In the IR spectra of the modified substrates, the CeH stretches of the
methylene group are used as the reference peaks for SAM organization
[6,29]. The CeH stretch has two common vibrations: a symmetric
stretch corresponding to a peak at ~2850 cm−1 and an asymmetric
stretch corresponding to a peak at ~2918 cm−1. These two energies
are shifted depending on the alkyl chain conformation. In this study,
the values of νCH2 after rinsing and sonication were νCH2 asym/νCH2

sym = 2916 cm−1/2850 cm−1, 2916 cm−1/2847 cm−1, and
2916 cm−1/2848 cm−1 for nanoparticles modified with ODPA, COOH-
PA, and 12-NH2PA, respectively (Fig. 1). These results indicate that the
attachment of organic acids forms strongly-bound and ordered mono-
layers on the surface of NiTi. Due to the low surface area of the NiTi
nanopowder, the formation of an organized film may be more difficult

Fig. 1. Infrared spectra of NiTi nanoparticles modified with (A) ODPA, (B) COOH-PA, and
(C) 12-NH2PA are displayed. The spectral regions correspond to the CH region and
measurements occurred after rinsing and sonication.
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[30–32].
The spectra acquired following sonication also indicate the manner

in which the molecules are bound to the surface of the nanoparticles
[26]. Sonication, which removes weakly bound or physically-adsorbed
material, ensures the remaining material is strongly bound to the sur-
face. The nature of the interaction between the molecules and the

surface can be determined from the shifts and broadening of ν P]O,
ν PeO, and ν POH, indicating a change in head group bonding. Specifi-
cally, the PO region of the ODPA solid shows ν P]O = 1227 cm−1 and
1217 cm−1, ν PeO= 1076 cm−1 and 1005 cm−1, and
ν POH = 957 cm−1, 948 cm−1, and 933 cm−1. The PO region of the
bound ODPA displayed peaks that were similar to those of the unbound
ODPA ν P]O = 1227 cm−1 and 1217 cm−1, ν PeO = 1060 cm−1 and
1005 cm−1, and ν POH = 957 cm−1, 948 cm−1, and 932 cm−1

(Fig. 2A).
Solid COOH-PA shows ν P]O = 1229 cm−1 and 1214 cm−1,

ν PeO = 1077 cm−1 and 1009 cm−1, and ν POH = 951 cm−1, while
bound COOH-PA stretches occurred at ν P]O = 1229 cm−1,
ν PeO = 1077 cm−1 and 1010 cm−1, and ν POH = 970 cm−1 and
935 cm−1 (Fig. 2B). Similarly, solid 12-NH2PA shows
ν P]O = 1232 cm−1 and 1217 cm−1, ν PeO = 1077 cm−1,
1015 cm−1, and 1006 cm−1, and ν POH = 952 cm−1 and 934 cm−1,
and bound shows ν P]O = 1164 cm−1, ν PeO= 1153 cm−1 and
1064 cm−1, and ν POH = 926 cm−1 (Fig. 2C). For all the ODPA and
COOH-PA modifications of phosphonic acid on NiTi, the presence of
P]O, PeO, and POH vibrations in the IR spectra mostly indicate the
presence of monodentate attachment to the surface of the nanoparticles
[6,33–35]. For the 12-NH2PA modifications, the shifts for POH and
PeO vibrations are likely due to a mixed bidentate–monodentate motif
of the phosphonate head group on the NiTi nanoparticles.

3.1.1. Environmental stability analysis
Since NiTi can be utilized for nanofluids and biomedical purposes,

the ability to remain stable in a variety of environments is vital for the
longevity of the nanoparticles. In the body or in a solution, NiTi would
constantly be exposed to oxidative and aqueous surroundings, so the
alloy must be modified in order to withstand these conditions for ex-
tended periods of time. In SAMs, different head groups have different
affinities for metal oxides. Terminated functional groups, hydrogen
bonding of the organic molecule, and van der Waals interactions be-
tween the chains also affect the bonding to the surface [6,26]. Dur-
ability of SAMs can be monitored through a variety of techniques. The
stability of the phosphonate films on the NiTi surfaces was also in-
vestigated by IR spectroscopy. For one of the stability tests, nano-
particles were left for one year under atmospheric conditions and
analyzed by ATR-IR before and after. The SAMs remained in trans/
gauche conformation (2917/2847 cm−1) after one year. There was no
change in the location or relative intensity of the peaks. Furthermore,
samples were prepared by the aforementioned method, but substituting
THF with a basic solution made with NaOH and LiOH to make a total of
40 mM hydroxide concentration, a plain cell culture medium solution
(DMEM), or DI water. Based on the ATR-IR data, the peaks in the
modified NiTi remained ordered but with less intense peaks in the CH
region for the other solvents and solutions when compared to the peak
intensities of the samples made using THF. Humidity testing was also
performed to simulate the water that NiTi would be exposed to as a
nanofluid or a biomedical tool. ATR-IR was used to examine nano-
particles stored for a month at 0%, 30%, 60%, and 90% relative hu-
midity. Modification of the nanoparticles resulted in no shift in peak
position in the ATR-IR spectra and little change in peak intensity at all
tested increments of humidity (2916/2847 cm−1). Based on this data, it
can be concluded that the coated NiTi nanoparticles remain stable in
various solvents, with the passage of time, and over a large range of
humidities when modified with phosphonic acid films.

3.2. Solid-state nuclear magnetic resonance (SS-NMR)

3.2.1. 31P SS- NMR
In order to better characterize the grafting of the phosphonic acids

at the surface of NiTi, 31P solid-state NMR experiments were carried
out. In Fig. 3, the 31P MAS-NMR spectra of the modified nanopowders
are compared to the spectra of the pure phosphonic acids (control

Fig. 2. Infrared spectra of NiTi nanoparticles modified with (A) ODPA, (B) COOH-PA, and
(C) 12-NH2PA are displayed. The spectral regions correspond to the PO region. Black lines
are the acid control samples.
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samples). The 31P MAS-NMR spectrum of NiTi nanoparticles modified
with ODPA shows a much broader peak (or overlapping set of peaks)
with a maximum intensity at 25.9 ppm compared to the single peak
observed for the phosphonic acid control, which can be found at
30.9 ppm (Fig. 3A). In previous 31P CP-MAS-NMR studies, phosphonic
acids were reacted with silica gel surfaces; analogous changes in 31P
chemical shifts by −5 ± 1 ppm were observed compared to the che-
mical shift of the pure phosphonic acids [36]. However, there is a report
stating that when peaks are resolved for a variety of bonding moieties,
the least shifted of the peaks is associated with a physisorbed film on
the surface [37]. This possibility was disregarded as a major contributor
to a broader line, as the NiTi nanoparticle samples modified with
phosphonic acid were rinsed and sonicated before extensive

characterization. Similar chemical shift variations are observed for
ODPA on NiTi as in the treated silica samples, from the previously
mentioned study, and therefore the NMR results indicate covalently
bonded monodentate phosphonic acid groups. The significant broad-
ening of the peak can be attributed to ODPA and NiTi interactions due
to a low surface area that can lead to a disordered interface with a wide
distribution of chemical environments around the phosphonate groups
[31,37,38].

31P MAS-NMR spectra of the NiTi modified nanoparticles with
COOH-PA are compared to the spectra of the SS 31P spectra of the bulk
COOH-PA control sample in Fig. 3B. The COOH-PA 31P chemical shift
changes from a single peak at 31.4 ppm to an upfield peak at 28.4 ppm
with a shoulder around 22.8 ppm upon adsorption on the NiTi nano-
particles. The observation of an upfield 31P chemical shift when phos-
phonic acids are bound to metal oxides has been previously reported
[26,39,40], and again the lack of resonances for the pure ligands in this
spectrum indicates that the functionalized NiTi samples have been
rinsed well and that none of the free ligand remains [37]. As the ligand
interacts more strongly with the surface, the change in chemical shift
relative to the crystalline ligand increases [37]. A lower chemical shift
(by about 2 ppm) was observed, indicating a much weaker interaction
with the nanoparticle interface, with the possibility of a mixed bi-
dentate/monodentate binding mode due to the shoulder at the right of
the peak with a larger shift. This bonding mode was previously ob-
served on anatase TiO2 (101) surfaces modified with phosphonic acid
[41]. Previously, NiTi foils were modified with phosphonic acid SAMs,
and the predominant bonding seemed to be monodentate with the
possibility of hydrogen bonding among the molecules and the surface
[6].

The spectra of the NiTi modified using 12-NH2PA show peaks at
26.2 ppm with a shoulder around 23.3 ppm, while the 12-NH2PA con-
trol show one peak at 30.3 ppm (Fig. 3C). For the peak at 26.2 ppm, a
change in chemical shift from the control sample of about 4 ppm was
observed, which is again indicative of a change in surface bonds and
bonding sites [40,42]. However, this peak is not shifted as strongly as
the main peaks observed from bonding of the other acids. The signals at
26.2 ppm from the modified NiTi particles could, in part, correspond to
two different moieties condensed with each other through a P–O–P
bond as well as bound to the NiTi surface [38]. In general, analysis of
unresolved peaks cannot be used to fully determine the bonding mode.
But these data do show that each sample contains a range of local
bonding environments, most likely due to one or more bonds to the NiTi
nanoparticle surface.

3.3. X-ray photoelectron spectroscopy (XPS)

While observation of the PO region in the ATR-IR spectra suggests
that the SAMs are chemically bound to the surface, the bonding type
(mono- or bi- dentate) is indeterminable by ATR-IR spectroscopy.
Therefore, XPS was used to further analyze the bonding motif and the
linkage of the phosphonic acid modification on NiTi nanoparticles.
Compositional survey scans (Ni2s, Ni2p, Ni3s, Ni3p, Ti2p, O1s, C1s, P2s,
P2p, N1s) were acquired using a pass energy of 117.4 eV and high-re-
solution spectra (Ni2p, Ti2p, O1s, C1s, P2p) were acquired for the phos-
phonic acid samples using a pass energy of 23.5 eV. The representative
survey spectrum of the NiTi nanoparticles, presented in Fig. 4A, ex-
hibits intense Ti2p and O1s peaks with smaller Ni2p and Ni1s peaks,
characteristic of titanium and nickel atoms, of which NiTi nanoparticles
are comprised. For the titanium analysis in the high resolution spectra,
a peak at 458.4 eV was observed and assigned to titanium oxide as a
passivation layer at the top of the NiTi nanoparticles [10]. Another
peak was observed at 464.2 eV, which is assigned to Ti2p1/2. For nickel
analysis, a peak at 856.0 eV was assigned to Ni2p3/2 for Ni(OH)2. An-
other peak centered at 852.5 eV was assigned to Ni2p3/2, and is related
to nickel metal [33]. According to the XPS profile data, oxygen is
present in the surface layer. The oxygen content from the vaporized

Fig. 3. Solid-state 31P CP-MAS NMR spectra of (A) ODPA, (B) COOH-PA, and (C) 12-
NH2PA modifications and bulk controls.
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solvent at NiTi's surface may result in the formation of a titanium oxide
layer [43,44]. Oxygen content at the top layer is a very attractive fea-
ture for surface modifications since oxygen can be used as an anchor for
the SAMs formation [45]. The oxygen was detected by the O1s at
529.9 eV and is assigned to the oxygen bound to titanium oxide and/or
nickel oxide [46]. Another peak at 531.2 eV was assigned to nickel
hydroxide and/or titanium hydroxide [46]. The presence of oxygen
close to the surface is also noteworthy, suggesting that the topmost
layer of NiTi is some type of oxide rather than pure NiTi. Carbon was
found in the XPS analysis and this is likely caused by the surface con-
tamination due to air exposure of the sample.

When the nanopowder was modified with ODPA, COOH-PA, and
12-NH2PA, new peaks were observed (Fig. 4B–D). XPS survey scans of
the ODPA on the NiTi sample clearly indicate a significant increase in
carbon concentration, concurrent with the appearance of P2s and P2p
peaks at 191.6 eV and 133.5 eV, respectively, compared to that of un-
modified NiTi. Phosphonic acid modifications were identified through
the high-resolution scan P2p binding energy (Eb) of 133.6 eV, which is
assigned to the phosphorus bound to oxygen atoms (Fig. 5A–C). An-
other peak at 133.6 eV was observed, and it may be attributed to
phosphorus bonded to carbon, oxygen, and titanium (PeOeTi) [33].
The low quality of the spectra is mainly due to an extremely low con-
centration of phosphorus in the modified sample. The measured ele-
ment-element ratio for titanium, nickel, and oxygen decrease after

phosphonic acid adsorption, (Table 1) with the appearance of the “P”
and “N” peaks (Figs. 4 and 5).

Deconvolution of the O1s spectrum of NiTi showed a peak at
530.2 eV corresponding to oxygen atoms in the form of oxides [33].
Another peak is found at 533.2 eV, which appears after the deposition
of ODPA (Fig. 5D). This peak can be attributed to the bonds PeOH or
CeOH, which could suggest partially hydrolyzed phosphonic ester
groups [33,34,47]. As previously mentioned, different types of covalent
bonding configurations have been postulated for the phosphonate films.
Here, we propose that NiTi nanoparticles have a more favorable
monodentate motif than bidentate due to the appearance of P-OH in the
FT-IR and XPS data. Another peak at 531.7 eV was detected in the XPS
analysis. This peak can be attributed to P]O or PeOeTi. This result
points to the possibility of some degree of bi/monodentate binding
motif of the phosphonic acid on the NiTi nanoparticles surface [41].

The high resolution of the C1s spectrum of the phosphonic acid
modification of NiTi is dominated by the CeC/CeH peak at 284.9 eV
(red dashed line in Fig. 5E), which shows a dramatic increase compared
to the control sample and indicates a significant increase in carbon
concentration due to the addition of the SAMs backbone alkyl chain.
This is suggested by the % atomic concentration in Table 1 and can be
seen directly from Fig. 4 by comparing the relative peak intensity be-
tween the C1s peak and the Ti2p peak within each spectrum. A second
peak at 286.5 eV was assigned to the carbon bound to the phosphorus

Fig. 4. XPS survey spectra of (A) NiTi nanoparticles unmodified (control), (B) ODPA on NiTi, (C) COOH-PA on NiTi, and (D) 12-NH2PA on NiTi nanoparticles.
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and to the carbon bound to the oxygen (CeP and CeO). Peak fitting
also suggests a very weak peak at 288.7 eV from the COOH-PA mod-
ification on NiTi nanoparticles, which could be assigned to the car-
boxylic group (green dashed line in Fig. 5E).

Furthermore, when the samples were modified using 12-NH2PA, an
N1s signal at 400 eV was obtained due the addition of a nitrogen atom.
The curve fitted N1s regions of the high-resolution XPS spectrum pre-
sented two peaks at 399.9 eV and 401.6 eV (Fig. 5F). These energies
correspond to the presence of a neutral amine group (NH2) and a
protonated amine group (NH3

+), respectively [48]. In addition, XPS
spectra show all of the fitted spectra for each element (Ni, Ti, O, and C)
for the NiTi control and modifications.

Due to a greater ratio of titanium-to-nickel (Ti/Ni) in the bulk
material (6.2) than in the modifications (average of 3.0), it can be
concluded that the surface of the nanoparticles is enriched with tita-
nium. Since the nanoparticles are synthesized using high temperature,
this may cause the surface to be covered predominantly by a TiO2 layer
as observed by the XPS spectra, which would cause an increase of ti-
tanium when compared to nickel [33,49]. Furthermore, the carbon-to-
phosphorus (C/P) ratio calculated from the relative intensity of the
elements obtained at a grazing angle incidence C/P = 24.9 for ODPA
(C18H39O3P), 18.9 for COOH-PA (C16H33O5P), and 116.7 for 12-NH2PA
(C12H29ClNO3P), is consistent with the molecules bonded on the surface
creating a thin film. These values approach the theoretical values with

the deviation attributed to the hydrocarbon contamination noted
above. The agreement between the stoichiometric compositions and the
measured C/P ratios indicate that the films are uniform and homo-
geneous.

3.4. Scanning electron microscope with energy-dispersive X-ray
spectroscopy (SEM/EDS)

SEM/EDS assisted in the visualization of the NiTi nanoparticles and
identified the elemental composition of the modified NiTi nano-
particles. The SEM images (Fig. 6A and B) indicate that both un-
modified and modified materials are composed of uniform spherical
nanoparticles with typical particle diameters < 100 nm. However, a
distribution of sizes occurred. There was no visible change in the
morphology of the nanoparticles after the modifications of SAMs when
compared to the unmodified NiTi nanoparticles (Fig. 6). The diameter
of the modified nanoparticles is slightly larger than the diameter of the
unmodified nanoparticles. These measurements are summarized in
Table 2. The particle agglomeration from the modified particles is likely
due to an increase of interaction between the particles and the charge
on the surface as observed using zeta potential analysis, specifically in
the case of the carboxylic and amino terminated phosphonic acid film
modifications (see below) [50]. It has been previously stated that when
nanoparticles are modified with long, closely packed, alkyl chain films,
the agglomerated particles are difficult to break, causing the appear-
ance of an increase in particle size, as observed in the SEM and DLS
analysis [51].

EDS elemental analysis obtained in conjunction with the SEM
images revealed the presence of nickel, titanium, carbon, oxygen, and
phosphorus atoms in all examined sections of NiTi modified with
ODPA, COOH-PA, 12-NH2PA, whereas the unmodified sample revealed
nickel, titanium, oxygen and carbon atoms. The nitrogen peak for the
12-NH2PA modification cannot be observed in the EDS spectrum since

Fig. 5. High resolution XPS lines (A–C) P2p of (A) ODPA on NiTi, (B) COOH-PA on NiTi, and (C) 12-NH2PA on NiTi nanoparticles; (D) O1s of ODPA on NiTi and (E) C1s of COOH-PA on
NiTi after renormalization, and (F) N1s of 12-NH2PA on NiTi nanoparticles. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

Table 1
XPS determined % atomic concentrations of control NiTi nanoparticles and SAMs on NiTi.

% Ti % Ni % O % C % P % N % Cl

Control 13.5 2.2 44.8 39.6 0.0 0.0 0.0
ODPA 9.1 1.8 29.6 57.2 2.3 0.0 0.0
COOH-PA 8.3 1.9 30.0 56.8 3.0 0.0 0.0
12-NH2PA 7.6 2.5 30.6 51.7 3.1 3.1 1.3
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the energy range is low, and it is difficult for the instrument to detect.
However, EDS mapping images provide a visual evidence that P is
uniformly distributed on the NiTi surface and showing spatial dis-
tribution of the P element in the films [26,52,53]. Here, SEM mapping
shows that 12-NH2PA is bound onto the NiTi nanoparticles, partially
covering the surface. While there is no visible order, the particles are
well dispersed and are not aggregated (Fig. 6C).

3.5. Dynamic light scattering (DLS) and zeta potential measurements

DLS was used to measure the particle sizes of the unmodified and
modified nanoparticles in water and THF. The SEM measurements in-
dicate that the particles are significantly smaller (73 to 86 nm) than the
results from DLS (189 to 243 nm). This discrepancy is most likely due to
the different methods and mathematical models used. One reason is due

to the Brownian particle displacement of the particles in solution for the
DLS measurements [51,54]. Another explanation for this difference is
that DLS measures the hydrodynamic diameter, which is the diameter
of the particle and ligands, ions, or molecules that are associated with
the surface and travel along with the particle in colloidal solution, in-
creasing the average particle size [55]. On the solid surfaces, the
counter ion effects and/or electrostatic interactions between the op-
positely charged ions are limited compared to DLS analysis.

Zeta potential is correlated to the surface charge of the particle and
the nature and composition of the surrounding medium in which the
particle is dispersed [56]. It should be noted that the composition and
the properties of the surface of the particles are important parameters in
determining the zeta potential. After surface modification with phos-
phonic acids, zeta potential values showed significant variation. The
zeta potential decreased from −25.2 mV for NiTi without phosphorus
content to −52.4 mV for NiTi nanoparticles modified with ODPA (see
Table 3). The phosphonic acid modifications were negatively charged,
imparting a negative charge to the dispersed nanoparticles as pre-
viously reported [57,58]. This negative charge led to electrostatic re-
pulsion between molecules, stabilizing the nanoparticles. The con-
tributions from the acid-base and electrostatic interactions between the
hydroxyl groups on the surface of NiTi particles and the phosphorus
atom promote the adsorption onto the NiTi nanoparticles. Conse-
quently, the higher absolute value of the zeta potential means an

Fig. 6. SEM images of (A) NiTi control and (B)
NiTi modified using 12-NH2PA films, and (C) EDS
phosphorus elemental mapping pattern for 12-
NH2PA.

Table 2
Summary of SEM particle size data of all the modifications on the NiTi surface.

Modifications Average particle size (nm) Particle distribution (± nm)

NiTi control 72.7 44.2
ODPA 81.8 33.7

COOH-PA 85.6 38.5
12-NH2PA 81.1 36.4

Table 3
Hydrodynamic particle sizes and zeta potential values of NiTi suspensions with different solvents and phosphonic acids, obtained by DLS directly after dispersing.

Modifications Water THF

Particle size (nm) Zeta potential (mV) Particle size (nm) Zeta potential (mV)

NiTi control 206.7 ± 1.1 −21.3 ± 1.4 224.3 ± 5.0 −25.2 ± 2.8
COOH-PA 212.3 ± 7.7 −35.6 ± 0.4 215.8 ± 4.4 −29.6 ± 2.1
ODPA 189.0 ± 1.5 −29.0 ± 0.5 217.5 ± 2.6 −52.4 ± 1.4
12-NH2PA 209.9 ± 5.9 −19.76 ± 0.5 227.6 ± 2.7 −10.0 ± 3.6
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increased stability of the suspended particles against coagulation
[58,59]. Here, COOH-PA is found to be more effective in reducing ag-
gregation when compared to ODPA, which preserves a better stability
of the nanoparticles. This result may be because COOH-PA is more
negative due to the ionization of the –COOH functional groups.

The surface charges of unmodified and modified NiTi nanoparticles
were assessed by zeta potential measurements over various pH ranges
(Fig. 7), providing further support of the conclusions reached from the
DLS data. Solid oxides in aqueous suspension are generally electrically
charged as may be observed most directly in electrophoresis experi-
ments [60]. The isoelectric point (IEP) represents the pH value at which
the zeta potential value is equal to zero [61]. It can be seen that un-
modified NiTi nanoparticles do not reach their isoelectric point within
the pH range in the experiments performed here (Fig. 7). The zeta
potential of the unmodified NiTi nanoparticles remained practically
constant in the studied pH range, which is expected for particles that
have structures with negative charges. The negative charge, for un-
modified NiTi nanoparticles, is probably caused by oxygen content at
the surface layer and hydroxyl groups that are adhered to the surface
[61]. At pH 4, the NiTi modified with 12-NH2PA reached the isoelectric
point which correlates with the previously described IEPs of titanium
(4–6), from literature reports [27,60]. A lack of particle surface charges
leads to the absence of inter-particle repulsive forces, causing the col-
loidal system to be the least stable at the IEP [62]. The samples mod-
ified with 12-NH2PA contain a large amount of positively charged
groups due to the amino phosphonic acid surface and therefore can only
have a positive charge when the pH is lower than 4.0. The NiTi mod-
ified with ODPA and COOH-PA are negatively charged in the pH range
studied as observed in Fig. 7. However, NiTi modified with ODPA is not
very soluble in aqueous solution and would not exhibit many negative
surface charges by zeta potential measurements. In neutral solution, 12-
NH2PA, ODPA and COOH-PA are slightly negatively charged, neutral,
and negatively charged, respectively. The protonation of 12-NH2PA
creates some positive charges at the surface of the nanoparticles, but
the results still show a negative value in this study [11,63]. As for ODPA
on NiTi, the negative charges were insufficient to improve its dispersity,
possibly due to the hydrophobicity and highly ordered structure of the
long alkyl chain lengths [64–66]. Furthermore, there is a tendency for
strong and ordered formation of the longer C18 chain (ODPA) com-
pared to the shorter C12 and C16 chains. As previously reported, the
zeta potential becomes more negative as the alkyl chain length in-
creases [67]. For the COOH-PA modification, a higher negative charge
is expected due to the addition of the carbonyl-terminated group [68].

Two different solvents with different polarities were used to analyze

the stability of the modified surface using zeta potential. As shown in
Table 3, these observations suggest that the interactions between the
phosphonic acid and the surface metal in water and THF are relatively
significant. While the zeta potential was solvent dependent for the
surface modified samples, the zeta potential of unmodified NiTi was not
solvent dependent. The selection of various solvent polarities could
increase and improve the adsorption capacity of NiTi nanoparticles.
Furthermore, the surface charge is also dependent on the solvent visc-
osity. Water evaporates more slowly than other solvents, which allows
the nanoparticles to remain in solution and prevents the formation of
films, making it a promising solvent for nanofluid and cell adhesion
applications [69]. Usually, viscosity increases as particle size decreases,
as shown in Table 3 [69,70]. It has been shown that surface chemical
composition, surface polarity, and swelling behavior all affect the zeta
potential, leading to the conclusion that the observed variations may be
due to differences in the solvents used [71].

3.6. Differential scanning calorimetry (DSC)

DSC analysis was conducted using a heating/cooling rate of 10 °C/
min. Starting at room temperature, it was initially heated to 140 °C and
then cycled to a low temperature of −60 °C before ramping up again to
140 °C. Masses of the samples analyzed were approximately 20 mg.
Fig. 8 shows the DSC peaks corresponding to the martensite to austenite
transformations upon heating and the reverse austenite to martensite
phase transition upon cooling. Such a DSC curve is typical for indicating
a direct austenite to martensite transformation. During the first heating
cycle, a broad endothermic peak was observed in the temperature range
of 60–70 °C, which was attributed to the transformation to austenite
phase (Fig. 8A). During the cooling cycle, a broad exothermic peak was
observed between the temperatures of 50–60 °C, which is attributed to
transformation to martensite phase (Fig. 8B). It has been previously
reported that when a material has a low and broad DSC peak, it is
known to be near the cold-worked defect, which blocks the phase
transition [72]. In the second heating cycle, the martensite to austenite
transformation temperature decreases, showing a pronounced down-
ward shift from 68.3 °C in Fig. 8A to 43.2 °C in Fig. 8C. These shifts in
transformation temperatures may be caused by the increase in de-
formation substructure, as well as an increase in dislocation tangling
[73,74]. During the heating and cooling cycles in the intermediate
temperature range, a rhombohedral phase was not observed.

The DSC curves of the NiTi surface modified with phosphonic acid
(Fig. 8) yielded a stronger endothermic peak at higher temperatures
compared to the unmodified NiTi nanoparticles. This first transition is
attributed to the solid to liquid state transition of the phosphonic acid
(91–98 °C). It was noted when comparing 12-NH2PA (C12) to ODPA
(C18) that the melting point and melting enthalpy increase with the
phosphonic acid chain length [75]. Previously, work on alkylpho-
sphonate salts had proposed that the transition temperatures are in-
dependent of the chain length, but the enthalpies increase linearly with
chain length in this study [76]. There has not been much reported on
phosphonic acids chemically bounded on metal oxide surfaces and the
effect of the chain length on the adsorption/desorption process due to
thermal and phase transitions using DSC. Melting point demonstrates
the crystallinity of the nanostructure and it is proportional to the order/
trans conformation, which also implies a much denser coverage of the
sample [76,77]. Here, ODPA modifications have been proven to be
more ordered, using SS-NMR and XPS analysis, when compared to 12-
NH2PA and COOH-PA. For the martensite/austenite transformation in
the modified samples, phase transformation was not observed in the
DSC analysis. Therefore, the temperatures and the type of phase
transformation could not be determined.

For the second transition in the first heating cycle, in the case of
ODPA and 12-NH2PA modifications, the DSC data shows that the na-
noparticles were stable up to 129 °C. Here, an endothermic peak is
observed that can be attributed to the desorption of the film (Fig. 8A)

Fig. 7. pH dependence of the zeta potentials of surface functionalized NiTi films and
unmodified NiTi nanoparticles.
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[78]. ODPA on NiTi has a high peak temperature at 131.2 °C that is not
observed for either the COOH-PA or 12-NH2PA modifications on NiTi
nanoparticles. This indicates that the ODPA molecules are bound more
strongly to the surface and are cleaved only at higher temperatures due
to a higher coverage than the other two modifications [75,78]. There is
a clear indication that the electrostatic forces of ODPA dominate over
the weaker van der Waals interactions between chains lengths that were
observed in the lower transition peak [76]. Here, it is observed that 12-
NH2PA on NiTi showed a smaller and broader phase transition at
86.6 °C when compared to the COOH-PA and ODPA modifications as
observed in Fig. 8C. Broadening of the transitions may be caused by
poor bulk crystallization of the 12-NH2PA/NiTi nanoparticles, more
disordered alkyl chains on the surface, and fairly large particle size
distribution, which can affect the alkyl chain packing [75]. When the
samples were cooled to low temperature, the transition temperature of
the crystallization of the liquid to solid state shifted to a lower tem-
perature. This may be due to the effect of the austenite/martensite
transformation in the presence of the phosphonic acid recrystallization.

In the second cooling-heating cycle, a single transition peak for
COOH-PA and two transition peaks for 12-NH2PA and ODPA were
observed. The first transition temperature is attributed to the marten-
site/austenite transformation of NiTi showing a shift toward lower
temperature compared to the NiTi unmodified (Fig. 8A and C). The

liquid to solid transition was not observed for COOH-PA, but it was
observed for ODPA and 12-NH2PA with a lower temperature shift
compared to the first heating cycle. This decrease of temperature be-
tween the first and second heating cycles suggest that heat treatment
disrupted the order of the films and a more gauche conformation is now
present in the samples, as seen in Fig. 8C [75,79]. In the literature, it
has been observed that alkylthiolates on copper nanoclusters, as well as
alkylphosphonate salts, were able to almost completely revert to their
original conformation even after several heating-cooling cycles, but the
transitions appear to deteriorate [76,77]. A similar phenomenon was
observed for ODPA and 12-NH2PA samples, showing some “film
memory”. However, the COOH-PA modification does not exhibit that
property, implying that the films decomposed at these temperatures.

From the DSC experiments it can be concluded that various surface
treatments have a significant effect on the thermal transition behavior
of NiTi nanoparticles. In addition, surface film conformation and its
stability are affected by repeated heating and cooling cycles.

4. Conclusions

In this study, NiTi nanoparticles were modified by the attachment of
phosphonic head groups with three different organic tails (methyl,
carboxylic, and amine-terminated functional groups) by self-assembly.

Fig. 8. DSC heating and cooling curves of (A) 1st heating cycle(B)1st cooling cycle, and (C) 2nd heating cycle for NiTi control and NiTi modified using phosphonic acid films.
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Using ATR-IR spectroscopy and XPS data, the alkylphosphonic acid
molecules were found to attach and form strong uniform covalent
bonds on the surface of the NiTi nanoparticles that indicated durability
through a variety of stability testing for up to one year.

The upfield resonances of the 31P SS-NMR spectra lead to the de-
termination of additional bonding (i.e. monodentate or mixed mono/bi-
dentate motif) or intermolecular surface interactions. SEM and DLS
were used to demonstrate the increase in particle size following the
surface modification. Based on the analysis of the zeta potential, it was
concluded that throughout the studied pH range, the zeta potential
values decrease after the addition of an anionic functional group, such
as a carboxylic acid, and increase in the presence of the cationic amino
groups, which are positively charged.

In general, our study is an important step to a better understanding
of the interaction between phosphonic acids and NiTi as observed by
DSC on a macroscopic level as well as the stability of the adsorbed
phosphonic acid molecules on the surface, both of which could be
useful in the creation of nanofluids with excellent colloidal stability.
Furthermore, the outcome of the study can serve as a model to precisely
control and characterize surface modifications and formulate an ideal
functionalized nanocoating for biomedical or industrial applications
with future studies focusing on further analysis of novel binding motifs.
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