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This study investigates the grafting of poly-sodium styrene sulfonate (pNaSS) from

trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate functionalized Si and Ti substrates

by atom transfer radical polymerization (ATRP). The composition, molecular structure, thickness,

and topography of the grafted pNaSS films were characterized with x-ray photoelectron

spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), variable angle

spectroscopic ellipsometry (VASE), and atomic force microscopy (AFM), respectively. XPS and

ToF-SIMS results were consistent with the successful grafting of a thick and uniform pNaSS film

on both substrates. VASE and AFM scratch tests showed the films were between 25 and 49 nm

thick on Si, and between 13 and 35 nm thick on Ti. AFM determined root-mean-square roughness

values were �2 nm on both Si and Ti substrates. Therefore, ATRP grafting is capable of

producing relatively smooth, thick, and chemically homogeneous pNaSS films on Si and Ti

substrates. These films will be used in subsequent studies to test the hypothesis that pNaSS-grafted

Ti implants preferentially adsorb certain plasma proteins in an orientation and conformation that

modulates the foreign body response and promotes formation of new bone. VC 2013 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4819833]

I. INTRODUCTION

Titanium and its alloys are widely used in biomedical

implants due to their optimal mechanical properties and rela-

tive bioinertness.1,2 However, Ti implants are prone to fail-

ure due to the foreign body response, which is a cascade of

events beginning with nonspecific protein adsorption onto

the implant surface, and ending with envelopment of the

implant within a fibrous capsule.1,3 The fibrous encapsula-

tion is hypothesized to prevent osseointegration, by inhibi-

ting intimate bone-implant contact, leading to implant

failure. A number of surface treatments have been developed

to increase Ti-implant osseointegration. (Readers are

referred to the reviews in Refs. 4 and 5 for further insight

into the surface modification of Ti implants.) However, the

surface treatment most relevant to the current study is sur-

face modification with bioactive polymers.

Increased proliferation and adhesion of fibroblasts,6 MG63

osteoblast-like cells,7–9 and human mandibular osteoblasts10

have been shown in vitro on sodium styrene sulfonate (NaSS)

modified Ti and poly(ethylene terephthalate) surfaces.

Promising results have also been obtained in vivo for the same

surfaces.10–12 Since the foreign body response begins with

nonspecific protein adsorption, and cell function on surfaces

is mediated by adsorbed proteins,3 poly(NaSS) (pNaSS)

grafted implants are hypothesized to preferentially adsorb cer-

tain plasma proteins in an orientation and conformation that

modulates the foreign body response and promotes formation

of new bone. Our ultimate goal is to test this hypothesis.

Two general grafting methods for NaSS surface modifica-

tion were employed in previous studies on Ti surfaces: (1)

surface-initiated radical polymerization from titanium perox-

ide groups obtained by chemical oxidation of the Ti;8,9,12

and (2) solution-initiated free-radical polymerization onto 3-

methacryloxypropyltrimethoxysilane functionalized Ti.7,13

While these grafting methods produced films that success-

fully demonstrated the beneficial effects of grafted NaSS,

they do not allow the control of the grafted polymers in

terms of chain length uniformity, thickness, etc. that can be

obtained from atom transfer radical polymerization (ATRP).

The substrates grafted via free-radical polymerization are

suitable for cell-based in vitro and in vivo investigations, but

to analyze the shape and size of adsorbed proteins with tech-

niques such as atomic force microscopy, smooth and chemi-

cally uniform substrates are required.

ATRP is a living polymerization method known for produc-

ing low polydispersity polymer chains ðMw=Mn < 1:3Þ in solu-

tion, which translates to uniform films when grafted from a

surface.14,15 ATRP is relatively versatile and has been applied

with a wide variety of monomers.14–17 When coupled with a

material-specific strategy for surface immobilization of the

ATRP initiator, ATRP can be applied to a wide range of surfa-

ces. As a case-in-point, using a variety of immobilization strat-

egies ATRP has been used to graft NaSS from: reduced

Sið100Þ,18–20 plasma-treated poly(tetrafluoroethylene)21–23 and

poly(vinylidene fluoride),24 carbon black,25 multiwalled carbona)Electronic mail: castner@uw.edu
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nanotubes,26 Fe3O4 (Refs. 27 and 28) and SiO2 (Refs. 29 and

30) nanoparticles, Ludox CL silica sols,31 and gold.32

Therefore, in this study, we used ATRP to graft NaSS from

trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate

[henceforth referred to as trichlorosilane/10-undecen-1-yl 2-

bromo-2-methylpropionate (ClSi)] functionalized 1� 1 cm2

diced Si wafers and 1� 1 cm2 diced Si coated with �100 nm

of electron-beam deposited Ti (Fig. 1). Since the surfaces of

polished Si wafers are very uniform, both chemically and topo-

graphically (typical RMS roughness values are ca. 0.1 nm), the

diced Si substrates are used to examine pNaSS film uniformity.

The Ti-coated substrates are used to examine the suitability of

the ATRP method for grafting NaSS from the surface of Ti

implants. To our knowledge, this is the first such study to use

ATRP to graft NaSS from Ti, and also the first such study to

investigate the role of substrate effects on the uniformity of

NaSS films grown via ATRP. The composition, molecular

structure, thickness, and topography of the grafted pNaSS films

were characterized with x-ray photoelectron spectroscopy

(XPS), time-of-flight secondary ion mass spectrometry (ToF-

SIMS), variable angle spectroscopic ellipsometry (VASE), and

atomic force microscopy (AFM), respectively.

II. EXPERIMENT

A. Materials

Si wafers (Silicon Valley Microelectronics Inc., San Jose,

CA) were diced into 1� 1 cm2 substrates using a diamond

saw. Ti substrates were fabricated by depositing 100 nm of

Ti onto the diced Si substrates via e-beam deposition at RT

and pressures <1 � 10�6 Torr. Methanol, acetone, dichloro-

methane, toluene, phosphate buffered saline (PBS; 0.01 M

phosphate, 0.138 M sodium chloride, 0.0027 M potassium

chloride, pH 7.4), Cu(I) bromide (99.999%), Cu(II) bromide

(>99.0%), 2,20-bipyridine (bpy), and NaSS were all pur-

chased from Sigma. The toluene was dried by storing over

4A molecular sieves, the rest of the chemicals were used as

received. The synthesis of the ATRP initiator, ClSi, has been

described previously.33

B. Substrate cleaning and ATRP-initiator
functionalization

Substrates were cleaned by sonicating twice for 5 min in

each of the following solvents: dichloromethane, acetone,

and MeOH. This cleaning was performed prior to the Ti

e-beam deposition, and again prior to the ClSi functionaliza-

tion. After a subsequent 15-min UV-ozone step, the cleaned

substrates were functionalized overnight at RT in a 0.2 vol.

% solution of ClSi in dry toluene. The ClSi functionalization

and ATRP steps were performed in glass test tubes with two

substrates, one Si and one Ti, placed back-to-back in each

tube. Functionalized substrates were rinsed in dry toluene

followed by MeOH, and then briefly dipped in 1 mM

NaOH ðpH¼ 11Þ to cross-link the surface silanes and neu-

tralize the HCl byproducts.

C. ATRP

ATRP catalyst solids, CuðIÞBr (6.42 mg, 4.48 lmol),

CuðIIÞBr2 (1 mg, 44.8 lmol), and bpy (15.4 mg, 98.6 lmol),

were weighed and sealed in a glass test tube. ClSi-

functionalized substrates were sealed in glass test tubes with

NaSS monomer (203 mg, 98.6 mmol). All sealed tubes were

cyclically evacuated and N2-backfilled to purge all oxygen.

Meanwhile, the reaction solvents, 18-X DI H2O and MeOH,

were deoxygenated by bubbling N2 through them for at least

30 min. The ATRP catalyst solids were dissolved in 2 ml

MeOH. The NaSS monomer was dissolved in 1 ml MeOH

and then 1.5 ml of 18-X DI H2O was added to achieve a 60/

40 H2O=MeOH ratio. Each reaction was started by adding

90 lL of ATRP catalyst solution to a test tube containing the

NaSS monomer plus the functionalized substrates. All

FIG. 1. Schematic representation of the two-step NaSS grafting procedure: step 1—surface immobilization of the ATRP initiator via ClSi functionalization of

the substrate; step 2—ATRP grafting of NaSS.
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reactions were shaken, not stirred, and allowed to proceed to

completion for ca. 72 h, after which the substrates were

rinsed with 18-X DI H2O and soaked in PBS overnight to

remove any residual Cu catalyst and monomer. Finally, the

grafted substrates were rinsed again with 18-X DI H2O,

gently dried with a stream of N2, and stored under N2 over-

night before XPS analysis. All analyses were performed on

the same set of samples in the following order: XPS, ToF-

SIMS, AFM, and VASE. Two replicate samples for each

substrate were prepared and analyzed for each treatment.

D. XPS

XPS compositions were determined from an average of

three spots on two replicate samples for each substrate. The

data were acquired on a Kratos AXIS Ultra DLD instrument

(Kratos, Manchester, UK) in the hybrid mode using a nomi-

nal 0� photoelectron takeoff angle (TOA) and a monochro-

matic Al Ka1,2 x-ray source ðh� ¼ 1486:6 eVÞ. Here, the

photoelectron TOA is defined as the angle between the sur-

face normal and the axis of the analyzer lens. Atomic com-

positions were calculated from peak areas obtained from

survey scans (0–1200 eV) with analyzer pass energy of

80 eV, a 1 eV step size, and a 200 ms dwell time. Carbon and

sulfur chemical shifts were determined from high resolution

C1s and S2p spectra obtained with analyzer pass energy of

20 eV, a 0.3 eV step size, and 259.7 ms and 425.5 ms dwell

times for C1s and S2p, respectively. All samples were

grounded to the spectrometer and run as conductors. Binding

energy scales were calibrated by setting the CHx peak in the

C1s region to 285.0 eV, and a linear background was sub-

tracted for all peak area quantifications. The peak areas were

normalized by the manufacturer supplied sensitivity factors,

and surface concentrations were calculated using CASA XPS

(Casa Software, Ltd.).

E. ToF-SIMS

Positive and negative secondary ion spectra and images

were acquired on a TOF.SIMS 5-100 instrument (ION-TOF,

M€unster, Germany) using a pulsed 25 keV Biþ3 primary

ion beam under static conditions (primary ion dose < 1012

ions/cm2). Five spectra were collected from 100� 100 lm2

regions for each sample at both polarities, and at least one

image was acquired from 500� 500 lm2 regions for each

sample at both polarities. Spectra were acquired in high-

current bunch (high mass resolution) mode, and images in

burst alignment (high spatial resolution) mode. Secondary

ions were collected over a range of 0–800 m=z at a mass re-

solution ðm=DmÞ, in high-current bunch mode, between

4000 and 8000. Positive spectra were mass calibrated using

CHþ3 , C2Hþ3 , and C3Hþ5 peaks, and negative spectra were cal-

ibrating using CH�, OH�, C2H�, C�3 , C4H�, and C�5 peaks.

Mass calibration corrections were typically below 20 ppm.

F. Principal component analysis

Principal component analysis (PCA) of the ToF-SIMS

data, previously described in detail,34–36 is a multivariate

analysis technique that was used to identify principal sources

of variation between sample spectra. For both positive and

negative spectra, lists of all significant peaks—defined as

any peak with intensity three times the background noise—

were compiled and imported into a series of scripts written

by NESAC/BIO for MATLAB
37,38 (MathWorks, Inc., Natick,

MA). Contaminant peaks [e.g., poly(dimethyl siloxane)

(PDMS) peaks] were removed from the peak lists prior to

PCA analysis. Data sets were also normalized by the sum of

selected peaks, mean centered, and square-root transformed

to ensure that variance within the data set was due to differ-

ences in sample variances rather than in sample means.

G. VASE

VASE measurements were made using an M-2000 ellip-

someter (J.A. Woolam, Lincoln, NE). On one spot per sam-

ple, spectra were collected at three different angles (55�,
65�, and 75�) in a spectral range from 210 to 1700 nm. These

data were used to develop the ellipsometric angle models.

Following these single-spot measurements, sample mapping

measurements were performed on a grid of 25 spots evenly

spaced 0.1 cm apart in a 0.5� 0.5 cm2 area. The mapping

measurements were performed at a single angle of 65� using

a focused spot size of �150 lm. Modeling was performed

with the CompleteEASE software package provided by the

manufacturer. The accuracy of the model fits was evaluated

based on a v2 figure of merit as well as physical relevance of

the refractive index and extinction coefficient plots gener-

ated by the model.

H. AFM

AFM images were acquired on a Dimension Icon

(Bruker, Santa Barbara, CA) in TappingModeTM using

OTESPA rectangular cantilevers (k¼ 40 N/m; Bruker, Santa

Barbara, CA). One 1-lm scan, and one larger-area scan, was

collected at five different spots per sample. Images were line

and plane flattened as necessary using the NanoScope

Analysis software package.

Scratch test measurements were also performed to verify

the accuracy of the ellipsometry models. These consisted of

using a high deflection set point in contact mode to scratch a

5� 5 lm2 hole in the pNaSS film, reducing the deflection set

point and increasing the scan size to 20� 20 lm2 to deter-

mine the depth of the scratched hole. This procedure was

iterated, each time scratching with a high deflection set point

until the thickness remained constant between iterations.

III. RESULTS AND DISCUSSION

A. NaSS grafting conditions

A preliminary set of experiments was performed to opti-

mize the NaSS grafting conditions. A series of reactions was

performed on e-beam deposited Ti under conditions nearly

identical to those reported above, except that a 50/50

H2O=MeOH ratio was used. Initial conditions were adapted

from the work of Choi and Kim on solution-phase ATRP of

NaSS.39 The reactions were followed with XPS, and three
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spots were analyzed on two samples at each time point (2, 8,

and 72 h).

The survey composition results (Fig. 2) show decreasing

Ti, O, and Si content with increasing reaction time. This is

due to the attenuation of the substrate signal by an increas-

ingly thick pNaSS film and is accompanied by the expected

corresponding increase in C, S, and Na content. Of note is

the significant Ti content observed even after 72 h reaction

time, which suggests that the pNaSS films are either patchy

or thinner than the �10 nm XPS sampling depth.

Accompanying ToF-SIMS imaging and AFM measurements

(not shown) were indicative of uniform and continuous

films, indicating the films were <10 nm thick. Increasing sol-

vent water content has been shown to increase reaction

kinetics and final film thickness, but at the cost of decreased

monodispersity.39,40 Therefore, the H2O=MeOH was

increased slightly to 60/40 to graft thicker films, while main-

taining good pNaSS-film uniformity.

It should be noted that, within error, S and Na content

does not change between pNaSS films grown for 8 and 72 h

at 50/50 H2O=MeOH. This indicates that the reaction has

essentially gone to completion after ca. 8 h. Increasing water

content increases reaction kinetics, thus the reactions run at

60/40 H2O=MeOH have likely gone to completion in <8 h.

And since reaction kinetics were not a main focus of this

study, it was only out of convenience that the reactions were

allowed to run for �72 h (i.e., over the weekend). Therefore,

the long reaction times reported in this paper should not be

interpreted as a measure of NaSS grafting kinetics.

B. XPS survey and high resolution spectra

XPS survey composition results (Table I) show the bare

substrates to be composed of Ti, Si, O, and C from a thin ad-

ventitious hydrocarbon overlayer. The bare substrate high re-

solution C1s spectra show a hydrocarbon peak at 285 eV,

with a slight shoulder at 286.7 eV, and a small peak at

288.7 eV (not shown). Following ClSi functionalization, the

addition of Br and Si is observed for the Ti substrates, and

the addition of Br is observed for the Si substrates.

Furthermore, the ClSi high resolution C1s spectra [Figs. 3(a)

and 3(c)] show well-defined hydrocarbon (C-C/C-H), ether

(C-O), and ester (O-C¼O) peaks at 285, 286.8, and

289.3 eV, respectively. However, the ether:ester peak area

ratios are consistently �2.5:1, where the ClSi stoichiometry

would predict a ratio of 1:1. This is partially due to the con-

tribution of an overlapping C-Br peak to the ether peak.

While the C-Br chemical shift is only �0.8 eV, the C-Br car-

bon is also b-shifted �0.8 eV by the ester group.41,42 Adding

the two chemical shifts as a rough approximation places the

C-Br peak at �286.6 eV, which overlaps with the ether peak.

Lacking the energy resolution distinguish the two peaks

from each other, the C-Br peak is detected by the added con-

tribution to the ether peak area. This results in an expected

2:1 (ether þ C-Br):ester peak area ratio, which is similar to

the observed peak area ratio. The addition of the Br and Si in

the survey spectra, and well-defined ether and ester peaks in

the high resolution C1s spectra are consistent with the suc-

cessful ClSi functionalization of both Ti and Si substrates.

The ClSi layer thickness can be calculated from the

attenuation of the substrate peaks between the bare and ClSi-

functionalized substrates using

TABLE I. XPS determined elemental compositions of bare, ClSi-modified, and pNaSS-grafted Ti and Si substrates. AFM RMS roughness values for each sam-

ple are also listed. All composition and roughness values are reported as the avg 6 stdev of three spots on two samples.

XPS atomic %

Evaporated Ti Diced Si

Bare substrate ClSi iodified pNaSS grafted Bare substrate ClSi modified pNaSS grafted

O1s 54.2 6 0.5 37.6 6 1.0 22.5 6 1.2 34.8 6 0.7 25.5 6 0.6 22.6 6 0.6

C1s 23.3 6 0.4 44.3 6 2.1 63.2 6 1.2 12.6 6 0.9 41.8 6 2.3 64.0 6 0.6

Ti2p 22.4 6 0.2 13.2 6 0.5 0.3 6 0.2 - - -

Si2p - 3.3 6 1.0 1.3 6 1.4 52.6 6 1.3 29.5 6 1.7 2.0 6 0.6

Br3d - 1.5 6 0.2 - - 3.2 6 1.3 -

S2p - - 6.3 6 0.5 - - 5.8 6 0.3

Na1s - - 6.4 6 0.4 - - 5.6 6 0.7

AFM RMS roughness 2.2 6 0.2 2.1 6 0.3 2.4 6 0.7 0.2 6 0.01 0.8 6 0.2 1.9 6 0.9

FIG. 2. XPS compositions for a preliminary time-dependent study. Reactions

were performed solely on Ti substrates under identical conditions to those

described in the experimental section, except that a 50/50 H2O=MeOH ratio

was used. Compositions are reported as the avg 6 stdev of three spots on

two samples.
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I ¼ Io exp
�d

k cosh

� �
; (1)

where d is the overlayer thickness, h the photoemission

angle relative to the surface normal, k the inelastic mean free

path, and I and Io the attenuated and bare substrate inten-

sities, respectively. In nearly all cases, before Eq. (1) can be

used bare substrate intensities must be corrected for the

attenuation caused by the presence of an adventitious hydro-

carbon overlayer.43 This can be done using the method of

Smith.43 First the thickness of the adventitious hydrocarbon

overlayer must be determined using

d ¼ kC1s;C cosh ln 1� x

100

� �
; (2)

where x is the hydrocarbon atom%, kC1s;C is the effective

attenuation length for C1s photoelectrons traveling through

the hydrocarbon overlayer (taken to be 3.5 nm), and h is the

photoelectron emission angle relative to the surface normal.

Next, the substrate composition may be estimated without

the effect of the hydrocarbon overlayer using43

Icorr ¼ Imeas exp
d

k cosh

� �
; (3)

where Imeas is the measured atom% with the overlayer, d the

overlayer thickness calculated with Eq. (2), and k the effec-

tive attenuation length for the element and line of interest

through the hydrocarbon overlayer. The corrected atom%,

Icorr, is found for each element except carbon and must be

renormalized to 100% to estimate the bare substrate compo-

sition without the hydrocarbon overlayer. For inorganic

compounds, excited with an Al Ka source in the kinetic

energy ðEÞ range between 400 and 1500 eV, k may be calcu-

lated using43

k ¼ 0:129E0:7193: (4)

With this method, assuming an effective photoelectron TOA

of 40� for the spectrometer operated in hybrid mode,44 thick-

nesses of 1.0 6 0.1 nm and 0.9 6 0.1 nm were calculated for

ClSi films on Ti and Si, respectively.

Following the ATRP surface grafting, equal amounts of S

and Na are observed in the survey spectra, as well as the dis-

appearance of Br and near complete attenuation of the sub-

strate peaks. The equal amounts of S and Na are in

accordance with the stoichiometry expected from the NaSS

monomer, and the disappearance of the Br and near com-

plete attenuation of the substrate peaks are indicative of the

successful grafting of a� 10 nm thick layer of pNaSS on

both Si and Ti substrates. This is supported by the high reso-

lution S2p spectra [Figs. 3(e) and 3(f)], which show the

S2p3=2 and S2p1=2 doublet peaks in the expected 2:1 ratio

appearing at �168 eV, which is the expected binding energy

for a PhSO3Na sulfur species.45 Furthermore, the high reso-

lution C1s spectra [Figs. 3(b) and 3(d)] are marked by the

disappearance of the ester peak, as well as the addition of a

shake-up peak at �291.7 eV characteristic of the aromatic

ring46 present in the NaSS monomer structure. It should be

noted that on the Ti samples, the Ti substrate signal is attenu-

ated to a much greater extent (13.2 6 0.5 at. % to 0.3 6 0.2

at. % before and after NaSS grafting) than the Si signal

(3.3 6 1.0 at. % to 1.3 6 1.4 at. % before and after NaSS

grafting). This is due to the contribution of low levels of

PDMS contamination on the Ti samples. The PDMS was

detected by the presence of characteristic peaks at nominal

m=z of 73 ððCH3Þ3SiþÞ, 147 ððCH3Þ5Si2OþÞ, and 207

ððCH3Þ6Si3Oþ3 Þ in the positive ToF-SIMS spectra. No

PDMS peaks were found in the negative spectra, and those

found in the positive spectra were isolated to one set of Ti

and Si replicates, both of which originated from the same

reaction tube. As best as could be determined, no other ClSi

or NaSS samples appeared to be contaminated.

C. ToF-SIMS

PCA results from the ToF-SIMS spectra are reported for

an m=z range from 0 to 400 [Figs. 4(a) and 4(b)]. Peaks of in-

tensity 3� the background could not be found outside of that

range. PCA results for the negative spectra [Fig. 3(a)] sepa-

rate the ClSi from the NaSS samples: ClSi samples load pos-

itively and are associated with Br� and Si-containing peaks;

NaSS samples load negatively and are associated with sulfo-

nate containing fragments and the NaSS monomer

ðC8H7SO�3 Þ. The 95% confidence intervals for the NaSS

samples on the two different substrates overlap completely,

indicating that PCA is unable to chemically differentiate

NaSS films prepared on Ti and Si substrates. The same is

FIG. 3. XPS high resolution C1s spectra of the ClSi (a) and NaSS (b) films on

Ti; XPS high resolution C1s spectra of the ClSi (c) and NaSS (d) films on Si;

XPS high resolution S2p spectra of the NaSS film on Ti (e) and Si (f).
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true of the ClSi samples when the entire data set is analyzed

at once. However, when analyzed by themselves, the ClSi

samples separate based on substrate type, indicating that the

ClSi film thickness is less than the �2 nm SIMS sampling

depth (not shown).

The positive spectra PCA results separate the samples in

the same way, with the ClSi samples loading positively and

the NaSS samples loading negatively. However, since both

ClSi and NaSS contain electronegative atoms (e.g., O, S, and

Br), most of the ClSi and NaSS characteristic ions are pres-

ent in the negative spectra. The BrC3Hþ6 peak in the positive

spectra is the only fragment found that can be attributed to

the ClSi head group. As expected, several Na-containing

ions (Naþ, Na2OHþ, SO3Naþ3 , and SO4Naþ3 ) are present in

the positive ion spectra of the NaSS samples.

Figure 5 shows 500� 500 lm2 ToF-SIMS images of the

Br� signal [Figs. 5(a) and 5(b)] and the sum of CxHySO�3
fragments [Figs. 5(c) and 5(d)] for both Ti and Si substrates.

The Br� images show uniform coverage, at the spatial reso-

lution used in the ToF-SIMS analysis (�2 lm), of the ClSi

film across both substrates. Similar results are obtained for

the sum of Br-containing fragments (e.g., BrCxHy) in the

positive polarity. However, the signal is lower for the Si

substrate since many of the Br-containing fragments are Ti

adducts. The CxHySO�3 images also show uniform coverage

of NaSS across both substrates.

D. VASE

The ellipsometry models were built stepwise from VASE

measurements performed on two samples each of blank,

ClSi-functionalized, and NaSS-grafted Si and Ti substrates.

Thicknesses for the ClSi and pNaSS layers are reported in

Table II. The blank Si samples were treated as a SiO2 layer

atop a pure Si substrate using prefabricated Si and SiO2

models included in the CompleteEASE software. This model

returned an oxide layer thickness of 2.3 nm for the VASE

measurements, and a range of oxide thicknesses between 2.3

and 2.7 nm for the ellipsometry mapping measurements.

The modeling of deposited Ti VASE spectra is compli-

cated by the large TiO2 band gap. Additionally, the high

reactivity of Ti means that, even under high vacuum condi-

tions, the oxide film composition is difficult to control and

can vary with thickness to include suboxides (e.g., Ti2O3),

nitrides, and carbides.47–49 Thus, developing a physically

meaningful VASE model that accurately describes the opti-

cal properties and thickness of deposited Ti film is nontri-

vial. However, determination of the Ti substrate optical

properties is not a focus of this study. Therefore, the analysis

was simplified by treating the blank Ti samples as a single

layer using a B-spline function to parameterize the pseudo

optical properties of the substrate.50,51

The Cauchy dispersion equation, which is suitable for

transparent thin films such as silanes,50,52 was used to fit the

VASE measurements on the ClSi-functionalized substrates.

The Cauchy model yielded ClSi-layer thicknesses of

�1.5 nm on Si, and 1–2 nm on Ti, which are in good agree-

ment with the XPS-determined overlayer thicknesses. This

FIG. 4. ToF-SIMS PCA loadings plots with inset scores plots for negative

(a) and positive (b) secondary ion spectra. (�) and (�) designate NaSS on

Ti and Si, respectively; (�) and (�) designate ClSi and Ti and Si, respec-

tively. Open symbols designate measurements on replicate samples. (*) des-

ignate the 95% confidence intervals.

FIG. 5. (Color online) 500� 500 lm2 ToF-SIMS images of the Br� signal

on ClSi functionalized Ti (a) and Si (b) substrates, and the sum of CxHySO�3
fragments on NaSS grafted Ti (c) and Si (d) substrates.
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indicates that the ClSi functionalization process produces

similar thickness films on both Si and Ti substrates.

Thickness maps for one replicate ClSi-functionalized on the

Si and Ti substrates are shown in Figs. 6(a) and 6(b),

respectively.

The pNaSS films on both substrates had a visible yellow

tint to them. Therefore, in addition to absorbing in the UV

range due to benzene ring p–p* transition,53 they absorb in

the yellow visible range (�600 nm). Therefore, the optical

properties were once again parameterized with a B-spline

function, yielding pNaSS film thicknesses between 25 and

49 nm on Si, and 13 and 34 nm on Ti. Figures 6(c) and 6(d)

show the pNaSS films to be fairly uniform across the sub-

strate, and that the wide range in pNaSS film thicknesses

represents the variability between replicates. It should be

noted that the thinner Si and Ti replicates both came from

the same reaction vial, as did the thicker Si and Ti replicates.

Thicknesses obtained from AFM scratch test measurements

(Table II) are in excellent agreement with the ellipsometry

results. Thickness maps for one replicate of the NaSS-

grafted Si and Ti samples are shown in Figs. 6(c) and 6(d),

respectively. Thus, it appears that the grafting reaction pro-

duces slightly thicker films on Si, and that relatively large

variances in film thickness may be expected between

batches. These differences are despite running each reaction

with one Si and one Ti each vial, and using the same catalyst

mixture for all reactions.

The film-thickness differences between substrates might

be attributed to differences in ClSi film quality, since orga-

nosilane self-assembled monolayer quality is known to be

affected by substrate roughness and surface chemistry.54

This hypothesis is supported by the SE mapping measure-

ments, since the ClSi film thicknesses on Ti are much more

variable than on Si: the 2.1 nm average thickness for Ti

TABLE II. Ellipsometry and AFM determined ClSi and pNaSS film thicknesses (nm). SE mapping thicknesses are reported as the avg 6 stdev of the 25 spots

measured across each sample (see Fig. 6). Scratch test thicknesses are reported as the avg 6 stdev of three spots across each sample. Replicate number refers

to the fact that two replicates of each substrate were prepared and analyzed after each treatment.

Substrate Film Replicate number VASE (nm) SE mapping (nm) Scratch test (nm)

Si ClSi 1 1.3 1.5 6 0.2 1.4 6 0.2

2 1.8 1.2 6 0.1 1.1 6 0.1

pNaSS 1 24.7 25.4 6 3.8 16.8 6 2.1

2 45.7 48.9 6 5.9 49.0 6 3.8

Ti ClSi 1 2.3 2.1 6 0.2 1.9 6 0.1

2 1.1 0.9 6 0.1 1.6 6 0.2

pNaSS 1 13.2 13.3 6 0.5 10.8 6 1.3

2 33.8 34.9 6 3.4 41.0 6 8.8

FIG. 6. (Color online) Ellipsometry thickness maps for the ClSi-functionalized Si (a) and Ti (b) substrates, and for NaSS-grafted Si (c) and Ti (d) substrates.
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replicate 1 could be indicative of multilayer formation, and

the 0.9 nm average thickness for replicate 2 could be indica-

tive of a less well-ordered film. As a reference, C11 organosi-

lane monolayers on Si were found to be �1.5 nm thick,

which is in the same range as the ClSi films on Si.55 The

film-thickness differences between batches could also be due

to sensitivity toward small variances in reaction conditions.

For example, ATRP is very sensitive to oxygen. Therefore,

solvents are always degassed with either nitrogen or argon to

purge dissolved oxygen, and reactions quenched by exposure

to air.18–32 Thus, it may be that a small leak in vial 1 lead to

the premature termination of the grafting reaction and thin-

ner pNaSS films on Si and Ti replicate 1.

E. AFM

AFM images are shown in Fig. 7, and average RMS

roughness values 6 standard deviations are reported in

Table I. Within error, the Ti roughness values remain con-

stant regardless of treatment. The AFM images [Figs.

7(d)–7(f)] show the surface topography of the Ti samples to

be unchanged by the ClSi treatment and significantly

changed by the pNaSS grafting. However, the Si roughness

values increase significantly with each treatment, as does the

surface topography [Figs. 7(a)–7(c)]. Interestingly enough,

despite the difference in roughness values between the bare

Ti and Si substrates, within error there is no difference in the

roughness values of the NaSS films grafted from the two

substrates. This indicates that the NaSS film is thick enough

to obscure the initial Ti roughness, and that the uniformity of

NaSS films grown by surface initiated ATRP under the

above reported conditions can be taken to be approximately

2 nm.

IV. SUMMARY AND CONCLUSIONS

In this study, we used ATRP to graft NaSS from ClSi

functionalized Si and Ti surfaces. The composition, molecu-

lar structure, thickness, and topography of the grafted pNaSS

films were characterized with XPS, ToF-SIMS, VASE, and

AFM, respectively. XPS and ToF-SIMS results confirmed

that both Si and Ti substrates were successfully first func-

tionalized with a ClSi layer and then grafted with a laterally

chemically homogeneous NaSS film. VASE and spectro-

scopic ellipsometry mapping measurements found the graft-

ing reaction produces slightly thicker NaSS films on Si

versus Ti substrates, and that relatively large variances in

film thickness may be expected between batches. AFM

found that within error there is no difference in NaSS film

roughness values between the Si and Ti substrates, despite

relatively large differences in bare-substrate roughness val-

ues. Thus, we have successfully produced chemically homo-

geneous and relatively smooth NaSS-grafted substrates.

These may now be used in subsequent studies testing the hy-

pothesis that pNaSS-grafted Ti implants preferentially

adsorb certain plasma proteins in an orientation and confor-

mation that modulates the foreign body response and pro-

motes formation of new bone.

FIG. 7. (Color online) 1� 1 lm2 AFM images of bare Si (a) and Ti (d) substrates, ClSi-functionalized Si (b) and Ti (e) substrates, and NaSS grafted Si (c) and

Ti (f) substrates.
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