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ABSTRACT: Ti-6Al-4V alloy is the most commonly used alloy
for dental and orthopedic implants. In order to improve
osseointegration, diﬀerent surface modiﬁcation methods are
usually employed, including self-assembled monolayers (SAMs).
This study presents an investigation of both active (electroassisted) and passive (adsorption) approaches for the
modiﬁcation of Ti-6Al-4V using alkylphosphonic acid. The
monolayers were characterized by cyclic voltammetry, doublelayer capacitance, contact angle measurements, X-ray photoelectron spectroscopy, polarization modulation infrared reﬂection adsorption spectroscopy, electrochemical impedance spectroscopy, and corrosion potentiodynamic polarization measurements. It is shown that the electrochemically assisted
monolayers, which are assembled faster, exhibit better control over surface properties, a superior degree of order, and a
somewhat higher packing density. The electrosorbed SAMs also exhibit better blockage of electron transfer across the interface
and thus have better corrosion resistance.

■

INTRODUCTION
Titanium and its alloys (mostly Ti-6Al-4V and Ti-6Al-4Nb)
have been widely used in orthopedic and dental surgery for
decades due to their superior properties.1,2 Speciﬁc advantages
include low density (ρ = 4.51 g/cm3), biological and chemical
inertness, low electrical and thermal conductivity (σ = 2.3 × 104
1/(Ω·cm) at 22 °C, κ = 22 W/(m·K) at 27 °C, respectively), a
relatively low modulus of elasticity (110 GPa) that reduces the
risk of stress shielding, and good fatigue strength (300 MPa at
107 cycles).3 The oxide layer on commercially pure titanium
and on Ti-6Al-4V is very similar, varying only by the small
concentration of the α-phase stabilized by aluminum.4
Titanium and its alloys generally exhibit good biocompatibility
and osseointegration properties. However, the osseointegration
of a titanium implant depends on several factors, including
biorecognition, bone growth and adhesion of the newly
forming bone at the implant surface.5,6 Consequently, improvement in the biological, chemical, and mechanical properties is
often accomplished by surface modiﬁcation using diﬀerent
approaches. The latter can be divided into surface treatment
and coating, whereby inorganic and organic matrices including
polymers are utilized.7
An attractive approach to modifying the interfacial properties
of Ti and its alloys is by self-assembled monolayers (SAMs).
These are easy to manipulate and allow one to control the
© XXXX American Chemical Society

surface composition and thus the implant bioactivity and
biocompatibility at relatively low cost. Accordingly, the interest
and eﬀort in SAMs related to titanium have constantly
increased and have resulted in numerous reports.8−26 The
most commonly studied SAMs on titanium surfaces have been
alkoxy- and chlorosilanes and carboxylic, phosphonic, and
phosphoric-terminated acids which bond to the oxide surface
using OH groups.9−17,27 Hähner et al.18 studied alkanephosphates on metal oxides including titanium oxide and found that
these produce oriented, well-ordered ﬁlms that show no
dependence on the preparation conditions as long as the
surface roughness is low. It was concluded to have coverage
comparable to that of long-chain thiols on gold. More recently,
HailuTaﬀa et al.19 showed that the interfacial properties of the
surface, such as wettability and ion exchange, could be tuned by
modifying the headgroups of alkylphosphonic acids. It was
discovered that the layers reach a stable surface coverage within
days. Balahur et al.20 demonstrated that the wettability of a
TiO2 surface coated with silane SAM could be well controlled
by UV irradiation. Evidently, the formation of these SAMs on
Ti involves a strong interaction between a functional group and
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angles were determined by adding and withdrawing a ﬁxed amount of
DI water to and from the drop, respectively. The values reported here
are the averages of three measurements performed on each sample.
Polarization modulation infrared reﬂection absorption spectroscopy
(PM-IRRAS) spectra were recorded using Bruker optics PMA50
external module in conjunction with a Vertex 70 Fourier transform
infrared (FTIR) spectrometer. A liquid-nitrogen-cooled MCT detector
was used in all experiments. Samples of evaporated titanium on glass
covered with SAMs were mounted in the PMA50 sample holder. The
incident beam angle used in all experiments was 85°. The wavelength
setting on a Hinds PEM90 was ﬁxed at 2600 cm−1 with a half-wave
retardation of 0.5. Lock-in ampliﬁer (LIA) SR830 settings were used
according to the PMA50 manual, except for the sensitivity which was
set to 50 mV. The samples were scanned for 25 min with 4 cm−1
resolution and an aperture of 1.5 mm depending on the PM-IRRAS
signal. The resulting absorption spectra were recorded between 800
and 4000 cm−1. Conversion of the resulting interferograms to raw PMIRRAS spectra was performed using the VisualBasic script included in
Bruker OPUS spectroscopy V.5.5 software. The analysis of the raw
PM-IRRAS spectra, including the removal of the background, y-scale
normalization, and removal of the LIA gain factor, was based on
section V.4.E of the PMA50 manual.
X-ray photoelectron spectroscopy (XPS, AXIS ULTRA, Kratos
Analytical Ltd., Manchester, U.K.) measurements were acquired with
monochromated Al Kα (1486.7 eV), and high-resolution scans were
collected for Au 4f peaks with a 20 eV pass energy.
Procedures. For the chemisorption of SAMs, the titanium alloy
rods were machined into 1- and 2.5-cm-long samples. These electrodes
were cleaned in acetone and ground on silicon carbide papers (P600,
P1000), followed by ﬁne polishing with alumina paste (down to 0.05
μm) on a microcloth polishing pad and washed with DI water and
acetone alternately. Chemical etching was followed by dipping the
sample in an HF (40%)/HNO3 (65%) solution (2 and 20 vol %,
respectively) for 2 min and then dipping three times in DI water at
ambient temperature. The samples were then immediately immersed
in a 1 mM solution of the alkylphosphonic acid in DI water for 24 h
(hexadecylphosphonic acid solution was added to NaOH (2 mM) in
order to dissolve the powder better). This was followed by dipping the
samples three times in DI water at ambient temperature, gently
washing in running DI water, and drying in argon.
For the electrodeposition of SAMs, the 0.2-in.-diameter rods were
embedded in Teﬂon and cleaned and polished in the same manner.
After 24 h of exposure to air at room temperature, the samples were
immersed in a 1 mM solution of the alkylphosphonic acid and 0.01 M
KNO3 in DI water under a potential of +1.2 V vs Ag/AgCl for 250 s.
Afterward, the samples were rinsed gently with DI water and dried in
argon.
Cyclic voltammetry (CV) was performed in 1 mM Ru(NH3)63+ and
0.1 M KNO3 between 0.4 and −0.4 V at a scan rate of 20 mV/s. The
double-layer capacitance, Cdl, was determined from the CV by cycling
the electrodes in the non-Faradaic region at diﬀerent scan rates in a
solution of 0.1 M KNO3. EIS was conducted in a solution containing
equal concentrations of Fe(CN)63−/Fe(CN)64− (1 mM each) using a
three-electrode cell, as described earlier for the chemisorbed and
electrochemically prepared electrodes. The impedance data were
analyzed with Zview impedance analysis software (Scribner Associates,
Inc., Southern Pines, NC). All measurements were performed at room
temperature (21 ± 2 °C).
Corrosion tests were performed using 0.5-in.-diameter rods cleaned
and polished in the same manner. The samples were immersed in a
three-electrode cell containing PBS with a saturated calomel reference
electrode (SCE) connected by a salt bridge. The bath was maintained
at 37 ± 1 °C by means of a Lauda E-220T Ecoline thermostatic bath.
The polarization experiments were conducted starting from a value
−100 mV more cathodic than the open-circuit potential (that was
measured for 1 h) and sweeping the potential in the anodic direction
and back at 0.167 mV/s. The solution was dearated with nitrogen 1 h
before the experiment and through the duration of the experiment.

the oxide surface that allows hydrolysis. Yet, there is much
diﬀerence between them; Adolphi et al. 27 found that
phosphonic acids bind more strongly to the metal oxides
than do carboxylic acids. Silverman et al.28 showed the
superiority of the phosphonate interface with titanium at
physiological pH in comparison to silane functional groups.
These SAMs are often designed with a functional end-group,
which can be linked to proteins and cells or even induce the
growth of coatings such as calcium phosphate.21,22
A literature survey reveals that typically the assembly method
comprises a passive adsorption mechanism by which the
substrate is either immersed in the surfactant solution or
exposed to its vapors during a predeﬁned, relatively long period
of time (typically 24 h).9,23−25 In this study, a much faster
active approach based on the application of an electrochemical
potential for a short time is studied and compared with the
conventional approach. This electrochemical method induces
organization and allows us to control the molecular assembly at
the interface.
Electroassisted adsorption of thiols on Au, Ag, and Hg from
alkaline aqueous solutions has been reported.29−32 Related
studies carried out on gold surfaces have highlighted the major
improvement in the structure, organization, and protection of
mostly alkanethiol monolayers assembled under electrochemical potential. High-quality SAMs have been generated
with a signiﬁcant savings of time with regard to the passive
approach.29,33,34 Recently, few studies have been devoted to the
electroassisted assembly of organothiols and other ω-functionalized alkanes on oxidizable metals and alloys, such as nickel,35
carbon steel,36−38 and copper.39,40 To the best of our
knowledge, the only study that deals with the electroassisted
formation of SAM on titanium was reported by Oya et al.,41
who claimed to electrochemically immobilize Arg-Gly-Asp
(RGD) molecules on a titanium surface by applying a potential.
However, no additional details were provided.
This study presents an investigation of both active (electroassisted) and passive (adsorption) approaches for the
modiﬁcation of titanium alloy (Ti-6Al-4V) using alkylphosphonic acid. The formation of highly reproducible, stable, wellordered, and closely packed monolayers is shown.

■

EXPERIMENTAL SECTION

Chemicals. Hexylphosphonic acid (95%), decylphosphonic acid
(97%), tetradecylphosphonic acid (97%), hexadecylphosphonic acid
(97%), hexaammineruthenium(III) trichloride (98%), potassium
nitrate (99%), and phosphate-buﬀered saline (PBS) were purchased
from Sigma-Aldrich. Ti-6Al-4V ELI grade (ASTM F136-02a) rods, 0.5
in. long and 0.2 in. in diameter, were produced by Dynamet Inc.
(Washington, PA) and supplied by Barmil (Petach-Tikva, Israel). The
0.2-inch rods were embedded in a Teﬂon sheath, exposing only the a
disk that served as the electrode surface. Deionized (DI) water (>18
MΩ·cm−1) was used for all experiments.
Instruments. Electrochemical measurements were conducted with
a PAR-263A potentiostat/galvanostat operating in potentiostatic
mode, using a three-electrode cell with a saturated Ag/AgCl reference
electrode (RE) and a platinum counter electrode (1 cm2 in area).
Electrochemical deposition and electrochemical impedance spectroscopy (EIS) were carried out with a potentiostat (CHI-750B, CH
Instruments Inc., TX, USA) using a single-compartment threeelectrode glass cell. The same RE was used for these experiments;
therefore, all potentials are quoted hereafter vs this RE. For these
experiments, a 5-mm-diameter graphite rod was used as a counter
electrode.
Contact angle measurements were conducted using Ramé-Hart
model 100 contact angle goniometer. Advancing and receding contact
B
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Figure 1. Cyclic voltammetry of Ti-6Al-4V electrode recorded in a 1 mM Ru(NH3)63+ solution consisting of 0.1 M KCl (20 mV/s) (A) chemisorbed
and (B) electrochemically formed. 6C, 10C, 14C, and 16C stand for hexylphosphonic acid, decylphosphonic acid, tetradecylphosphonic acid, and
hexadecylphosphonic acid, respectively.

■

RESULTS AND DISCUSSION
Electroassisted adsorption of SAMs is a relatively new concept
unexplored for reactive metals, such as titanium. This process,
which involves applying positive potentials, is complex since it
needs to take into account the interaction between the
amphiphiles and the potential-dependent oxide layer. Previous
studies have shown that electroassisted SAMs were formed
much faster and exhibited superior organization.33,42 Hence,
our principal motivation to form SAMs electrochemically on
titanium has been driven by superior control over surface
coverage and time savings. Below we describe and compare the
formation of well-ordered SAMs of homologous alkylphosphonic acids on titanium alloy by chemisorption and a step
potential.
Figure 1 shows the CV of Ti-6Al-4V coated with 1 mM
Ru(NH3)63+ and 0.1 M KNO3 with alkylphosphonic acids
having diﬀerent chain lengths. The SAMs were formed either
by chemisorption (24 h) or electrochemically (1.2 V, 250 s).
The ﬁgure shows only the ﬁrst scan, as there is no signiﬁcant
change in the subsequent potential scans. The CV of a “bare”
titanium electrode shows a quasi-reversible wave with ca. ΔEpk
= 0.24 V and a ratio of ca. 2.63 between the cathodic and
anodic peak currents. The latter indicates that the reduction
and oxidation of hexaammineruthenium(III) is not completely
chemically reversible. Current densities in Figure 1A are higher
than those in Figure 1B since an O-ring setup was used
previously. In this type of setup, the working electrode is
pressed against a doughnut-shaped ring to seal speciﬁc sections
of the electrode and create a deﬁned surface area for the
experiment. Yet, this setup does not deﬁne the surface area
well; therefore, a deviation in the current density can be
observed. It is worth mentioning that under these conditions a
native oxide layer covers the electrode surface. Previous reports
suggested that the TiO2 electrode behaves as an insulator rather
than a metal under these conditions.43,44 HailuTaﬀa et al. stated
that the fact that the current density varied inversely with pH,
yet was generally in the range expected for a ﬂat gold electrode,
suggests that Ru(NH3)63+ diﬀused through pores and charge
transfer occurred at defects on TiO2 exhibiting unexpected
metallic behavior.19
The CV of the Ti alloy coated with an alkylphosphonic acid
SAM clearly shows blocking behavior, which increased upon
increasing the chain length of the monolayer. Blocking was
estimated by the decrease in the peak current (measured at the
peak potential) in comparison with that of a bare electrode. We

found that blocking occurred to the same extent in both the
chemisorbed and the electrochemically formed SAMs.
The electroassisted formation of hexylphosphonic acid and
decylphosphonic acid on Ti-6Al-4V was thoroughly studied and
optimized. Longer chain lengths were not investigated because
of micelle formation in the aqueous solution, which made it
diﬃcult to assemble on the surface over a short period of time.
The eﬀects of solvent, electrolyte, time, potential, and
concentration of the two alkylphosphonic acids were
investigated. Figure 1S shows, for example, the eﬀect of the
applied potential (t = 250 s) on the electron-transfer blocking
properties of the SAMs.
Table 1 lists the double-layer capacitance of the samples,
both chemisorbed and electrochemically attached. The
Table 1. Double-Layer Capacitance of Bare, Chemisorbed
and Electrochemically Prepared Alkylphosphonic Acid
SAMs on Titanium Surfacesa
sample
control
6C
10C
14C
16C
a

chemisorbed

electrochemically prepared

capacitance [μF/cm2]

capacitance [μF/cm2]

±
±
±
±
±

39.89 ± 1.06
5.42 ± 1.35
2.70 ± 0.27

39.25
4.66
2.98
1.41
1.05

8.14
1.60
0.81
0.22
0.09

Values are presented as the mean ± standard deviation.

capacitance was derived from the CV, where a linear
dependence between the non-Faradaic current and the scan
rate was obtained. There is a signiﬁcant diﬀerence between the
control (bare) and the surfaces coated with the alkylphosphonic
acids. The double layer can be described to a ﬁrst
approximation by the Helmholtz model (eq 1)
εε A
Cdl = 0
(1)
d
where ε is the dielectric constant, ε0 is the permittivity of free
space, A is the area of the working electrode, and d is the
distance between the plates of the capacitor. Therefore, it is
expected that the capacitance of the interface covered with a
monolayer will decrease inversely with its thickness. Indeed,
plotting the results of the chemisorbed samples shown in Table
1 as a function of the number of carbons in the alkylphosphonic
chain (n, Figure 2) gives a straight line, where the dielectric
constant can be determined from the slope. The calculated ε is
C
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higher degree of order, more complete surface coverage, and
somewhat higher packing density. In general, contact angles
greater than 110° are typical of well-deﬁned alkylphosphate
SAMs,46 indicating that hexylphosphonic acid does not form
highly ordered monolayers.
XPS analysis was carried out on bare, hexylphosphonic, and
decylphosphonic acids for both methods. The element
composition obtained from low-resolution scans of hexylphosphonic acid is shown in Figure 2S. A clear diﬀerence is seen
between the bare and coated samples in which the C signal
increases, whereas the O, Ti, and P signals decrease accordingly.
These trends all point to the formation of a layered coating
where Ti is bound through the phosphonic moiety and the
alkyl chain is oriented outward. The decrease in the Ti signal
clearly suggests that the actively coated hexcylphosphonic acid
monolayer is thicker than the passively coated hexylphosphonic
acid monolayer, which is also supported by the diﬀerence in the
P signal.
More information about the monolayers can be obtained
from a careful analysis of high-resolution XPS scans. The C 1s
spectrum, presented for the hexylphosphonic acid in both
methods and the bare sample, is shown in Figure 3S. It can be
seen that there is a clear diﬀerence between the substrate highresolution spectrum and that of the monolayer-covered
samples. The carbons found on the bare substrate are carbonate
contaminations widely known on the titanium substrate, while
the carbon signal of the covered samples is attributed mainly to
the carbon of the aliphatic chain (285.0 eV).21 It can be seen
that the electrochemically prepared method gives rise to a
higher intensity for the carbon main peak, indicating a higher
content of molecules.
The high-resolution O 1s spectrum of chemically and
electrochemically prepared hexylphosphonic acid is shown in
Figure 3A. The ﬁgure shows several main contributions. A peak
at 530.7 eV is related to the TiO2 bond (passive 36.83%,
FWHM = 1.05 eV; active 46.10%, FWHM = 0.8 eV);10 that at
531.6 eV is related to P−O−Ti and PO bonds (passive
59.05%, FWHM = 2 eV; active 44.65%, FWHM = 2 eV);10 and
that at 533.9 eV is related to the O−C bond (passive 4.12%,
FWHM = 1.5 eV; active 9.25%, FWHM = 1.8 eV), which are
considered to be surface contaminants.47 These results can
exclude binding modes between the SAMs and the titanium
surface via the revealed bonds. In general, phosphonic acid does
not suﬀer from homocondensation and can attach to the
surface through hydrogen bonds, monodentate, bidentate, or
tridentate conﬁgurations, or a mixture of these conﬁgurations.48
Since no P−OH bond (532.6−533.6 eV10) was found in our
results for the hexylphosphonic acid in both methods, we can

Figure 2. Double layer capacitance as a function of the inverse number
of carbons in the alkylphosphonic chain.

ca. 7.9 ± 3.8, which is somewhat higher than the typical
dielectric constant for pure alkylphosphonic acids (4.3−6.345).
This can be explained by recalling that our interface is a series
of two capacitors representing the oxide layer and the organic
ﬁlm. Clearly, the Helmholtz model cannot account for these
interfaces and a more elaborate approach must be applied using
EIS vide infra. However, the clear resemblance that can be
observed between the chemisorbed and the electrochemically
prepared samples suggests that the electrochemically prepared
samples also form a SAM, similar to that of the chemisorbed
sample.
Further insight into the interface can be achieved by
measuring the advancing and receding contact angles of a
sessile water drop. Table 2 summarizes the average of three
measurements performed on evaporated titanium surfaces. The
latter were used to avoid the contribution of surface roughness.
Evidently, the contact angles of chemisorbed and electrochemically prepared Ti surfaces are signiﬁcantly higher than
that of the bare surface. The advancing contact angles vary
between 86 and 108°, indicating the hydrophobic nature of the
coated surfaces. Furthermore, a clear trend in increasing the
advancing contact angles with the length of the alkylphosphonic acid is also found, indicating the enhancement of ﬁlm
packing. The hysteresis of the ﬁlms is also an indicator of their
packing; that is, as the ordering of the ﬁlm increases, the
hysteresis decreases. It can be seen that the hysteresis of the
electrochemically prepared monolayers is slightly smaller than
the chemically prepared monolayers. Taking into account the
smoother surfaces used for chemisorption of the SAMs also
points to the superior monolayers obtained by the electrochemically assisted method as compared to the chemisorbed
approach. Furthermore, as the chain length increases, the
hysteresis and error bars decrease. This can be attributed to the

Table 2. Contact Angle Measurements of Bare, Chemisorbed, and Electrochemically Prepared Alkylphosphonic SAMs on the Ti
Surfacea
chemisorbed
model tested
control
hexylphosphonic acid
decylphosphonic acid
tetradecylphosphonic acid
hexadecylphosphonic acid +
2 mM NaOH
a

advancing contact
angle (deg ± 0.1)
27.4
86.1
105.1
110.4
108.5

±
±
±
±
±

0.7
7.4
4
1.6
0.4

electrochemically prepared

receding contact angle
(deg ± 0.1)

hysteresis

±
±
±
±
±

25.2 ± 9.4
12.8 ± 4.94
10.6
9.8

9.4
60.9
92.3
99.8
98.7

2.2
5.8
2.9
2.5
1.2

advancing contact
angle (deg ± 0.1)

receding contact angle
(deg ± 0.1)

hysteresis

69.8 ± 3.9
94.0 ± 2.1
112.7 ± 2.3

49.3 ± 3.2
74.6 ± 5.8
101.5 ± 1.9

19.40 ± 6.17
11.2 ± 2.98

The mean ± standard deviation of three measurements is presented.
D

dx.doi.org/10.1021/la404829b | Langmuir XXXX, XXX, XXX−XXX

Langmuir

Article

Figure 3. High-resolution XPS O 1s (A) and P 2p (B) spectra of chemisorbed hexylphosphonic acid SAMs.

Figure 4. PM-IRRAS spectra in the C−H stretching region for the series of chemisorbed (A) and electrochemically prepared (B) phosphonate
SAMs. 6C, 10C, 14C, and 16C stand for hexylphosphonic acid, decylphosphonic acid, tetradecylphosphonic acid, and hexadecylphosphonic acid,
respectively. (C) Position of the methylene symmetric (open symbols) and antisymmetric (ﬁlled symbols) stretching modes in the chemisorbed
method.

safely assume that the bond between the monolayer and the
substrate is in either the bidentate or tridentate conﬁguration,
meaning that the monolayer is tightly adhered to the substrate
with all valence electrons available to the phosphonate and no
partially adsorbed layers on the surface. The detection of
tridentate as the main binding mode in the case of
alkylphosphonates and titanium was previously shown and
studied.49,50 The high-resolution spectrum of P 2p is shown in
Figure 3B. It was ﬁtted as a single doublet with P 2p3/2 at 133.7
± 0.1 eV and P 2p1/2 with a binding energy diﬀerence of 0.81
eV and a ﬁxed area ratio of 2:1 as reported before.10
Angle-resolved XPS was performed on octadecylphosphonic
acid SAMs in the chemisorbed and electrochemically prepared
methods at three diﬀerent angles (see Tables 1S and 2S). In
both tables, the oxygen and titanium signals decrease at more
glancing takeoﬀ angles. This is due to the decrease in the

sampling depth with increasing takeoﬀ angles, therefore
resulting in a decreased signal from the underlying titanium
dioxide layer. It is worth mentioning that the oxygen atoms
within the phosphonate group contribute to the overall oxygen
signal measured. However, it is evident that this contribution is
minor (at least for small incident angles) as compared to that of
the oxide layer. At the same time, the carbon and phosphorus
signals increase at glancing takeoﬀ angles in both systems. This
means that the sampling depth, even for glancing angles, is still
larger than the thickness of the organic layer. The ratio of the
carbon signal to the phosphorus signal can be used to
determine the molecular orientation. In theory, the phosphorus
should be located at the TiO2/SAM interface with the carbon
chain oriented outward. The C/P ratio at more glancing takeoﬀ
angles for the chemisorbed layers does not change signiﬁcantly
and therefore does not provide evidence for ordering. On the
E
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Figure 5. Nyquist plots of bare titanium vs titanium covered with alkylphosphonic acid. (A) Chemisorbed. (B) Electrochemically formed. The inset
is a zoom-in for the bare sample.

Figure 6. Equivalent circuits used to simulate the experimental data for SAMs deposited on Ti-6Al-4V, either chemically (A) or electrochemically
(B).

Table 3. Parameters Obtained from Experimental Impedance Data Using the Equivalent Circuit in Figure 6A
chemisorbed
Rs [Ω]
Rct [Ω]
Cdl [F]
Cfilm [F]
Rfilm [Ω]

electrochemically prepared

bare

6c

10c

bare

6c

10c

100.8
30 281
1.469 × 10−5

97.04
76 908
3.75 × 10−6

95.61
83 210
5.31 × 10−6

104.1
73 169
5.61 × 10−6

311.2
7176
5.67 × 10−6
1.00 × 106
1.13 × 106

99.02
76 124
1.75 × 10−6
4.25 × 106
4.25 × 106

cause peak broadening of the symmetric and asymmetric CH2
stretches.51 It is evident that the shorter alkyls show broader
peaks than the longer alkyls, implying a mixture of ordered and
disordered adsorbents. Moreover, by comparing Figure 4A,B it
is obvious that using the electrochemical method reduces
gauche defects by narrowing the peaks.
Further insight into these systems was obtained by EIS,
which allows an investigation of the interfaces in electrolyte
solutions. It is worth mentioning that in this section the
investigation was limited to short alkyl chains (n < 10). Long
chains gave rise to obscure values, which are not easily
interpreted. Impedance measurements were performed in a
solution containing 1 mM Ru(NH3)63+ and 0.1 M KNO3.
Cyclic voltammetry was carried out before each experiment.
The average of the oxidation and reduction peak potentials was
then estimated to be E0′ for the Ru complex. Figure 5 describes
the EIS data in Nyquist plots for the chemisorbed and
electrochemically adsorbed SAMs. Compared to the bare
samples, both the chemically and electrochemically adsorbed
ﬁlms exhibit signiﬁcantly higher impedance with correlation to
the length of the alkyl chain. Moreover, the impedance for the
electrochemically adsorbed SAMs is generally higher than that
for the corresponding chemisorbed monolayers. The EIS data
were further ﬁtted with equivalent circuits as shown in Figure 6.
The chemisorbed samples can be well ﬁtted by the classical
Randles circuit (Figure 6A). The obtained results are shown in
Table 3. Considering the nonideal electrochemical interface
due to the surface roughness, a constant phase element (CPE)

other hand, the decline in the C/P ratio in the electrochemical
method is more substantial. This indicates that the organic
monolayer is organized and the P is located below the C. This
suggest that the angle between the molecules and the surface
increases as compared to the chemisorbed assembly and a
higher order of packing in the active method, which validates
the information received from the diﬀerent methods of
charictarization.
Figure 4A,B presents the PM-IRRAS spectra, in the C−H
vibrational region of 2800−3000 cm−1, for evaporated titanium
surfaces covered with chemisorbed SAMs (A) and electrochemically adsorbed SAMs (B). According to previous
investigations, highly ordered aliphatic dense monolayers
show stretching vibrations at 2960, 2920, and 2850 cm−1 for
asymmetric and symmetric vibrations υas(−CH3), υas(−CH2),
and υs(−CH2), respectively. The most interesting feature of the
chemisorbed series of spectra shown in Figure 4C is the shift in
the positions of the methylene chains. These bands show a red
shift to lower frequencies with increasing chain length, whereas
the position of the methyl stretching bands remains almost
invariant. The methylene stretching modes are known to be
sensitive to the conformational order of alkyl chains (gauche
defects), shifting to higher frequencies with increasing
conformational disorder.10 Figure 4C shows the position of
the methylene stretching modes. Shorter chains appear at 2929
and 2852 cm−1, indicating that the alkyl chains adopt a more
ordered crystalline structure. The results are in agreement with
the results described above. Furthermore, the gauche defects
F
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was used instead of the capacitance for ﬁtting. It is seen that the
charge-transfer resistance (Rct), which is related to the active
surface area of the electrodes, increases as the length of the
alkyl chains in SAMs increases. This is in accordance with the
trend shown in Figure 5A, suggesting that SAMs with longer
alkyl chains form denser layers. However, the equivalent circuit
for electrochemically prepared SAMs is more complex and
consists of an additional (RC) relaxation in the high-frequency
domain and in absence of the Warburg diﬀusion element
(Figure 6B). We attribute this to the formation of an integrated
barrier layer on the electrode surface, as it is not seen in the
control sample electrochemically prepared from the electrolyte
without alkylphosphonic acid. The high-frequency resistance,
Rfilm, is related to the porosity of the barrier, while the
corresponding Cfilm is associated with the thickness. The ﬁtting
results (Table 3) show that the electrochemically adsorbed
decylphosphonic acid has a higher Rfilm and a lower Cfilm than
the hexylphosphonic acid, indicating that the monolayer of
decylphosphonic acid is denser and thicker. This is also in
agreement with the trends in Rct and Cdl values. Moreover, as
compared to the chemisorbed monolayers, the electrochemically adsorbed layers have a signiﬁcantly higher Rct, suggesting
that they provide higher coverage on the electrode surface.
These results conﬁrm that electrochemical adsorption is more
eﬃcient than the chemisorption method.
Figure 3S illustrates the eﬀect of the chain length on the
cyclic potentiodynamic polarization curve of Ti-6Al-4V coated
with diﬀerent alkylphosphonic acids. Prior to these tests, the
open-circuit potential, EOCP, was monitored for 1 h. At the
vertex potential of 1 V, the scan was reversed in direction; the
reverse scan, as seen in Figure 3S, is generally associated with
higher potentials or lower current densities than in the forward
scan, and the samples that do not follow this pattern are
intersected with the forward scan in the passive region, thus
creating a small hysteresis loop with high resistance to crevice
corrosion. Similar behavior was reported and studied before for
the Ti-6Al-4V alloy.52 Table 4 summarizes the values of some

exhibit superior corrosion resistance, as evident by lower values
of icorr. These ﬁndings clearly indicate that the alkyl chains act as
a corrosion barrier, in agreement with past publications.53 The
percentage of inhibition eﬃciencies (Table 4) was calculated
using eq 3
η=

EOCP
[mV]
Ecorr
[mV]
icorr
[μA/
cm2]
η
a

6C

10C

14C

16C

6C

10C

−534

−136

−230

−300

−273

−195

−276

−534

−201

−245

−337

−286

−270

−354

0.123

0.075

0.069

0.018

0.023

0.008

0.008

39%

44%

85%

81%

93%

93%

(3)

■

CONCLUSIONS
Alkylphosphonic acid self-assembled monolayers with diﬀerent
chain lengths were assembled on Ti-6Al-4V via either
chemisorption or electrochemical deposition. The bare and
modiﬁed titanium alloys were studied by various surface
techniques. It was found that long-chain acids form closepacked monolayers, resulting in more hydrophobic surfaces.
Furthermore, the longer the chain, the more signiﬁcant the
reduction of electron transfer across the interface, thus
inﬂuencing the corrosive behavior.
This study presents an electrochemical method for coating
the surface with SAM at a shorter time constant as opposed to
the chemisorption method that is widely used today. It was
shown to have a performance similar to that for short-chain
SAMs. The reason for the low time constant is entwined with
the system mechanism and has mainly three justiﬁcations. First,
when a positive voltage is applied to the surface, the
amphiphiles in the vicinity of the electrode are polarized,
allowing them to adhere to the surface in a better orientation.
Thus, the cross-section of the molecule while arriving at the
surface is lowered. Second, in viewing the adsorption
mechanism of these amphiphiles, it is known that the timedetermining step of non-cross-linked molecules is their
assembly at the surface electrode, a process which has a high
energy barrier.54 Applying a potential to the surface allows us to
overcome this energy barrier, and the time constant is lowered.
In other words, when the surface energy is larger, the activation
energy for organization is reduced. Finally, the surface texture
has been proven before to make a major contribution to the
organization of said molecules. For example, it has previously
been shown that native TiO2 and anodic TiO2 adsorb siloxanes
to diﬀerent extents.55 In our study, the diﬀerent oxides may
contribute to the changed time constant, being that anodized
oxide is low in contaminants, which allows better surface
coverage, and that its structure is smoother at these
potentials.6,56
The chemisorbed and electrochemically assisted deposited
SAMs exhibit similar performance to the short-chain SAMs and
therefore can be considered to be equivalent methods. Taking

electroassisted
SAMs

bare

0
icorr

where i0corr and icorr are the corrosion current densities in the
absence and presence of SAMs, respectively. A clear trend in η
can be seen as the chain length grows; the inhibition eﬃciency
for long-chain SAMs is quite high. The lowered percentage for
hexadecylposphonic acid can be explained by the formation of
micelles in the aqueous solution.
The cyclic potentiodynamic polarization curves for electrochemically assisted SAMs are also shown in Figure 4S(F,G).
We found that the curves are very similar to those for the
chemisorbed samples, yielding comparable icorr values, as shown
in Table 4. Table 4 shows that in terms of kinetics, icorr in the
case of electrochemically assisted SAMs, for the same chain
length, is lowered by an order in magnitude, indicating better
corrosion protection.

Table 4. EOCP Obtained from Open-Circuit Potential
Measurements, Ecorr and icorr Determined from the
Potentiodynamic Polarization Curves, and Calculated ηa
chemisorbed SAMs

0
icorr
− icorr

Experiments were carried out in PBS at 37 °C.

important corrosion parameters, which were obtained through
Tafel extrapolation. In all cases, Ecorr deduced from the
potentiodynamic measurements is somewhat more negative
than EOCP measured in the preliminary tests. In addition, the
eﬀect of the chain length is evident; as the chain length grows,
the corrosion current densities icor are lowered both for the
chemisorbed SAMs and for the electrochemically assisted
SAMs. This indicates a decrease in the dissolution rate.
Compared to the bare titanium surface, SAM-coated surfaces
G
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into account that the electrochemical deposition is faster, which
allows better control of the interface between the monolayer
and the substrate, and shows higher corrosion resistance, we
conclude that this method is superior for assembling this type
of SAM. Further work along this line and using bifunctional
monolayers is in progress.
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