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A 24 factorial design was used to optimize the activators regenerated by electron transfer-atom

transfer radical polymerization (ARGET-ATRP) grafting of sodium styrene sulfonate (NaSS) films

from trichlorosilane/10-undecen-1-yl 2-bromo-2-methylpropionate (ester ClSi) functionalized tita-

nium substrates. The process variables explored were: (1) ATRP initiator surface functionalization

reaction time; (2) grafting reaction time; (3) CuBr2 concentration; and (4) reducing agent (vitamin

C) concentration. All samples were characterized using x-ray photoelectron spectroscopy (XPS).

Two statistical methods were used to analyze the results: (1) analysis of variance with a ¼ 0:05,

using average
ffiffiffiffiffi
Ti
p

XPS atomic percent as the response; and (2) principal component analysis using

a peak list compiled from all the XPS composition results. Through this analysis combined with

follow-up studies, the following conclusions are reached: (1) ATRP-initiator surface functionaliza-

tion reaction times have no discernable effect on NaSS film quality; (2) minimum (�24 h for this

system) grafting reaction times should be used on titanium substrates since NaSS film quality

decreased and variability increased with increasing reaction times; (3) minimum (�0.5 mg cm�2

for this system) CuBr2 concentrations should be used to graft thicker NaSS films; and (4) no delete-

rious effects were detected with increasing vitamin C concentration. VC 2015 American Vacuum
Society. [http://dx.doi.org/10.1116/1.4929506]

I. INTRODUCTION

Controlling surface properties is important in a number

of fields.1–4 One strategy to do so is polymer grafting.

Activators regenerated by electron transfer-atom transfer

radical polymerization (ARGET-ATRP) is a versatile and

scalable method for polymer synthesis. When combined

with a material-specific strategy for immobilizing an ATRP

initiator, ARGET-ATRP can be used to modify most metal,

oxide, and ceramic surfaces,1,3,5 as well as polymer surfa-

ces.6–9 However, much of the fundamental understanding of

ARGET-ATRP, or more generally ATRP, is based on stud-

ies focusing on solution-phase polymerizations.10–17 While

publications describing ATRP and ARGET-ATRP grafting

of different polymers from a variety of surfaces are plentiful

in the literature, the authors are aware of few studies that

explore in detail the relationship between process variables

and film quality. (We define high quality films to be thick

and laterally homogeneous—i.e., hole and defect free.)

Therefore, in this study, we use surface analysis techniques

to characterize and optimize the grafting of sodium styrene

sulfonate (NaSS) from trichlorosilane/10-undecen-1-yl 2-

bromo-2-methylpropionate-functionalized titanium surfaces

(Fig. 1). Interest in NaSS extends to a number of applica-

tions, such as an antiflocculating agent, emulsifier, catalyst,

and for use in ion-exchange resins and membranes.18–21

It has also shown promise as a strategy to increase the

osseointegration of titanium22–25 and poly(ethylene tereph-

thalate)26–28 biomedical implants. To investigate possible

reasons for the increased osseointegration of these materials,

in future studies, the authors intend to test the hypothesis

that the NaSS-grafted surfaces preferentially adsorb certain

plasma proteins in an orientation and conformation that

modulates the foreign body response and promotes forma-

tion of new bone. A necessary prerequisite for doing so is

the ability to reliably produce sufficient quantities of high

quality NaSS-grafted substrates. Therefore, the goals of this

work are twofold: (1) examine the influence of experimentala)Electronic mail: castner@uw.edu
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conditions on NaSS grafting; and (2) by doing so, further our

general understanding of ARGET-ATRP grafting from

surfaces. To this end, a 24 factorial design was performed to

study the following variables: (1) ATRP initiator surface

functionalization reaction time; (2) grafting reaction time;

(3) CuBr2 concentration; and (4) reducing agent (vitamin C)

concentration.

Even though statistical experimental design methods are

extremely useful in efficiently optimizing process condi-

tions, they rarely go as planned. Under “real world” condi-

tions, undesired and uncontrolled changes in process

conditions are routinely encountered. These can obscure

trends and further complicate analysis of the experimental

design results. The current work is no exception, where an

analyzer upgrade for the x-ray photoelectron spectrometer

occurred during data collection. Therefore, in addition to the

traditional analysis of variance (ANOVA), we employed

principal component analysis (PCA) to evaluate the factorial

design results. Through this combination of statistical analy-

ses, we were able to account for the effect of the analyzer

upgrade on the data and draw meaningful conclusions

regarding optimal NaSS grafting conditions, which is the

main focus of this paper.

II. EXPERIMENT

A. Materials

Silicon wafers (Silicon Valley Microelectronics, Inc., San

Jose, CA) were diced into 1� 1 cm2 substrates using a dia-

mond saw. Titanium substrates were fabricated by evapora-

tion of 100 nm of titanium from an electron-beam heated

titanium target onto diced silicon substrates at room tempera-

ture and vacuum pressures <3 � 10�6 Torr. Gold substrates,

also 100 nm thick, were fabricated in the same way, first

depositing a 5 nm titanium adhesion layer. Methanol, ace-

tone, dichloromethane, toluene, phosphate buffered saline

(PBS; 0.010 M phosphate, 0.138 M sodium chloride,

0.0027 M potassium chloride, pH 7.4), Cu(II) bromide

(>99.0%), 2,20-bipyridine (bpy) (�99%), vitamin C (�98%),

and NaSS (�90%) were all purchased from Sigma. Ethanol

(200 proof) was purchased from Decon Laboratories. The tol-

uene was dried by storing over 4A molecular sieves; the rest

FIG. 1. Schematic representation of the two-step NaSS grafting procedure. Step 1: surface immobilization of the ATRP initiator using a material-specific func-

tionalization strategy to form either thiol (on Au) or silane (on titanium) self-assembled monolayers. Step 2: ARGET-ATRP grafting of NaSS from the

surface-bound initiator.

05E131-2 Foster et al.: Experimental design and analysis of ARGET-ATRP experimental conditions 05E131-2

J. Vac. Sci. Technol. A, Vol. 33, No. 5, Sep/Oct 2015



of the chemicals were used as received. The synthesis of the

ATRP initiator, trichlorosilane/10-undecen-1-yl 2-bromo-2-

methylpropionate (henceforth referred to as ester ClSi), has

been described previously.7 An amide (referred to as amide

ClSi) version of the same molecule was graciously provided

by the Jiang group at the University of Washington.

Bromoisobutyrate undecyl disulfide (99%) (henceforth

referred to simply as thiol, since it forms a gold–thiolate bond

on the surface) was purchased from Assemblon.

B. Substrate cleaning and ATRP-initiator
functionalization

Prior to the e-beam deposition, substrates were cleaned

by sonicating twice for 5 min each sequentially in dichloro-

methane, acetone, and methanol. The e-beam deposited tita-

nium substrates were functionalized in a 0.2 vol. % solution

of ester ClSi in dry toluene for the length of time specified

by the factorial design. Functionalized substrates were rinsed

in dry toluene followed by methanol, and then briefly dipped

in 1 mM NaOH to cross-link the surface silanes and neutral-

ize HCl byproducts.

E-beam deposited gold substrates were rinsed with etha-

nol and immersed in a 1 mM solution of thiol in ethanol for

18–24 h. The substrates were then rinsed with ethanol, soni-

cated for 1–3 min to remove any unbound thiol, and rinsed

once more with ethanol. Both the titanium and gold func-

tionalization reactions were performed at room temperature

in N2-backfilled glass test tubes stoppered with rubber septa.

C. ARGET-ATRP

The ARGET-ATRP reaction solids were weighed into

three 20 ml glass scintillation vials. The first contained

203 mg (98.6 mmol) of NaSS monomer dissolved in 1.2 ml 18

X de-ionized (DI) H2O. The second contained CuBr2 and bpy

(1:2 ratio) dissolved in 2.4 ml methanol and 1.2 ml 18 X DI

H2O. The third vial contained vitamin C dissolved in

1.2 ml 18 X DI H2O. The total solvent volume was 6 ml

(60/40 H2O/methanol). The amount of CuBr2/bpy and vita-

min C varied depending on the treatment combination as dic-

tated by the experimental design. The catalyst solution, along

with two initiator-functionalized substrates, was added to the

NaSS vial, making sure that the substrates stayed face up and

did not overlap each other. NaSS grafting was initiated upon

addition of the vitamin C solution to the reaction vial, which

was then capped and sealed with parafilm. Since excess vita-

min C is present during the reaction, it is not necessary to

degas the reaction solvent. After the allotted time specified

by the factorial design the substrates were rinsed with 18 X
DI H2O, soaked in PBS for several hours, and then soaked

overnight in 18 X DI H2O to remove any residual catalyst,

excess sodium/buffer salts, 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 until analyzed.

D. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) data were

acquired on an SSI S-probe instrument (Surface Science

Instruments, Mountain View, CA). Half way through the first

replicate of the factorial design, the analyzer was upgraded

and the photoelectron takeoff angle (TOA) changed from

55� to 0�. Here, the photoelectron TOA is defined as the

angle between the surface normal and the axis of the ana-

lyzer lens. All spectra were acquired using a monochromatic

Al Ka1,2 x-ray source (h�¼ 1486.6 eV). Atomic composi-

tions were calculated from peak areas obtained from survey

scans (0–1100 eV) with analyzer pass energy of 150 eV, a

1 eV step size, and a 100 ms dwell time. Carbon chemical

shifts were determined from high-resolution C1s spectra

obtained with analyzer pass energy of 50 eV, a 0.065 eV step

size, and 100 ms dwell time. 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 284.6 eV, and a linear background was subtracted

for all peak area quantifications. The peak areas were nor-

malized by the manufacturer supplied sensitivity factors, and

surface concentrations were calculated using Hawk Data

Analysis 7 (Service Physics, Inc., Bend, OR).

E. Atomic force microscopy

Atomic force microscopy (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). Images were line

and plane flattened as necessary the using the NanoScope

Analysis software package. Scratch-test measurements were

also performed to determine NaSS film thicknesses. These

consisted of using a high deflection set point in contact mode

to scratch a 5� 5 lm2 hole in the NaSS film, reducing the

deflection set point, and increasing the scan size to

20� 20 lm2 to determine the depth of the scratched hole.

This procedure was iterated, each time scratching with a

higher deflection set point until the thickness remained con-

stant between iterations.

F. Vibrational sum frequency generation spectroscopy

Sum frequency generation (SFG) spectra were measured

with a ps-pulsed laser system (EKSPLA, Nd:YAG and

OPA/OPG/DFG). Spectra were collected for ester ClSi films

on Ti surfaces, functionalized for either 1 day or 7 days, to

determine the effect of reaction time on the ester ClSi film

quality. The incident angles relative the surface normal were

60� and 62� for the infrared (IR) and visible beams, respec-

tively. The ppp (p-polarized SFG, p-polarized visible, and

p-polarized IR) polarization combination was used for all

spectra. Average data acquired from three replicates of each

sample (1 day and 7 days) were analyzed for the ester

and C-H spectral regions (ester: 1700–1800 cm�1 and C-H:

2800–3000 cm�1), with one exception (7 days, ester region:

1700–1800 cm�1) where average data acquired from four

replicates were analyzed. For the ester region, a step size of

1 cm�1 was used with 600 acquisitions per step, while a step

size of 2 cm�1 and 400 acquisitions per step were used for

the C-H region. To account for any variations in IR and visi-

ble intensities that occurred during spectra acquisition, all
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data points were normalized against a signal produced in

parallel from an SFG-active crystal (ZnS).

G. Factorial design

A 24 factorial design was performed varying (A) ester

ClSi reaction time, (B) grafting reaction time, (C) CuBr2

concentration, and (D) vitamin C concentration (Table I).

Two duplicate samples were prepared and analyzed at each

treatment combination. The entire design was replicated

twice totaling four samples per treatment combination. The

run order was randomized but within replicates only. The

design matrix and response are listed in Table II.

H. Data analysis

The factorial design was analyzed using both ANOVA

with a ¼ 0:05 and PCA. For the ANOVA, average
ffiffiffiffiffi
Ti
p

XPS

atomic percent was chosen as the response. XPS data are tech-

nically “count-based,” thus the decision to use square-root

transformed titanium compositions.29 Since the experimental

order was randomized within replicates only, blocking was

performed on replicates. The additional variance added to the

system by the analyzer upgrade was accounted for by includ-

ing a covariate in the ANOVA. Also, some spectra were dis-

carded due to sample charging. Even with the discarded data

at least seven spectra were collected for each treatment com-

bination, whereas the remaining responses represent a total of

twelve measurements. All ANOVA were done “by hand” in

MS Excel. Chapters 3, 5, and 6 from Ref. 29 are recom-

mended as a resource for more information about factorial

designs.

PCA, previously described in detail,30–32 is a multivariate

analysis technique used to identify principal sources of vari-

ation between sample spectra. Briefly, PCA can be described

as a clustering algorithm with two outputs: a scores plot and

a loadings plot. Samples that cluster closely together in the

scores plot are considered more similar to each other than

those that do not. The loadings plot explains the differences

between the samples. Samples with negative scores are asso-

ciated with variables with negative loadings, and vice versa.

Peak lists for all 173 XPS spectra—composed of S, C, Ti, O,

and Na—were imported into a series of scripts written by

NESAC/BIO for MATLAB (MathWorks, Inc., Natick,

MA).33,34 Although data normalization is often performed

prior to PCA, XPS compositions are in the form of atomic

percentages and therefore already normalized. The data

were, however, square-root transformed and mean centered

to be consistent with the ANOVA procedure and to ensure

that variance within the data set was due to differences in

sample variances rather than in sample means.

III. RESULTS/DISCUSSION

Since the focus of this work is optimizing ARGET-ATRP

grafting conditions, the extensive set of spectral data from

the NaSS-grafted substrates used in this study is not provided

here. However, readers desiring further details regarding

characterization of NaSS-grafted substrates are directed to

reference,35 which describes characterization of NaSS-

grafted titanium and silicon substrates using XPS, AFM,

TABLE I. Factors and treatment levels.

Factor Symbol Low (�1) High (1)

Ester ClSi reaction time A 24 h 72 h

Grafting reaction time B 2 4 h 7 2 h

CuBr2 C 1 mg cm�2 2 mg cm�2

Vitamin C D 39.5 mg cm�2 79 mg cm�2

Covariate — Preupgrade Postupgrade

TABLE II. Experimental conditions and results.

Treatment

combination

Ester ClSi reaction time (h) Grafting reaction time (h) CuBr2 (mg cm�2) Vitamin C (mg cm�2) Covariatea Replicate 1 Replicate 2

A B C D
ffiffiffiffiffi
Ti
p

(1)b �1 (24) �1 (24) �1 (1) �1 (79) 1 1.11 0.17

A 1 (72) �1 (24) �1 (1) �1 (79) �1 0.00 0.09

B �1 (24) 1 (72) �1 (1) �1 (79) �1 2.29 3.55

AB 1 (72) 1 (72) �1 (1) �1 (79) 1 1.21 0.18

C �1 (24) �1 (24) 1 (2) �1 (79) �1 0.00 0.00

AC 1 (72) �1 (24) 1 (2) �1 (79) 1 1.15 0.12

BC �1 (24) 1 (72) 1 (2) �1 (79) 1 0.64 2.34

ABC 1 (72) 1 (72) 1 (2) �1 (79) �1 0.22 1.87

D �1 (24) �1 (24) �1 (1) 1 (158) �1 0.48 0.43

AD 1 (72) �1 (24) �1 (1) 1 (158) 1 1.16 0.18

BD �1 (24) 1 (72) �1 (1) 1 (158) 1 0.62 2.46

ABD 1 (72) 1 (72) �1 (1) 1 (158) �1 0.00 1.15

CD �1 (24) �1 (24) 1 (2) 1 (158) 1 0.76 1.44

ACD 1 (72) �1 (24) 1 (2) 1 (158) �1 0.00 1.09

BCD �1 (24) 1 (72) 1 (2) 1 (158) �1 0.00 0.36

ABCD 1 (72) 1 (72) 1 (2) 1 (158) 1 1.22 1.71

aThe covariate levels apply to replicate 1 only. The covariate level was 1 (analyzer angle of 0�) throughout replicate 2.
bThe treatment combination “(1)” is where low (�1) levels are used for all factors. See Table I for these experimental conditions.
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time-of-flight secondary ion mass spectrometry (ToF-SIMS),

and spectral ellipsometry.

A. Factorial design analysis/results

The factorial design was analyzed using both ANOVA

and PCA. Three main advantages of ANOVA are: (1) causal

relationships can be established between the effects and the

response; (2) higher-level (two-way, three-way, etc.) interac-

tion effects can be investigated; and (3) the analysis typically

yields a physically meaningful regression model that can be

used to optimize process conditions within the investigated

experimental space.29 However, only one response can be

considered at a time and any remaining information is dis-

carded. This is illustrated by the system at hand. Averageffiffiffiffiffi
Ti
p

XPS atomic percent is a logical choice of response since

increasing substrate signal is indicative of either patchy or

thin grafted NaSS films and therefore inversely proportional

to film quality. However, this approach neglects the remain-

ing elements (C, S, Na, etc.) found in the XPS composition

results. PCA, on the other hand, is able to handle complex

data sets, meaning that all of the XPS composition results

can be simultaneously analyzed.

The ANOVA results and regression model can be found

in Table III and Eq. (1). Plots of the residuals are found in

Figure S1 of the supplementary material.36 The significant

factors are B (grafting reaction time; P¼ 4.5� 10�3), AC

(the two-way interaction between ester ClSi reaction time

and CuBr2 amount; P¼ 0.02), and BD (the two-way interac-

tion between grafting reaction time and vitamin C amount;

P¼ 0.04).

ffiffiffiffiffi
Ti
p

¼ 0:87þ 0:36xB þ 0:28xAxC � 0:24xBxD (1)

The covariate was also significant, indicating that the ana-

lyzer upgrade had an impact on the response. This is

expected since the sampling depth—defined as three times

the inelastic mean free path (k) times the cosine of the TOA

[Eq. (2)]—nearly doubled with the analyzer upgrade. The

relative concentrations of overlayer (NaSS) to substrate

(TiO2) signals will change with increasing sampling depth

Sampling Depth ¼ 3k cos ðTOAÞ: (2)

Interpretation of the ANOVA results and regression

model is somewhat challenging for multiple reasons. First,

from the goodness-of-fit statistics (Table IV), Eq. (1) does

not account for much of the variance in this system (R2 val-

ues significantly less than 1) despite the negative R2
predicted

value, which suggests that the data are overfit. Next, interac-

tion terms are significant (xAxC and xBxD), when their con-

stituent main effects are not (xA, xC, and xD). This is could

be a residual artifact of the analyzer upgrade and the dis-

carded spectra, for which the covariate could not adequately

compensate. However, further complicating matters is the

fact that grafting reaction time is involved in two terms—as

a main effect (xB) and also as a two-way (xBxD) interac-

tion—with opposite signs. The main effect is the most signif-

icant term in the regression model and the positive

coefficient suggests that titanium signal increases with

increasing reaction time. Or, stated another way, film quality

decreases with increasing reaction time. However, the two-

way interaction (xBxD) coefficient is negative suggesting that

the combination of long reaction times and high concentra-

tions of vitamin C lead to increased NaSS film quality. This

is more likely a false positive than a physically meaningful

result since the vitamin C concentration term (xD) was not

significant (P¼ 0.59).

TABLE III. ANOVA results.

Source Sum of squares Degrees of freedom Mean square Fo
a Fcrit

a P-value Significant?

A 0.87 1 0.87 2.35 4.60 0.15

B 4.26 1 4.26 11.45 4.60 4.5 � 10�3 Yes

C 0.14 1 0.14 0.39 4.60 0.54

D 0.11 1 0.11 0.30 4.60 0.59

AB 0.53 1 0.53 1.41 4.60 0.25

AC 2.51 1 2.51 6.76 4.60 0.02 Yes

AD 0.85 1 0.85 2.30 4.60 0.15

BC 0.52 1 0.52 1.40 4.60 0.26

BD 1.84 1 1.84 4.96 4.60 0.04 Yes

CD 0.18 1 0.18 0.48 4.60 0.50

ABC 1.58 1 1.58 4.26 4.60 0.06

ABD 1.43 1 1.43 3.84 4.60 0.07

ACD 0.29 1 0.29 0.79 4.60 0.39

BCD 0.00 1 0.00 0.00 4.60 0.97

ABCD 0.76 1 0.76 2.04 4.60 0.18

Covariate 2.52 1 2.52 6.77 4.60 0.02 Yes

Blocks 1.23 1 1.23 3.32 4.60 0.09

Error 5.20 14 0.37

Total 24.84 31

aFo is referred to as the test statistic and is calculated by dividing the mean square for each effect by the mean square error. Fcrit is the critical value, based on

the F-distribution, which the test statistic must be greater than for an effect to be considered significant.
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We next turned to PCA to clarify the conflicting ANOVA

results. The first thing to notice is that the first principal

component (PC1) shown in Fig. 2 accounts for 91% of the

variance in the data compared to only 30%–35% for the

ANOVA. Next, the treatment levels corresponding to short

reaction times (B¼�1) are relatively tightly clustered and

the majority of the data fall below zero on the PC1 scores

plot [Fig. 2(a)]. According to the loadings plot [Fig. 2(b)],

negative scores are associated with C, S, and Na from the

NaSS layer and positive scores with Ti and O from the

substrate.

Conversely, the scores for the treatment levels corre-

sponding to long reaction times (B¼ 1) vary widely and

much of the data falls above the x-axis. This indicates that

with increasing reaction time the samples move from being

more NaSS-like to having more contributions from the sub-

strate, corroborating the ANOVA findings. The position and

scatter of the scores for treatment combinations involving

long reaction times did not appear to improve with high vita-

min C content [BD, ABD, BCD, and ABCD in Fig. 2(a)],

lending credence to the assertion that the xBxD two-way

interaction term is a false positive. To further support this

claim, another ANOVA was performed using the PC1 scores

as the response (Tables S1 and S2 of the supplementary ma-

terial). In these results, the xB (P¼ 0.01) and xAxC (P¼ 0.02)

terms are retained, while xBxD is no longer significant

(P¼ 0.07). Also interesting is that the covariate is no longer

significant (P¼ 0.07), meaning that PCA was able to dimin-

ish the effect of the analyzer upgrade. However, PCA was

unable to resolve the xAxC term and neither statistical analy-

sis method is able to supply mechanistic explanations for the

observed results. Therefore, studies were launched to investi-

gate the effect ClSi reaction time (1), ARGET-ATRP reac-

tion time (2), and CuBr2 amount (3) in isolation, and also the

AC and BD interactions.

B. ClSi reaction time (A)

While the xC (ClSi reaction time) term was not found to

be significant by either ANOVA or PCA, the xAxC (two-way

interaction between ClSi reaction time and catalyst amount)

was retained by both methods. However, it is unlikely that

this result is physically meaningful since these two factors

are physically decoupled: i.e., there is no catalyst present

during the ClSi functionalization, and the grafting and func-

tionalization steps are prepared in different vials. More

likely is that the two-way interaction term is registering the

significance of one or both of the main effects, which was

obscured by the analyzer upgrade and/or discarded data. In

fact, catalyst amount (C) had the most (5) discarded spectra

of any treatment combination. It is not surprising that this

reduction in the number of data points complicates analysis

and interpretation of the factorial design results. Therefore,

ClSi reaction time and catalyst amount were studied to deter-

mine which of these main effects is significant. The results

of the ClSi reaction time study are discussed in this section.

Results of the catalyst study are discussed later.

Our hypothesis was that the ClSi film quality—ordering

and/or uniformity—increases with increasing reaction time.

Corresponding increases in NaSS film quality might be due

to a greater availability or access to the surface-bound halide

from which the grafting reaction is initiated. While near-

monolayer film coverages are likely achieved in a matter of

hours, full monolayer formation and ordering might take a

few, or even several days.37,38 Therefore, to test this hypoth-

esis ClSi films were synthesized using 1, 3, and 7 day reac-

tion times. Film chemical uniformity, morphology, and

ordering were investigated using XPS, AFM, and SFG,

respectively. None of these techniques revealed any signifi-

cant differences between ClSi films synthesized for different

lengths of time. However, interesting SFG results were

obtained regarding ester ClSi film structure.

SFG spectra in the C-H and ester regions were recorded to

compare ester ClSi films prepared on titanium during 1 and 7

days reaction times (Fig. 3). For films such as the ester ClSi,

the relative spectral contributions of methyl and methylene

vibrations in the C-H region (2800–3000 cm�1) are related to

alkane chain conformation.9,39 SFG probes IR and Raman

active vibrational modes of molecules, which are neither iso-

tropic in arrangement nor have a center of inversion.40 A

TABLE IV. Goodness-of-fit statistics for the regression model [Eq. (1)].

Statistic Value

R2 0.35

R2
adj 0.30

R2
predicted �0.23

FIG. 2. PC1 vs sample type (A) and the corresponding loadings plot (B) for

PCA of the factorial design results. The labels in (A) correspond to the fac-

torial design treatment combinations listed in Table II. These results suggest

NaSS film quality and reproducibility decreases with increasing ARGET-

ATRP grafting reaction time.
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perfectly ordered alkane chain with the methylene groups in

an all-trans conformation does have a center of inversion in

between the methylene groups.9,41,42 In such a scenario, the

C-H spectral region would be dominated by SFG signals from

the terminal methyl vibrations. However, our results show

that peaks from methylene vibrations (around 2855 cm�1 for

symmetric and around 2920 cm�1 for asymmetric vibrations)

dominate the C-H region, indicating that the alkane chains

contain gauche defects. Most importantly, the spectra for 1

day and 7 days reaction times overlap almost perfectly show-

ing that no significant change in molecular conformation of

the alkane chain is observable by SFG. We also measured the

SFG spectra for the ester region (1700–1800 cm�1) and

detected the carbonyl stretching peak of the ester group at

1743 cm�1.43,44 Since a species must be at least partially

ordered to be SFG active, the presence of an SFG signal

confirms partial ordering of the ester group.

To quantitatively compare the spectral intensities in the

ester region for the 1 and 7 days reaction times, the spectra

were fitted with

v 2ð Þ
SFG ¼ v 2ð Þ

NR þ
X

k

Ak

xIR � xk þ iCk
; (3)

where vð2ÞSFG is the second order susceptibility; vð2ÞNR is the non-

resonant part; Ak, xk, Ck are the peak amplitude, peak wave-

number, and damping factor (peak width) for the kth IR and

Raman active vibration; and xIR is the IR wavenumber. The

ester peak fits for 1 (blue) and 7 (red) days reaction times are

presented in Fig. 3, in which the bar plot displays the value

of the peak amplitudes from the two fits. Although the mean

values are slightly different, they are within experimental

error. This, in conjunction with the striking similarity of the

spectra in the C-H region, provides further evidence that the

ClSi films prepared during 1 and 7 days reaction times are

similar. As mentioned above, this conclusion is consistent

with the results from the XPS and AFM experiments (Figs.

S3 and S4 of the supplementary material). It is therefore

unlikely that an increased ClSi reaction time leads to an

improved NaSS film quality.

C. Grafting reaction time (B)

Grafting reaction time was involved in the ANOVA

regression model [Eq. (1)] as both a main effect (xB) and

interaction term (xBxD). Both ANOVA and PCA confirmed

the significance of the main effect, which was strongly corre-

lated with decreased NaSS film quality leading to increased

titanium signal. For reasons discussed above the significance

of the interaction term is thought to be a false positive.

It is surprising that film quality should decrease with

increasing grafting reaction time. Assuming the stability of

the grafted film under reaction conditions, film properties

should remain constant once the reaction reaches comple-

tion. NaSS film stability under the reaction (i.e., aqueous)

conditions is seemingly a safe assumption since no degrada-

tion has been observed in the final step of the grafting proce-

dure, which is to leach any residual catalyst from the

films by soaking them in PBS and then water over night.

Therefore, we hypothesized that the mechanism for

decreased NaSS film quality is hydrolysis of the ester ClSi

head group, which may be somehow affected by vitamin C.

To test this hypothesis a 22 factorial design was performed:

functionalized titanium substrates were soaked for 24 or 72

h in 60/40 H2O/methanol (the reaction solvent) with or with-

out vitamin C (Table V). Samples were analyzed with XPS

before and after soaking, collecting three composition and

one high-resolution C1s spectra per sample. The design was

replicated twice yielding a total of six composition and two

high-resolution C1s measurements per treatment. The com-

positions and high-resolution C1s results are found in Table

S3 of the supplementary material.

The data were again analyzed using PCA. Two PCs were

retained that captured 97% of the variance in the data. The

PC1 scores increase with soak time corresponding to an

increase in C and a decrease in O, Ti, and the O@C-O high

resolution C1s peak (Fig. 4). There is no obvious separation

along PC2. The observed decrease in O@C-O signal with

reaction time could be a sign of degradation of the ester head

group. Loss of the head group would also explain the

decrease in oxygen signal. However, a lack of decrease in

the Br signal, which would also be expected, combined with

the increase in C suggests these trends could be due to

attenuation by a contamination layer rather than degradation.

FIG. 3. (Color online) SFG spectra of the C-H region (2800–2900 cm�1) for

ClSi films functionalized for 1 day (blue) and 7 days (red), respectively. For

the ester region at 1743 cm�1, the gray traces are averaged data, while the

blue and red traces are fits made with Eq. (3). The vertical line at 1743 cm�1

denotes the peak position for the fits. For the C-H region, only the averaged

data are presented. The amplitudes of the fits in the ester region, with error

bars showing standard errors of the fits, are included in the table and bar-

plot. The data indicate that the films prepared for 1 day and 7 days reaction

times are of similar quality.

TABLE V. ClSi hydrolysis 22 factorial design: factors and treatment levels.

Factor Symbol Low (�1) High (1)

Vitamin C A 0 mg 39.5 mg

Soak time B 24 h 7 2 h
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To confirm this conclusion, and to test for hydrolysis of

the siloxane bonds tethering the ClSi initiators to the tita-

nium, the hydrolysis study was expanded to include a thiol

and amide version of the same initiator (Fig. 5). Should the

siloxane bonds hydrolyze, the amide ClSi films will show

signs of degradation while the thiol films will remain

unchanged. If the ester group is in fact hydrolyzing, then the

thiol films will degrade and the amide ClSi films will remain

intact. The XPS composition and high resolution C1s spectra

were analyzed using PCA, which found differences with

soak time neither for the thiol nor the amide ClSi (Figs. S5

and S6 of the supplementary material). This apparently con-

firms that the decrease in the O@C-O signal observed for the

ester ClSi was due to attenuation by a carbonaceous over-

layer—i.e., the XPS ester carbon signal reduction was due to

a layer of carbon contamination adsorbed from the

ambient—rather than degradation of the ester head group.

However, still unexplained is the cause of the NaSS film

degradation with increasing grafting reaction time.

The effect of grafting reaction time on NaSS film quality

was also assessed for the amide ClSi-functionalized titanium

and thiol-functionalized gold substrates. Low (�1) levels

were used for all process variables except grafting reaction

time, which varied between one day and seven days. Two

duplicate samples were prepared at each time point and the

entire experiment was replicated twice. Three XPS composi-

tion spectra were collected for each sample and compiled

into a PCA peak list. PC1 scores for the films grafted from

gold substrates [Fig. 6(a)] show very little scatter with graft-

ing reaction time and are associated with S, C, O, and

Na—all constituents of NaSS films. This is with the excep-

tion of two samples where the grafting reaction appears to

have failed, most likely due to improper substrate cleaning

leading to the failure of the thiol-functionalization step. No

separation between the remaining samples was detected

when these outliers were excluded from the PCA. From

these results, film quality does not appear to be dependent on

grafting reaction time for NaSS films grafted from thiol-

functionalized gold surfaces. At short reaction times the

amide ClSi PC1 scores [Fig. 6(b)] also show low scatter—

minus one errant sample—and are associated with S, C, and

Na from the NaSS film. However, a great deal of scatter is

observed for the seven-day grafting reaction time point, with

about half the data associated with Ti and O from the

substrate. This is in agreement with the ester ClSi results

[Fig. 2(a)], where at longer reaction times the scatter

increased drastically and the samples became increasingly

associated with the composition of the substrate rather than

NaSS. That this was not observed in the hydrolysis study

may be that the cause is somehow linked with the catalyst

complex. The MSDS lists CuBr2 as corrosive and the authors

also observed corrosion of metal utensils used to weigh out

FIG. 4. Results of a study testing the stability of the ether ClSi ATRP initia-

tor in the reaction solvent. PC1 vs PC2 scores plot (A) with corresponding

loadings (B) and XPS compositions (C) for ester ClSi films soaked in 60/40

H2O/MeOH for up to 72 h. Variability of the ClSi film chemical composi-

tion increases with soak time, though it was determined that this was due to

adsorption of an adventitious carbon contamination layer.

FIG. 5. Schematic showing the thiol on gold (A) and amide ClSi on titanium

(B) ATRP initiators.
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the CuBr2 powder. Thus, even though in low concentrations,

it may be that the catalyst damages the titanium substrates

over time. As a noble metal, gold would be resistant to such

corrosive effects, explaining why no NaSS film degradation

was observed on these substrates. Further study is needed to

test this hypothesis.

D. CuBr2 (C)

In the ANOVA regression model [Eq. (1)], CuBr2 is rep-

resented as the two-way interaction between ester ClSi reac-

tion time and catalyst amount (xAxC). It is correlated with

decreased NaSS film quality and the corresponding increased

titanium signal. Both PCA and ANOVA confirm this term as

significant. As previously discussed, it is more likely that the

two-way interaction term is registering the significance of

one or both of the main effects, which was obscured by the

analyzer upgrade and/or discarded data. Having already

tested ester ClSi reaction time (A) in isolation, we next stud-

ied the effect of CuBr2 amount (C) on NaSS film quality.

Our hypothesis was that with increasing catalyst the number

of exposed radicals, and the total time that each radical is

exposed, also increases. This in turn leads to decreased reac-

tion control resulting in nonuniform NaSS films. To test this

hypothesis NaSS grafting reactions were carried out using

low (�1) levels for all process variables except for CuBr2,

which varied between 0.5 and 2 mg cm�2. Chemical uni-

formity was characterized via XPS survey and high-

resolution C1s scans. Three surveys and one high-resolution

scan were collected per sample. Lateral uniformity and film

thickness were characterized via AFM, with three topogra-

phy images obtained and three scratch tests performed per

sample. Two duplicate samples were prepared per treatment,

and the entire study was replicated twice resulting in a total

of four samples per treatment.

The XPS composition results [Fig. 7(a)] show a trend of

increasing titanium and decreasing sulfur with increasing

catalyst. This suggests decreasing NaSS film thickness or

uniformity with increasing CuBr2. The AFM scratch tests

[Fig. 7(b)] confirm that film thickness decreases with

increasing catalyst concentration, while the topography

results (Fig. 8) confirm the film uniformity does not appear

to be a function of CuBr2 concentration. Our hypothesized

reason for the thinner films is that with increasing catalyst

the number and frequency of radical activation events also

increases. This leads to an increased number of termination

events between neighboring polymer chains, which in turn

depletes the dormant polymer state and causes a buildup of

deactivator (CuBr2/bpy, in this case).5 Therefore, we recom-

mend using the minimum amount of CuBr2 necessary, which

for this system seems to be no more than 0.5 mg per nominal

cm2 of initiator-functionalized surface area.

IV. SUMMARY AND CONCLUSIONS

A 24 factorial design was performed to optimize the

ARGET-ATRP grafting of NaSS from titanium. The factors

varied were: (1) ester ClSi initiator reaction time; (2) graft-

ing reaction time; (3) CuBr2 amount; and (4) reducing agent

(vitamin C) amount. The factors and levels are listed in

Table I. The design matrix is found in Table II. Films were

characterized using XPS and the factorial design analyzed

using ANOVA and PCA. The ANOVA results and regres-

sion model are found in Table III and Eq. (1). The significant

factors are B (grafting reaction time; P¼ 4.5 10�3), AC (the

two-way interaction between ester ClSi reaction time and

CuBr2 amount; P¼ 0.02), and BD (the two-way interaction

between grafting reaction time and vitamin C amount;

P¼ 0.04). For reasons discussed above—including the possi-

bility of the two-way interaction terms being retained due to

false positives—interpretation of these results and regression

model is somewhat problematic. Therefore, PCA was used

to provide additional insight into the NaSS grafting process.

Additional studies were done to investigate the significant

effects identified by ANOVA and PCA, as well as to gain

some understanding of their influence on NaSS film quality.

FIG. 6. Results of a study testing the effect of reaction time on NaSS film

quality for films grafted from thiol (on gold) and amide ClSi (on titanium)

ATRP initiators (Fig. 5). PC1 vs sample scores plots for NaSS films on gold

using the thiol ATRP initiator (A), and on titanium using the amide ClSi

ATRP initiator (B) for grafting reaction times up to 7 days. The correspond-

ing loadings are in (C). Except for two improperly cleaned substrates, NaSS

film quality appears constant with reaction time on gold, while quality and

reproducibility decreases with increasing reaction time when grafted from

the amide ClSi initiator on titanium.
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The conclusions are as follows: (1) no chemical, structural,

or morphological changes were detected with ester ClSi

reaction time (A) suggesting that this effect has little discern-

able influence on NaSS film quality. SFG spectra show some

degree of ordering in the ClSi films on the titanium surfaces,

but the ClSi film quality does not improve beyond the first

day of reaction time. (2) NaSS film quality decreases with

grafting reaction time for both ester and amide ClSi initia-

tors, but not for films grafted from thiol initiators on Au.

This may be due to the CuBr2 corroding the titanium sub-

strate. No decrease in film quality is observed on Au because

noble metals are more resistant to corrosion. (3) In addition

to potentially corroding metal surface, NaSS film thickness

decreased with increasing CuBr2 concentration.

FIG. 7. XPS titanium and sulfur composition vs CuBr2 per nominal cm2 of initiator-functionalized surface area for both replicates (A). AFM measured thick-

nesses vs CuBr2 per nominal cm2 of initiator-functionalized surface for both replicates (B). For both panels, data from replicate 1 and 2 are represented by

closed and open symbols, respectively. These results show that NaSS film thickness decreases with increasing catalyst amount.

FIG. 8. (Color online) Representative AFM images of NaSS films grown with 0 (a), 0.5 (b), 1 (c), and 2 mg (d) CuBr2 per nominal cm2 of initiator-

functionalized surface area. Average 6 standard deviation RMS roughness values for each treatment are as follows: 1.9 6 0.1 nm (0 mg cm�2 CuBr2),

0.7 6 0.2 nm (0.5 mg cm�2 CuBr2), 0.7 6 0.1 nm (1 mg cm�2 CuBr2), and 0.9 6 0.2 nm (2 mg cm�2 CuBr2).
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From these conclusions, we suggest using the following

reaction conditions to optimize grafted film quality: (1)

Shorter ATRP-initiator surface functionalization reaction

times, although no deleterious effects were detected at lon-

ger times. (2) Minimum (� 24 h for this system) grafting

reaction times. (3) Minimum (� 0.5 mg cm�2 for this sys-

tem) CuBr2 concentration. (4) Sufficient excess of vitamin

C, as no deleterious effects were detected with increasing

concentrations.
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