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Measurement of the Charge Number Per Adsorbed Molecule and
Packing Densities of Self-Assembled Long-Chain Monolayers of Thiols
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We have applied a recently developed methHagh@gmuir2006 22, 5509-5519) to determine charge numbers per
adsorbed molecule and packing densities in self-assembled monolayers (SAMs) of octadecang®iit), @
representative long-chain thiol. Our method yields values of area per molecule that are physically reasonable, in
contrast to the popular reductive desorption method, which gives molecular areas that are smaller than those determined
by the van der Waals radii. In a nonadsorbing electrolyte, we were able to model the dependence of the charge number
per adsorbed molecule on the electrode potential, taking into account that the desorption process is a substitution
reaction between the solvent and the adsorbate. We have also shown that the charge number per adsorbed thiol is

affected by the specific adsorption of the anion of the electrolyte. In the latter case, the thiol competes for adsorption
sites at the surface not only with water but also with the anion of the electrolyte, and this competition has an effect

on the measured charge number.

Introduction
The accurate determination of the composition, quality, and

coverage of self-assembled monolayers (SAMs) is tremendously

important for their application in devices such as biosendrs.

Various methodologies have been employed for this purpose

including vibrational spectroscogy;® quantitative X-ray pho-
toelectron spectroscogyand scanning probe microscop§.
Electrochemical characterization of SAMs composed of thielate
Au linkagesiis particularly appealing due to its ease of application
and its sensitivity to the integrity of the film. For example, the

In the case of redox-inactive SAMs, the commonly accepted
means to determine the surface coverage is to cathodically desorb
the monolayet>-17 Integration of the current corresponding to
the reductive desorption peak, between the potential at which the
monolayer is adsorbeét,, and a sufficiently negative potential
at which the monolayer is desorbédy, yields the total charge
of the thiolate desorption process:

Q=[5 @)

presence of a redox couple in the electrolyte gives rise to awherew is the voltage sweep rate. It is assumed that an integer
voltammetric signal that can be used as a measure of the film’s number ofn electrons (in the case of simple thiolatasz 115)

pinhole defect densit}2-123 If the thiol itself contains a redox

is consumed by one adsorbed thiol(ate) as described by the

center, such as ferrocene, electrochemical determination of thereaction

surface coverage of the SAM can be achieved by integration of

the voltammetric signatt
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RS(s)+ ne (Au) — RS (aq) @)

where the terms in parentheses, (s), (Au), and (aq) refer to the
metal’s surface, the bulk gold phase, and the solution phase,
respectively. The monolayer coveragiejs then obtained from

the Faraday Law:

®3)

whereF is Faraday’s constant. It is widely believed that the
value of chargeQ, measured in this fashion provides an accurate
measurement of the monolayer coverage if the reductive
voltammetry is performed in an electrolyte sufficiently basic to
prevent concomitant hydrogen evolution.

The approach described above is flawed on two accounts.
First, in eq 1 the integrand is equal to the differential capacity
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(i/lv = C), which for a thiol covered electrode is described®y earlier. In a second experiment, the monolayer of thiol is self-
assembled at the Au electrode surface. The valuesstérmined

c=c (%_M) dr 4) for the LB monolayer are assumed to be the same for the SAM.
o ol Je dE The chronocoulometric measurements for the electrode covered
_ o by the self-assembled film are then performed and the packing
where @ou/ol)e = —IF, Cs is the true or infinite frequency  densities of the SAM are calculated from the measured charge
capacity andlis the formal charge number at a constant potential, densities.
known also as the electrosorption valeAgyyhich cannot be Kunze et alt applied the new method to determine packing

assumed to be independent of potential. Therefore, the integralyensities for a Au(111) electrode covered by 2,3-di-phytanyl-
of the voltammetric current corresponding to the cathodic gn.glycerol-1-tetraethylene glycalt-a-lipoic acid ester lipid

desorption of the thiol is equal to (DPTL), which is quite a complex dithiolipid. A referee of that
£ i E, o paper suggested that the methodology outlined above should be
Q= fEa SdE= Jo C dE—F [1dr (5) tested on a simple molecule such as an alkane thiol in order to

generalize the results. In this manuscript, we apply the new method
to determine the packing density for a monolayer rof
octadecanethiol ({gSH) adsorbed ata Au(111) electrode surface,

0 and|l] = n. ) \ )

The term/ £ C., dE (known also as the double-layer charging In response to this sgggest!oqg_SH S.AMS have been very well
ferm) i neve el 1o zer. As a consequence, he reducieUe8 1 1 5K Takng i an e olece o st ine
desorption method leads to packing densities that are systemati- y :

cally too high and corresponding molecular areas that are tooU\ng?:g:sgwmgtt;?nastﬁ;urg;gggg;geeerﬁgr:?s;Eg;i;]é'al'
small. The pitfalls of neglecting the contribution of the double- 9 P P

; - L determine physically reasonable packing densities for the
layer charging to the total charge of desorption were highlighted can . . i .
by Schneider and Buttry nearly 15 years &§tn the interim, tShAM %f Ci?SHam contt_rast to t‘qua%k't?]g tdensnfs _callclulated ulslr:_g
efforts have been made to account for double-layer charging € reductive desorption method that are physically unreafistic.

effects in chronoamperometr,cyclic?? and linear sweep
voltammetri@? studies of reductive thiol desorption. However,
these studies remain the exceptions to the common practice of Reagents, Solutions, and Electrode MaterialsGold single
neglecting thef ¢! C.. dE = 0 term. Clectrodes for slecioshenistry measarements, Before each expor
h Thle iecorjlfjhproblem r\]N'th thbe c}?thqdlck@soaaptlﬂn methOd IS ment, the working ele_ctrode was flame-an_nealed, cooled firstin a_ir,
that|l] = n. NIS was shown by KrysInski et 1.Who In an nd then transferred into the electrochemical cell to cool further in
elega.ntexper.lmenton octadecaneth!ol gdsoeron demonstrated,, argon atmosphere. A flame-annealed gold coil was used as the
thatl is a partial charge number and is highly dependent on the counter electrode in all experiments. The reference electrode was
electrode’s potential. It was further pointed out by Schneider and an external saturated calomel electrode (SCE). In this paper, all
Buttry 2Othat the charge numbérdoes not need to be aninteger. potentials are referred to the SCE. The glassware was cleaned in
Recently, Kunze et dl.demonstrated that reaction 1 is over- acid (1:3 mixture of HN@Qand HSQ;) and thoroughly rinsed with
simplified. In reality, the desorption process is a substitution Milli-Q and Milli-Q UV plus water (Millipore, Bedford, MA),

reaction between the adsorbed thiol molecules and water fromresistivity 18.2 M2 cm. The electrochemical cell was soaked in
the bulk described by Milli-Q water overnight and rinsed again prior to the experiment.

Either a 0.1 M NaOH (Aldrich, 99.99% semiconductor grade)
solution or 0.1 KCIQ (Aldrich, recrystalized as in ref 27) were used
as the supporting electrolytes. The Milli-Q UV plus water was used
to prepare the solutions. Before the experiment, electrolyte solutions

and due to the water substitution nature of this reaction, the valueWere deaerated by purging with argon (BOC Gases, Mississauga,
of |I| changes as a function of the applied potential from f.to ~ ONtario, Canaday for at least 40 min, and an argon blanket was
Kunze et al: developed a new method to determine the surface maintained over the solution throughout the experimenSB

f If bled thiol. Th hod invol (Aldrich, 98%) was dissolved in methanol and deposited onto the
coverage of a self-assembled thiol. The method involves two 111y surface by self-assembly. The self-assembly time was 24

measurements. First, a monolayer of the thiol of interest is h This was long enough to form well-ordered monolayers. After
transferred from the air/water interface to the Au(111) surface formation of the SAM, the electrodes were rinsed with methanol
at a fixed surface pressure using the Langmilodgett (LB) and water before introduction to the electrochemical cell.
technique. The measurement of the transfer ratio allows accurate Forthe LB deposition, a few drops of§SH solution in chloroform
determination of the packing density of the transferred monolayer. were injected onto the water surface of the Langmuir trough. The
Chronocoloumetric experiments are then performed to determinesolvent was allowed to evaporate, and then the compression isotherm

the charge density at the electrode in the presence of the adsorbe¥as recorded. LB deposition was achieved by vertically withdrawing
thiol. The electrosorption valency is determined from the electrode at a speed of 35 mm ndiat a constant transfer pressure

of 10 mN nTl. The transfer ratio was 14 0.1. The trough was
(AGM) controlled by a computer using KSV LB5000 software. All transfers
|l=—=|—=

é AT @) were carried out at a temperature of 271 °C.
E

It is apparent that eqs 3 and 5 are equal proviﬁE‘;tf:oo dE =

Experimental Section

RS(s)+ ne (Au) + xH,0(aq)= RS" (aq) + xHZO(s)(G)
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Figure 1. Compression isotherm fongSH onapure watersubphase  rjgyre 2. Differential capacity versus potential curves of a Au-
recorded at a compression rate of 10 mm Thin (111) electrode in 0.1 M NaOH for the film-free surface (dashed
) _ line) and the interface covered with a monolayer @§SH (solid
Electrochemical Measurements and Instrumentation Elec- line). Arrows indicate direction of the voltage scan corresponding

trochemical measurements were carried out in an all-glass, three-to a given segment of the differential capacity curve.
electrode cell using the working electrode in the hanging meniscus
ConﬁgUrati0n2.7'28Differential Capacitance measurements were used Itis known that octadecanol i@H) forms stable monolayers

E? CgetCk the Clt‘ia”g.?fess Otf.ﬂl‘e eleCt.EOde andthe ele"tm'ytetso:)“ti?’”-at the air/water interface that can be compressed and transferred
o determine [he ditterential capacitance curves, an ac perturballony, 5 gq)iq substrate at surface pressures above 40 miNG#
of 25 Hz frequency and 5mV rms amplitude was superimposed onto
In contrast, the gSH monolayer cannot be compressed to

a 5 mV s? voltage ramp. Electrochemical experiments were . . :
performed using a computer-controlled system, consisting ofa HEKA Pressures higher than 20mNbecause the polarity of the thiol

potentiostat/galvanostat PG590, (HEKA, Lambrecht/Pfalz, Germany) 9roup is low and, hence, its affinity for the water subphase is
and a 7265 DSP lock-in amplifier (EG&G Instruments, Cypress, low as well. Such films collapse easily. Several attempts were
CA). Data acquisition was performed via a plug-in acquisition board made to spread{SH onto a 0.1 M NaOH subphase. However,
(NI-6052E, National Instruments, Austin, TX) and in-house software. compression isotherms gave molecular aress A2, indicating
A series RC equivalent circuit was employed to calculate the dissolution of the deprotonateddS molecule into the subphase.
differential capacity curves from the in-phase and the out-of-phase Therefore, the transfer of the monolayer from thésailution to
components of the ac current. . the metal/solution interface had to be done on a neutral subphase

h'“ adg't'or_‘t' cf;rt%nocslouion;etw vaas epﬁl}pyed to de;termm_e th‘i and surface pressures of less than 20 mi fransfers at surface
charge density at the electrode surface. In this series of experiments ; :

Cs pressures between 12 and 20 mN'mgave irreproducible results

the Au(111) electrode was held at a base poteBifiab= —800 mVv with transfer ratios higher than 2. However, transfer ratio values

for 300 s. Then the potential was stepped to a variable vélye, .
and kept at this potential for another 300 s. To desorb the thiol from of 1.0+ 0.1 could be achieved at the surface pressure 10 mN

the electrode surface, the potential was stepped Qi Eqes= m~1. These were the opFimaI condi@ions used in this work. The
—1400 mV. The current transient corresponding to the desorption area per molecule at this value Bfis 21 A2,

of C16SH was measured over 0.4 s. The potential was then stepped  Differential Capacity Measurements. The behavior of the
back to the base value @pase= —800 mV. Integration of the  C,4SH coated electrode was initially characterized with dif-
current transients gives the difference between charge densities atarential capacity measurements. Figure 2 shows the differential
potentialsE, andEqes The charge density curves measured with and capacity curves for the Au(111) electrode recorded in 0.1 M
without C;gSH merged at the most negative potentials. The absolute NaOH solution in the absence (dashed line) and in the presence

charge densities for the film free electrode can be calculated knowin N
the p?otential of zero charg&pzs = 270 mV versus SCE in 5 mM gOfaClgSH monolayer self-assembled on the surface (solid line).

KCIO, solution, determined independently. The data processing is  The differential capacity curve shows that thg®H monolayer
described in detail in ref 29 The SAM was formed on the Au(111) is stable over a potential range fror1000 to 0 mV, attaining

electrode prior to each experiment. a minimum value of 1.%F cn12 in that region. At potentials
more negative thar-1300 mV, the film is detached from the
Results and Discussion surface and the capacity increases to a value ef26m 2 and

merges with the curve corresponding to the bare gold in 0.1 M
NaOH. When the direction of the voltage scan is reversed,
readsorption of the alkane thiol molecules is observed, indicating
that the molecules remain close to the electrode surface, in the
desorbed state. Morin and co-work&r$® demonstrated that
long-chain thiolates form subsurface micellar aggregates upon
reductive desorption similar to those reported by Bizzotto and

C1sSH Monolayer. Figure 1 depicts the surface pressuig{
molecular area isotherm forgSH at the air/water interface. The
shape of the compression isotherm is typical for a gel-like film
in which the surface pressure increases very quickly with
decreasing area per molecule. Compression staxt@&i\2 per
molecule with a collapse of the film occurring at a molecular
area of~20 A2 and a film pressure of 17 mN T This result
agrees well with the work of Bilewicz and Majdé.

(30) Zawisza, |.; Burgess, |.; Szymanski, G.; Lipkowski, J.; Majewski, J.;
Satija, S.Electrochim. Acta2004 49, 3651-3664
(28) Dickertmann, D.; Koppitz, F. D.; Schultze, J. Blectrochim. Actd 976 (31) Yang, D.-F.; Wilde, C. P.; Morin, MLangmuir 1997, 13, 243-249.
11, 967. (32) Yang, D.-F.; Al-Maznai, H.; Morin, MJ. Phys. Chem. B997 101,
(29) Lipkowski, J.; Stolberg, L. IAdsorption of Molecules at Metal Electrodes 1158-1166.
Lipkowski, J., Ross, P. N., Eds.; VCH: New York, 1992; p 171. (33) Yang, D.-F.; Morin, M.J. Electroanal. Chem1998 441, 173-181.
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Lipkowski*35for amphiphilic surfactants. The hysteresis between
the negative-going and positive-going traces on the differential 90

of the film behavior. "

capacity curve show that reforming the condensed film from "
micellar aggregates is kinetically hindered. It should be em- ] ,"
phasized thatthese curves were calculated from a single frequency 60 /4
experiment and they do not represent the state of adsorption | NV =IS
equilibrium. They are used only for qualitative characterization % A:ﬁéwmnnaunm%%%oooogzoooooooo

Charge Potential Curves.Chronocoulometry was used to

o, /nCcm’
[ )
9,

guantitatively describe the adsorption ofgSH at the Au(111) 0 _J' o®

electrode surface. The charge density data determined by this _.-:,..0‘

technique were used for further data analysis. In chronocou- ";'.50"

lometry, the Au(111) electrode is maintained at a particular 3, & _...-""

potential Epase Where the film is adsorbed and allowed to I:[g'.a’-"'

equilibrate for 5 minEpaseis usually determined with the help 1 o

of the differential capacity curve, and for these experiments it 60 —r
was set to-800 mV. After this time, the potential is stepped to -16 12 038 04 0.0 0.4 0.8
an adsorption potentiaE,, and the electrode is again allowed E/Vvs. SCE

to equilibrate for 5 min. Finally, the potential is steppedEtgs Figure 3. Charge densitygy, versus potential curves for the Au-

The current transient due to the desorption of the thiol molecules (111) bare electrode in 0.1 M NaOH (filled squares) and 0.1 M

: : KCIO, (filled circles) and with GgSH adsorbed on the surface by
and to the recharging of the double layer is thus measured andself-assembly for 24 h (empty triangles) or LB transfer at 10 mN

subsequently integrated to determine the difference between the, -1 (empty squares). Empty circles correspond to the charge densities
charge density on the electrode surface at poterigdsidEqes ofthe LB filmin 0.1 M KCIO, as determined by stepping the potential
Aoy = om(Ea) — om(Edes. Edes= —1400 mV corresponds to  from —0.6 V to a variable, more positive valueBfFilled diamonds

the potential where the film is desorbed from the surface as show the charge density values for freshly prepared LB films.
determined from the differential capacity curve. This procedure ) . .

was repeated by varying the potential between—1350 and surfa_ctarft4'35 or a thioP” desorbes at negative potentials but
200 mVin 25 or 50 mV increments. Because the film is allowed feémains near the electrode surface in the form of aggregates such
to equilibrate at the base potential for 5 min to recover from the 2S micelles or flakes. Subsequent neutron reflectivity measure-

desorption step, we can reasonably assume that the film has thanents by Burgess et &3 showed that these aggregates are
same initial conditions for each adsorption potential. separated from the electrode surface by atHimm thick cushion

In order to determine the absolute charge densitigéEs), of the electrolyte.

the following additional experiments were required. The chro-  Figure 3 shows the charge potential plots determined from the
nocoulometric measurements were performed for the thiol-free Cronocoulometric experiments. It can be seen that at very

Au(111) electrode in a nonadsorbing electrolyte (such as N€gative potentials the charge density curves for thgSK-
KClO4).38 For this electrolyte, the pzc was determined from the covered electrode merge with the curve of the film-free electrode,

position of the diffuse layer minimum on the differential capacity ndicating thatthe film is totally desorbed from the gold surface.
curve recordedi a 5 mMKCIO, solution to be 270 mV versus As the poteptlal is moved in .the p05|t|v§ direction, a large step
SCE. The absolute charge at the electrode surface was therfOrresponding to the adsorption of the thiol can be seen. The step
calculated from the measured difference of charge densities atl®" the SAM is slightly larger than for the LB film, indicating
potentialsE and the pzc as described in refs 27 and 29. that the self-assembled film is somewhat more compact. For the

Next, similar measurements were performed for the thiol-free €/€ctrode covered by the thiol, the curves plateau at abdut
Au(111) electrode in 0.1 M NaOH solution. Chen et al. showed Y- However, the curve corresponding to the LB monolayer shows

thatatE < —0.5 V the OH is totally desorbed from the Au(111) that the charge density starts to increase at potentials at which
electrode surfac® It is therefore reasonable to assume that at the onset of OH adsorption is observed for the film free electrode

E < —0.5 V the absolute charge densities at the Au(111) surface " 0-1 M NaOH (i.e.,~E > —0.4 V). Therefore, this increase

are identical in 0.1 M NaOH and 0.1 M KCiGolutions. The is most likely due to the onset of competitive adsorption with

absolute charge densities at the Au(111) electrode surface in O.ISH and displacement of the thiol by Ohih the LB film. Such

M NaOH solution were then determined from the difference P€havior occurs at more positive potentials in the case of the

between charge densities ata given poteBtiid charge density ~ SAM due to the fact that the SAM is more tightly packed than

atE = —0.8 V known for the 0.1 M KCIQ electrolyte. the LB f'lm' o . .
Finally, the absolute charge densities for the gold electrode . OPeN circles in Figure 3 plot charge densities of the LB film

covered by the film of GSH were calculated assuming that the 'E thﬁ 01M IKCIQ‘.St?IL#iOE' (Ijn this elec'iro]yte, desprptiondo;‘]
charge density at the electrode initially covered by the film is the fiim overlaps with the hydrogen evolution reaction and the

equal to the charge density measured in the absence of the filmcharge due to the film desorption cannot be measured directly.
However, it is reasonable to assume that-8t6 V the charge

atEges This assumption is supported by Figure 2, which shows - i .

: : : o density at the LB film-covered electrode should be the same in
that the differential capacity of the electrode initially covered b

! I pactty iy cov y 0.1 M NaOH and 0.1 M KCIl@solutions. Therefore, this plot

the film merges with the capacity of the film free electrode at d inedb inath ol f v bl
these negative potentials. Further, spectroscopic experiments by'2S determined by stepping the potential fref6 Vto a variable

Bizzotto et al. demonstrated that the film of an insoluble

(37) Shepherd, J. L.; Kell, A.; Chung, E.; Sindor, W.; Workenstin, M. S.;
Bizotto, D.J. Am. Chem. So@004 126, 8329-8335.

(38) Burgess, I.; Zamlynny, V.; Szymanski, G.; Schwan, A. L.; Faragher, R.
J.; Lipkowski, J.; Mejewski, J.; Satija, $. Electroanal. Chen003 550, 187—
(34) Bizzotto, D.; Lipkowski, JJ. Electroanal. Chem1996 409, 33—43. 199.
(35) Bizzotto, D.; Lipkowski, JProg. Surf. Scil1995 50, 237—246. (39) Burgess, |.; Szymanski, G.; Li, M.; Horswell, S.; Lipkowski, J.;Mejewski,
(36) Chen, A.; Lipkowski, JJ. Phys. Chem. B999 103 682-691. J.; Satija, SBiophys. J.2004 86, 1763-1776.
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Figure 4. Surface pressure versus potential plots calculated from Figure 5. Charge density differencéo, versus potential curves

the charge density curves for the SAM (triangles) and the forthe Au(111)electrode: covered by the self-assembled (triangles)
LB-transferred film (squares), 0.1 M NaOH supporting electrolyte. anq LB-transferred (squares)dSH film in 0.1 M NaOH. Open

circles, Ao plot for LB film in 0.1 M KCIO,.
more positive value oE, and the corresponding difference
between the charge densities was measured. The absolute value
of the charge density was then calculated by takipgat E =
—0.6 V determined earlier in 0.1 M NaOH solution. We would
like to emphasize that the thiol deprotonation, which accompanies
the chemisorption of thiol, took place in the Langmuir trough
during the LB transfer. In 0.1 M KCI@the film has never been
desorbed. Even in this neutral electrolyte, the desorption takes
place at a much more negative potential.

To verify that no material was lost at the desorption potential
and that the readsorption of the desorbed layer was complete,
additional experiments for a few selected potentials were
performed using freshly transferred LB films that were desorbed
only once. The data points corresponding to these measurements
are marked as black diamonds in Figure 3. The agreement between e
charge densities determined from multiple desorption and ' 2+——FT——TF—"——F——T T T —T
readsorption steps and from the single desorption experiments A0 08 06 04 02 00 02 04 08
is very good. _ E/Vvs. SCE

By integrating the area between the charge density curves forF19ure 6. Charge number per adsorbed molecule for tis8 LB

. monolayer transferred at a surface pressure of 10 mN m
the film-free and the @SH-covered electrode, the surface corresponding to a molecular area of 22 # 0.1 M NaOH (empty

pressure of the adsorbed films can be determffié¥iFigure 4 squares), 0.1 M KCIg(empty circles), and calculated according to
shows the surface pressure plots as a function of the appliedeq 8 (filled squares).

potential for the SAM and the LB filmsin 0.1 M NaOH electrolyte.
The surface pressure of the monolayer at the rfestiition mN m~1, which corresponds to an area per molecule of 21 A
interface (~700 mN nt?) is almost 2 orders of magnitude larger  Within potentials corresponding to the plateau on the charge
than that at the air/solution interface (10 mNth This huge  density versug plot, we can safely state that the packing density
increase in the surface pressure results from the formation of aof C;gSH at the metal surface wlis= 7.9+ 0.8 x 107 °mol
chemisorption bond between the gold and the thiol goup and cm2.
should not be misconstrued as evidence that the packing densities Figure 6 plots charge numbers calculated with the help of eq
at the A/S and M/S interfaces are fundamentally different. 7 and the data shown in Figure 5 as a function of the electrode
Charge Numbers Per Adsorbed Molecule and Packing potential for LB filmsin 0.1 M NaOH and 0.1 M KClgxolutions.
Density in the SAM. Figure 5 plots the difference between Clearly, the charge numbers depend on the electrode potential.
charge density corresponding to the film-free electrode and the At the negative limit of potentials, the charge numbers approach
charge density for the electrode covered by the SAM (triangles) —1, and hencel| ~ n. However, with progressively more positive
and the LB transferred monolayer: (squares) in 0.1 M NaOH potential, ||| becomes much less than unity and decreases to a
and (circles) in 0.1 M KCI@ These curves display the change value~0.3 at the most positive potentials. Due to the onset of
in charge density of the electrode due to the adsorption of the OH~ adsorption and gold oxidation, it was impossible to determine
thiol. The fact that the sign is positive indicates that a positive charge numbers for more positive potentials. However, it is easy
charge is flowing to the electrode when thgg®H molecules to envisage that their numbers should drop to zero. This should
adsorb on the gold surface. The plots have a maximuaat 000 be observed at the potential at which the charge density plot for
mV. For the LB films, the values adfoy can be used to calculate  the thiol-covered electrode intersects the charge density curve
the charge numbetl, with the help of eq 7. The LB films were  for the supporting electrolyte. This is a very significant result
transferred (with a transfer ratio of 1400.1) onto the electrode  because it shows unequivocally thHtis not an integer but a
surface from the air/solution interface at a film pressure of 10 potential-dependent parameter.

1.0

0.2

rge number per adsorbed molecule)

0.0
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For the nonadsorbing electrolyte (0.1 M KG)Othe depen- 129
dence of on potential can be described by the following equation: :

) Setew- IR

C,Ey
| HHHHHHET T
] i ——
the pzc of the covered and film-free electrode define&as

Flgs

E;Zc— ng andCy corresponds to the capacitance as a function o
of potential of the bare electrode as determined form dif- 40 08 06 04 02
ferentiating th(_a charge den_sity data of the film free Au(l_ll) E/Vvs. SCE
surface. Equation 8 was derived assuming that the desorption ofrigyre 7. Surface concentration and area per molecule versus
the thiol is a solvent substitution reaction as described by eq 6. potential plots for a monolayer of;gSH self-assembled at a Au-
The full derivation and interpretation of eq 8 is given in ref 1. (111) surface. Squares, surface concentration (filled squares) and
It shows that the charge numberis not a constant number but ~ areaper molecule (empty squares) as calculated rodata shown
is a function of the electrode potential. As explained in ref 1, the N Flgurte Ei_a”‘zf_‘flhzr?? nulmb)ersdgwen in Flgulre 6.|TE|angIt§?,_surch¢)a

; - - concentration (filled triangles) and area per molecule (empty triangles
reason fqr this behavior |s.the presence of two driving fofces as determined using the reductive desorption model and eq 9.
contributing to the desorption of the thiol molecule. The first

driving force is the transfer af electrons (cathodic reduction)  gnd theoretical studigd-43 Within the experimental error of
which is the last term in eq 8. The additional driving force isthe 1094, the present results provide no evidence that desorption
work done against the energy stored by the capacitor. Less energyf the thiol involves a partial charge transfer. A similar conclusion
can be stored at the interface when the electrode is covered by as reached in ref 1.
a SAM than when itis covered by water. This energy loss favors  The data in Figure 6 show that the charge numbiealso
displacement of SAM molecules by water. Consequently, the depends on the nature of the supporting electrolyt& At-0.5
energy needed to desorb the thiol is less than that provided byy/ the values ofl| are smaller in the 0.1 M NaOH than in the
the redox reactiofrE and the effective charge number is less ¢ 1 M KCIO, solution. The differences appear at the potential
tha.n thg numberofelectrons_that participated inthe redox reac“?”’corresponding to the onset of OHadsorption. Clearly, in the
which in the present case is equal to 1. The first two terms in presence of the specific adsorption of an anion, the adsorption
eq 8 represent this second driving force. of the SAM involves not only solvent but also the substitution
‘The black squares in Figure 6 plot the values célculated  of the adsorbed anion. Therefore, the second important result of
with the help of eq 8. The produ€4Ey is equal to the negative  thjs study is to demonstrate that this substitution affects the
of the charge density at the gold electrode covered by the LB magnitude ofll].
film at Eﬁw‘“’ and the values of; andCy were determined by The surface concentration and the area per molecule of the
differentiation of the charge potential curves in Figure 3Bnd  SAM can now be determined. Two contrasting approaches will
= 7.9+ 0.8 x 10'°mol cnr2. The agreement between charge be used. First, we will employ the reductive desorption method.
numbers calculated using eq 8 and experimental data is withinwe will then compare this result to calculated packing densities
the error bars. Therefore, the solvent-substitution model predicts determined for the SAM using the charge numbers determined
the potential dependence lofit too shows that the value of the  apove. In order to calculatE using the reductive desorption
formal charge number varies from OtoThis result demonstrates  method, it is convenient to write eq 3 in the following form:
that the basic assumption of the reductive desorption method

[ ]
L=TN s ]

(I ]
5 @ o

—n (8)

(5]
k=1

whereT is the surface concentration of the adsorbed thdgl,
is the capacitance of the film-covered electrdﬂgimz 270 mvV
is the pzc of the film free electrodBy, is the difference between

x 10"/ mol cm’
=]

> N
.V / @inosjow sod eale ueajy

1\

does not hold. Eq i Eq
It is worth noting that aEgZC the first term of eq 8 is equal r— Q| _|/E v dE _ fEa Cde _
to zero. Further, sinc€,Ey = —om(E ), eq 7 shows that the - ‘H: | nF | | nF |
term CiEn/FIrs is equal tol. Therefore, eq 8 predicts that om(Ey) — ou(Ep
2(EY,) = —nand—I(EJ,) = n/2 is equal to 0.5 when = 1 T‘ 9)

for an alkane thiol. The data in Figure 6 agrees well with this

prediction. In the previous work with the dithiblwe observed whereow(Ey) is the charge density of the surface at a potential
that the charge numberl(E,) ~ 1. This corresponds to/2 at which the monolayer is adsorbed amg(Eg) is the charge
foradithiolwithn= 2. Thus the model that considers adsorption density at the potential at which the monolayer is desorbed. In
of the thiol to be a solvent substitution reaction predicts correctly the present case 0f,6SH,n =1 andEq = —1.4 V. The charge
that|l| =n/2 atthe pzc ofthe bare electrode. Thisis aninteresting density values needed to calcul@itare given in Figure 3. The
point worth studying in the future. values of" determined from these data are plotted as filled
A partial charge transfer between the adsorbed thiol and the triangles in Figure 7. The molecular areas that correspond to the
gold surface has been postulated in anumber of experindéftal  surface concentrations are also plotted in Figure 7 as empty

(40) In principle Ey can be determined by a linear extrapolation of the charge (41) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, J. E.Am. Chem. Soc.
density plot for the monolayer covered electrode (Figure 3jte= 0 and then 1993 113 9389-9401.

the productC;Ey could be calculated. Such extrapolation is very long, and its (42) Zhong, V. J.; Woods, N. T.; Dawson, G. B.; Porter, M Hectrochem.
uncertainty may be large. However, since thevs E plot is assumed to be linear Comm.1999 1, 17-21.

and its slope i€, the producC,Ey is equal to the negative of the experimental (43) Zhong, C. J.; Brush, R. C.; Anderbergg, J.; Porter, M.LBagmuir
value ofay for the film-covered electrode ﬁgzc (CiEN = *UM(EgZC)). 199915,518-525.
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triangles. The surface concentration depends weakly on the Conclusion
electrode potential and is approximately equal toc10-°mol

cm 2. It corresponds to the area per molecule equal to 6.5 1 )
0.5 A2. The minimum area of GSH calculated from the van der ~ &l-~ has been applied to measure the formal charge number per

Waals radii is 19 & and several spectroscopic studies have adsorbed molecule and t.he packip_g density O,f SAMS}@SE'
shown that SAMs of &SH have a mean area per molecule of We have cpmpared packmg den§|t|es determlngd using ournew
close to 21 & 10.2544Therefore, the reductive desorption method method with those obtained using the “reductive desorption”

gives values of coverage that are too high and areas per moleculér?e'[hod an(_j demon_s_trated that the rt_aductlve desorption method
that are physically unreasonable yields packing densities that are too high and therefore molecular

. - areas that are smaller than physically possible. The results of our
an\évﬁ]évﬁ'! \r;glvl\jeussfirt?r?eCShAaIK/?((esﬂgvrcr?idrzslzsigz\xeng)nt:?eutreerrg?ne studies show that the reductive desorption method is systemati-
the packing density of the SAM with the help of eq 7. Figure cally flawed due to errors arising from (1) failure to account for

5 plots A | ding to the ch f th ¢ the double-layer charging contribution, (2) the misconception
plots Ao values corresponding 1o the change ot Ihe SUMace y, ¢ y,q desorption process can be written as a simple reduction
concentration from zero tb. When eq 7 is used in that case,

. o . ' reaction rather than a solvent replacement reaction, and (3)
AT =T. The packing densities of the SAM calculated using this . : : :
o ; - ncorrectly assuming that the charge flowing to the interface per
approach are plotted in Figure 7 (filled squares). Within the ! y assuming g wing I P

. tal th ind dent of notential and thei desorbed molecule is an integer equal to the number of electrons
experimental error, théy are independen 1% poten '2 and their s nsferred from the metal to the molecule. We have been able
average value amountslio= 8.8+ 0.9 x 10-1°mol cm2. This

5 to show that the charge number per adsorbed/desorbed molecule
corresponds to an area per molecule equal to 39DA?, as

h i Fi 7 " This | bl b is dependent on both the electrode potential and the nature of
shown in Figure (empty squares). This IS a reasonable numMbely, supporting electrolyte. Furthermore, we have provided a
in agreement with the van der Waals model, in contrast to the

ductive d . hod. which ai hvsicall bl physical model that explains that the potential dependence results
:gsﬁﬁgve esorption method, which gives physically unreasona efromthefactthatthecathodicdesorption reaction is a substitution

) _reaction in which water and specifically adsorbed anions compete
We note that the coverages calculated using the reductiveyth the thiol for adsorption sites on the electrode surface. The
desorption method are too high by only-180%. Thisrelatively  molecule we have chosen to study is a prototypical, alkyl chain

small error explains why this method is so popular. Infact, when thjo|, and we feel that these results are generally applicable to
the double layer charging termisignored, the reductive desorption 5| thiol-based SAMs.

method uses overestimated valuespand a charge number

equal ton, Which_is t(_)o large. Serendipitously,_when the ratio Acknowledgment. This work was supported by grants from
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