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Gold nanoparticles (AuNPs) with average diameters of �14 and �40 nm, as well as flat

gold coated silicon wafers, were functionalized with oligo ethylene glycol (OEG) terminated

1-undecanethiol (HS-CH2)11 self-assembled monolayers (SAMs). Both hydroxyl [(OEG)4OH]

and methoxy [(OEG)4OMe] terminated SAMs were prepared. The AuNPs were characterized

with transmission electron microscopy (TEM), time of flight secondary ion mass spectrometry

(ToF-SIMS), x-ray photoelectron spectroscopy (XPS), attenuated total reflectance Fourier

infrared spectroscopy (ATR-FTIR), and low-energy ion scattering (LEIS). These studies pro-

vided quantitative information about the OEG functionalized AuNPs. TEM showed the 14 nm

AuNPs were more spherical and had a narrower size distribution than the 40 nm AuNPs. ToF-

SIMS clearly differentiated between the two OEG SAMs based on the C3H7Oþ peak attributed

to the methoxy group in the OMe terminated SAMs as well as the different masses of the

[AuþM]� ion (M¼mass of the thiol molecule) from each type of SAM. Overlayer/substrate

ratios quantitatively determined with XPS show a greater proportion of OEG units at the sur-

face of 40 nm AuNPs compared to the 14 nm AuNPs. ATR-FTIR suggested the C11 backbone

of the two SAMs on both AuNPs are similar and crystalline, but the OEG head groups are

more crystalline on the 40 nm AuNPs compared to the 14 nm AuNPs. This indicated a better

ordered SAM present at the surface of the larger, more irregular particles due to greater order-

ing of the OEG groups. This was consistent with the XPS and LEIS results, which showed a

30% thicker SAM was formed on the 40 nm AuNPs compared to the 14 nm AuNPs. The OH or

OMe functionality did not have a significant effect on the ordering and thickness of the OEG

SAMs. VC 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4967216]

I. INTRODUCTION

In recent years, there has been a significant interest in

colloidal gold nanoparticles (AuNPs) for applications such

as personal care products and drug delivery,1–3 as well as

materials with readily customizable size, shape,4 and

chemistry.5 The extensive surface analysis of such materi-

als with nanometer dimensions is therefore crucial to

understand how their synthesis and subsequent functionali-

zation affects the final properties.6,7 This information is

important for optimizing the function of engineered nano-

particles in research and commercial uses,5,8–16 but unfor-

tunately in many studies it is often neglected. Recently,

model systems have been produced to develop methodolo-

gies for characterization of functionalized colloidal

nanomaterials;8,15,17–23 however, it is necessary to further

increase the range of model self-assembled monolayer

(SAM) chemistries that are well characterized and increase

the complexity of the functionalization process since many

of the AuNPs being developed for biomedical applications

are first covered with a mixed thiol SAM where the indi-

vidual thiols can contain multiple species (e.g., alkyl

chainþ ethyl glycol chainþ reactive terminal group) fol-

lowed by covalent attachment of biomolecules (peptides,

proteins, DNA, etc.).

Oligo ethylene glycol (OEG) and poly(ethylene glycol)

(PEG) functionalized surfaces are desirable for biomedical

applications due to their ability to reduce protein adsorp-

tion,24,25 which can otherwise lead to activation of an

immune response and renal clearance. PEGylated AuNPs

have been investigated to ascertain their therapeutic useful-

ness.26,27 In this work, a model system of OEG functional-

ized AuNPs is characterized in detail using multiple,

complementary techniques to provide an improved under-

standing of these funtionalized AuNPs. Future studies will

characterize the covalent attachment of proteins to the OEG

functionalized AuNPs.
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II. EXPERIMENTAL METHODS

A. Materials

Hydrogen tetrachloroaurate(III) trihydrate (99.9%

HAuCl4�3H2O) and sodium citrate dihydrate (trisodium salt,

C6H5Na3O7�2H2O) were purchased from Sigma-Aldrich.

Ethanol (absolute-200 proof) was sourced from Pharmaco-

AAPER (Vancouver, WA). Both (1-mercapto-11-undecyl)

tetra ethylene glycol and methoxy(ethylene glycol)4 were

procured from Assemblon (Seattle, WA). Ultrapure water

(resistivity> 18.0 MX/cm) dispensed by a Modulab Analytical

research-grade water system (Siemens, Lowell, MA) was used

in all sample preparations as well as for the cleaning of glass-

ware. All reagents were used as received and were of analyti-

cal grade.

Dialysis tubing (Spectra/Por, regenerated cellulose,

molecular weight cut off 50 000) was purchased from VWR

Scientific, Inc. Transmission electron microscopy (TEM)

grids (Carbon Type-A, 300 mesh, copper grids) were pur-

chased from Ted Pella, Inc. (Redding, CA). Silicon wafers

were purchased from Silicon Valley Microelectronics and

diced into 1� 1 cm2 pieces and then cleaned with a series of

organic solvent washes. Flat Au substrates were produced by

depositing a 10 nm film of Ti followed by 100 nm of Au

(99.9%) using a CHA 600 Electron Beam Evaporator at

pressures below 1� 10�6 Torr.

B. AuNP preparation

AuNPs were synthesized using a modified Turkevich

method described elsewhere.28,29 Briefly, glassware was

cleaned with aqua regia (HCl/HNO3 in a 3:1 ratio) to remove

any previous gold contamination and rinsed with copious

amounts of ultrapure water to remove any residual acid. A

0.01% (w/v) HAuCl4 aqueous solution was heated to 100 �C
and maintained at this temperature for the entire synthesis in

a reflux system under nitrogen. A 1% aqueous solution of

C6H5Na3O7 was added in volumetric ratios of 2.5:100 and

1:100 to make AuNPs with average diameters of 14 and

40 nm, respectively. The synthesis was allowed to continue

for 30 min, and then cooled to room temperature before

being stored at 4 �C until required for analysis.

C. AuNP functionalization

Stock solutions of 1 mM of each thiol were produced by

dissolving them in ethanol. A 2� excess of concentration of

100 lM of each thiol was added to 100 ml of AuNPs and

stirred for 2 min before sonicating for 1 min, and then, the

AuNPs were left to functionalize for 2 days under stirring on

a magnetic stir plate. The AuNPs in this study were purified

by at least four cycles of centrifugation and redispersal in

ultrapure water. An Allegra X-22 centrifuge (Beckman

Coulter, Pasadena, CA) was used to spin the 14 nm function-

alized AuNPs at 8000 rpm for 45 min and the 40 nm func-

tionalized AuNPs at 8000 rpm for 20 min (the larger

particles separated faster). The supernatant was extracted

and discarded. Purification of the functionalized AuNPs by

dialysis was also examined, but not used, as it was observed

the proportion of unbound sulfur detected by x-ray photo-

electron spectroscopy (XPS) was �2.8 times higher with the

dialysis method compared to the centrifuge and redispersal

method, indicating for OEG functionalized AuNPs the cen-

trifuge and redispersal method was more effective than the

dialysis method at removing physisorbed thiol molecules.

This is in contrast to carboxylic acid terminated SAMs on

AuNPs where purification by dialysis was observed to be more

effective.15 The concentrated AuNPs were deposited 10 ll at a

time on solvent cleaned silicon wafers and placed under vac-

uum in a desiccator to dry. The deposition and vacuum desic-

cation was repeated multiple times to form a sufficiently thick

confluent layer of AuNPs for XPS and time of flight secondary

ion mass spectrometry (ToF-SIMS) analysis. A complete layer

was desirable to avoid any background signal from the under-

lying silicon substrate. Samples are denoted 14 and 40 fol-

lowed by the terminal functionality (OH or OMe) in Secs. III

and IV to represent SAMs on 14 and 40 nm AuNPs.

D. Au-coated wafer functionalization

A clean Au-coated wafer was immersed in a 100 lM thiol

solution in ethanol in a 20 ml glass scintillation vial back-

filled with N2 gas and left for 2 days. The samples were

extracted and rinsed with copious amounts of ethanol, then

immediately blown dry with a stream of N2 gas and stored

under N2 until analysis. Samples are denoted by flat followed

by the terminal functionality in Sec. III to represent SAMs

on flat Au films deposited on silicon wafers.

E. Transmission electron microscopy

A Phillips CM100 transmission electron microscope with

a tungsten filament cathode was operated with an emission

current of 5–7 lA and a 100 kV accelerating voltage. Images

were acquired with a Gatan model 689 digital slow scan

camera (Gatan, Inc., Pleasanton, CA). All images were

acquired at a 128� 128 pixel resolution and used either

130 000 or 180 000 magnification. The images were proc-

essed using IMAGEJ (ver. 1.46, NIH, MD) to determine the

average size and circularity of the synthesized nanoparticles

before functionalization.

F. X-ray photoelectron spectroscopy

A Kratos Axis UltraDLD (Kratos, Manchester, UK)

instrument equipped with a monochromatic Al Ka x-ray

source was used for XPS analysis. The hybrid mode was

used for analysis where photoelectrons, which are relative to

the electrostatic mode, collected a wider range of take-off

angles, thereby increasing the detected signal for both the

quantification and high resolution scans. The survey scans

used for quantitation were acquired using an analyzer pass

energy of 80 eV, a step size of 1 eV, and dwell time of

200 ms. The C1s, O1s, S2p, and Au4d peak areas were con-

verted into equivalent homogeneous compositions using

average matrix relative sensitivity factors.30 Au4d, rather

than Au4f, peaks were chosen because they appear at a
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kinetic energy between the C1s and O1s peaks and their use

mitigates variabilities associated with XPS instrumental

transmission functions and the choice of database for relative

sensitivity factors. A recent interlaboratory study of AuNPs

coated with peptide SAMS demonstrated that this approach

improved the comparability of XPS data between laborato-

ries by a factor of 2.31 The high-resolution scans were

acquired using an analyzer pass energy of 20 eV and a step

size of 0.1 eV. The nominal photoelectron take-off angle was

0� (defined as the angle between the substrate normal and

the axis of the analyzer lens). Samples were analyzed in

duplicate with at least three nonoverlapping measurement

areas per sample.

G. Time of flight secondary ion mass spectrometry

A ToF-SIMS V (ION-TOF GmbH, M€unster, Germany)

was used for ToF-SIMS analysis. Bi3
þ ions of 25 keV with a

current of �0.07 pA were used for the analysis of

250� 250 lm regions of the sample with 256� 256 pixels.

The acquisitions continued until reaching a total primary ion

fluence of 5� 1011 ions/cm2 per spectrum, which was well

below the static limit. Positive and negative secondary ions

were collected up to 878 m/z. The positive spectra were

mass calibrated using the CHþ, CH3
þ, C2H3

þ, and C3H5
þ

fragments. The negative spectra were mass calibrated using

the CH� OH�, and C2H� fragments. The typical mass reso-

lution was �5000 at m/z 27 (positive) and m/z 25 (negative).

As with XPS, samples were analyzed in duplicate with three

nonoverlapping measurement areas per sample.

H. Attenuated total reflectance-Fourier transform infra-
red spectroscopy

A Bruker Tensor 27 FTIR spectrometer (Bruker,

Germany) was used for attenuated total reflectance-Fourier

infrared spectroscopy (ATR-FTIR) analysis. A cleaned flat

piece of Si coated with vacuum deposited Au measuring

1� 1 cm was used as a background standard. Eighty scans

were acquired between a range of 4000 and 600 cm�1 at a

resolution of 8 cm�1.

I. Low energy ion scattering

An ION-TOF Qtac100 (IONTOF GmbH, M€unster,

Germany) dedicated high sensitivity low-energy ion scatter-

ing (HS-LEIS) instrument was used for analysis. The analy-

sis of the samples was performed using 5 nA, 3 keV 4Heþ

primary ions scanned over a 2 � 2 mm2 area. The analysis

took 180 s, leading to an ion dose of 1.4� 1014 ions/cm2,

which is well below the static limit for 3 keV He ions. A flat

Au reference sample was analyzed after sputter cleaning

with 500 eV Arþ. For the flat Au reference sample, the sput-

ter beam was scanned over 1.5 � 1.5 mm2 while the analysis

beam was scanned over 0.75 � 0.75 mm2.

III. RESULTS AND DISCUSSION

A. TEM analysis

Representative TEM images for the two sizes of AuNPs

synthesized are shown in Fig. 1 along with the correspond-

ing IMAGEJ analysis. A significantly larger sample number

for the 14 nm particles was obtained owing to their small

size and the low degree of aggregation found on the TEM

sample stub (aggregates were excluded from the IMAGEJ

analysis).

The size distribution was found to be narrower for the

14 nm AuNPs (r¼ 1.0 nm) than for the 40 nm AuNPs

(r¼ 6.6 nm), as shown in Figs. 1(c) and 1(d). Deviations in

substrate uniformity is an important consideration for both

the formation and characterization of SAMs.12 Calculating

SAM thickness on AuNPs using analytical methods such

as simulation of electron spectra for surface analysis

[SESSA (Refs. 32 and 33)] or XPS data modeling18 relies

on assumptions made about the uniformity of both size and

shape of the SAM functionalized AuNPs. The TEM

observed shape of the 40 nm AuNPs suggests they likely

contain larger 111 terraces, as such the expectation is that

SAM packing could be different on these two different sets

of AuNPs.11,34 Due to the deviation from sphericity for

the 40 nm AuNPs (only 35% have a sphericity<1.1)

assumptions made when calculating SAM thickness could

be more prone to error than for 14 nm AuNPs (82% have a

sphericity<1.1). Thus, an additional method, LEIS analy-

sis, has been used in this work to directly determine the

average thickness of the SAMs to complement the XPS

thickness measurements.18

B. ToF-SIMS analysis

Positive and negative ToF-SIMS were used to investigate

the AuNPs functionalized with the two SAMs. Key selected

regions from these spectra are shown in Figs. 2(a) and 2(b).

Figure 2(a) shows results for the 14 nm samples.

Comparable results were observed for the 40 nm and flat

samples. Relative intensities were not found to vary consid-

erably between the functionalized 14 nm AuNPs, 40 nm

AuNPs, and flat films. In Fig. 2(a), the OH and OMe termi-

nated SAMs are readily distinguished from one another by

the relative intensities of the C2H5Oþ and C3H7Oþ second-

ary ions. The C2H5Oþ ion can be formed from ethylene gly-

col units in the OEG chains of both OH and OMe OEG

SAMs and from the terminal ethylene glycol unit on the OH

OEG SAM. The C3H7Oþ ion predominately is formed from

the terminal ethylene glycol unit on the OMe OEG SAM.

The spectra demonstrate significantly higher intensity for the

C2H5Oþ ion from the OH OEG SAM sample compared to

the OMe OEG SAM sample. For the OMe OEG SAM sam-

ple, a comparable excess intensity is found for the C3H7Oþ

ion. It is reasonable to conclude that the excess intensity in

both cases derives from the end-group and this is consistent

with previous studies of end-group contribution to SIMS

spectra for bulk OEG samples.35 Since both of these low

mass fragments are present in the spectra of both OEG
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SAMs, the high mass regions shown in Fig. 2(b) were exam-

ined to further confirm and identify the presence of the two

different terminal groups.

The left hand panel of Fig. 2(b) shows the high mass

range of the negative secondary ion spectra where the

[AuþM]� ion (M¼mass of thiol molecule) at m/z 591.24 u

from the OMe terminated thiol is located. As expected, only

the OMe SAMs on the 14 and 40 nm AuNPs exhibited peaks

at m/z 591.24 u. The right hand panel of Fig. 2(b) shows the

high mass range of the negative secondary ion spectra where

FIG. 1. TEM and particle analysis showing representative images of (a) 14 nm and (b) 40 nm AuNPs with corresponding IMAGEJ determined size distributions

for (c) 14 nm and (d) 40 nm AuNPs and the sphericity (the ratio between the major and minor axis of each particle determined with IMAGEJ) for (e) 14 nm and

(f) 40 nm AuNPs. Thresholding in the IMAGEJ analysis was used to exclude particles that were clearly agglomerations of 2 or more nanoparticles.
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the [AuþM] ion at m/z 577.23 u from the OH terminated

thiol is located. As expected, only the OH SAMs on the 14

and 40 nm AuNPs exhibited peaks at m/z 577.23 u. The

spectra in Fig. 2(b) show the expected functionalization of

the AuNPs was achieved as the correct [AuþM] signals

were observed from the OH and OMe SAMs. In addition,

ratios of isotopic peaks associated with the [AuþM] frag-

ment are consistent with expectations for both SAMs.

Although ToF-SIMS can readily differentiate the OEG

SAMs with different terminal groups, the size of the AuNPs

did not have a significant effect on the normalized [AuþM]

secondary ion intensity.

C. XPS analysis

XPS detected C, O, and S from the SAM overlayers and

Au from the underlying substrates. No other elements were

detected. Surface compositions were determined for all sam-

ples using standard procedures that assume heterogeneous

depth distribution of all elements (see Table I). Since these

FIG. 2. (a) Overlay of the positive ToF-SIMS data from the 14 OH and 14 OMe samples over a mass range of 20–70 m/z u. (b) High mass region around the

[AuþM]� ion in the negative ion spectra with the four spectra (14 OMe, 14 OH, 40 OMe, and 40 OH) overlaid. Each type of SAM (OMe and OH) produced sim-

ilar spectra on both the 14 and 40 nm AuNPs; so, similar shades of red were used for the OMe spectra, and similar shades of blue were used for the OH spectra.
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materials consist of an organic coating on gold, the equiva-

lent gold composition reflects the thickness of the organic

coating as well as the size and shape of the NPs.

Table I shows the XPS determined surface elemental com-

positions for all samples prepared in this study. The significant

difference in the measured compositions between the two

AuNP samples and the flat Au sample is due to the high sur-

face curvature of AuNPs and the �10 nm sampling depth of

XPS. The full range of photoelectron take-off angles is

detected from the AuNP samples, but not for the flat Au sam-

ples. Thus, the C and O intensities from the OEG SAMs are

increased, and the Au intensities from the NP cores are

decreased due to the increased contributions that the off-

normal photoelectron take-off angles make to overall mea-

sured XPS compositions for the SAM covered AuNPs. The

similar XPS equivalent compositions of the two AuNP sam-

ples is in contrast to previous studies of SAMs on AuNPs

where with decreasing particle size the signals from the SAM

overlayer increase relative to the signal from the AuNP core.36

This indicates the structure or density of the OEG SAMs is dif-

ferent on the 14 and 40 nm AuNPs. The Au and S concentra-

tions are slightly lower on the 40 nm AuNPs compared to the

14 nm AuNPs. Previous studies have observed decreased Au

concentrations for the same SAM with the same thickness as

the AuNP size decreases.15 Therefore, if the SAM overlayer

were of the same thickness, the equivalent Au concentration

for the 14 nm particles should be lower than that of the 40 nm

particles. Here, the opposite is observed and this suggests the

OEG SAMs form a thicker or more densely packed SAM on

the 40 nm AuNPs compared to the 14 nm AuNPs which would

result in more attenuation of the Au and S intensities and a

consequent increase in carbon and oxygen intensities.

The higher O concentration on the 40 nm AuNPs com-

pared to the 14 nm AuNPs suggests that more EG subunits

may be present at the outermost surface of the OEG SAMs

on the 40 nm AuNPs. These differences could be due to dif-

ferent ordering of the OEG SAMs on the 14 and 40 nm

AuNPs. The AuNPs particles are synthesized and functional-

ized in an aqueous environment, with different particle size

distributions and shapes observed for the 14 nm vs 40 nm

AuNPs, which could influence the packing and order of the

SAMs formed on the AuNPs. The hydrophobic effects previ-

ously observed for OMe SAMs compared to OH SAMs have

been proposed to affect the SAM packing density on flat

gold surfaces by influencing the chain flexibility.24

The equivalent concentration of gold found in this analy-

sis can be directly converted into an organic overlayer

thickness using a direct method described previously18 and

extended for the specific case of organic coatings on gold

particles.37 The method relies upon the assumption of sphe-

ricity in the particle and shell, a central core, knowledge of

the effective attenuation lengths of electrons, and the inten-

sity of XPS signals from pure materials. The effect of non-

ideal particle morphology on XPS data has been studied,23

and significant errors can arise if the coating is not uniform

and a spherical model with a central core is employed. The

effect of shape for the OEG/AuNPs is expected to be quite

minor, i.e., less than the relative error in attenuation lengths

(�10%), provided the majority of particles are close to

spherical or have random orientations on the surface. The

results of these calculations for the OEG/AuNPs are shown

in Table II in comparison to the LEIS analysis.

The stoichiometric ratio of carbon to oxygen for the com-

pounds OEG OH and OEG OMe are 3.8 and 4, respectively.

Within the ethylene glycol moiety, the ratio is close to 2.

Neglecting the possibility of hydrocarbon contamination and

topographical effects, we would expect the experimental

ratios to lie between these values, and that the value will be

lower if the SAM is more ordered, since the oxygen bearing

ethylene glycol part will be closer to the surface. Table I

shows that the 14 OH and 14 OMe samples have a ratio

closer to that of a disordered system (C/O¼ 3.3), but the 40

OH and 40 OMe samples appear to be more ordered (C/O

¼ 3.1). For the AuNP samples, the direct comparison is valid.

The fact that the flat samples have C/O ratios in Table I

(3.32 and 3.59 for OH and OMe, respectively) similar or

slightly higher than that of the 14 nm samples should not be

taken as an indication that these surfaces are more disordered,

because topographic effects are important here. For a flat,

well ordered sample, this ratio is a function of photoelectron

TABLE I. Equivalent elemental compositions in atomic percentage deter-

mined from XPS analysis of the OH and OMe SAMs on 14 nm, 40 nm and

flat gold substrates along with the C/O ratios calculated from those values.

The number in parentheses for the atomic percentage indicates the standard

deviation from six measurements.

Substrate Element (at. %) OH SAM OMe SAM

14 nm AuNPs C 59.6 (0.7) 59.5 (0.8)

O 17.8 (0.8) 17.9 (0.7)

S 1.8 (0.2) 1.6 (0.0)

Au 20.8 (0.3) 21.0 (0.4)

C/O ratio 3.35 3.32

40 nm AuNPs C 60.0 (1.3) 59.9 (0.8)

O 19.2 (0.8) 19.5 (0.8)

S 1.4 (0.2) 1.2 (0.1)

Au 19.4 (0.6) 19.5 (0.5)

C/O ratio 3.12 3.07

Flat gold C 50.1 (0.7) 47.8 (1.5)

O 15.1 (0.4) 13.3 (0.4)

S 1.3 (0.3) 1.6 (0.2)

Au 33.5 (0.8) 37.3 (0.9)

C/O ratio 3.32 3.59

TABLE II. Average thickness of the OEG SAMs for each type of substrate

analyzed with HS-LEIS and XPS. For comparison, the thickness calculated

based on average bond lengths and accounting for a 30� tilt of the chain axis

from the surface normal is 2.7 nm.

Substrate

Average SAM thickness,

LEIS (nm)

Average SAM thickness,

XPS (nm)

14 nm AuNPs 2.0 6 0.1 1.4 6 0.1

40 nm AuNPs 2.6 6 0.1 1.8 6 0.1

Flat gold 1.9 6 0.1 1.7 6 0.1
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take-off angle, and the ratio would be expected to decrease

as grazing incidence is approached. Model calculations

using a straight-line approximation for a well-ordered

film indicate that the ratio should be approximately 3.32

and 3.57 for OH and OMe, respectively, at an emission

angle normal to the surface and 2.95 and 3.22, respectively,

at an emission angle 60� from normal, which is an approxi-

mate “average angle” for a particle. This analysis suggests

that the OEG SAMS on a flat surface have a structure more

similar to those on the 40 nm particles than on the 14 nm

particles.

Results from the XPS high-resolution spectra shown

Fig. 3 provide further information about the OEG SAM

overlayer. Representative C1s and S2p spectra are shown

with their corresponding peak fits in Figs. 3(a) and 3(b).

The S2p spectra of all OEG SAMs were similar on all

substrates. The dominant sulfur species was the thiolate

(S2p3/2 BE of 162 eV).38 A small amount of unbound thiol

(S2p3/2 BE of 163.5 eV) was observed on all samples.38

Two carbon species, ether and hydrocarbon, were present

in the C1s spectra, as expected from the structure of the OEG

thiols. The ether to hydrocarbon intensity ratios determined

from the high resolution C1s peak fits are shown in Fig. 3(c).

The type of SAM terminal group did not have a significant

effect on this ratio for the two AuNP samples. However, this

ratio did vary among the different substrates the OEG SAMs

were deposited onto. The ether to hydrocarbon ratio was

observed to increase as flat Au< 14 nm AuNPs< 40 nm

FIG. 3. XPS (a) C1s and (b) S2p high-resolution spectra for OEG SAMs on AuNPs and flat Au surfaces. The S2p components were fit as previously described

(Ref. 38). (c) Comparison of the amounts of ether and hydrocarbon species determined from the C1s spectra of the OEG SAMs on AuNP and flat Au surfaces.
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AuNPs. This is consistent with the trend observed in the car-

bon to oxygen ratios. The stoichiometric ether/HC ratio is 0.9

for the OEG OH thiol molecule and 1.0 for the OEG OMe

thiol molecule. The XPS measured ether/HC ratios for all

samples are greater than 1.1, indicating the OEG units are

enriched at the outermost surface of the OEG SAMs for all

samples. We note that hydrocarbon contamination on the sur-

face of these materials will act to reduce this ratio and so

these results are a conclusive demonstration of the orientation

of the OEG molecules. A larger ether/HC ratio indicates a

greater degree of order in the SAM, although topographic

effects are important here also, and direct comparison can

only be made between the 40 and 14 nm particles. As 40 nm

AuNPs show the highest ether/HC ratio this indicates that the

OEG SAMs formed on larger, more irregular in shape AuNPs

have a greater OEG surface enrichment than the OEG SAMs

formed on the smaller more spherical NPs. For a well-ordered

SAM on a flat surface, the ratio should be approximately 1.2

at an emission angle normal to the surface rising to 1.7 at an

emission angle 60� from normal.

D. ATR-FTIR analysis

The extent of SAM ordering on the 14 and 40 nm AuNPs

was investigated with ATR-FTIR as shown in Fig. 4, which

contains the methylene stretch and the ether stretch regions

for the OH and OMe SAMs.

The ordering of the alkane portion of the OEG thiol mole-

cules were determined by monitoring the position of the CH2

stretching frequencies [see Fig. 4(a)]. Well-ordered alkane

SAMs in the literature show CH2 asymmetric stretches

below 2920 cm�1 (�CH2,asym).39,40 As we consistently

observed values that were less than those values, we con-

clude that the C11 alkane SAM backbone is generally well

ordered and have comparable ordering regardless of AuNP

size, topography, and OEG terminal group.

The ether stretch (C-O-C) from the EG subunits presented

in Fig. 4(b) shows a significant shift between the SAMs pre-

sent on two sizes of AuNPs. A small difference is observed

between the two SAMs on the 14 nm AuNPs, with the peak

from the 14 OH SAM appears at a few wavenumbers lower

than the peak from the 14 OMe SAM. The ether stretches

from both OEG SAMs on the 40 nm AuNPs were signifi-

cantly lower (1097 cm�1) than on the 14 nm AuNPs

(1108–1114 cm�1). Based on the results from previous stud-

ies, the ether stretches observed on the OEG SAMs on 40 nm

AuNPs indicate that those samples contain more ordered or

crystalline OEG units compared to OEG SAMs on 14 nm

AuNPs.41 The more disordered nature of the OEG units on

the 14 nm AuNPs is consistent with a thinner, less densely

packed SAM on the 14 nm AuNPs. This may be due to

smaller areas of 111 terraces and a higher density of edge

and corner atoms on the 14 nm AuNPs. The significance of

increased OEG crystallinity is that crystalline OEG chains

have been shown to adsorb significant amounts of protein

while disordered OEG chains have been shown to resist pro-

tein adsorption.24 As such, the OEG SAMs on 14 and 40 nm

AuNPs would be expected to exhibit a significant difference

when placed in the biological environment.

E. LEIS analysis

In LEIS, a beam of low energy noble gas ions are directed at

a sample and the scattering of those incident ions and the subse-

quent energy loss of the detected scattered ions can be directly

related to the elemental composition of the surface. Recent

advances in HS-LEIS instrumentation allows for greater sensi-

tivity to the analysis of different atomic layers (i.e., “depth

profiling”) and a reduction in damage, particularly to organic

material.42,43 HS-LEIS is now capable of giving static (nonde-

structive) depth profiles over the outermost 5–10 nm.43–46 Thus,

HS-LEIS was used here to characterize the thickness of the

OEG SAM overlayers on AuNPs. Previously, beam induced

damage would accumulate over the course of the LEIS analysis

degrading organic films and providing inaccurate results; how-

ever, now with advances in instrumentation, HS-LEIS can pro-

vide accurate measurements of the overlayer thickness.

A description of how such analysis is undertaken is

described elsewhere.47 Briefly, the background intensity is

caused by ions that have penetrated the SAM overlayer and

scattered from Au core of the NPs. These scattered ions lose

energy when passing through the SAM layer. This loss of

FIG. 4. ATR-FTIR spectra for the OEG SAMs on AuNPs in (a) the CH2 stretch region and (b) the ether stretch region.
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energy can be related to the overlayer thicknesses. It has been

previously shown for SAMs on Au surfaces that the relation-

ship between the background peak on the SAM covered sam-

ples and the peak observed for a clean, flat Au surface is

estimated to be 90 eV/nm for alkenethiol SAMs.44 Thus, using

this relationship, the thickness of the SAM can be precisely

determined when the scattering background is fitted with an

error function and the energy loss of its inflection point from

the clean surface peak measured (see Fig. 5).

Figure 5 shows the energy loss spectra of the 4Heþ ions

detected from the OEG SAM covered AuNPs compared to a

flat, ion beam etched 100 nm Au coated Si wafer reference.

The difference between the loss peak from the SAM covered

AuNPs and the clean Au reference shows the SAM thickness

on 14 nm AuNPs is significantly thinner than the SAM thick-

ness on 40 nm AuNPs. Terminal functionalization (OH vs

OMe) did not have a detectable on the measured thicknesses,

as expected based on prior analysis.24

The experimentally derived values are tabulated in Table II

and compared with calculations from the averaged XPS data.18

The thickness from a line drawing based on stoichiometry,

using typical bond lengths and angles as well as applying a 30�

tilt of the chain axis from the surface normal [typical value

reported for alkanethiol SAMs (Refs. 12 and 48)], was calcu-

lated to be 2.7 nm. Significantly thicker SAMs (30%) were

found on the 40 nm AuNPs compared with 14 nm AuNPs, both

by HS-LEIS and XPS. The discrepancy in the values obtained

by the two methods is discussed later. Considering the ATR-

FTIR results discussed above, the SAM thickness measure-

ments are consistent with the presence of a more well-packed,

crystalline OEG SAM on the surface of the 40 nm AuNPs.

For the flat gold sample, XPS and LEIS provide thickness

values that are consistent. This is a reasonable validation of

the methods used for data interpretation, which are well

described for flat surfaces. The accuracy of the value for LEIS

depends upon the assumption of the energy loss of 90 eV/nm

obtained for alkenethiol SAMs.44 Currently, there is no

assessment of the general validity of this energy loss. In the

original paper,44 the value is expressed as 8 eV per carbon

atom in the SAM, and the value has been converted under

some assumptions about the thickness of the layers that were

originally used. It is also worth noting that 1.5 keV 4Heþ pri-

mary ions were used in that work compared with 3 keV 4Heþ

primary ions used here. For XPS, the accuracy is largely

dependent upon the estimates used for the intensities of the

pure materials, the method chosen for background subtraction

and the electron effective attenuation lengths. In this case, a

relative accuracy of better than 20% can be estimated.

For the nanoparticles, the thickness calculated by XPS

relies upon the same fundamental data as that used for the

flat sample, but accounts for the topography using a method

that has been validated through simulation. Both the results

from the thickness measurements, and also considerations of

the effect of geometry on the elemental composition and C1s

shape provided above, indicate that the OEG SAMs on the

40 nm samples are similar to those on the flat surfaces.

Therefore, it is interesting that the direct LEIS results for the

40 nm particles are rather different from the flat surface.

Here, we note that no correction for topography is included

in the analysis of LEIS results. For a flat surface with a

defined scattering angle, all ions scattered from gold experi-

ence the same path length through the organic overlayer. On

a particle there are a large range of path lengths depending

upon the impact parameter of the primary ion and the azi-

muthal scattering angle. Some path lengths are shorter and

some longer and the distribution of these depends upon the

relative core radius and coating thickness. Due to neutraliza-

tion effects, describing the effect of this on a LEIS spectrum

is not a trivial matter. A recent versailles project on

advanced materials and standards study on measuring the

organic overlayer thickness on gold particles included LEIS

data, where some participants applied a topographic correc-

tion factor of 0.74.31 It is interesting to note that, if we

assume that the OEG SAM on the flat surfaces and the

40 nm particles are identical, a correction factor of 0.73 is

implied. Then, the LEIS result for the 14 nm particles is cor-

rected with a factor of 0.73, and this results in an OEG SAM

thickness of 1.5 nm, which is consistent with the XPS result.

Following this reasoning, our results indicate that the

packing density of OEG SAMs on the 14 nm particles is

lower than that on 40 nm particles, which have a similar

packing density to flat surfaces. For flat surfaces, this density

translates to between 3 and 3.5 molecules per nm2, which is

lower than alkanethiol packing densities, which are typically

in the region of 5 molecules per nm2.49,50

IV. CONCLUSIONS

This study uses a multitechnique, complementary

approach to characterizing Au surfaces functionalized with

OEG SAMs. The results from TEM, XPS, ToF-SIMS, ATR-FIG. 5. HS-LEIS SAM results for OEG SAMs on 14 and 40 nm AuNPs.
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FTIR, and HS-LEIS showed the OEG SAMs were more

well-ordered and thicker on the 40 nm AuNPs compared to

the 14 nm AuNPs. The 40 nm AuNPs had a broader size dis-

tribution and were more nonspherical compared to 14 nm

AuNPs. Thus, it is likely the 40 nm AuNPs had larger low

index terrace regions [e.g., (111) terraces] and a lower per-

cent of edge and corner atoms, which could be responsible

for the more well-ordered OEG SAMs formed on the 40 nm

AuNPs. While these differences between the two sizes of

AuNPs had a significant effect on the structure of the

OEG SAMs, no effect of the OEG terminal functionality

(OH vs OMe) on SAM structure or thickness was detected.

The ordering and thickness of the two OEG SAMs on each

surface were the same, within the experimental error.

Determining the role that AuNP shape and OEG terminal

group play in functionalized AuNPs is essential for under-

standing their structure–function relationships as well as

their for potential in vivo applications. These results rein-

force the importance of fully characterizing each functional-

ized AuNP formulation and highlights how differences

between substrates can have a significant effect on the

assembly of thiols onto the AuNPs. It shows that the struc-

ture and thickness of a SAM formed on one particle size and

shape of AuNPs can be significantly different on other parti-

cle sizes and shapes of AuNPs. Comparison of XPS and

LEIS data indicates that a topographic correction factor for

thickness measurements obtained from LEIS is required,

and, for these samples, the factor is near 0.73.
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