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Self-assembled monolayer (SAM) films chemisorbed onto polycrystalline gold substrates have been
shown to be effective targets in ion surface collision investigations. One concernhas beenwhether localized
defect sites within SAM films (pinholes) influence the amount of ion neutralization that occurs at the
surface. Two molecular ion probes, benzene and DMSO-d6, are employed to measure the degree of
neutralization of a selected monolayer. In this investigation, the behavior of these probes upon collision
with SAMsurfaces composed of CH3(CH2)3S-Au (C4), CH3(CH2)17S-Au (C18), andCF3(CF2)7(CH2)2S-Au
(CF) is compared to the behavior of the same SAM surfaces after potential defect sites have been modified
by electrodeposition of poly(phenylene oxide). Plots of total ion current vs time show no change in the
scattered ion efficiency as a result of the chemical treatment for any of the monolayer films, even in the
case of C4 where the CV electrodeposition experiments indicate exposed gold. The results indicate that
neutralization of the ion beam that occurs for each SAM film is not a result of the presence of defect sites
within the monolayer films. Furthermore, the results also suggest that the C18 and CF surfaces used
routinely in surface-induceddissociation experiments in this laboratorydonot containa significantnumber
of defect sites that expose gold.

Self-assembled monolayer (SAM) films of alkanethi-
olates chemisorbed onto gold substrates represent stable,
organic materials that have been shown to be effective
targets for ionsurface collisionexperiments invacuum.1-10

Fragmentation spectra yielding structural information
for a variety of mass selected projectile ions have been
obtained via low-energy (<100 eV) surface collisions in
the process referred to as surface-induced dissociation
(SID).11-20 Neutralization of odd electron projectile ions
at the surface can be a dominant reaction pathway for

unmodified metal surfaces and some SAM films. Neu-
tralization can be indirectlymeasured as the ratio of total
ion current after the surface collision versus the initial
incident ion current. The amount of detectable scattered
ion signal with respect to the initial ion signal is referred
to here as the scattered ion efficiency and is the primary
focus of this paper. Scattered ion efficiency values have
been reported for various n-alkanethiolate SAM films,
namely, CH3(CH2)nS-Au (n ) 3, 7, 11, 17) and CF3(CF2)7
(CH2)2S-Au.6 Commonefficiencyvaluesmeasured in this
laboratory for a variety of molecular ions are 3-15% for
hydrocarbonSAMfilmsand60-70% for fluorinatedSAM
films.6 Althoughdifferent groupshave reported different
absolutevalues forefficiency,most report thesamegeneral
trends.10 The trends observed include an increase in
scattered ion efficiency (less neutralization) of molecular
ions for n-alkanethiolate hydrocarbon SAM films with
increasing methylene chain length and consistently
greater efficiency values for fluorinated alkanethiolates,
as compared to hydrocarbon-based films.
Several explanations have been proposed for the

observed trends inscattered ionefficiencywhenSAMfilms
are used as collision targets. The dramatically different
efficiency values for hydrocarbon versus fluorinated films
suggest that electron transfer from surface chains is one
of the main pathways involved in ion neutralization, but
other pathways might also contribute.21 The possibility
exists that ion neutralization may occur at localized
regionsof incompletemonolayer formation thatareknown
to be present, albeit at low concentrations, within mono-
layer films (e.g., see Figure 1b). Pinholes or other defect
sites that expose the gold substrate might act as sites
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where ion neutralization could occur with greater prob-
ability thanat the organic layer. Thepresence of pinholes
in monolayer films has been reported from scanning
tunneling microscopy (STM)22-25 as well as atomic force
microscopy (AFM)26 investigations. Theeffects ofpinholes
on electrochemical rates of reaction have been studied in
solution by reversible redox couple compounds such as
[Fe(CN)63+/2+] and [Ru(NH3)63+/2+].27-31 The relative sur-
face area occupied by pinholes has been measured by
electrochemical gold oxide stripping,27,31,32 and individual
sizes and populations have been estimated with micro-
electrode model calculations applied to the currents
measuredwith the redox couple compounds.27,31,33 Values
for the average pinhole fraction range from 10-2 to 10-5

and estimated sizes range from350 to 2000Å2, depending
on the monolayer thiolate chain length, with the fraction
decreasing as the chain length of the film increases.27,31,33

Lowconcentrationsofphenol inacidicaqueoussolutions
have been shown to promote thin film coatings of poly-
(phenylene oxide) (PPO, see Figure 1b) on unmodified
electrodes34-38 and specifically at defect sites when the
electrochemical reaction is performed on SAM-coated
electrodes.30 Finklea has shownwith cyclic voltammetry
and ellipsometric techniques that, under aqueous and
slightly acidic solution conditions, the phenol polymeri-
zation is predominantly localized at the pinhole sites.30
Ellipsometricmeasurements byFinklea also suggest that
the polymerization process does not appreciably alter the
thickness of the monolayer. After an adequate amount

of time the cyclic voltammogram (CV) scans indicate
complete polymerization of the surface at defect sites, and
no further current flow is observed.
This paper describes a series of tandem mass spec-

trometry surface-induced dissociation experiments that
compare SAM films that have been electrochemically
modified by polymerization of poly(phenylene oxide) to
SAM films that have not been modified. Benzene (m/z
78) and DMSO-d6 (m/z 84) are used as the molecular ion
probes and have been previously shown to be effective for
measurements of scattered ion efficiency and ion surface
reactions.6-9 The monolayer films utilized are prepared
fromCH3(CH2)3SH,CH3(CH2)17SH, andCF3(CF2)7(CH2)2-
SH chemisorbed onto gold substrates and are referred to
as C4, C18, and CF surfaces, respectively. The lack of
significant current flow during the electrodeposition step
will be taken as evidence that only limited amounts of
exposedmetal exist as potential neutralization sites. Any
change in the scattered ion efficiency behavior of the
surfaces before and after electrodeposition will be associ-
ated with the presence of pinholes.

Experimental Section
The SAM preparation method employed by this laboratory

follows standard procedures and has been described elsewhere.6
For the monolayer modification, a standard three-electrode
electrochemical cell was constructed in a 50 mL flat-bottomed
Pyrex cylinder with a Teflon cap. A 50 mM aqueous solution of
phenol (Aldrich 99+%) was prepared in 0.5 M H2SO4. A
laboratory built Ag/AgCl reference electrode was prepared (3 M
KCl), anda coiled platinumwirewasused as a counter electrode.
To reduce the possibility of polymer formation on the counter
electrode, itwasencapsulated ina tubewitha frittedglassbottom
(Ace glass, 25-50 µm pore size) containing 0.5 M H2SO4. The
SAM surface was placed on the bottom of the electrochemical
cell and connected to a wire lead, which passed up through the
cell. Contact was made approximately 2 mm away from one of
the corners of the gold surface. A frame assembly on the surface
holder in the mass spectrometer masks this region. As ameans
of characterizing the cell, standard CV scans of 50 mM K3Fe-
(CN)6 in 1.0 M KNO3 were performed prior to the phenol
polymerization, with a second platinum coil used as a working
electrode in place of the SAM surface. After extensive rinsing
of the cell and its components in deionized water, a background
scan confirming the removal of the K3Fe(CN)6 was taken prior
to the introduction of the SAM surface to the phenol solution.
The potential scan range for the polymerization of the phenol is
0.0 to +1.0 V vs Ag/AgCl (potentials greater than +1.4 V result
in the desorption of the monolayer from the gold substrate30). A
commercialCVpotentiostat (BAScyclic voltammetry,ModelCV-
1B) was ramped at a 50mV/s scan rate. The data were obtained
withaMFE815Plotmatic analog recorder. RepeatedCVsweeps
from 0.0 to +1.0 V were employed to polymerize the phenol and
to determine the extent of the monolayer polymerization (10 CV
cycles). The modified surfaces are removed from the electro-
chemical cell, gently rinsed in a clean ethanol stream for
approximately 10 s, and immediately mounted and introduced
into the vacuum chamber.
SID Using Self-Assembled Monolayers. The mass spec-

trometer configuration has been described in detail elsewhere.15
Two Extrel 4000u quadrupoles (Q1 and Q2) are arranged in a
90° geometry with a surface placed to intersect the ion optical
path. The surface is positioned at a 45° angle relative to the ion
beamexiting fromQ1. Increasing the ionsourcepotential relative
to the surface potential varies the collision energy. Ions are
transmitted past the surface without collision by setting the
potential difference between the ion source and the surface at
approximately 0V. Amultiple surface holder has been designed
to allow for the use of up to six surfaces without venting the
instrument. The holder is an 18 mm by 160 mm ceramic strip
at the tip of amovable rod,with individual stainless-steel frames
(Kimball Physics, Wilton, NH) holding each surface in place.
The holder is affixed vertically, allowing any of the six surfaces
to be positioned in the path of the ion beam. The surfaces are
electrically linked via the back of the holder, and a single power
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Figure 1. (a) Illustration of monolayer pinholes and surface
defects. (b) Electrochemical oxidation of phenol to poly-
(phenylene oxide).

Neutralization of Polyatomic Ions at SAMs Langmuir, Vol. 13, No. 25, 1997 6723



supply is used to apply an equivalent potential to each of the
surfaces. Experimental results suggest that the instrument
tuning parameters do not change noticeably when the surface
positioned in the ion path is changed from one to another. The
advantage to having more than one surface in the instrument
at any given time is that the instrument parameters will remain
constant during investigations requiring more than one type of
surface (e.g., no venting, no retuning, limited pressure fluctua-
tions, etc.). The surface can also be rotated about the z-axis (Q1
and Q2 are in the x-y plane).
Measuring the Scattered Ion Efficiency: Total Ion

Current Measurements (TICs). When the instrument is
operating in the MS/MS mode to obtain SID spectral data for a
selected incident ion, the second quadrupole (Q2) behaves as a
scanning mass filter. The Q2 spectrum range (10-150 Da)
includes the molecular mass of the incident ion, as well as
fragments, reaction products, and sputtered species resulting
from the ion surface collisions.6 The data system reports the ion
flux that passes through Q2 as a continuous current vs time
signal, which represents the sum of all the spectral peak
intensitiespresentwithin the scanrange. This rawdata,without
first being deconvoluted to the individual peaks in the mass
spectrum, is plotted as a single line (total ion current, TIC) and
describes the total signal intensity of the mass spectrum (using
a given target surface) versus time.
Direct comparisonof theTIC intensityof onemonolayer surface

to another under equivalent experimental conditions represents
a relative measure of the scattered ion efficiency between
monolayer surface types. The multiple surface holder allows
the surfaces to be switched without alteration to the instrument
tuning, samplepressure, andmultiplier gain. The resultingdata
are graphic illustrations of the differences in signal intensity for
the different monolayer surfaces.

Results and Discussion

CyclicVoltammetry: EvidenceofPolymerization.
C4, C18, and CF monolayer surfaces were modified by
electrodeposition of poly(phenylene oxide) and introduced
into the tandemmass spectrometer along with an equiva-
lent series of unmodified monolayer surfaces. Parts a-c
of Figure 2 illustrate the initial CV plots of the PPO
polymerization for the C4, C18, and the CF monolayer
surfaces. The current that is observed fromtheC4surface
beginningat 0.75Vrepresents the oxidation of thephenol.
The initial CV shape is nearly identical to the plot
presentedbyFinklea for poly(phenylene oxide) deposition
onto an unmodified gold electrode.30 The current density
measured during the second scan (not shown) is reduced
to roughlyone-tenth that of the first scan, suggesting rapid
polymerization of the exposed gold. The surfaces were
subjected to eight additional CV potential sweeps, the
last (tenth) for eachmonolayer being illustrated inFigure
2d-f. After 10 complete cycles with the C4 surface, no
appreciable Faradaic current is observed, suggesting
polymerization at exposed gold on the surface and
successful blocking of pinholes or defect sites. The C18
monolayer exhibited a small current at the outset sug-
gestingmore complete coverage of the gold substrate and
fewer defect sites than theC4 surface. TheCFmonolayer
is essentially current free suggesting that pinholes are
absent or in low enough concentration that they are
undetectable in the voltammogram. Chidsey has shown
cyclic voltammograms for solutions of Ru(NH3)6Cl3 and
K3Fe(CN)6usingCF3(CF3)7(CH2)2S-AuandCH3(CH2)9S-
Au monolayer coated electrodes28 where the current
associated with the reduction of the ruthenium or the
iron complex was negligible, suggesting the monolayers
effectively containednopinholes. TheCVplots presented
here support those claims, and after 10 successive CV
sweeps, no changewas observed in the plots. Figure 2d-f
suggests that after the electrodeposition the surfaces are
largely equivalent in that none of them contain an
appreciable amount of exposed gold.

Efficiency Measurements: Comparison of Mono-
layer Surfaces. After electrodeposition of the polymer,
the modified C4, C18, and CF surfaces were introduced
into the vacuum chamber accompanied by three unmodi-
fied SAMsurfaces. Each surfacewas successivelymoved
into the ionoptical pathwithout changes to the instrument
tuning or pressure. Benzene andDMSO-d6 were collided
into each of the modified monolayer surfaces, and the
scattered ion efficiency plots and surface-induced dis-
sociation spectra (not shown) were compared to those
obtained from unmodified SAM films. The total ion
current plot obtained for collisions of benzene molecular
ion with each of the surfaces is given in Figure 3. The
plotted signal represents the total ion current reaching
the detector, when each of the selected surfaces is
positioned in the ion beam path. The efficiency results
obtained using ion probes of known chemical behavior
area confirmation thatno severealterationof themodified
monolayers has occurred, due either to the time spent in
anacidicphenol solutionor topossiblemechanical damage
incurred by the electrochemical cell setup. The six
intensities represent the signals obtained with the six
individual surfaces,measured over severalminutes. The
values represented graphically inFigure 3 for the relative
efficiency of charge retention of benzene,measured at the
unmodified SAM surfaces, are in agreement with those
previously published.6 As noted before, longer chain
alkanethiolates demonstrate less neutralization than
shorter chains, and fluorinated alkanethiolates lead to
less neutralization than long chain (i.e., C18) alkanethi-
olates.

Figure 2. Cyclic voltammograms depicting the oxidation
deposition of poly(phenylene oxide) on (a) CH3(CH2)3S-Au
surface, first CV sweep, (b) CH3(CH2)17S-Au surface, first CV
sweep, and (c) CF3(CF2)7(CH2)2S-Au surface, first CV sweep.
Cyclic voltammograms depicting the tenth CV sweep on (d)
CH3(CH2)3S-Au surface, tenth CV sweep, (e) CH3(CH2)17S-
Au surface, tenth CV sweep, and (f) CF3(CF2)7(CH2)2S-Au
surface, tenth CV sweep.
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It is clear fromFigure 3 that blockingdefect siteswithin
the monolayers had no significant effect on the amount
of signal observed for benzene at 30 eV. Similar results
were obtained for20eVcollisions ofDMSO-d6 (not shown).
Efficiencies measured as TIC values, and as ratios of the
scattered ion versus the incident ion current, are nearly
identical for both modified and unmodified monolayers.
Neutralization of the ionsatpinholes ordefect siteswithin
the monolayer film does not appear to be an appreciable
contributor to signal loss. This suggests that the relative
thickness of the films, and not exposed gold, plays a role
in theneutralization forC4andC18. Anadditional factor,
e.g., the ionization energy of the surface chains, is
important in comparisons of the C18 and CF surfaces,

which are of similar thickness.39 It is also possible that
adventitious hydrocarbons known to be present in the
vacuum chamber could be coating any exposed gold or
pinholes thatmightbepresent in theuntreatedmonolayer
films.7 This could cause the unmodified monolayer films
to give similar efficiency values to those thatwere treated
with the poly(phenylene oxide).

Conclusions
The oxidation current observed at the appropriate

voltage (+0.75 mV vs SCE) for the C4 monolayer surface
in solution confirms the polymerization by electrodepo-
sition of PPO at defect sites. Little or no current is
observed for the C18 and CF monolayer surfaces, indicat-
ing few defect sites with exposed gold. It is clear that for
the surfaces used routinely in this laboratory as targets
in SID experiments, pinholes and or defect sites do not
play a significant role in ion neutralization. The results
suggest that the filmthicknessesand the ionizationenergy
of the surface chains are the primary factors influencing
neutralization.

Acknowledgment. Fundingprovidedby theNational
Science Foundation (Grant Number CHE-9224719). We
thank Dr. Fred Hawkridge of Virginia Commonwealth
University for helpful discussions on the electrochemical
processes reportedhere and for theuse of the potentiostat
and analog recorder.

LA9703611

(39) Kane, T. E. Dissertation, Surface-induced dissociation at self-
assembledmonolayer films: characterization andmeasurement of ion-
surface interactions; 1995, Virginia Commonwealth University, Rich-
mond, VA.

Figure 3. Total ion current (TIC) plot of the 30 eV collision
of benzene molecular ion on unmodified and PPO modified
monolayer coated gold surfaces.
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