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Abstract

Organophosphonic acid self-assembled monolayers (SAMs) on oxide surfaces have recently seen

increased use in electrical and biological sensor applications. The reliability and reproducibility of

these sensors require good molecular organization in these SAMs. In this regard, packing, order

and alignment in the SAMs is important, as it influences the electron transport measurements. In

this study, we examine the order of hydroxyl- and methyl- terminated phosphonate films deposited

onto silicon oxide surfaces by the tethering by aggregation and growth method using

complementary, state-of-art surface characterization tools. Near edge x-ray absorption fine

structure (NEXAFS) spectroscopy and in situ sum frequency generation (SFG) spectroscopy are

used to study the order of the phosphonate SAMs in vacuum and under aqueous conditions,

respectively. X-ray photoelectron spectroscopy and time of flight secondary ion mass

spectrometry results show that these samples form chemically intact monolayer phosphonate

films. NEXAFS and SFG spectroscopy showed that molecular order exists in the

octadecylphosphonic acid and 11-hydroxyundecylphosphonic acid SAMs. The chain tilt angles in

these SAMs were approximately 37° and 45°, respectively.
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Introduction

Self-assembled monolayers (SAMs) have been extensively studied and used in the last two

decades due to their promise for controlling surface properties such as wettability,

biocompatibility, corrosion resistance, as well as for their possible applications in electronic

device fabrication and biosensors.1, 2 Molecules capable of forming SAMs are composed of

three basic units: 1) head groups which bind to the surface, 2) functional tail groups which

are usually exposed at the SAM surfaces and can be used to tailor the chemical and physical

properties of the surface, and 3) spacer chains which separate the head and tail groups and,

in some cases, drive the self-assembly by lateral interactions between adjacent molecules.
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A number of strategies for self-assembly have been developed in the past. The most

common of these strategies involve thiols on noble metals (especially gold) and silanes on

oxide surfaces. Thiol-based SAMs on gold are the most widely studied system due to the

ease of sample preparation and uniformity of the films. They are extensively used as model

systems in a wide range of studies.3 Thiol-based SAMs function fine if the SAMs only

needs to remain intact long enough to template a desired reaction (e.g., formation of an

extracellular matrix overlayer in biological experiments). However, thiols tend to be

oxidized or displaced from the surface with time, which makes thiol-based SAMs

undesirable for applications that require long term stability.4–6 Silanes on the other hand are

more commonly used on oxide surfaces, where they can covalently bind to the surface by

the transfer of a proton from the surface hydroxyl group to a silane leaving group,

eliminating alcohol (in the case of ethoxysilanes) or HCl (in case of chlorosilanes).

However, care must be taken to limit the film to a monolayer and avoid formation of 3-D

silane networks.7 In addition, some silane films have been shown to be hydrolytically

unstable in aqueous base and unstable in biological media.8 This can be a challenge for the

applications that involve ambient conditions or biological environment.

Phosphonate head groups are a promising alternative for overcoming the limitations of thiol

and silane systems since they are relatively robust and can be attached to a wide range of

oxide surfaces. Phosphonic acid SAM formation has been reported on Al2O3,9, 10 TiO2
,11–

13 ZrO2
,14 planar mica15 and SiO2 16–18 substrates, although proof of monolayer films was

only provided in few cases.16–18 Gawalt et. al., discovered that adhesion and stability of

phosphonic acid SAMs on TiO2 is greatly enhanced by thermal annealing following the

phosphonic acid film formation.13, 19, 20 It was proposed that the phosphonic acid molecules

in the unheated, as deposited film, are simply hydrogen-bonded to the substrate, and perhaps

also to the neighboring molecules. The molecule-molecule interactions (van der Waals and

H-bonding) are apparently stronger than substrate-molecule interactions in the deposited

films. Heating the deposited film results in covalent attachment of the phosphonates to the

substrate. The mechanism of growth of these films has been discussed in greater detail

elsewhere.20 Hanson et al., built on this success and formulated a new technique to deposit

the phosphonic acid films, referred to as the T-BAG (Tethering By Aggregation And

Growth) method.16 The phosphonate SAMs have been shown to have a better surface

coverage and hydrolytic stability in alkaline conditions as compared to some types of silane

films,11, 21 as well as being stable under ambient conditions for a greater time period

compared to thiols on gold,22 likely owing to the P-O bond energy of ~80 kcal/mol

compared to ~40 kcal/mol for the S-Au bond. These properties make phosphonate platforms

very promising candidates for reallife applications that require long-term stability of the

deposited monolayer. However, formation of the phosphate-based SAMs requires more

extensive processing than formation of the thiol-based SAMs.

Phosphonic acid SAMs are increasingly used for building electronic thin-film devices due to

their ability to form well defined and stable films on oxide surfaces.23–27 Klauk et al.

recently built ultralow-power organic circuits based on phosphonic acid SAMs and observed

an order of magnitude decrease in the leakage current for phosphonic acid SAM devices

compared to their silane counterpart.23 Cattani-Scholz et al. have also shown excellent

passivation properties of phosphonate SAM based devices.27 They used the phosphonic acid

monolayer for label free detection of DNA on silicon-on-insulator based flat surfaces as well

as on nanowires. They discuss the uniformity of the phosphonate films for obtaining good

passivation properties, which is very important for successful sensor development. A

number of other groups are also utilizing the self-assembled phosphonic acid platform for

various applications such as surface patterning,28, 29 surface work function modification,30,

31 small molecule detection,32 corrosion inhibition,33 biosensors,34, 35 and electrical sensors.
23–27, 36 The importance of high film quality SAMs, i.e monolayers with a high packing
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density, molecular alignment and binding uniformity, for use in molecular electronics is well

established for thiol-based SAMs.37–39 It has been shown in these studies that the packing

and order greatly influences the electron transport measurements and the presence of

molecular order is highly desirable for obtaining reproducible electronic properties.

Since the phosphonate SAMs are increasingly being used for applications in the field of

electronic and bio-sensor development, it is important to study their order and uniformity.

Although a number of characterization techniques, such as atomic force microscopy, quartz

crystal microbalance, infrared, X-ray reflectivity, ellipsometry,16–18, 27, 35, 40 have been

used to understand the mechanism of phosphonate binding, the order, alignment, chemical

integrity and uniformity of phosphonate-based films is yet to be investigated in detail. In this

study, we probe the molecular order of methyl- and hydroxyl- terminated phosphonic acid

SAMs on silicon. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and

sum-frequency generation (SFG) vibrational spectroscopy were used to investigate the

conformation, alignment and ordering of the phosphonic acid films. The chemical

composition and integrity of the films were examined using X-ray photoelectron

spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS).

Experimental Section

SAM preparation

Phosphonate SAMs were formed using the T-BAG method. A detailed description of the

deposition method has been presented elsewhere.16 Briefly octadecylphosphonic acid

(ODPA, C18H41-PO3) or 11-hydroxyundecylphosphonic acid (PUL, C11H25-PO4)

(structures shown in Scheme 1) were self-assembled onto pre-cleaned (approximately 1×1

cm2) silicon coupons by holding them vertically in a 25 μM solution of the acid in dry

tetrahydrofuran (THF). The solvent was allowed to evaporate at room temperature and then

coated coupons were heated in an oven at 140°C for 48 hours in air. The substrates are

expected to still have phosphonic acid multilayers present on the surface after the heat

treatment. Those multilayers were subsequently removed by cleaning the samples in THF.

Three cycles of depositions with multiple rinsing and sonication in THF and methanol was

used to produce a monolayer film. The films were stored in glass containers filled with

nitrogen until they were characterized.

Octadeacanethiol (ODT, C18H37-SH) and mercaptoundecanol (MCU, C11OH23-SH) SAMs

on gold were also prepared for comparison with their phosphonic acid counterparts. The

thiol molecules where purchased from Asemblon (Redmond, USA). The gold substrates for

the SAM fabrication were prepared by thermal evaporation of 200 nm gold (99.99% purity)

onto polished single-crystal silicon (111) wafers (Silicon Sense) primed with a 5 nm

titanium adhesion layer. The resulting films were polycrystalline with a grain size of 20–50

nm and expected to have predominantly a (111) orientation.41 The films were formed by

immersion of the freshly prepared gold substrates into 1 mM ethanol solutions of ODT or

MCU at room temperature for 18 h. After immersion, the samples were carefully rinsed with

copious amounts of ethanol, blown dry with nitrogen, and then kept in plastic or glass

containers filled with nitrogen until they were characterized.

XPS analysis of the SAMs

XPS measurements were performed on a Kratos Axis Ultra DLD X-ray photoelectron

spectrometer (Kratos Analytical, Manchester, UK) employing a hemispherical analyzer for

spectroscopy and a spherical mirror analyzer for imaging. Spectra were acquired using a

monochromatized Al-Kα X-ray source, a 90 degree photoelectron take-off angle from the

surface, and the “hybrid” analysis mode. These experimental conditions result in a sampling

depth of approximately 10 nm. A lowenergy electron flood gun was used to minimize
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surface charging for silicon samples. XPS data were collected using an analysis area of 700

μm × 300 μm. For each sample, an initial compositional survey scan was acquired, followed

by detailed elemental scans using a pass energy of 80 eV. High-resolution C 1s spectra were

acquired using a pass energy of 20 eV and were charge-referenced to the C 1s hydrocarbon

peak at 285.0 eV. Three spots on two replicates of each sample were analyzed. The

intensities for each element were obtained by averaging the peak intensities determined from

each spot. The average peak intensity was then divided by the appropriate relative sensitivity

factor to correct for the orbital photoionization cross section and the instrument parameters.

These normalized intensities for all the elements were then combined to obtain the

compositional data. The reported compositions were not corrected for attenuation effects

(e.g., attenuation of the S or P signals by the alkyl chains). Data analysis was performed

with Vision Processing data reduction software (Kratos Analytical Ltd.) and CasaXPS (Casa

Software Ltd.).

ToF-SIMS analysis of the SAMs

ToF-SIMS data for all the samples were acquired on an ION-TOF 5–100 instrument (ION-

TOF GmbH, Münster, Germany) using a Bi3 + primary ion source. Positive and negative ion

spectra were acquired from three spots on two replicates of each sample type with a pulsed

25 keV, 1.3 pA primary ion beam in the high current bunched mode (i.e., high mass

resolution mode) from 100 μm × 100 μm areas on the sample surfaces. All data were

collected using an ion dose below the static SIMS limit of 1×1012 ions/cm2. The mass

resolution (m/δm) of the negative secondary ion spectra was typically between 6000 and

7500 for the m/z = 25 peak. The m/δm of the positive secondary ion spectra was typically

between 7000 and 8500 for the m/z = 27 peak. Positive ion spectra were mass calibrated

using the CH3 +, C2H3 +, and C3H5 + peaks. Negative ion mass spectra were mass calibrated

using the CH−, OH− and C2H− peaks.

NEXAFS analysis of the SAMs

NEXAFS spectra were collected at the National Synchrotron Light Source (NSLS) U7A

beamline at Brookhaven National Laboratory, using an elliptically polarized beam with

~85% p-polarization. This beam line uses a monochromator and 600 l/mm grating that

provides a full-width at half-maximum (FWHM) resolution of ~0.15 eV at the carbon K-

edge (285 eV). The monochromator energy scale was calibrated using the 285.35 eV C 1s

→ π* transition on a graphite transmission grid placed in the path of the X-rays.42 To

eliminate the effect of incident beam intensity variation and monochromator absorption

features, C K-edge spectra were normalized by the spectrum of a clean gold surface prepared

by evaporation of gold in vacuo. Both the reference and signal were divided by the beam

flux as a function of the photon energy prior to normalization.43 Partial electron yield was

monitored by a detector with the threshold voltage maintained at −150 V. Samples were

mounted to allow rotation about the vertical axis to change the angle between the sample

surface and the incident X-ray beam. The NEXAFS angle is defined as the angle between

the incident X-ray beam and the sample surface.

SFG spectroscopy of modified silicon

The coherent, non-linear SFG spectra were obtained by overlapping visible and tunable IR

laser pulses (25 ps) in time and space at incidence angles of 60° and 54°, respectively. The

visible beam with a wavelength of 532 nm was delivered by an EKSPLA Nd:YAG laser

operating at 50 Hz, which was also used to pump an EKSPLA optical parametric generation/

amplification and difference frequency unit based on barium borate and AgGaS2 crystals to

generate tunable IR laser radiation from 1000 – 4000 cm−1. The bandwidth was 1 cm−1 for

the visible pump pulses and the IR laser. Both beams were only mildly focused and had a

diameter of approximately 1 mm at the sample. The energy for each beam was 160 μJ per
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pulse. The SFG signal generated at the sample was then analyzed by filters and a

monochromator, detected with a gated photomultiplier tube and stored in a computer. The

spectra were collected with 400 shots per data point in 2 cm−1 increments. A set of two

replicates of each sample was analyzed. All spectra were recorded in ppp (sum, visible, and

infrared) polarization combination along the [100] direction of the substrate. The SFG

spectra were normalized by a reference SFG signal generated in a ZnS crystal. For the in situ

study of the SAMs, the samples were soaked in deuterated water and then gently pressed

against one side of an equilateral calcium fluoride prism and the surface of the sample was

then probed going through the prism.

The intensity of the generated SF light ISF is given by:

(1)

here, Ivis and IIR are the infrared and visible pump beam intensities, respectively, and 

denotes the effective second-order nonlinear susceptibility of the interface which can be

written as:44

(2)

Here,  is the second order nonlinear susceptibility of the nonresonant background, Aν is
the strength of the νth vibrational mode, φν denotes the phase of the respective mode and

ωIR refers to the frequency of the incident IR field. ων, Γν are the resonance position and

width of the respective modes. Fitting eq 2 to the spectral data allows us to determine Aν, ων
and Γν. In the fits, the Lorentzian line widths were set to 2 cm−1 and Γν was allowed to vary

since the two contributions to the total line width could not be separated within the accuracy

of the measurements.

Results and Discussion

X-ray Photoelectron Spectroscopy

The elemental composition of the SAMs was determined with XPS. The observed elemental

composition of the SAMs can be compared to the stoichiometry of the phosphonic acid

precursor molecules; which gives valuable information about the phosphonate attachment on

the silicon oxide surface. Figure 1 shows the phosphorous region of the XP spectra before

and after modifying the silicon surface with an ODPA monolayer. The peak near 191.0 eV

(P 2s) observed after the film deposition shows that the phosphonic acid headgroups are

present on the surface. A very similar spectrum was also obtained from the PUL modified

surface. The broad peak at 184 eV is attributed to a bulk silicon plasmon peak. Plasmon loss

features for silicon have been observed at binding energies 16.8 and 33.6 eV above the main

peak.45 Relative compositions, uncorrected for attenuation effects, of the ODPA and PUL

modified silicon substrates along with ODT and MCU modified gold substrates are shown in

Table 1. The C/P ratio for ODPA and PUL SAMs are approximately 21 and 15, respectively

(Table 1), which is consistent with what other groups have observed on different substrates.
18, 46, 47 On the other hand, the C/S ratios for ODT and MCU SAMs are approximately 39

and 28, respectively (Table 1), suggesting that there is a greater attenuation of the sulfur

signal compared to the phosphorous signal. Angle resolved XPS analysis has demonstrated
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that the phosphorous is attached to the SiO2 surface.18 Thus the lower C/P ratios can be

explained, at least in part, by a greater tilt angle (i.e., thinner organic overlayer) of the alkyl

chains in the phosphonate SAMs compared to the thiol SAMs. The tilt angle of the

phosphonate films is discussed in greater detail in the NEXAFS and SFG sections.

Differential charging analysis was utilized to confirm the presence of monolayers. Surface

charging can result from the ejection of electrons during the XPS analysis. The further away

from the silicon surface an atom is (e.g., carbon atoms in the multilayer region) the more

difficult it will be to neutralize the residual positive charge on that atom. This results in a

build-up of differential charging in the organic overlayer and a broadening of the XPS peaks

from elements that are present in both the monolayer and multilayer regions.17, 18 In this

work, a C 1s spectrum is acquired before and after the multilayer cleaning procedure to

confirm the presence of monolayer film. The broadening of the C 1s peak (shown in Figure

2 for ODPA) clearly evident in the multilayer sample corresponds to adsorbed multilayers

on the surface. A single, narrow C 1s peak (FWHM = 1.2 eV) was observed after ultrasonic

cleaning of the samples in the organic solvents, consistent with removal of the adsorbed

multilayers, and confirming the presence of a monolayer.

Time of Flight Secondary Ion Mass Spectrometry

ToF-SIMS was conducted on the freshly cleaned silicon samples along with phosphonic

acid modified substrates. The main positive fragments from the reference spectra (obtained

from freshly cleaned silicon) consisted of silicon (e.g., Si+) and silicon oxides (e.g., SiOH+,

Si2O+) along with small amount of hydrocarbon contamination (e.g., CnH2n+1
+ and

CnH2n−1
+). The negative spectrum of the reference sample mainly consisted of O− and OH−

peaks along with some hydrocarbon contamination and substrate peaks (CH−, C2H−, SiO−,

SiO2
− etc.). The silicon samples modified with ODPA clearly showed the presence of bound

phosphonates in the positive spectrum (e.g., SiPO2
+). In addition the peak at 335.27

(C18H40PO3
+) represents a molecular ion (M+H+) and another peak at 361.23

(SiC18H38PO3
+) indicates the formation of bound phosphonate monolayers on the surface.

The negative spectrum also shows a molecular ion (M−H−) at 333.26 (C18H38PO3
−) and a

peak at 377.23 (SiC18H38PO4
−) that indicates the formation of bound phosphonate

monolayers on the surface (Figure 3). Similarly for the hydroxyl terminated phosphonic acid

monolayers, the molecular mass peak was observed in the negative spectrum at 251.14

(C11H24O4P−). Additional peaks in the negative spectra of both the samples at 106.93

(SiPO3
−), 134.96 (SiPO3C2H4

−) and 162.99 (SiPO3C4H8
−) indicate that the phosphate films

are bound on the surface (Figure 4). Table 2 shows all the characteristic positive and

negative fragments observed from SAMs of ODPA and PUL. Similar fragments have been

observed from a phosphonic acid modified titanium oxide surface35 and have been shown to

be indicative of monolayer formation in several other studies.48, 49

NEXAFS Spectroscopy

Valuable information about the chemical bonding and the alignment of the SAMs is

provided by NEXAFS spectroscopy. This technique gives insight into the electronic

structure of the films by sampling unoccupied molecular orbitals.43 It can provide molecular

orientation from the x-ray linear dichroism by measuring the change in absorption resonance

intensities as a function of the orientation of the x-ray electric field vector with respect to the

sample surface.

C K-edge spectra of PUL, ODPA and a reference ODT SAM (known to yield well aligned

films on gold surfaces) acquired at X-ray incidence angles of 70°, 55° and 20° are presented

in Figure 5 along with the difference between 70° and 20° spectra. All spectra contain

resonance peaks superimposed onto an adsorption edge related to excitation of C 1s electron

Dubey et al. Page 6

Langmuir. Author manuscript; available in PMC 2011 September 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



into continuum states. Both the ODPA and PUL spectra exhibit a sharp resonance at ~287.6

eV (R*/C-H σ*) and two broader resonances at ~293.3 eV (C-C σ*) and 301.3 eV (C-C′ σ*)

expected from hydrocarbon chains.43, 50–52 A very weak peak at ~285.2 eV is also

observed. This peak is tentatively assigned to an excitation into alkane-substrate orbitals,53,

54 or a minor normalization issue caused by carbon contamination on the beamline optics.

Since radiation damage from the x-rays can also cause peaks to appear in this spectral range,

a careful beam damage study was performed to rule out this possibility. The 280 to 290 eV

energy range was repeatedly scanned and the partial electron yield at 285.2 eV was

monitored over time to rule out damage related changes. No changes in the spectra were

observed within 15 minutes, which is longer than the exposure time needed to acquire a full

C K-edge spectrum from these samples. Thus, all resonances expected for intact ODPA and

PUL monolayers were present in the spectra and no contamination related features, e.g. C=O

species which are often seen in loosely packed films, were observed.

The shape of the 70° − 20° difference spectra for the ODPA and the PUL films is similar to

the observed dichroism for the ODT SAM. Both show positive and negative peaks for the

R* and σ* resonances, respectively. The molecular orbitals related to the R* transition are

oriented perpendicular to the alkyl chains while those related to transitions into the C-C and

C-C′ σ* orbitals are oriented parallel to the chain. Consequently, from the sign of the

difference spectra, the molecular orientation of both the PUL and the ODPA SAM is

determined to be mostly upright.43 However, the intensity of the difference peaks is

significantly weaker for the two phosphonic acid-based SAMs when compared to the ODT

SAM. The difference in intensities in the SAMs can be quantified by using the variation of

the R*/C-H σ* resonance intensities with the X-ray incidence angle α. We here define the

dichroic ratio RI as:

(3)

where I70° is the intensity at α=70° and I0° is the intensity at α=0°, extrapolated from a plot

of the R*/C-H σ* resonance intensities against sin2(α).55 The obtained RI for ODPA and

PUL are summarized in Figure 6, along with those for their thiol-based counterparts (ODT

and MCU on gold) as references. A larger positive RI value corresponds to a more upright

orientation of the alkane chains and a negative value indicates a strongly tilted or disordered

conformation. For disordered, amorphous films RI will be 0. The value of 0.58 observed

here for the ODT reference shows the films is densely packed and crystalline. The MCU

reference shows a somewhat lower RI value (0.35), which has been observed before56 and

can be explained by the shorter alkane chain compared to ODT and, thus, lower film

crystallinity.57 The ODPA film exhibits a RI value of 0.32, which is significantly lower than

its counterpart ODT. The RI value observed for PUL is even lower (0.11). The lower RI

values for the phosphonic acid-based films compared to the thiol systems can be due to

either a more tilted conformation or a higher degree of disorder. The similar chain length RI

dependence for the thiol systems (RI(ODT)− RI(MCU)=0.23) and the phosphonic acid

systems (RI(ODPA) − RI(PUL)=0.20) indicates that the lower RI values come from a

generally higher tilt angle for the phosphonic acid-based films which can be explained by a

different head group – substrate bond angle (i.e., phosphonate-oxide vs. thiol-gold) and

surface potential corrugation.58–62 This view is also supported by the SFG analysis

discussed below.

A qualitative evaluation of the angular dependence of the R*-resonances within the standard

theoretical framework43 yields a hydrocarbon chain tilt angle of 37° and 47° for ODPA and

PUL, respectively. As expected, the tilt angle value for ODPA is significantly higher than
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for its counterpart alkanethiol SAM on gold (28° for the present data set). A tilt angle of 40°

for ODPA films deposited onto a silicon oxide surface has been estimated by AFM and X-

ray reflectivity studies.16 For the PUL film, ellipsometry has been used by others to estimate

a tilt angle of approximately 52°.27 As discussed, the calculated angle for PUL may be

affected by a lower degree of ordering in that film. However, the tilt angle is still smaller

than the 55° NEXAFS angle characteristic of completely disordered layers.43 The observed

tilt angles suggest a thickness of 1.8 and 1.2 nm for ODPA and PUL respectively (estimated

molecule length; ODPA ~2.4 nm, PUL ~1.7 nm).

SFG Spectroscopy

Since a broad variety of possible applications for phosphonic acid-based SAMs involves

their exposure to ambient or biologically relevant conditions, a complementary in situ

analysis of the film structure was performed in deuterated water using SFG spectroscopy.

Spectra of PUL and ODPA SAMs in deuterated water along with the corresponding fits of

the SFG equation are shown in Figure 7. The ODPA spectrum exhibits the expected three

peaks from the terminal methyl’s at 2965 cm−1 (r−), 2940 cm−1 (r−FR), and 2880 cm−1 (r+)

which are commonly related to a well ordered and densely packed SAM, supporting our

view that the high tilt angles for phosphonic acid-based SAMs compared to thiol on gold are

not explained by a more amorphous film structure.63 A spectrum of ODT on gold is also

shown in Figure 7 to compare the quality of the phosphonate films to their thiol

counterparts.

The CH2 related stretching resonances visible near 2860 (d+) and near 2916 cm−1 (d−)

indicate a noticeable amount of trans-gauche defects in the phosphonate SAM backbone.63,

64 These defects are not visible in the reference ODT SAM spectrum and are possibly

introduced into the phosphonate SAMs by the vigorous sonication of the samples in organic

solvents for the removal of multilayers from the surface. This indicates that the phosphonate

SAMs are not as well packed as the thiol-based film. Note that the shape of the methyl

related peaks differs significantly from the methylene resonances because of the different

phase (i.e., interference pattern) of the former signal with respect to the nonresonant

background of the Si(100) substrate. The resonance positions discussed here are obtained

from fits of the SFG equation.

The PUL SFG spectrum shows three strong vibrational modes: The resonance near 2860

cm−1 that has been assigned to the d+ CH stretch mode and two features at around 2885

cm−1 and 2941 cm−1 which can be assigned to symmetric and asymmetric stretches of the

methylene unit adjacent to the terminal hydroxyl group respectively. We note that the

methylene next to the phosphonic acid linker is located next to a phosphorous atom, and

thus could also be the source of the blue-shifted signal. However, since these resonances are

not observed in ODPA, which has the same linker but lacks a terminal OH group, the latter

possibility is less likely here. A blue-shift of vibrational modes due to interaction with OH

groups is well established in the SFG and IR literature. 65–67 The SFG signals of

neighboring methylene units in the central portion of the chain cancel out because of the

symmetric environment of the molecular units. The shifted modes of the methylene unit next

to the OH groups do not cancel out since it is not in a symmetric environment. The presence

of these modes in the SFG spectrum indicates significant order is present at the surface of

the PUL SAM.63, 68

The tilt angles for the films were calculated from the symmetric and asymmetric C-H3

modes for ODPA and the CH2 stretches related to the methylene unit neighboring the

terminal hydroxyl group for PUL using published procedures69 and the theoretical

framework described in refs 70 and 71. The obtained chain tilt angles from the surface

Dubey et al. Page 8

Langmuir. Author manuscript; available in PMC 2011 September 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



normal were 38° and 43° for the ODPA and PUL SAMs, respectively. Both agree closely

with the NEXAFS results.

Figure 8 displays in situ SFG spectra of ODPA and PUL taken in the fingerprint region

between 1600 cm−1 and 1000 cm−1. Both spectra are dominated by a strong resonance near

1400 cm−1 most likely related to a deformation vibration (CH2-def) of the methylene

adjacent to the phosphorous atom of the head group. The feature is pronounced in both

spectra and is probably an indicator of a well-ordered layer of phosphonic acid headgroups

in both SAMs. In the spectrum of ODPA, the CH2-def resonance is accompanied by weak

but discernible features near 1196 cm−1 and 1474 cm−1. The former mode is likely related to

the PO3
2− group, while the latter resonance can be assigned either to deformation vibrations

of CH2 and CH3, or alternatively to P=O stretching vibrations.72 Conversely, both peaks are

absent in the PUL spectra, indicating a mostly disordered headgroup layer for this SAM.

This lower degree of molecular alignment in the PUL SAM compared to ODPA is

consistent with the CH SFG data and the NEXAFS analysis.

Conclusions

Phosphonic acid-based SAMs are becoming widely used in the modification of oxide

surfaces for electrical sensor applications. We have studied the order of alkylphosphonic

acid SAMs on silicon oxide surfaces fabricated by the T-BAG method. We have also

presented thiol counterparts of these SAMs on gold for a head-to-head comparison of their

molecular order and uniformity. NEXAFS spectroscopy was used to study the order of

methyl- and hydroxyl- terminated phosphonate SAMs in vacuum. SFG spectroscopy

provided complementary order analysis under aqueous conditions. XPS and ToF-SIMS

analysis of these samples confirm the presence of chemically intact phosphonate

monolayers. NEXAFS spectroscopy indicate molecular order in the ODPA and PUL films

with tilt angles of 37° and 47°, respectively. The order in these films is very comparable to

the reference ODT and MCU films deposited onto gold. SFG studies in deuterated water

showed similar tilt angles (38° and 43°, respectively). The ODPA SFG spectra exhibited

peaks from the terminal methyl units, which is consistent with ordered films. However, a

noticeable degree of trans-gauche defects was also evident, possibly due to the extensive

sonication of the samples in organic solvents for the removal of multilayer films. PUL films

also showed a considerable degree of alignment as indicated by resonances of the methylene

unit next to the terminal hydroxyl group. The presence of a peak at 1400 cm−1 in both the

films indicates an array of very well-ordered phosphonate groups. These studies show that

well ordered SAMs with methyl or hydroxyl termination can be prepared on oxide surfaces

using phosphonate headgroups.
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Figure 1.

XPS P 2s spectra of clean (bottom) and ODPA modified (top) silicon substrates. The peak at

191.0 eV is characteristic of phosphonate species in the film. The broad peak near 184 eV is

a silicon bulk plasmon loss feature.
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Figure 2.

C 1s XPS region of mono and multi-layer films of ODPA on silicon along with a spectrum

of clean silicon. The broadening of the C 1s peak is a result of the presence of organic

multilayers causing differential charging within the overlayer.
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Figure 3.

Negative ToF-SIMS data from an ODPA modified silicon substrate.
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Figure 4.

Negative ToF-SIMS data from a PUL modified silicon substrate.
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Figure 5.

NEXAFS spectra of the carbon K-edge for ODPA and PUL SAMs acquired at angles of 70°,

50° and 20° along with the difference between the 70° and the 20° spectra. The

corresponding NEXAFS spectrum from an ODT SAM on gold is shown for comparison.
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Figure 6.

Dichroic ratios RI based on the R*/C-H σ* NEXAFS resonance intensities for the

phosphonic acid SAMs on Si and the analogue thiol-based SAMs on Au.
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Figure 7.

SFG CH spectra of ODPA (upper trace) and PUL (middle trace) SAMs on Si(100) and a

ODT SAM on gold (lower trace) taken in situ in D2O. Solid lines are best fits to the SFG

equation.
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Figure 8.

Fingerprint region SFG spectra of ODPA (upper trace) and PUL (lower trace) SAMs on

Si(100) taken in situ in D2O.
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Scheme 1.

Structure of octadecylphosphonic acid (ODPA) and 11-hydroxyundecylphosphonic acid

(PUL)
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Table 2

Characteristic ToF-SIMS positive and negative fragments for ODPA and PUL SAMs on silicon substrates.

ODPA peaks PUL peaks

Fragments Mass Fragments Mass

Si+ 27.97 Si+ 27.97

SiOH+ 44.98 SiOH+ 44.98

Si2O+ 71.95 Si2O+ 71.95

SiPO2
+ 90.94 SiPO2

+ 90.94

C2H6PO3
+ 109.01 C2H6PO3

+ 109.01

C18H40PO3
+ 335.27 C11H22PO3

+ 233.12

SiC18H38PO3
+ 363.25

SiO− 43.97

SiO− 43.97 SiO2
− 59.97

SiO2
− 59.97 CH3PO3

− 93.98

SiPO3
− 106.93 SiPO3

− 106.93

C2H4PO3
− 106.99 C4H8PO3

− 135.02

SiC2H4PO3
− 134.96 C8H16PO3

− 191.08

SiC2H8PO3
− 162.99 C11H23PO3

− 234.14

C8H16PO3
− 191.08 C11H24PO4

− 251.14

C11H24O4P− 251.14

C18H38PO2
− 317.26

C18H38PO3
− 333.26

SiC18H38PO4
− 377.23
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