
9574 J. Am. Chem. Soc. 1995,117, 9574-9575 

Study of the Photooxidation Process of 
Self-Assembled Alkanethiol Monolayers 

Mary Lewis*-* and Michael Tarlov* 

Chemical Science and Technology Laboratory 
National Institute of Standards and Technology 

Gaithersburg, Maryland 20899 

Keith Carron 

Department of Chemistry, University of Wyoming 
Laramie, Wyoming 82071 

Received March 17, 1995 

Patterned self-assembled monolayers on solid substrates are 
being investigated for applications in material science, micro
electronics, and biotechnology.' A UV-photolithographic method 
was recently reported for patterning alkanethiol self-assembled 
monolayers (SAMs) on Au and Ag surfaces with micrometer 
resolution.2,3 It was shown that upon exposure to UV light, 
thiolate head groups are photooxidized to sulfoxide species. The 
oxidized sulfur species are weakly bound to the surface relative 
to thiolates and thus are easily displaced from the monolayer 
by immersion in a solution containing a second alkanethiol 
molecule.4 Although some of the oxidation products from the 
UV photolysis procedure have been identified using X-ray 
photoelectron spectroscopy and laser desorption mass spec
trometry, many questions still remain about the mechanism of 
the photooxidation reaction. In this report, we present surface-
enhanced Raman spectroscopy (SERS) results acquired from 
UV-irradiated SAMs on Ag. We show that the photooxidation 
of the alkanethiol monolayer proceeds essentially by a two-
step mechanism. First, UV exposure causes C-S bond scission 
and subsequent desorption of the hydrocarbon chain. Second, 
the exposed sulfur is oxidized to sulfite and sulfate species. 

SERS was used to monitor the disappearance of Raman bands 
associated with S-C and C-C bonds of the n-alkanethiols and 
the appearance of bands associated with S-O species. Because 
of the relatively high Raman cross sections for the C-S and 
S-O vibrations, SERS was found to be a highly sensitive 
technique for characterizing the effects of UV exposure on 
alkanethiol monolayers. SAMs comprised of n-alkanethiols 
[CH3(CH2)rtSH, where n = 5, 9, and 17] were formed on 
electrochemically roughened Ag substrates.5 SER spectra6 from 
as-formed SAMs were qualitatively similar to those reported 
previously,7 indicating the presence of densely-packed, high-
quality monolayers. UV exposure of a sample was performed 
in air without removing the sample from its initial position, 
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Figure 1. SER spectra acquired from a hexanethiol SAM on Ag after 
total UV exposure times of 0, 1, 2, 3, 4, 5, and 6 min. See text for 
description. 

ensuring that the identical sample area was probed following 
each exposure. The low-pressure Hg pen-lamp (~3 mW/cm2) 
used for irradiating samples was shut off during acquisition of 
SER spectra. A 2 min delay occurred between UV lamp 
exposure and acquisition of SER spectra. In a typical experi
ment, the sample was UV irradiated for 1 min intervals for the 
first 10 min, followed by 5 min intervals. No decrease of SERS 
intensities associated with the SAMs was observed following 
UV exposure; thus, the total accumulated time of UV exposure 
is reported. 

Figure 1 contains SER spectra from 550-1150 cm-1 acquired 
from a hexanethiol (C6) monolayer at short UV exposure times 
(0-6 min). Monolayer peak assignments follow those of ref 
7. The peaks at 1112, 1076, 1062, and 1042 cm"1 are C-C 
stretching vibrations originating from the hydrocarbon backbone 
of the monolayer. The peak at 702 cm-1 is assigned to the 
C-S stretch of the monolayer. Upon UV irradiation, a decrease 
in the intensity of all monolayer peaks is clearly seen. Also 
apparent in Figure 1 are new features at 958,917, and 612 cm-1 

that increase in intensity with exposure time. We attribute these 
new bands to the formation of oxidized sulfur species. The 
intense peak at 958 cm-1 is characteristic of the totally 
symmetric stretch of adsorbed or coordinated sulfate ion 
(SO4=).8-10 Corresponding sulfate peaks are also found at 460, 
618, and 1132 cm-1. The weak shoulder found at 917 cm-1 

and the peak at 606 cm-1 are assigned to a sulfite ion (SO3=).1' 
Although the sulfate species is clearly the dominant oxidation 
product, the Raman cross section for the symmetric stretch of 
the sulfite species is smaller than that of the sulfate species. 
Therefore, the concentrations of the two species are not directly 
related to the ratio of the intensities. The intensity of the sulfite 
peaks increased initially, reached a plateau, and then decreased. 
Concomitant with this decrease, we see growth in peaks at 684, 
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Figure 2. Plot of normalized SERS peak intensities as a function of 
UV exposure time for (a) C6, (b) ClO, and (c) C18 SAMs on Ag. The 
peak intensities are normalized to the peak intensity before UV 
irradiation (f = 0). The frequencies of the C-C and C-S stretching 
peaks for the C6 SAM are 1112 and 702 cm-1, respectively. The C-C 
and C-S frequencies are slightly shifted for the ClO and Cl8 
monolayers but reflect the same band assignments. 

708, 1052, and 1432 cm-1. The new peaks indicate a conver
sion of the sulfite species to new products that may result from 
reaction of sulfites with water vapor to form acids such as 
HSO3

- or HSO4
-. 

Figure 2 shows the decrease in intensity of the 1112 cm-1 

C-C and 702 cm-1 C-S stretches as a function of UV exposure 
time for the C6, ClO, and C18 SAMs. A noteworthy feature 
of these data is that the decay in the C-C peak intensity closely 
resembles that of the C-S peak intensity. The similarity of 
the C-C and C-S decay transients suggests that the same 
reaction is responsible for the loss of these two features. Thus, 
we conclude that UV exposure results in the cleavage of C-S 
bonds, followed by desorption from the surface of the resulting 
hydrocarbon fragments. Direct scission of C-C bonds by UV 
exposure cannot be ruled out, but we believe this reaction 
pathway to be of secondary importance. No loss of monolayer 
intensity was observed with the UV lamp off, indicating that 
SAM removal results from a photochemical process, as opposed 
to postexposure secondary radical reactions. An additional 
important observation is that no oxidation peaks are detected 
until after a significant decrease in the intensity of the monolayer 
bands is observed. In fact, the onset of sulfur oxidation is not 
observed until the monolayer peaks have diminished to ~25% 
of their initial intensity.12 This observation is consistent with 
the densely packed nature of alkanethiol SAMs. It is likely 
that oxidation of sulfur head groups requires the removal of 
hydrocarbon chains to allow easier access by oxygen. Thus, 
the UV photoreaction of alkanethiol SAMs involves two 
processes occurring in series: the removal of the alkane chain 
by C-S bond scission, followed by oxidation of the exposed 
sulfur atoms. 

Rate constants for the photoreaction were determined by 
plotting the logarithms of the normalized C-S stretching 
intensities vs UV exposure time.13 The rate of depletion of the 
C6 and ClO SAMs fits simple first-order kinetics, with observed 
rate constants of (1.2 ± 0.03) x 10-2 and (1.0 ± 0.05) x 10-2 

(12) A monolayer peak at 975 cm"1, tentatively identified as a CH3 
rocking mode, overlaps with the 958 cm -1 oxidation peak. Deconvolution 
of the peak reveals a contribution due to the oxidation peak after 2 min of 
UV exposure. 

(13) Monolayer features were completely absent within 10 min for the 
C6 and ClO SAMs and within 25 min for C18 (the growth of a background 
feature in this area made it difficult to determine the exact point at which 
the monolayer is completely removed for the C18 SAM). The intensity of 
the largest sulfate peak continues to increase up to ~2 h total elapsed time 
for C6, 3 h for ClO, and 7 h for C18. 

S-1, respectively.14 In contrast, a first-order kinetic model does 
not adequately describe the Cl8 monolayer data. We do not 
believe that a fundamentally different mechanism occurs for 
this system. Instead, the deviation from first-order kinetics can 
be rationalized by considering the magnitude of chain-chain 
interactions for the Cl8 SAM. Longer chain SAMs are-
stabilized relative to those of shorter chain alkanethiols because 
of greater van der Waals interactions. The greater attractive 
energy of these interactions may lock the alkyl chain fragment 
in place after C-S bond scission for the longer chain monolayer, 
increasing the probability for bond re-formation. In the case 
of the shorter chain monolayers, C6 and ClO, interchain 
interactions are lower so that desorption of the alkane chain is 
more facile when C-S bond cleavage occurs, thereby allowing 
easy oxidation of the S group. A qualitative comparison of the 
oxidation rates for the three SAMs shows that the rate of 
oxidation decreases with increasing chain length. 

From the SERS data, we propose a two-step mechanism for 
the photooxidation of the alkanethiol SAMs. In the first step, 
the C-S bond is cleaved, and the alkane chain, no longer 
attached, desorbs from the surface. After desorption of the 
alkane chain, the exposed sulfur is then oxidized. In support 
of this interpretation are XPS and ellipsometry results from our 
laboratory acquired from UV-irradiated SAMs on Au surfaces 
that indicate depletion of carbon from the surface along with a 
monotonic decrease in film thickness. We also note that there 
is precedence for facile C-S bond cleavage from previous 
photochemical studies of thiols and sulfides.15 Thiol and sulfide 
molecules absorb in the range of 220—240 nm, and it has been 
established that C-S scission is a primary photochemical 
reaction pathway with UV irradiation. Moreover, the existence 
of adsorbed sulfur oxidation products strongly supports C-S 
bond scission. The delay in the appearance of oxidation peaks 
reflects the volatilization rate of the alkane chain after bond 
scission, with greater delays observed for the longer chain thiols. 

In summary, we have found that UV irradiation in air of 
alkanethiol SAMs on Ag surfaces results in photochemically 
induced C-S bond scission, desorption of alkyl chain fragments, 
and oxidation of surface-bound sulfur. In addition, we have 
demonstrated that SERS is uniquely suited for studying SAM 
photochemistry because of its excellent sensitivity to C-S, 
C-C, and S-O vibrations. Studies are underway to examine 
the wavelength dependence of the photoreaction and to deter
mine if a similar mechanism holds for alkanethiol SAMs on 
Au. 
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