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ABSTRACT: We have conducted a comprehensive study of
ground-state O( 3 P) atomic oxygen reactions with 1hexadecanethiolate (CH3(CH2)15SH) and 1-undecanethiolate
(CH3(CH2)10SH) self-assembled monolayers adsorbed onto
Au/mica substrates, using X-ray photoelectron spectroscopy,
infrared reﬂection absorption spectroscopy, ellipsometry, and
contact angle measurements. In general, the reactions are not
limited to the terminal methyl groups. Apparently, the incident
O(3P) (translational energy per atom of 0.11 kJ mol−1) can
penetrate below the surface of the monolayer. The ability of
the atoms to penetrate, and thus the reaction rate of the backbone −CH2−, is dependent upon both the temperature and the
chain length, with the longer chain having a large diﬀerence between the rate at room temperature and 150 K. In particular, the
long-chain SAM exhibits clearly reduced reactivity with respect to the incident beam of atomic oxygen when the ﬁlm is cooled to
150 K as compared to room temperature. This is a notable ﬁnding and demonstrates the crucial importance that structural order
and dynamical ﬂuctuations, both of which depend on chain length and substrate temperature, have in determining the surface
passivation and protection characteristics of SAM overlayers with respect to attack by energetic reagents.
tally.13,17 For example, by selectively deuterating diﬀerent
carbons on a dodecyl SAM, it was found that, for O(3P) with a
translational energy of ∼0.16 kJ mol−1, as much as ∼40%
penetrated to the region between C3 and C6 (C1 is the
surface).17
In the present study, we elucidate how the reaction of lowenergy O(3P) with alkanethiolate SAMs on gold surfaces is
initiated and propagates, and how factors such as surface
temperature and chain length aﬀect reactivity. To understand
the microscopic nature of the O(3P)-induced chemical events
in the alkanethiolate SAMs, we used an infrared reﬂection−
absorption spectrometer (IRRAS)18 that permitted the in situ
examination of the ﬁlm composition and structure during the
exposure. IRRAS has the advantage of distinguishing between
reactive sites within the ﬁlm and those at the ﬁlm−vacuum
interface, providing information otherwise unavailable through
XPS; this capability was used to examine reactivity at various
sites along the carbon backbone of the SAM. Moreover, the
roles that structural disorder and dynamical ﬂuctuations play in
ﬁlm reactivity, including the mechanistic basis for such eﬀects,
are critically examined. In situ XPS and ex situ ellipsometry
measurements were also used to provide complementary
information averaged over the entire SAM ﬁlm.

1. INTRODUCTION
Self-assembled monolayers (SAMs) are of great importance in a
wide range of potential applications, from lithography1 to
biotechnological devices.2 A thorough understanding of
irradiation-induced modiﬁcations to SAM surfaces is relevant
for further progress in these areas. Long-chain SAMs form
highly ordered structures and can selectively expose diﬀerent
chemical functionalities at the surface. Because SAMs form
ordered structures easily at the molecular scale, the control of
the orientation and packing of the chemical functional groups
on the surface can be used to tune the physical properties, such
as adhesion, friction, and wettability.3 These surfaces can also
provide speciﬁc alignment toward heterogeneous reactions and
gas−surface energy transfer and are thus of great importance to
the study of gas−surface interactions.4−7
O(3P) reactions with saturated hydrocarbons have been
studied in both the gas and the condensed phases.8−14 In this
paper, we speciﬁcally discuss the reactions of O(3P) atomic
oxygen with alkanethiolate SAMs. A prior X-ray photoelectron
spectroscopy (XPS) study of the interaction of O(3P)
(translational energy = 0.11 kJ mol−1) with alkanethiolate
SAMs13 suggests considerable erosion of the ﬁlm before there is
any evidence of oxygen reaching the Au substrate. However,
since their XPS system lacked the sensitivity to diﬀerentiate
between the terminal methyl groups and the alkyl chain matrix,
it is uncertain whether the reaction starts from the topmost
layer, exposing a fresh etch front as the reaction propagates, or
if some oxygen also penetrates into the SAM matrix before
reaction is initiated. Penetration of O(3P) into the SAM matrix
has been demonstrated both theoretically15,16 and experimen© 2012 American Chemical Society
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2. EXPERIMENTAL SETUP
2.1. SAM Preparation. Polycrystalline gold on mica
substrates (Agilent Technologies Inc.) were cleaned by UVozone, rinsed repeatedly with ethanol and blown dry with
nitrogen, and then immediately immersed in a 1 mM ethanol
solution of the thiol precursor at room temperature for at least
48 h. The SAMs were made from 1-hexadecanethiol,
CH3(CH2)15SH (C16), or 1-undecanethiol, CH3(CH2)10SH
(C11) (Sigma-Aldrich, as received). After immersion, the
samples were repeatedly rinsed with distilled ethanol and blown
dry with nitrogen, and then transferred to the ultra-highvacuum (UHV) surface analysis chamber for O(3P) exposure
and surface analysis.
2.2. Oxygen Beam and Reaction. In situ experiments
were conducted in a molecular beam scattering apparatus that
consisted of a UHV chamber and a supersonic molecular
beamline. A detailed description has been provided in a
previous publication,18 so only a brief description including the
relevant modiﬁcations is included here.
A radio frequency plasma source19 was used to generate a
supersonic atomic oxygen beam formed by expanding 5% O2 in
Ne (60 Torr stagnation pressure) through a custom designed
water-cooled quartz nozzle. The beam formed a 3 mm circular
spot on the sample surface. The extent of oxygen dissociation
was 44 ± 3% (determination of the dissociation percentage is
described in detail in Sibener et al.19), with a ﬂux of 2.5 × 1014
O atoms cm−2 s−1 and an average translation energy (<Etrans>)
of 0.11 kJ mol−1 with the full width at half-maximum extending
from 0.08 to 0.15 kJ mol−1. The ﬂux was determined from the
pressure rise in the third diﬀerential pumping region of the
beamline. Any residual ionic species were removed from the
beam by using a deﬂector plate biased at 2.0 kV. For control
experiments, a molecular oxygen beam with no plasma and a
pure neon plasma beam were used; neither caused a change in
the SAMs. Sample exposure was done at normal incidence.
2.3. Sample Analysis. The in situ IRRAS and XPS analysis
of SAM reactions were conducted in an ultra-high-vacuum
(UHV) chamber. The sample was mounted on a ﬁve-axis
manipulator, which could be cooled below 120 K with liquid
N2, and heated radiatively to 600 K.
The IRRAS spectra were obtained using a Nicolet model
6700 infrared spectrometer with a liquid-nitrogen-cooled
MCT/A detector using p-polarized light at a glancing incident
angle of 75°. The atom beam intercepted the surface at the
position of the IR so that spectra could be taken without
interrupting the O(3P) exposure. IRRAS spectra were collected
at a resolution of 4 cm−1 and averaged over 500 scans. The
spectra characterizing the SAMs were taken in reference to bare
Au substrates. The IRRAS spectra are all in reference to the
unexposed SAM sample, and the resultant diﬀerence spectra
show changes in IR absorption caused by the O(3P) reactions.
Spectra were ﬁt using a nonlinear least-squares ﬁtting routine
with Lorentzian line shapes.
XPS measurements were carried out in the same UHV
chamber. X-ray irradiation is known to initiate electronstimulated C−H, C−C, and S−Au bond breaking within
SAMs and to compromise their structural integrity.20 Therefore, XPS analysis was only carried out after O(3P) exposure
and the spectra acquisition time was kept as short as possible so
as to minimize the eﬀects of the X-ray irradiation (SAM quality
after XPS analysis was checked using IRRAS to ensure no
signiﬁcant modiﬁcation). Spectra were acquired using an Al Kα

(1486.6 eV) X-ray source (PHI model 04-151) operating at 10
kV and 200 W with an incident angle of 45° from the sample
normal. XPS survey spectra were acquired using a double pass
cylindrical mirror analyzer (PHI model 15-255G) with a pass
energy of 100 eV and a step size of 10 eV. Spectra in the C 1s, S
2p, O 1s, and Au 4f regions were recorded with a pass energy of
50 eV and a step size of 0.1 eV. The energy scale was referenced
to the intense Au 4f 7/2 peak at 83.8 eV.21 XPS data analysis was
performed using a commercial software package employing
Gaussian peak ﬁtting and linear baseline subtraction.
By necessity, ellipsometry and contact angle measurements
were made after the sample was removed from the vacuum.
The average thickness of SAMs was measured at ﬁve diﬀerent
spots on each sample with a Gaertner L116S ellipsometer (λ =
633 nm, nSAM = 1.5, ñAu = 0.2246−3.5i). The wettability of the
SAM surfaces was measured by static water contact angle
measurements. Microliter droplets of DI water were applied at
the sample surface by a syringe infusion pump (Harvard
Apparatus), and measurements of the contact angle were made
on both sides of the two-dimensional projection of the droplet,
captured by a video camera with a microscope lens. Each
reported angle is averaged over six measurements on the same
substrate sample.

3. RESULTS
3.1. XPS Measurements of O(3P)-Induced Modiﬁcations of SAMs. XPS characterization provides qualitative and
semiquantitative analysis of the monolayer with sensitivity to
elemental composition and the binding environment. Spectra of
the C16 SAM before and after reactions are shown in Figure 1.

Figure 1. XPS survey spectra of the C16 SAM before and after O(3P)
reaction (dose: 9.0 × 1017 atoms/cm2) at RT and 150 K. As a
comparison, a survey spectrum of a 16-mercaptohexadecanoic acid
(C15-COOH) SAM is also displayed to show the O 1s oxygen peak.

Prior to O(3P) exposure, the primary feature of the survey
spectrum is the presence of a single peak from the C 1s
photoelectron centered at 284.6 eV. Au photoelectrons (4p, 4d,
and 4f) from the substrate are also present, including a wellresolved Au 4f 7/2, 5/2 doublet at 83.8 and 87.4 eV. The signal
from the S 2p photoelectrons at 162 eV is not visible above the
noise level. After O(3P) exposure, the C 1s peak decreased
signiﬁcantly and broadened at room temperature, while its
intensity remained largely the same after exposure at 150 K. No
peaks associated with oxygen were detected throughout the
process. As a comparison, a survey spectrum of a 16mercaptohexadecanoic acid (C15-COOH) SAM is shown in
Figure 1.
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individual methylene or methyl units in the monolayer
attenuated by the overlying C atoms

Figure 2 shows the evolution of the C 1s peak as a function
of O(3P) exposure at diﬀerent sample temperatures for both

⎛ −(j − 1)dC ⎞
⎟
λC
⎝
⎠

j=n

IC =

∑ ICL exp⎜
j=1

⎡
⎛ −ndC ⎞⎤
≈ IC,bulk ⎢1 − exp⎜
⎟⎥
⎢⎣
⎝ λC ⎠⎥⎦

(1)

28

where dC = 1.1 Å is the thickness of one methylene or methyl
layer, assumed to be the same in the present study, λC is the
escape depth of C 1s photoelectrons through the carbon layer,
and IC,bulk is the intensity of the C 1s peak from an inﬁnitely
thick carbon layer. The XPS Au signal is expressed as
⎛ −(ndC + dS) ⎞
IAu = IAu,bulk exp⎜
⎟
λAu
⎠
⎝

(2)

where IAu,bulk is the unattenuated signal from a gold substrate
and dS is the thickness of the sulfur in the SAM. The electron
escape depths of carbon and gold were determined from the
empirical equation28
λ(Å) = 9.0 + 0.022KE

(3)

where KE stands for the kinetic energy of the photoelectrons of
each element. This gives values of λC = 35.4 Å and λAu = 34.7 Å
with Al Kα radiation. Values of ICL and IAu,bulk were determined
from XPS spectra with bare Au or SAM before reactions. The
ratio of IC and IAu is used to determine n, the eﬀective number
of carbon atoms in each chain of the monolayer, if the tilt angle
of the monolayer is assumed to remain at 33°. The results of
this analysis, plotted as the eﬀective number of C per chain
remaining, is plotted in Figure 3.

Figure 2. Evolution of the C 1s region of C16 and C11 SAMs as a
function of O(3P) exposure at RT and 150 K. In each panel from
bottom to top, the O(3P) doses are 0, 4.5 × 1017, and 7.5 × 1017 (9.0
× 1017 in (A)) atoms/cm2. The intensity axes all have the same scaling,
and the spectra are oﬀset for comparison (every 1 × 1017 atoms = 400
s).

C11 and C16 SAMs. Before exposure, the XPS spectrum of the
C 1s feature of the C16 SAM shows a narrow, symmetric peak
centered at 284.6 eV with a width of ∼1.4 eV, in good
agreement with literature values.22 The C 1s peak of the
pristine C11 SAM is slightly broader, which could be due to a
slightly poorer surface ordering in a shorter-chain SAM or a
stronger screening gradient close to the substrate.23,24
As O(3P) exposure proceeds, the C 1s peak loses intensity,
broadens, and shifts to a lower binding energy as the carbon
backbone is reacted away. We feel that the decrease in peak
intensity is due to the desorption of alkyl chain fragments
rather than intact chains. This conclusion is supported by
observations to be discussed later in this paper. The broadening
of the peaks indicates an increasingly inhomogeneous chemical
and structural environment. The peak shift toward lower
binding energy when only a small fraction of the carbon
remains indicates increasing dehydrogenation of the ﬁlm.20
To quantify the changes, the eﬀective length of the remaining
C backbone during O(3P) exposure could be approximated by
the ratio of the C 1s to Au 4f integrated intensity, I(C 1s)/I(Au
4f, 5/2 and 7/2) (with an exponential attenuation of the
photoelectron signal assumed).25−28 For the SAMs with alkyl
chains of carbon number n, the total C 1s XPS intensity, IC, can
be expressed as the sum of the signal, ICL, from each of the

Figure 3. O(3P) exposure dependence of the eﬀective carbon number
for C11 and C16 SAMs, determined as described in section 3.1. The
lines are single-exponential ﬁts (every 1 × 1017 atoms = 400 s).

The decrease in C per chain can be ﬁt with ﬁrst-order decay
curves. At room temperature, nearly the same rate of decrease is
observed for the two diﬀerent chain lengths. This implies that
the depletion of intact thiol chains is not the main reaction
pathway in the present study since the thickness change would
have been proportional to the original chain length of SAMs in
that scenario. At 150 K, the rate for C11 SAMs has hardly
changed, while the rate for the C16 SAMs has greatly
decreased.
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The eﬀects of O(3P) exposure on the IRRAS spectra of C16
and C11 SAMs are shown in Figure 5. O(3P) exposure of SAMs
induced decreases to all the C−H stretch modes both at room
temperature and at 150 K. The decreases of methyl and
methylene C−H modes are concurrent, indicating that the
reaction initiation is not limited to the terminal groups. The
positive feature at the shoulders of some negative peaks are due
to peak broadening, an indication of disordering of the
monolayer.32
Before we use the IRRAS results to quantitatively study the
rates of O(3P) reactions with SAMs, there are some issues to
consider. First, surface temperature dependence of the C−H
stretch modes has to be factored in. As discussed above, the
peak position, integrated intensity, and width of the IRRAS
spectral features are sensitive to the SAM’s structural
parameters. Low surface temperature has been shown to aﬀect
the structure of alkanethiolate SAMs on Au mainly through
increasing tilt angle and decreasing gauche defects.33 The
integrated intensity ratio of each C−H stretch peak at 150 K to
that at room temperature is determined. This ratio, RRT/150 K, is
used to normalize all peak intensities to their room-temperature
values. This value is diﬀerent for C16 and C11 SAMsthe C16
SAM showed an ∼30% increase in intensity at 150 K, whereas
the C11 SAM modes only increased ∼10%and is slightly
diﬀerent for diﬀerent modes on the same SAM.
Second, we need to consider whether the changes in the IR
peaks are due to a decrease in density or due to changes in
orientation. The intensity of absorption bands in IRRAS
depends not only on the number of molecules (concentration)
but also on the orientation of the molecules (surface selection
rule). Any disruption or disordering of the chains will cause the
chains to reorient, and hence the decrease in the C−H stretch
modes could not be simply attributed to dehydrogenation or
the loss of carbon moieties. Therefore, a combination of XPS
and ex situ analysis, including ellipsometry and contact angle
measurements, was used to complement the IRRAS data.
The reduced intensity of the C−H bands can be due to
dehydrogenation, removal of the hydrocarbon components,
and/or changes in the alkyl chain orientation. νa(CH2)
especially reﬂects the average CH2 density and orientation
throughout the entire ﬁlm. νa(CH3) has been shown to be
linearly related to the number density of methyl terminal
groups on the surface.34 These two modes are usually used for
quantitative interpretation. Compared with the eﬀective
thickness change from the XPS results, the IR plot of the
νa(CH2) peak area shows a very good correlation at the initial
stages of reaction (Figure 6). Also shown is the intensity ratio
of symmetric (in-plane to the CCC backbone plane) and
asymmetric (perpendicular to the CCC backbone plane) C−H
stretch of methylene units (Isym/Iasym)29 for the roomtemperature surface plotted as a function of O(3P) dose. In
the initial stages of reaction, the relative intensity of the two
modes remains essentially constant, indicating that the
orientation of the alkyl chains relative to the substrate is not
signiﬁcantly altered and is not a major factor contributing to the
decrease of the IR modes. After prolonged reaction, the
apparent disparity between the XPS and the IR results is
probably due to a change in angle between the remaining
fragment of the carbon chain and the gold surface. The
following discussion will focus, therefore, on the oxidation
times where the XPS and IR experiments show the same
apparent reaction rate, corresponding to the regime where the
ﬁlm structure is largely unchanged from its initial geometry.

A strong temperature dependence of the reaction rate was
seen in a previous study of O(3P) reactions with Langmuir−
Blodgett (LB) ﬁlms and SAMs.14 One possibility for the wellordered C16 SAMs is that, as the vibrational amplitude of the
chains increases with increasing temperature, channels that can
easily accommodate the O atoms open up, allowing for easier
penetration into the SAMs. This leads to an increased reaction
rate with the −CH2− of the alkanethiolate backbone. At the
lower temperatures, O atoms cannot readily penetrate below
the surface of the well-ordered C16. The C11 overlayer is less
ordered, and O can still easily penetrate below the surface, even
at the lower temperatures.
3.2. IRRAS Measurements of O(3P) Modiﬁcations of
SAMs. The ability of our IRRAS setup to characterize the
changes occurring in organic thin ﬁlms has been previously
demonstrated.18 Spectral features, such as the peak intensity,
position, and width of the C−H stretch modes of SAMs, are
sensitive parameters of chemical and structural changes in the
ﬁlms.
Figure 4 shows the IRRAS spectra in the C−H stretching
region for C16 and C11 SAMs on polycrystalline gold

Figure 4. IRRAS spectra of C16 and C11 SAMs on polycrystalline Au
substrates, as deposited.

substrates. Consistent with the IRRAS results for alkanethiolate
SAMs, each spectrum is dominated by ﬁve absorption bands:
CH2 symmetric stretch (νs(CH2), 2850 cm−1), CH3 symmetric
stretch (νs(CH3), 2876 cm−1), CH2 asymmetric stretch
(νa(CH2), 2919 cm−1), Fermi-resonance coupled symmetric
CH3 stretch (2936 cm−1), and in-phase and out-of-phase
asymmetric CH3 stretch (νa(CH3), 2955−2965 cm−1). These
assignments and the polarizations of the individual bands are in
excellent agreement with literature values of crystalline
alkanethiolate-Au SAMs.29,30
There are two main diﬀerences between the two SAMs. First,
νs(CH2) and νa(CH2) of the C16 SAM increase in intensity
and red shift compared with the C11 SAM. This is directly
related to the increase of methylene units, while the red shift is
indicative of an increase of order in the monolayer due to
increased van der Waals interactions among the chains as the
chains increase in size.30 The other diﬀerence is the relative
intensities of νs(CH3) and νa(CH3) on the two SAMs. The
greater νa(CH3) intensity of the C11 SAM relative to that of
the C16 SAM originates from the “odd−even” eﬀects of SAMs,
since νa(CH3) has a transition dipole moment that is more
normal to the surface in SAMs with an odd number of
backbone carbons.31
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Figure 5. In situ IRRAS spectra of the C16 SAM ((A) at room temperature, (B) at 150 K)) and the C11 SAM ((C) at room temperature, (D) at
150 K) during O(3P) exposure. The same vertical scale is used for all ﬁgures. The diﬀerence spectra were obtained using the pristine SAMs as the
reference. Negative peaks correspond to the loss of absorbing material from the ﬁlm, positive peaks indicate new vibrational modes, and diﬀerentialshaped features indicate changes in peak position or width. There are no signiﬁcant diﬀerences between the two spectra outside the 2800−3000
cm−1 region; this is true for all of the results presented in this work. From top to bottom, the O(3P) doses are 0, 0.3 × 1017, 1.5 × 1017, 3.0 × 1017, 4.5
× 1017, and 7.5 × 1017 atoms cm−2 (every 1 × 1017 atoms = 400 s).

To quantify the reactivity from diﬀerent functional groups,
the rate of decrease of the C−H stretch peak area is plotted as a
function of dose in Figure 7. It follows ﬁrst-order reaction
kinetics and could be expressed as
ΔI = I0(1 − e−kobst )

(4)

where ΔI is the change in the integrated intensity (the
integrated intensity in the “diﬀerence spectra”) of the functional
group at time t and I0 is the original IR signal intensity and is a
constant related to the SAM. The kobs for the νs(CH2) signal
was found to be the same as that for the νa(CH2) signal within
10%. The ﬁrst-order kinetics agree with the XPS results.14
At room temperature, the rates are essentially the same for
C16 and C11 SAMs. Also, the decreases of methyl and
methylene IR peaks are concurrent. This indicates that the
reaction is not limited to the vacuum−ﬁlm interface with just
the methyl terminal groups. This observation is consistent with
previous studies that −CH3 is not the most reactive site when
O(3P) reacts with alkyl SAMs and that O(3P) initiates reactions
by penetrating into the matrix and reacting with the alkyl
chains.15−17 At 150 K, the reaction rate for the C11 SAM is
similar to that at room temperature. The terminal methyl
groups did not show an increased reactivity, and νs(CH3) did
not show a disproportional decrease, indicating that the
orientation of the terminal groups was not diﬀerent from the
reactions at room temperature.

Figure 6. Correlation between the IRRAS integrated intensity of the
asymmetric C−H stretch of methylene units and the eﬀective
thickness determined by XPS (ﬁlled circles) as a function of O(3P)
exposure of the C16 SAM at room temperature (red) and at 150 K
(blue). Both intensities are normalized to their respective values before
reaction with O(3P). The ratio of the IRRAS intensity of asymmetric
and symmetric C−H stretch modes of methylene units (crosses) is
also plotted as a function of dose at room temperature. All the ratios
are normalized to the values of a pristine SAM (every 1 × 1017 atoms =
400 s).
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Figure 7. Decrease in the integrated intensity of the asymmetric stretch of methyl (square) and methylene (circle) during O(3P) exposure of the
C16 SAM (blue) and the C11 SAM (black) at room temperature (left) and at 150 K (right). The spectra used for integration are all diﬀerence
spectra and are referenced to the SAMs before reaction, as shown in Figure 5. The temperature eﬀect on the C−H peak intensity is corrected so that
the data points are normalized to the room-temperature values. The CH3 intensity on the C11 SAM (red square) was corrected for the odd−even
eﬀect and was normalized to the values of the even-numbered SAM. The lines represent single-exponential ﬁts and are representative of ﬁrst-order
kinetics (every 1 × 1017 atoms = 400 s).

Table 1. Reaction Probability of O(3P) with C−H
Functional Groups on SAMs

In contrast, lowering the temperature of the C16 SAM
resulted in a greatly reduced rate for the decrease in signal due
to methylene, and a slightly increased rate of reaction of the
methyl as compared with that at room temperature. The
explanation for this is probably the same as that presented
earlier in the section covering the XPS results; the better
ordering of the longer SAM combined with the decreased
thermal motions of the chain eﬀectively blocked penetration of
O(3P) below the surface. This can explain both the decreased
methylene and the increased methyl reaction rates.
Gas−surface reactions are usually characterized by the
reaction probability (R), which represents the ratio of collisions
of O(3P) atoms with the surface that lead to reaction (C−H
bond cleavage in this case) to the total number of collisions per
second. For the SAMs, the number of “reactive” collisions is
extracted from the rate constant. The total number of collisions
per second per functional group was calculated from the ﬂux of
O(3P) and the area of collision, assuming a hard sphere
model.14 The reaction probability is
R=

kobs
# of “reactive” collisions
=
Acollision ΦO(3P)
# of total collisions

reaction probability (R) (per O(3P) collision)

reactive site
C16
C16
C16
C16
C11
C11
C11
C11

SAM,
SAM,
SAM,
SAM,
SAM,
SAM,
SAM,
SAM,

−CH2−, RT
−CH2−, 150 K
CH3, RT
−CH3, 150 K
−CH2−, RT
−CH2−, 150 K
−CH3, RT
−CH3, 150 K

4.1
5.6
5.1
8.4
6.4
6.1
7.6
7.2

×
×
×
×
×
×
×
×

10−3
10−4
10−3
10−3
10−3
10−3
10−3
10−3

the alkyl chain matrix, allowing for a longer residence time, as
compared to a gas-phase reaction, and other reaction
mechanisms become possible.36,37 The relative reactivity
between methyl and methylene groups on the C16 SAM is
highly dependent on the surface temperature, while the C11
SAM showed little surface temperature eﬀect.
3.3. Ex Situ Analysis of SAMs after O(3P) Exposure. Ex
situ analysis of the ﬁlm thickness and wettability provides
further information on the reactions between O(3P) and SAMs
(Table 2). Ellipsometry showed that, at room temperature, the
absolute values of thickness decrease of the C16 and C11 SAMs
were essentially the same after exposure. The same O(3P) dose

(5)

where kobs is the observed rate, Acollision is the area of collision,
and ΦO(3P) is the ﬂux of O(3P) atoms.
The results for methylene and methyl groups on diﬀerent
SAMs and at diﬀerent surface temperatures are listed in Table
1. Compared with literature values of the gas phase (methyl, 5.5
× 10−6; methylene, 1.6 × 10−4; 300 K),35 we found that the
reaction probability is higher for adsorbed SAMs than for gasphase alkanes, especially for methyl groups, the reaction
probability of which is about 3 orders of magnitude higher in
SAMs. This is qualitatively similar to the results for Langmuir−
Blodgett (LB) ﬁlms14 (methyl, 3 × 10−2; methylene, 5 × 10−3;
300 K). That the reaction probability is actually slightly higher
for methyl groups than for the much more numerous
methylene groups is a strong argument against the desorption
of the whole alkyl chain being an important reaction channel
under the conditions explored herein. This result is indicative of
a collision complex in which the oxygen atoms are trapped in

Table 2. Ellipsometry and Static Water Contact Angle
Measurements of C16 SAM and C11 SAM before and after
O(3P) Exposure at Room Temperature and 150 Ka
SAM
C16,
C16,
C16,
C11,
C11,
C11,

thickness (Å)

before exposure
after exposure at
after exposure at
before exposure
after exposure at
after exposure at

RT
150 K
RT
150 K

22.1
11.5
21.8
13.2
0.8
2.4

±
±
±
±
±
±

0.6
1.3
0.5
0.4
0.7
0.4

water contact angle (θwater)
107.2
71.6
100.1
107.2
65.6
65.4

±
±
±
±
±
±

1.0°
2.8°
1.7°
1.0°
0.5°
1.3°

a
The average thickness of the monolayers was measured at ﬁve
diﬀerent spots on each sample. Each water contact angle is averaged
over six measurements on the same substrate sample.
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only a very low concentration, if any, of nonvolatile oxygencontaining species left after the reaction. Erosion of carbon is
mainly due to the fragmentation of alkyl chains and the
formation of volatile carbon-containing species, such as CO or
CO2.40 Other possible reaction pathways for the alkyl radicals
include carbon−carbon bonding reactions with other alkyl
radicals and dehydrogenation.
The change of methylene/methyl ratios in the remaining
monolayer ﬁlms as a function of O(3P) exposure is summarized
in Figure 8. The methyl groups disappear faster than the

resulted in the same thickness decrease on the C11 SAM at 150
K, but only about a 5% change in the C16 SAM thickness. The
static water contact angle (θwater) of a pristine C16 SAM is
∼110°, consistent with the literature values of well-ordered,
crystalline long-chain alkanethiolate SAMs adsorbed on Au.29
In the in situ analysis, neither XPS nor IRRAS showed the
appearance of any peak associated with oxygen during O(3P)
exposure, indicating that oxygen addition is not a common
process, or that oxidized functional groups are not stable. The
θwater of the modiﬁed C16 SAM at 150 K is only slightly lower,
indicating that the surface is still hydrophobic.
The C16 SAM exposed at room temperature has a θwater
value of ∼70°. Because XPS spectra did not show any oxygen
peaks above the noise level, the respective amount was
estimated to be no more than 7.5% of the oxygen in the
topmost −COOH layer of the C15-COOH SAM (Figure 1).
This oxygen concentration alone is not suﬃcient to reduce the
static water contact angle to the measured value, since the
measured θwater of a binary SAM containing 10% of −COOH
terminal groups (90% −CH3 termination) was ∼100°. The
diﬀerence might be explained by the roughness and disordering
of the reacted ﬁlm.38 An alternative interpretation is that, when
exposed to the air, the carbon-centered radicals react with
molecular oxygen to produce oxygen-containing groups at the
monolayer surface. Similar phenomena have been observed on
atomic hydrogen modiﬁed long-chain SAMs.39
The ellipsometry and contact angle results are the same for
C11 SAMs modiﬁed at diﬀerent surface temperatures, further
conﬁrming that the reaction processes are similar for the C11
SAM at diﬀerent surface temperatures.

Figure 8. The ratio of the CH2 asymmetric stretch and the CH3
asymmetric stretch is plotted as a function of exposure on C16 and
C11 SAMs at room temperature and 150 K. The ratios represent the
relative intensity of methyl vs methylene groups that are left on the
surface during reaction with O(3P). The intensity changes due to
temperature change and the odd−even eﬀect were normalized to room
temperature and even-numbered SAM values, as explained in section
3.2.

4. DISCUSSION
Reactions of O(3P) with saturated hydrocarbons have been
thoroughly investigated in the gas phase.8,9,11 For low kinetic
energy O(3P), the principle reaction is hydrogen abstraction,
leaving an OH and a C radical. The barriers for this reaction
with primary and secondary hydrogens are 34 and 22 kJ mol−1,
respectively (the incident energy in our experiments is ∼11 kJ
mol−1), whereas the C−C bond cleavage needs an activation
energy higher than 150 kJ mol−1. However, insertion reactions
are certainly possible in, for example, cyclohexane clusters37 and
adsorbed alkylthiol SAMs.13 The latter case is the most directly
related to our results. Wagner et al.13 found not only evidence
of insertion but also that continued O(3P) exposure led to
carbon loss when using O(3P) with an average kinetic energy of
∼11 kJ mol−1.
In this context, it is also important to note that there is both
experimental17 and theoretical16 evidence for penetration of the
O(3P) well below the SAM surface. Waring et al.17 exposed
C12 SAMs to O(3P) (<Etrans ≥ 16 kJ mol−1). Using C12 with
various parts of the carbon chain deuterated and monitoring the
OD production, they determined that as much as ∼40% can
penetrate into the region between C3 and C6. Tasić et al.16
calculated that, for 47 kJ mol−1 O(3P) at near normal angles of
incidence (our samples were exposed at normal), ∼50% of the
atoms penetrated below a C10 SAM surface.
In the present study, IRRAS measurements show that
decreases in the methylene and methyl C−H peaks are
simultaneous, indicating reactions at both sites. Moreover,
methyl and methylene groups show very similar reactivity at
room temperature, indicating that the reaction is not limited to
the vacuum−SAM interface. However, oxygen was not
observed in either XPS or IRRAS, indicating that there is

methylene groups, which indicates that O(3P) is not depleting
the whole chain evenly, but principally reacting with the upper
segment of the alkyl chain. The fastest decrease in the ratio is
for the C16 SAM at 150 K, indicating that the reaction is
localized near the terminal group. This is consistent with the
observation that the net decrease of methylene groups is either
the same (at room temperature, Figure 7a) or smaller (at 150
K, Figure 7b) in the C16 SAM than in the C11 SAM.
SAMs with diﬀerent chain lengths respond to O(3P)
diﬀerently at diﬀerent surface temperatures, indicating that
chain length and surface temperature aﬀect the reactivity. It has
been shown that, in reactions between O(3P) and organized
organic thin ﬁlms, the rate-determining step is the penetration
of the oxygen between the chains;14 thus, the structural
diﬀerence induced by the chain length or surface temperature
will aﬀect the reactivity. The rate of oxygen transport through
n-alkanethiolate SAMs on gold from cyclic voltammetry
experiments has been shown to exhibit a strong chain-length
dependence in their barrier properties.41 The higher barrier
properties of these ﬁlms with increasing chain length have been
attributed to the increased thickness of the ﬁlms as well as to
the increased crystallinity within the monolayers as observed by
reﬂectance infrared spectroscopy.29 Molecular dynamics (MD)
simulations42 showed that, for n-alkanethiolate SAMs for n >
12, there is a middle region within these SAMs that adopted a
more crystalline-like structure with a substantially lower gauche
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ments, were used. Both methyl and methylene carbons react
simultaneously, indicating that some of the O(3P) can
penetrate between the chains. The cross sections for the
irradiation-induced reactions were determined at the initial
stage, and the loss of carbon exhibits ﬁrst-order kinetics. There
was no evidence that, at least initially for the pristine SAM, the
oxygen could penetrate to the surface and react with the S,
leading to desorption of the entire chain. For room-temperature exposure, C11 and C16 SAMs showed similar reactivity.
In contrast, at 150 K, the reactivity of the C16 decreased much
more than that of the C11. For the C16, reaction was
particularly reduced for the methylene carbons, indicating
decreased penetration of the O(3P). This demonstrates the
crucial importance that structural order and dynamical
ﬂuctuations, both of which depend on chain length and
substrate temperature, have in determining the surface
passivation and protection characteristics of SAM overlayers
with respect to attack by energetic reagents.

defect density than in other parts of the monolayer. The
thickness of this middle region was found to increase with chain
length and yielded substantial enhancements in preventing
oxygen diﬀusion. In contrast, shorter SAMs are much more
disordered and less crystalline and thus allow a more rapid
transport of oxygen.
Long-chain SAMs (C ≥ 16) form a highly ordered structure
as deposited. The gauche defects are near the top segments of
the alkyl chains, allowing oxygen diﬀusion. At low surface
temperatures, not only is oxygen diﬀusion slower but also the
C16 SAM shows increased ordering, as compared with that at
room temperature. This is evidenced by the increase in the C−
H stretch mode intensity, indicating a higher titling angle and
stronger van der Waals interactions between the alkyl
chains.33,43 On the other hand, shorter SAMs (C12 and
below) are more disordered as deposited, only subject to
reordering upon annealing.43 Because of this, the relative
reactivity of methyl and methylene groups remained the same
for C11 SAMs at a lower surface temperature. The
independence of methyl terminal group reactivity toward
O(3P) with regard to surface temperature has been observed in
organized organic thin ﬁlms, though the limited studies have
focused mainly on high temperatures.14,36 At elevated temperatures, either the chains have greater mobility or the monolayer
goes through a disordering phase transition, resulting in a
increased penetration of O(3P) and higher reactivity. The
eﬀects of low surface temperatures have never been addressed.
Besides reaction with the hydrocarbon functional groups, it is
important to consider whether oxygen diﬀuses to the SAM−Au
interface and initiates reaction by oxidizing the sulfur−Au bond
and causing desorption of intact alkyl chains. This reaction
pathway has been shown to be the main process in the reaction
of semiﬂuorinated SAMs with low-energy O(3P),13 but it is
probably not a signiﬁcant process in the present study. Neither
Tasić et al.16 (C10) nor Waring et al.17 (C12) saw appreciable
O(3P) penetration near the surface-bound S with O(3P) kinetic
energies similar to what was used in our study. The IRRAS
characterization clearly shows that the relative intensities of the
methyl and methylene C−H stretch modes are diﬀerent before
reaction, mainly due to the longer chains of the C16 SAM
(Figure 4). However, at room temperature, the absolute values
of the methyl and methylene decreases in IRRAS are essentially
the same on both SAMs regardless of chain length (Figure 7a).
This clearly indicates that the removal of the entire alkyl chain
is not a signiﬁcant reaction pathway here, because the ratio of
methyl and methylene decrease would have to be proportional
to the original chain length, instead of being the same. Both
XPS (Figure 3) and ellipsometry results (Table 2) also indicate
that the main carbon desorption process is not via the depletion
of intact alkyl chains. Similar trends have also been observed on
low-energy electron-irradiated SAMs with diﬀerent chain
lengths,20 indicating that the reaction is initiated from the
upper segments of the alkyl chains. Reactions initiated at the
SAM−substrate interface have a prolonged initiation period
and would have probably resulted in diﬀerent reaction rates on
SAMs having diﬀerent chain lengths.13,39
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