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Abstract

Carbon materials are widely used in a range of applications from biomaterials to sensing and
electronics. Many of these applications rely on the ability to control carbon/water interfacial
properties, in particular surface charge density. This work reports a study of the electrokinetic
properties of amorphous carbon thin films as a function of pH and surface chemistry. Surface -
potential (SZP) and isoelectric point were determined using the tracer particle method. Initially
the use of sulfonated and amine-terminated latex bead suspensions as tracer particles for the
determination of SZP of reference polymer surfaces was validated. The tracer particle method
was then applied to the determination of SZP and isoelectric point of macroscopic carbon
surfaces with different surface chemistry. Highly graphitic and sp’-rich hydrogenated carbon
surfaces were found to display negative SZP, as expected for hydrophobic surfaces. The
isoelectric point of the most highly graphitic surface was found to be pHis, = 3.7. Surface
oxidation of these films resulted in a decrease of SZP at all pH values and in a downshift of pHjs,
to values lower than 1.5, consistently with the presence of surface acidic groups arising from
oxidation. Results indicate that the specific choice of acid/base chemistry for the tracer particles
does not significantly affect either SZP or pHjs, determinations. These results show that the
tracer particle method in combination with widely available latex beads as tracers can be applied

for the determination of carbon SZP as a function of pH.

Keywords: zeta potential, amorphous carbon, tracer particles, electroosmosis, electrophoresis.
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Introduction

Carbon materials display a wide range of physicochemical, optical and electronic properties." %!
Nanomaterials such as nanodiamonds,”** ¥ nanotubes,"”! graphene and C-dots!'® are the subject of
intense study for vast number of applications such as biomaterials, sensing, electronics,

[7-9

therapeutics, catalysis, separation technologies and mechanical reinforcements.’ Carbon in the

form of coatings and thin-films has also gained great attention in the medical sector, specifically

(10, 11] 12-14

in biosensing, orthopedic and cardiovascular fields and in the electronics sector."*'* Many
of the above applications rely on careful control of interfacial properties in order to modulate
chemical/electrochemical reactivity or biological response.

Surface charge is one of the key properties that can determine rate and yield of surface reactions
and the strength of interactions at carbon interfaces. Surface {-potential (SZP) measurements are
a common method of monitoring the effect of chemical treatments and surface modifications on

surface electrostatic charge,!'> '%!

isoelectric point and, indirectly, density of surface ionizable
groups (e.g. -COOH, —NH,). These measurements have a long history in the characterization of
carbon nanomaterials and carbon particles, particularly due to the numerous applications of

[17-191 §7P measurements on particles or colloids rely

carbon particles as adsorbers and carriers.
on determinations of particle electrophoretic mobility in liquid suspensions and several
instrumentation platforms are currently available to carry out these determinations. SZP
measurements on macroscopic surfaces, on the other hand, usually require specialized equipment
that is not widely available. The preferred methods for macroscopic surfaces are based on
determinations of streaming potential or electro osmotic mobility using microchannels that are

coated with the surface under investigation. In the first case, a pressure-driven flow through the

micro channel leads to the establishment of a streaming potential that is proportional to surface (-

http://mc.manuscriptcentral.com/sia
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potential.*”! In the second case, an electric field is used to create an electro osmotic flow in a
coated microchannel, and the electro osmotic mobility is then related to surface {-potential.
Kirby and Hasselbrink?"! have previously reviewed this family of electrokinetic methods with
particular emphasis on polymeric materials for microfluidics. However, to the best of our
knowledge, there are only few reports of the use of these techniques on amorphous carbon
coatings in the scientific literature.!'’- 22

An alternative to measurements on coated microchannels consists of measuring the mobility of
tracer particles of known (-potential in close proximity of the surface that is the object of
characterization. Tracer particle methods were used by Yan ez al.’ in order to measure surface
and particle {-potential simultaneously. Recently, Corbett et al.?*** developed a protocol based
on tracer particles to determine the {-potential of macroscopic solid surfaces, which is briefly
described in the experimental section. This method is advantageous as it allows for the
measurement of {-potential of a macroscopic surface on the same instrumentation platform used
to measure C-potential of particles and bypasses many of the challenges of microchannel
measurements. However, despite its potential as a rapid and cost effective approach to {-potential
determinations, there are few protocols that establish criteria for tracer particle selection and
preparation. More specifically, there are no published protocols for the selection and preparation
of tracer particles for pH-dependent measurements of SZP, which are necessary for the
determination of surface isoelectric points. Finally, there is no information on whether particle

surface chemistry influences measured values; this is important for surfaces such as carbon

which can display a wide range of chemical functionalities and/or chemisorption sites.

In this work, a protocol for the application of the tracer particle method to the determination of

SZP and isoelectric point of carbon surfaces as a function of pH is reported. The use of

http://mc.manuscriptcentral.com/sia
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sulfonated (SL) and amine-terminated (AL) latex bead as tracer particles was investigated. These
particles possess colloidal stability over a wide pH range and are commercially available to all
researchers interested in carrying out {-potential measurements with this method. Initially the use
of these particle suspensions was validated using standard polymeric surfaces and then
application to the determination of SZP and isoelectric point of macroscopic carbon surfaces was
demonstrated. The method was found to be sensitive to chemical changes at the carbon surface
and was effective at establishing isoelectric points, an important requirement for understanding

the behaviour of macroscopic carbon surfaces in aqueous media.
Experimental Methods

Chemicals and Materials. Hydrochloric acid (37%), sodium hydroxide, isopropyl alcohol,
sulfuric acid (95-97%), hydrogen peroxide (30%), methanol (semiconductor grade) and
phosphate buffer saline (PBS) were purchased from Sigma Aldrich; all were used without further
purification. Millipore water (> 18 MQ) was used for all experiments. Si wafers
(MicroChemicals), polyester transparency films (3M), Nylon 6,6 sheets (Goodfellow) and
polytetrafluoroethylene (PTFE) sheets were sonicated in isopropyl alcohol for 10 min prior to
further use as substrate materials. Standard @ 300 nm latex tracer particles suspensions, | mM
NaCl, pH 9.2 were purchased from Malvern (DTS1235). Sulfate latex beads (8% w/v, @ 0.5 um)

and aliphatic amine latex beads (2% w/v, @ 0.4 um) were purchased from Life Technologies.

Preparation of tracer particle suspensions. Suspensions of sulfonated latex beads (50 x 107
v/v) and amine-terminated latex beads (50 x 10 v/v) were prepared in 100 uM PBS solution
containing 1.37 mM NaCl and 27 uM KCI. A range of solutions with pH 4.5-8.5 were prepared

for studies of {-potential as a function of pH; HCl and NaOH were used to adjust the pH of the

http://mc.manuscriptcentral.com/sia
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PBS buffer to the desired value. The ionic strength remained at 1.80 + 0.15 mM for all studies

where pH was monitored.

Surface preparation. A DC-magnetron sputtering chamber (Torr International, Inc.) was used
to deposit amorphous carbon (a-C) films at a base pressure of <2 x 10 mbar and a deposition
Ar pressure of 7 x 10™ mbar, as previously described.*” Hydrogenated amorphous carbon (a-
C:H) films were prepared using a Hp/Ar gas mixture (10% H,, 90% Ar) as previously described.
Oxidized amorphous carbon (a-C:0) was prepared by oxidation of a-C surfaces under a UV lamp

for 2 h in air, a well established oxidation method for carbon coatings and nanomaterials.”*% "

Characterization Methods. X-ray photoelectron spectroscopy (XPS) characterization was
performed using an Omicron ultrahigh vacuum system (1 x 10 '° mbar base pressure) equipped
with a monochromated Al Ka source (1486.6 eV) and a multichannel array detector. Spectra
were recorded at 45° take-off angle. Peaks were fitted to Voigt functions after Shirley
background correction using Casa XPS software; atomic ratios were obtained from area ratios
using relative sensitivity factors (C = 1.00; O = 2.93). Atomic force microscopy (AFM, Asylum
Research) imaging was performed in tapping mode (1 Hz and 512 scan lines) using Au-coated
silicon cantilevers with nominal spring constant in the range 1.45-15.1 N m” (NT-MDT).
Spectroscopic ellipsometry (SE) measurements of amorphous carbon surfaces were performed
using a J.A. Woolam Co. Inc. alpha-SETM ellipsometer; data were modelled using

321 Dynamic light

CompleteEASE™ software as discussed in the Supporting Information.
scattering (DLS) and C-potential measurements were carried out using a Malvern Zetasizer
Nano-ZS, A = 633 nm He-Ne laser; the signal was detected at 173° and 13° for DLS and (-

potential measurements, respectively. Hydrodynamic size was determined using a refractive

index n = 1.59 for latex.”*! Particle {-potential was obtained using the same instrument which

http://mc.manuscriptcentral.com/sia
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).[26]

determines particle velocity and mobility via phase analysis light scattering (PALS solution

conditions were optimized as described below.

Tracer particle suspensions and determinations of SZP. The tracer particle method for
measuring the SZP of a static macroscopic surface requires the use of a suspension of narrowly
dispersed particles with well-defined SZP. This method has been previously described by
Corbett et al.;*® briefly, the velocity of the tracer particles under the effect of an AC field is
measured via phase analysis light scattering after positioning the surface under characterization
at progressively greater distances from the probed volume. The velocity of the tracer particles at
each position is the result of the sum of the particle electrophoretic migration, and of the electro
osmotic flow in the proximity of the solid/liquid interface. As the probing volume is positioned
further away from the surface the effect of electro osmotic flow decreases until the observed
mobility becomes only the result of electrophoretic migration. The apparent (-potential is
calculated from each mobility measurement using equation { = u.,n/e, where e, is the
electroosmotic mobility, ¢ is the permittivity and 7 is the solution viscosity.*® Values obtained
are plotted vs. surface displacement and the SZP is obtained from extrapolation to zero-
displacement; the contribution arising exclusively from the surface ({syrrqce) 18 calculated from

the intercept as in equation (1):
<surface = —intercept + (particle (1)
An example of this procedure is shown in Figure 2.

Surface (-potential measurements were performed using a surface (-potential cell (Malvern

Instruments). Mobility determinations were conducted at 125, 250, 375, 500 and 1000 um

http://mc.manuscriptcentral.com/sia
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displacements from the sample surface. Thin film samples were prepared with the dimensions of
4 x 4 mm to fit the cell sample holder. SL and AL beads were used as tracer particles in
suspensions containing 100 uM PBS buffer (1.37 mM NaCl and 27 uM KCl) of total ionic
strength 1.80 £ 0.15 mM at all pH values studied. A buffered suspension at pH = 7.4 was
prepared first and pH was varied via addition of HCI or NaOH as appropriate; the error bar for
the ionic strength reflects the range of variation introduced by the pH adjustment process. The
conductivity of the suspension was optimized for values in the range 200-300 uS/cm; values
above this range were found to lead to electrochemical degradation of cell electrodes or of the
beads, and were found to result in large deviations in calculated SZPs. Error bars indicate

standard deviations calculated from three measurements on each sample.

Results

Characterization of particle suspensions. The tracer particle method was used to investigate
the surface (-potential of thin films as a function of pH. Two different tracer particle suspensions
were used for this purpose, sulfate latex (SL) and aliphatic amine latex (AL) beads, which are

terminated with —SO3H and —NH, groups, respectively.

Figure 1a shows the hydrodynamic size of SL and AL beads as a function of pH, obtained from
DLS measurements. The hydrodynamic size of SL beads remains constant as a function of pH
and the average value was found to be 582 + 3 nm, indicating that the average hydrodynamic
size is only marginally higher than the nominal diameter under the experimental conditions. AL
beads also exhibit an approximately constant hydrodynamic diameter with average value of 553
+ 11 nm. These results indicate that both SL and AL bead suspensions are stable and do not

aggregate or sediment over the pH range of 4.5-8.5.

http://mc.manuscriptcentral.com/sia
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Figure 1. (a) Hydrodynamic size and (b) {-potential of sulfate latex (SL) and amine latex (AL)
beads used as tracer particles for surface (-potential measurements. SL and AL beads were
suspended in 100 uM PBS buffer (1.37 mM NaCl and 27 uM KCl) with total ionic strength of
1.80 = 0.15 mM for all pH values studied.

Figure 1b shows the SZP of SL and AL particles as a function of pH, at a constant total ionic
strength of 1.80 mM. The {-potential of SL beads remains at approximately -80 mV at all pH
values, which is consistent with the presence of —SO3;H groups at the particle surface that are
acidic with pK, < 2. The results for SL particles are in agreement with those reported by
Thielbeer et al.®¥ who compared the (-potential of microparticles with different surface
functional groups. AL beads display positive (-potential values, which range from a maximum
value of 50.5 = 1.0 mV at pH 4.5 to approximately 5 mV at pH 8.3; a linear extrapolation of the
results to the pH-axis yields an estimate of pHj, of 8.8. Cros et al. showed (-potential

measurements of aminated (-NH,) latex particles (10 mM NaCl) as a function of pH, and found

http://mc.manuscriptcentral.com/sia



©CoO~NOUTA,WNPE

Surface and Interface Analysis

O =1
-
\E/ 20 —
= LNy
E §
O -40-
S ¢
N
o -60-] .
2
o []
o
(O]
o -80-

T T T T T T
0 200 400 600 800 1000

Displacement (um)

Figure 2. Plot of apparent (-potential as a function of surface displacement obtained for Nylon
6,6 as a static surface using SL beads in 100 uM PBS buffer (pH 7.5) as tracer particles.

that for acidic pH the particles show a stable {-potential of 60 mV that decreases to 0 mV at pH ~
9.5 The results presented here are in good agreement with the above study, and indicate that AL

beads are stable in acidic media and that they possess an isoelectric point of 8.8.

Characterization of Nylon and PTFE surfaces using tracer particles. To confirm that the
tracer particle suspensions could be applied to SZP determinations as a function of pH, we
investigated the performance of latex bead suspensions in the determination of the SZP of two
standard polymeric surfaces: Nylon 6,6 and PTFE. Figure 2 shows an example of a surface (-
potential measurement on Nylon 6,6, using SL beads as tracer particles, suspended in a 100 pM
PBS buffer at pH 7.5. The plot shows the reported {-potential - calculated from the measured
mobility of the tracer particles - as a function of surface displacement. The intercept (eq. 2) is
obtained via linear extrapolation of the reported {-potential, excluding the value obtained at 1000

um, for which the apparent {-potential matches that in bulk suspensions.*

http://mc.manuscriptcentral.com/sia

10

Page 10 of 29



Page 11 of 29

©CoO~NOUTA,WNPE

Surface and Interface Analysis

0 A Nylon66 | °
e PTFE
il Nylon 6,6 |

s 10 o PTFE 3
= s
T 20- 10,
e N
g I : x
c -30- =15 B
© —
g ¢ 3
8 -40 --20
£
= |
' =J0= % --25

-60 L -30

45 50 55 60 65
pH
Figure 3. Surface {-potential measurements of Nylon 6,6 and PTFE surfaces (blue data points)
using SL beads as tracer particles. SL beads were suspended in 100 pM PBS buffer (1.37 mM
NaCl and 27 uM KCI) and the ionic strength remained at 1.80 + 0.15 mM for all pH studied (pC
= 2.82). Surface {-potential values were normalized by the counterion concentration (pC) for

both polymers (red data points).

Figure 3 displays the SZP (Csurface) Of PTFE and Nylon 6,6 obtained using SL beads as tracers,
over the pH range 4-7; SZP values normalized by counterion concentration (pC) are also
reported on the right-hand axis to facilitate comparison with literature data. PTFE and Nylon 6,6
show similar SZP at all pH values that compare well to those reported in literature (see
below):!*"" * values were found to decrease from approximately -20 mV at pH 4.4 to less
than -50 mV for pH 6.7. Extrapolation to the x-axis yielded an estimate of pHjs, of 3.7 and 3.4
for Nylon and PTFE, respectively. Results obtained with SL tracer particles are similar to reports
of C-potential for Nylon and PTFE obtained via streaming potential determinations in the

21]

literature. Kirby er al.*'! published a review of SZP determinations for common polymeric

substrates using microchannel methods at various pH and ionic strength values, which allows for

36]

a comparison with tracer particle SZP determinations. For instance, Rendall et al.®® reported

http://mc.manuscriptcentral.com/sia
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10.0 nm
8.0

Figure 4. 10 X 10 pm AFM topographic images of (a) a-C, (b) a-C:H and (c) a-C:O surfaces.
Surfaces roughness values were obtained from height profile determinations.

similar SZP for pC = 2.0 — 4.0 in the pH range of our study. Werner er al!'! studied the
influence of pC on the SZP of flat solid surfaces and reported SZP/pC ratios for PTFE substrates,
that are comparable to those shown in Figure 3. Therefore, the tracer particle method in
combination with latex bead suspensions appears to offer a satisfactory protocol for the

determination of SZP of macroscopic surfaces.

Characterization of amorphous carbon films. Many of the applications of amorphous carbon
films and coatings rely on the ability to control carbon interfacial properties and, in particular,
surface charge density. SZP measurements using tracer particles were performed on three
different amorphous carbon surfaces, a-C, a-C:H and a-C:O, all of which were fabricated in our

lab as described in the experimental section.

Amorphous carbon films used for our experiments are relatively smooth and featureless, as
shown by SEM imaging (see Supporting Information). AFM measurements (Figure 4) yielded
rms roughness values for a-C, a-C:H and a-C:O of (0.94 = 0.03) nm, (1.16 + 0.08) nm and (0.86

+ 0.07) nm, respectively, in good agreement with previous determinations on sputtered carbon

http://mc.manuscriptcentral.com/sia
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films.*” **1 The electronic properties of these films were characterized via spectroscopic
ellipsometry as described in the Supporting Information. Optical constants determined from
ellipsometry data for a-C and a-C:H films were used to calculate the absorption coefficient and
subsequently determine the Tauc gap (Et) of the amorphous carbon. Average Er values were
found to be 0.66 + 0.01 eV and 1.77 £ 0.01 eV for a-C and a-C:H, respectively (95% C.1.), thus
confirming that a-C has a greater metallic character than a-C:H. This indicates that a-C films
possess a higher graphitic content, in agreement with materials deposited using similar
protocols®”! and with XPS results in this work (see below). a-C:O films are the result of a surface
oxidation of a-C, therefore, spectroscopic ellipsometry was used to determine the thickness of

the oxidized layer (see Supporting Information) which was found to be 2.8 + 0.2 nm.

The surface chemistry of these three carbon materials was studied via XPS characterization.
Figure 5 shows the C 1s spectra of a-C, a-C:H and a-C:O surfaces; all three display a main
asymmetric peak characteristic of amorphous carbon. The main C 1s peak of a-C and a-C:O was
satisfactorily fitted with two main contributions at 284.4 eV and 285.1 eV attributed to trigonally
(sz) and tetrahedrally (sp3) bonded carbon (C—C), respectively. Only the sp3 contribution was
necessary to obtain a satisfactory fit for a-C:H surfaces, thus confirming that this surface is rich
in sp3 centres. This finding is in agreement with previous work,'””! which had shown that the
introduction of hydrogen in the carbon scaffold occurs mainly via formation of C—H bonds, as
shown in greater detail in the Supporting Information. The fraction of graphitic carbon can be
estimated from the Ajygsa/Asgsirgs area ratios to be 85%, 82% and 0% for a-C, a-C:O and a-C:H,
respectively. a-C, and to a greater extent a-C:O, also show contributions at high binding energy

(286-288 eV) that arise from the presence of oxidized groups (C—O, C=0). In the case of a-C:O

http://mc.manuscriptcentral.com/sia
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Figure 5. XPS spectra of a-C:H, a-C and a-C:O in the C 1s region; Shirley background and
individual contributions are shown under each curve.

a contribution at 288.7 eV indicates the presence of carboxyl groups as a result of the oxidation
process.*”! The oxygen content of the three carbon materials was obtained from fits of the O 1s
peak at 532 eV (data not shown). The peak area ratio Apis/Acis corrected by relative sensitivity

factors yielded O/C at% contents of 5%, 8% and 20% for a-C:H, a-C and a-C:O, respectively.

http://mc.manuscriptcentral.com/sia
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The high O/C content observed for a-C:O is consistent with the sample having undergone
oxidative treatment. In summary, XPS results indicate that the three carbon surfaces chosen for
our studies display significantly different properties, in particular the materials were found to
have increasing graphitic content in the order a-C:H < a-C:O < a-C. They were also found to

have increasing density of oxidized groups in the order a-C:H < a-C < a-C:O.

Differences in carbon surface chemistry also resulted in changes in wetting behaviour. Static
water contact angle (WCA) measurements were carried out on a-C, a-C:H and a-C:O surfaces
yielding values of (35.2 + 2.9)°,2%) (46.6 + 2.6)° and (3.2 + 0.4)°, respectively. Values obtained
for a-C and a-C:H are in good agreement with previous determinations on similarly deposited

40-41 The oxidation process increases surface hydrophilicity, as expected based

carbon thin films.!
on the presence of oxidized groups as determined via XPS.

The SZP of the three carbon surfaces was determined via mobility determinations of tracer
particles. In order to understand whether tracer particle chemistry can potentially affect the
observed SZP, pH-dependent studies were carried out using both SL and AL particles, which
possess ionizable groups with different acid-base chemistry. Figure 6 shows a summary of SZP
values for a-C, a-C:H and a-C:O surfaces obtained with SL (blue) and AL (red) particles as a
function of pH. The most graphitic surface, a-C, displays SZP values of -51 + 2 mV and -63 £ 5
mV at pH 7.4 using SL and AL suspensions, respectively; the SZP value increases with
decreasing pH to -25 mV at pH 4.4. Extrapolation to the pH-axis yielded an estimate of pHjs, for
a-C of 3.0 and 3.7 when SL and AL beads were used, respectively. In the case of a-C:H surfaces,
it appears more difficult to identify a clear trend in SZP vs. pH and a determination of isoelectric

points was not attempted. SZP values for a-C:H were found to be in general more positive than

those observed for a-C under the same conditions; for instance, the SZP of a-C:H was found to

http://mc.manuscriptcentral.com/sia
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Figure 6. Surface (-Potential of a-C, a-C:H and a-C:O surfaces obtained using SL (blue) and
AL (red) beads as tracer particles, suspended in 100 uM PBS buffer, 1.80 + 0.15 mM ionic
strength, for all pH values studied.

be -45 £ 4 mV at pH 7.4. Finally, surface modification with UV treatment led to more negative
SZP values at all pH’s when compared with the pristine a-C surface; for instance, at pH 7.4, a-
C:O surfaces yielded SZP values of -61 £ 4 mV and -75 £+ 2 mV with SL and AL beads,
respectively. Even at acidic pH, a-C:O surfaces were found to have the most negative SZP values
among the three surfaces examined; an extrapolation to the pH-axis yielded a pHjs, < 1.5, which

is consistent with the presence of acidic groups at the surface determined via XPS.

a-C and a-C:H were found to display negative SZP at all pH values studied, despite these carbon
surfaces having a negligible amount of ionizable groups observable via XPS; moreover, in the
case of a-C we were able to determine pHis, in the range 3.0-3.7. There are no available
published values for SZP of sputtered a-C and a-C:H as a function of pH to which our results can
be directly compared. However, our experimental values are in excellent agreement with
published SZP determinations of other carbon surfaces with similar properties obtained using

microchannel methods. Jelinek et al.'*¥ studied DLC thin films and observed a similar SZP as

http://mc.manuscriptcentral.com/sia
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that of a-C in Figure 6 and pH;s, =3.7, which is identical to that obtained in this work using the

l.[17]

tracer particle method. Nitta ef a reported negative SZP for DLC thin films independently of

l.[24]

the degree of oxidation. Finally, Voss et a also observed negative SZP for a diamond/a-C

composite film at pH > 4, in agreement with our observations.

Negative SZP values are often ascribed to the presence of negatively charged surface groups,
however, this is not the only potential mechanism of charge build-up at the solid-aqueous
interface. Although it is not possible to exclude the presence of a small amount of amphoteric —
OH groups at a-C or a-C:H surfaces, these groups are not likely to give rise to negative SZP
values over the pH range explored. The observations of (a) pHjs, between 3 and 4 for a-C
surfaces, (b) a relatively hydrophobic character for a-C and a-C:H surfaces and (c) the absence of
a significant surface density of acidic groups, suggests that the negative SZP is instead
attributable to asymmetric adsorption of hydroxide and hydronium ions at the solid-electrolyte
interface. It is now well established that for hydrophobic surfaces, even in the absence of
ionizable groups, the SZP in aqueous solutions is usually negative at pH > 4. This observation

42,43

has a long history in the literature of electrokinetic measurements (19" century),[ ! however it

is only relatively recently that a physical model has emerged to explain this behaviour. Negative

SZP at hydrophobic surfaces is attributed to the preferential adsorption of hydroxide ions at the

[44-46

solid surface. Hydroxide adsorption has been confirmed via simulations**** and experimental

47]

determinations, for instance at polymer surfaces,** at hydrophobic self-assembled
poly ydrop

48] and at diamond surfaces.** *** °* In the specific case of hydrophobic carbon

monolayers,
materials, several recent reports have confirmed hydroxide adsorption. Hirtl er al.®” reported

streaming potential measurements of H-terminated diamond yielding a pHjs, in the range 3-4;

complementary surface conductivity measurements and simulations demonstrated that this can
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be attributed to the asymmetric adsorption of OH  and H3;O" ions. Our results on a-C and a-C:H
suggest that hydroxide ion adsorption is likely to be the dominant effect, given the absence of
acidic groups at theses surfaces, thus yielding negative SZP, and pHjs, values similar to those

observed at other carbon hydrophobic interfaces under similar conditions.

SZP results for a-C:0O, the oxidized form of a-C, indicate that oxidation leads to more negative
SZP values at all pH and to a decrease in isoelectric point. This is consistent with XPS results
which indicate that a-C:O possesses carboxylic groups which are expected to impart greater
surface acidity and increase the density of negative charges when deprotonated. Our results for a-
C:O are also in good agreement with SZP and pHjs, values reported previously by our group and

18,191 Moreno-Castilla et al.!'”! studied the effect of surface

others for oxidized carbon particles.!
treatments on the SZP of carbon particles; they reported pHis, in the range 3-4 after activation
and pHjs, < 2 after oxidative treatments. Previous literature on SZP of carbon coatings is also in
agreement with results presented in this work. Nitta e al.''” showed a decrease in SZP for DLC
films, reporting SZP values of -26 mV for a-C vs. -50 mV for a-C:O at pH 5.8. Hirtl et al.””
reported a pHjs, < 1.5 at O-terminated diamond surfaces, in good agreement with the pHjs, of a-
C:0 surfaces presented in this work. Finally, Chakrapani er al.'*! showed how oxidation of

diamond surfaces results in pHjs, = 1. In all cases the SZP trends were attributed to the dominant

effect of acidic O-containing surface groups that are created via oxidative processes.

SZP values obtained with SL and AL were found to display similar trends vs. pH and only small
differences at each of the pH values examined. This indicates that repulsive/attractive
electrostatic interactions or acid/base interactions between the static surface and the tracer
particles do not affect SZP determinations under the conditions used in our studies. Interestingly,

the greatest divergence between SL and AL SZP values is observed at pH 7.4. This effect could

http://mc.manuscriptcentral.com/sia
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be due to the fact that AL particles possess a (-potential at pH 7.4 at the margin of colloidal
stability, thus suggesting that this is a limiting pH for the application of AL suspensions as
tracers. Beyond colloidal stability, it is worth mentioning that AL beads are chemically less
stable than SL beads as amine groups oxidize when exposed to air. AL beads were found to yield
more negative particle SZP values than those reported in Figure 1 when measured after 30 days
of storage. However, SZP determinations of carbon surfaces remained similar to those obtained
with fresh AL suspensions, as long as the value chosen for the subtraction in equation (1) was the

value obtained at 1000 um displacement.

Conclusions

In this work we focused on establishing, first, whether pH-dependent surface C(-potential
determinations using the tracer particle method in combination with commercially available
particle suspensions are comparable to those obtained with traditional streaming potential
methods. We tackled this objective by measuring (-potential and isoelectric points of standard
polymeric substrates and, indeed, found that results were comparable to reference values

reported in the literature, thus confirming the applicability of the protocol.

Second, we investigated the tracer particle method for the characterization of carbon surfaces.
Carbon coatings such as the ones investigated in this work, are of relevance for applications in
biomaterials, diagnostics and biosensing, and (-potential determinations are essential to
understand their interactions with biomolecules, cells and organisms. Our results are the first
determinations of pH-dependent (-potential and isoelectric points for sputtered carbon films; we
present results for carbon with three different types of surface termination/chemistry: graphitic,

hydrogenated and oxidized. We show that the two most hydrophobic surfaces display negative (-
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potential values over the range pH = 4-7; in the case of graphitic surfaces the isoelectric point
could be determined to be at pH < 4. These results are consistent with the {-potential being
dominated by the asymmetric adsorption of hydroxide ions, a common finding for hydrophobic
surfaces that is in agreement with prior electrokinetic results obtained on diamond materials. In
the case of oxidation, we found that the presence of acidic ionizable groups leads to a significant
lowering, with respect to the non-oxidized surface, of both the (-potential and the isoelectric

point.

Finally, to the best of our knowledge, there is no information currently in the literature on
whether the tracer particle chemistry might affect C-potential and isoelectric point
determinations. This is an important issue in the case of carbon materials, as these can display a
wide range of chemical groups and acid/base behaviour. In this work we tackled this problem by
carrying out measurements using suspensions of tracer particles that possess terminal groups at
the two extremes of the basicity/acidity spectrum: strong acid (-SOs;H) and basic (-NH,).
Furthermore, we carried out measurements with carbon materials bearing both hydrophobic and
acidic groups. Results obtained with the two types of tracer particles were found to be similar in
trends and values, thus indicating that SZP determinations are not affected by the acid-base
chemistry or the electrostatic interactions between the solid surface and the particle surface under
our experimental conditions. However, sulfonic acid groups are more stable towards ambient
oxidation than amine groups and the corresponding suspensions possess greater SZP stability
over time. We believe these results to be of interest for expanding applications of the tracer

particle method to other surfaces with complex chemistry.
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Figure 1. (a) Hydrodynamic size and (b) (-potential of sulfate latex (SL) and amine latex (AL) beads used
as tracer particles for surface {-potential measurements. SL and AL beads were suspended in 100 uM PBS
buffer (1.37 mM NaCl and 27 uM KCI) with total ionic strength of 1.80 £ 0.15 mM for all pH values studied.
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Figure 2. Plot of apparent {-potential as a function of surface displacement obtained for Nylon 6,6 as a
static surface using SL beads in 100 pyM PBS buffer (pH 7.5) as tracer particles.
Figure 2
85x73mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/sia



©CoO~NOUTA,WNPE

Surface and Interface Analysis

4= A Nylon66 [ °
® PTFE
N .~ Nylon 6,6
. -10- O x "~ -5
> A ) PTFE
E s
T -20- —-10
< _ o
g -30- t - |15
g ?
(]
S 40
§ . —-20
=
-
»  -50 —-25
-60 L .30
| | | | |
4.5 5.0 2.5 6.0 6.5

Figure 3. Surface C-potential measurements of Nylon 6,6 and PTFE surfaces (blue data points) using SL
beads as tracer particles. SL beads were suspended in 100 uM PBS buffer (1.37 mM NaCl and 27 uM KCI)
and the ionic strength remained at 1.80 £ 0.15 mM for all pH studied (pC = 2.82). Surface {-potential
values were normalized by the counterion concentration (pC) for both polymers (red data points).
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18 Figure 4. 10 x 10 ym AFM topographic images of (a) a-C, (b) a-C:H and (c) a-C:O surfaces. Surfaces
19 roughness values were obtained from height profile determinations.
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Figure 5. XPS spectra of a-C:H, a-C and a-C:0 in the C 1s region; Shirley background and individual
contributions are shown under each curve.
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18 Figure 6. Surface C-Potential of a-C, a-C:H and a-C:0 surfaces obtained using SL (blue) and AL (red) beads
19 as tracer particles, suspended in 100 uM PBS buffer, 1.80 £ 0.15 mM ionic strength, for all pH values
20 studied.
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