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Abstract: We have studied the temperature and adsorbate concentration dependence of alkanethiol/gold monolayer
formationin situand in real time using a quartz crystal microbalance to monitor the rate of reaction. The temperature
dependence of the experimental rate constants, for a given concentration, demonstrates that the formation of these
monolayers is not diffusion rate limited for the conditions we report here. Our data are modeled accurately by the
Langmuir adsorption isotherm and, using this model, we have determined the adsorption and desorption rate constants
for monolayer self assembly. We have extracted from these data the thermodynamic quaGttieAHa.qs and

AS,gs for monolayer formation. For 1-octadecanethiol adsorption frehexane onto goldAG,gsis temperature
dependent and isa. —5.5 kcal/mol,AHags= —20 £+ 1 kcal/mol, andAS,gs= —48 + 1 cal/(motK). These data

have direct bearing on the broader field of interface chemistry because they underscore the dominant role that entropy
plays in determining the course of chemical reactions at interfaces and the robustness of the resulting molecular
assembly. We discuss the implications of these data on the stability of the monolayers and the limits that these
values place on the extent of experimental control available over their formation.

Introduction of these interfaces to important technologies such as chemical
sensing, microdevice patterning, and surface lubricdfiofs.

The self assembly of alkanethiol monolayers onto gold has 1 extensive literature that exists on these systems is aimed

been studied extensivély*’ due to the potential applications
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largely at understanding the steady state properties of theat 293 K were—5.6 + 0.4 kcal/mol for 1-octadecanethiol
monolayers once they have formed, and from these studies hasdsorption onto gold from-hexane,—5.5 + 0.2 kcal/mol for
emerged a reasonably consistent picture. For long-chain  formation of 1-octadecanethiol/gold from cyclohexane, add4
alkanethiols £Cj0H21SH), the aliphatic chains are densely + 0.2 kcal/mol for formation of 1-octanethiol/gold from
packed with a 5-A interchain spacing on Au(111), once formed n-hexane® These modest free energies, on the order of the
and anneale#->> These chains are in a predominantlytadins hydrogen bond strength characteristic of liquid alcol6ls,
conformation, and the thiol head groups exist invé8k+/3)- demonstrated that these systems are highly labile, a finding at
R30° configuration on the hexagonal close-packed Au(111) odds with the then-prevailing thought that, once formed, the
surface>® Recently, it has become increasingly clear that these monolayers exhibited few dynamics. Studies of the mobility
monolayers are highly dynamié¢18:5657with desorption and  of alkanethiol/gold monolayers by the McCarley and Tarlov
structural rearrangement playing an important role in determin- groups using scanning probe microscopy have revealed the
ing the evolution of the macroscopic properties of the interfaces. presence of mobile defect sites, providing a different indication
Despite this significant level of understanding, there remain of the labile nature of these monolay&f§® In that work, it
several substantial open questions in this field relating to the was shown that the rate at which these defects migrated across
mechanism of monolayer formation and the extent to which the surface was independent of alkanethiol chain length,
surface defects mediate the dynamics of the monolayers, oncesuggesting that the thiol head group plays the dominant role in
they have formed. mediating the adsorption and desorption st€pnd that the
The prospect of using self-assembled monolayers for pat- first layer of Au atoms was apparently involved in the monolayer
terning and in chemical sensing applications requires that rearrangement directRf. The relatively small free energies of
monolayers possessing functionalities more complex than thatadsorption we obtained in our earlier work indicated that
available with simple aliphatic thiols be synthesi#&d’4350.5860 alkanethiols are not bound to the surface strongly, but it was
The details of the interaction between the thiol head group and not clear, based on a single quantityGaq9, whether the labile
the Au surface remain, to some extent, uncertain and in addition, nature of these films was a consequence of chemically weak
it has been demonstrated that the “tail group” can alter the interactions between the adsorbate and the surface or the
organization of the formed monolayer if the organic tail contains counter-balance of two significant but opposing forces, specif-
chemically active or bulky termini. Thus there is a competition ically the enthalpy and entropy of adsorption. The answer to
between different regions of the monolayer to determine the this question was indicated by earlier work on the thermal
macroscopic organization of the system. In order to understanddesorption of a monolayer of alkanethiols from Au. Nuzzo and
the balance that exists between the thiol head group interactionsco-workers desorbed a dimethyl disulfide monolayer from gold
with the metal surface and organic tail group interactions with thermally, recovering a heat of desorptiohHge9 of 28 kcal/
adjacent adsorbates, there needs to be a better understandingol.?® The implied heat of adsorptiomHads= —28 kcal/mol,
of the initial self-assembly process, and that is the focus of this was determined in the absence of solvent and using a different
work. adsorbate, and while leading, the utility of this value for
We have reported before on a method to monitositu, the comparison with our experimental data &fBadsis limited due
adsorption of alkanethiols onto gold using a quartz crystal 0 the unknown solverithiol contribution to our data. In order
microbalance (QCM) fabricated with evaporated gold electrodes t0 determine the enthalpic and entropic contributions to the small
that are predominantly Au(1143:51 We were able to monitor ~ AGass We measure for adsorption from solution, we have
the mass change of the QCM resulting from the adsorption of Measured these quantities directly through the temperature
alkanethiols onto the gold electrodes with subsecond time dependence ok, and kg, the adsorption and desorption rate
resolution, allowing access to direct information on the forma- €onstants for monolayer assembly. Our data indicate that the
tion of the monolayer. Earlier studies of alkanethioligold formation of these monolayers is spontaneous-by5.5 kcal/
monolayer formation, performeek situwith techniques such ~ Mol at room temperature because of the offsetting effects of
as external reflection FT-IR optical ellipsometry8 radio large enthalpic and entropic forces. In this paper, we focus on
isotope labeling? and liquid contact angle measureméfwyere ~ 1-octadecanethiol/gold monolayer formation frorhexane.
limited to time resolution on the order of minutes to hours. Our We measure the temperature dependence of the equilibrium
in situ data demonstrate a kinetic response fully consistent with COnstantKeq to determine the enthalpy of adsorptiofiHaas
that predicted by the Langmuir adsorption isothéfnf® and ~ FromAGau(T) andAHagswe determine the entropy of adsorp-
by modeling the experimental adsorption data using this 0N, ASws These thermodynamic quantities underscore the
isotherm, we were able to determine the free energy of high degree of molecular organization characteristic of self-

adsorption for the monolayer. The values we obtained\f8s4s
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assembled monolayers and serve to place limits on the ultimate
structural robustness and chemical “tunability” attainable with
a thiol/gold monolayer assembly approach.

Experimental Section

Kinetic Measurements. We have reported previously on the
microbalance apparatus used to measure monolayer adsorption kinetics
and recap only the essential details here. The QCM was suspended in
solution with isolated electrical connections for both gold electrodes
using a modified spring clip. AT-cut quartz crystal microbalances (6
MHz resonance frequency) with vapor deposited gold electrodes were
obtained from McCoy Electronics (part number 78-18-4). These QCMs
were sufficiently robust to avoid breakage resulting from the contact
pressure required to ensure reliable electrical contact. The QCM was

(67) Blanchard, G. 1. Phys. Chem1988 92, 6303.
(68) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. H. Am. Chem. Soc.
1987 109 733.
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connected to a-6 MHz oscillator tank circuit (Maxtek part number  tography and mass spectrometry to determine the presence of the
124200-4) and a frequency counter (Phillips model PM 6673) was used corresponding dioctadecyl disulfide, and none was detected. The
to monitor the QCM oscillation frequency. This frequency counter solventn-hexane was purchased from Baxter (Burdick and Jackson)
has 1-Hz resolution with a gate time of 280 ms. The analog output of and used without further purification. For conductivity measurements,
the frequency counter was routed to a computer for acquisition, A/D 1—3 um Au dust was purchased from Aldrich Chemical Co. and used
conversion, and storage. For all adsorption rate measurements, the datas received. For the conductivity measurements, anhydrous ethanol
were acquired at ten readings per second to ensure adequate samplingolvent was used.

of the QCM kinetic response. Electrical connections between com-

ponents were made using shielded coaxial cables to minimize QCM Results and Discussion

frequency instability arising from electrical interference. . . .
QCMs with a resonance frequency-96 MHz are sensitive to mass The Adsorption and Desorption Reactions. Before pre-

changes as small as a few nanograms. Several factors, in addition t0>€NtiNg our experimental data on the thermodynamics of
the mass loading of the device surfaces, can affect its oscillation Monolayer formation, it is important to have a clear understand-
frequency. The resonance frequency of the QCM is related to massing of the chemical reaction to which these data apply. While
loading according to the Sauerbrey equafbhis relationship holds the initial reactants are known and the product monolayer is
quantitatively for gas-phase measurements,ifbsitu solution-phase comparatively well-characterized, the structural identity of
measurements using the QCM are, in many cases, only semiquantitativenonolayer constituents that desorb from the Au surface remains
due to the complex dielectric response of the solvent and the presenceypen to speculation and is awaiting direct experimental verifica-
of the adlayer(s). The basis for complications associated with QCM tjon of their identity. Specifically, there are two points of

mass measurement in liquids is discussed in detail elsewhrand 1o orainty that exist in the literature. These are the fate of the
is not directly relevant to the focus of this work. Our primary objective . . . . "
thiol hydrogen and its role in desorption, and the competition

here is to determine the rate of mass change associated with theb hiol d - d disulfide d . W id
formation of the alkanethiol monolayer. We do not attempt to extract etween thiol desorption and disulfide desorption. We consider

absolute mass change information from our data and thus many of theP€low the current understanding of these reactions, the possible
complications associated with the operation of a QCM in solution for desorption products, and the likely reaction scheme for our
quantitative applications do not play a role in our measurements. experimental conditions.

In addition to the several material factors that contribute to the  The initial adsorption reaction can, in principle, proceed either
experimental response of the QCM, the resonant frequency of theseby ionic dissociation of the thiol or by formation of*H
devices depends sensitively on temperature. To minimize QCM
frequency drift associated with thermal fluctuations, the temperature . — + :
of the solution and QCM was controlled to withir0.05 K for a given RSH+Au—RSAU +H ()
set point. Measurements were performed in a 150 mL jacketed beaker
connected to a flowing liquid temperature controller (Neslab model

RTE-110). The temperature was varied from 288 to 303 K in . . . "
increments of 5 K. Total solution volume in the jacketed beaker was and based on available electrochemical evidérce“as well

100.0 mL for each measurement. Stirring was accomplished with a @S conductometric dafayeaction ii is favored significantly over

magnetic stirrer and a Teflon coated stir bar. The stirring speed was reéaction i. This portion of the monolayer formation reaction is

set to be as fast as possible without introducing fluctuations to the QCM comparatively well understood, save for the fate ofdt the

baseline frequency. Au surface. The role of His different in the two most likely
The jacketed beakers and other glassware used for the measuremenigesorption reactions,

were cleaned using chromic acid solution and rinsed with distilled water,

RSH+ Au— RSAu+ H' (ii)

tetrahydrofuran (THF), and-hexane prior to each measurement. The k,
QCMs were cleaned with piranha solution ¢4 (30%):3HS0y) for 2RSHgq) T 2AU, oy 2RSAy, + H, (iii)
5 min, rinsed with deionized water, and dried in a stream of high-

purity N,. The cleaned QCMs were then rinsed with THF to remove K, )
any residual water, then witithexane and used immediately thereafter. 2RSAY, Py RSSRsqy) 1 2AuU (iv)

Prolonged exposure to piranha solution damaged the QCM electrodes,

as evidenced by an increase in frequency fluctuations for the baseline . . . _— .
readings. The mechanism of the damage is likely the attack of the Cr We cons@er first the enthalpic contr|but|ons.to reactions iii .an.d
bonding layer between the quartz and the Au. Typically, a new Qcm vV t0 estimate the course of the desorption, whether it is
was used each third run, as determined by the stability of the baselinePredominantly viak-; or k.. Given the starting materials,
frequency. Individual monolayer adsorption measurements began with RSHso) and Ayg), the forward reaction, with rate constdat
pure solvent in the temperature-controlled vessel to establish a stableis the starting point. In order to estimate the heat of reaction,
QCM baseline oscillation frequency. An aliquot of stock thiol solution we need first to understand the fate of Hrhere is literature
was then introduced by syringe. The stock solutions were of sufficiently precedent for absorption of*Hhto thin Au films,”® and such
high thiol concentration to allow small injection volumes, minimizing  gp, absorption would be in competition with formation of H

mechanical disruption of the contents of the reaction vessel. For a f.om 24+ For the reaction 2H— H,, AH = —104 kcal/mol’4
" - : . ) )
104 M thiol final concentration, for example, 99.0 mL of solvent was and for H + Aug — HAUg, AH = —2 kcal/mol” The

introduced to the jacketed beaker and, after thermal equilibration,withf fi f | lar hvd ill be f d di |
stirring, data were collected for 10 s to establish a QCM baseline ormation or molecular hydrogen will be favored over dissolu-

frequency. Injection of 1.0 mL of stock 18M alkanethiol yielded a  tion of H" into the Au matrix, although this is not necessarily
104 M final concentration in the reaction vessel. The stock solutions the case for all metals, such as Pd or Pt. We must also consider

were maintained at the same temperature as the solvent in the reactiodhe possibility that His stored as B, if O is available to the
vessel to avoid thermal disruptions resulting from injection. reaction at the time of monolayer formation. The enthalpy of
Conductivity Measurements. The conductivity of suspensions of — -
. . (72) We measured the conductivity of a suspension-68 xm of gold
Au dust in etha_nol were measure_d_before and after the addition of in anhydrous ethanol during the addition of ethanolic 1-octadecanethiol.
1-octadecanethiol using a conductivity meter and cell (Cole-Parmer). we detected no change in the conductivity of the solution as a result of
Chemicals. 1-Octadecanethiol was purchased from Aldrich Chemi- RSH/Au interaction €0.01 u-mho). If the dissociation of Hfrom RS

cal Co. and used as received. The thiol was tested by gas chroma-were complete, for our experimental conditions we would expect the change
in [H*] = 4.6 x 10°% M. The corresponding change in conductivity of a
(69) Sauerbrey, G. ZZ. Phys.1959 155, 206. 4.6 x 10—6 M ethanolic HCI solution relative to neat ethanol was measured
(70) Yang, M.; Thompson, MLangmuir1993 9, 802. to be 0.47u-mho.

(71) Yang, M.; Thompson, MLangmuir1993 9, 1990. (73) Stobinski, L.; Dus, RAppl. Surf. Sci1992 62, 77.
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formation of HO, from H, and Q is ~—45 kcal/mol, and the
dissociation reaction of ¥, to form H + HO* yields —40
kcal/mol’* Thus the presence of,Gat the surface has some
effect on the availability of Hto the desorption but the energies wherek, andky are the adsorption and desorption rate constants
are modest and the desorption to the thiol will still proceed for monolayer formation. There are several conditions for which
because of the limited amount of @vailable at the Au reaction  this could not be the dominant desorption pathway, such as when

Ky
RSHgqn) T Aug, - RSAu(s)+ Y/ 2Hason) v)

site. disulfide$® or thioether®’ are used in forming the monolayer.
For the formation of the monolayer, where the bond dis- Under these conditions, where k8 not available as a product
sociation energy for the RSH bond is taken to be-87 kcal/ of the initial adsorption reaction, we expect that desorption of

disulfides will be the primary reaction pathway. With the
probable chemical reaction pathway determined for our mea-
surements, we consider next the form and interpretation of the
QCM kinetic data.

Experimental Data and Reaction Kinetics. The monolayer
formation experiments yield information about the assembly of
alkanethiol/gold monolayers based onsity, real-time data
(Figure 1). Noticeable is the short time it takes to achieve a
steady state condition (seconds). Early studies reported that
monolayers required formation times of hours to da§%
However, thesex situstudies were done using techniques that
measured properties resulting from monolayer formation such
as ellipsometric thickness, IR peak position, or solvent contact
angle%862 |t has since been found that the monolayer properties
mentioned above are the result of ordering brought about by
the structural annealing of the monolayer aliphatic chains. More
; ° - ) . recent studies have shown that there are two distinct processes
predict that both _desorptlon reactions will contribute to the jccociated with monolayer formation. The first process is
monolayer dynamics. adsorption of thiol head group to the Au surface and the second

The enthalpic contributions to the formation and dynamics js structural annealing of the adsorbate aliphatic chains. There
of these monolayers do not provide a complete picture, however.is some very recent and compelling evidence for cooperative
In addition to enthalpic contributions to the reaction, there are interactions between head and tail groups in the formation of
also entropic considerations that are non-negligibies(infra). monolayers by UHV vapor phase adsorptiénAdsorption from
As we detail below, our data indicate a large negative entropy solution, however, will be mediated by the solvent interactions
associated with the formation of the monolayer. In other words, with the thiol tail group, and the cooperative formation of highly
there is a significant increase in the order of the system in going organized islands of alkanethiols on Au for low fractional
from a clean metal surface and solvated thiols to an organizedcoverages from solution remains to be demonstrated. We
two-dimensional array of goldthiol bound species. There is  consider for solution-phase processes that the adsorption and
a significant entropic driving force for the desorption of the annealing processes can be treated separately to good ap-
monolayer, and the expected entropic contributions for the two proximation based on the significant body of experimental data
processes presented in reactions iii and iv need to be comparedindicating their widely differing time scalés:1862 An important
We measure experimentally thAGes > 0, and argue that, on  factor in the acquisition of the raw data is the temporal resolution
stoichiometric groundsASe ~ 2ASEoR Given that the ~ of the measurement. We designed our experiment so that we
enthalpic contributions to each desorption reaction are essentiallywould have sufficient data for determination of the kinetic rate
identical, to within the uncertainty of the values used in these constants. The frequency counter we used had a gate time of
estimates, the difference in the free energy of desorption for 280 ms €-4 readings/s), and the computer data collection

the two processes will be determined by the entropic term, ~ Program acquired 10 readings/s. Oversampling in this manner
ensures that the frequency counter time resolution is limiting
for these experiments.

We next consider the interpretation of our raw kinetic QCM
responses. We have provided a detailed explanation of the data
Equation 1 indicates that the energetic barrier for desorption of processing and modeling elsewhéteand include only the
the monolayer back to thiol is smaller than that for desorption essential aspects of this treatment here. The adsorption experi-
of a disulfide by an amountTAS>~ For our experimental  ments were performed in solutions with concentrations ranging
conditions, which we describe below, we estimate that desorp-from 3 x 1078 to 3 x 10~* M 1-octadecanethiol im-hexane.
tion back to the thiol is favored over disulfide desorption by The adsorption kinetics exhibit a concentration dependence with
~6—12 kcal/mol near 300 K. the rates increasing in proportion to thiol solution concentration.

As noted above, the dominance of desorption to yield the Within the concentration range used here, we model/dus.
thiol requires the availability of band/or H, and if these species ~ time data using the Langmuir adsorption isothéfnt?
are not available, then desorption to form disulfides in solution
would dominate the reaction pathway. Given the presence of do _ k(1— 6)C — k0 2)
H, in the system by the formation of the monolayer, the dt
solubility of H* in Au, and the presence of air, we believe that
the dominant reaction for our experiments is

mol 2% the RS-Au bond dissociation energy is40 kcal/molt

and 2H — H, dominates over Au matrix absorption of,khe
calculated heat of this reaction i85 kcal/mol. The heat of
the reverse reaction, denoted by the rate congtarih reaction

iii, is 5 kcal/mol, if all of the reactants are available. We
compare the desorptive reaction yielding starting materials to
the formation of the disulfide, according to the reaction denoted
by rate constark; in reaction iv. The reaction to form RSSR
involves the breakage of two R&\u bonds (40 kcal/mol each)
and the formation of a RSSR disulfide bond €74 kcal/mol

for disulfide bond cleavag®, yielding a net heat for thé&,
desorptive process af6 kcal/mol. Note that this latter reaction
does not require hydrogen to proceed, where the reaction to
form thiol from the adsorbed monolayer does require a source
of H,. Based on enthalpic arguments alone, and given the
presence of kifrom the initial monolayer formation, we would

AG2RSH _ AGRSSR— _TAGRSSR @

des des es

where#f is the fraction of available sites, and the quantiigs
and kg are the adsorption and desorption rate constants,

(74) CRC Handbook of Chemistry and Physigdst ed.; Lide, D. R., respectively. As noted previously, there are several assumptions
Ed.; CRC Press: Boca Raton, FL, 1990. implicit in the use of the Langmuir adsorption isotherm for
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Table 1. kos Values Determined from Raw Data as a Function of
s Thiol Concentration
TemhmT T T temp (K) thiol concn (M) Kobs = 95% C.I. (s9)
———— 288 1x 10°° 0.17+ 0.09
_ 3x10° 0.28+ 0.10
40 - 5 1x 107 0.964 0.84
2x 104 1.444+ 0.86
: 293 1x 10°° 0.11+0.04
: 3x 10 0.15+£0.11
5 0r . 2x 10 0.51+ 0.35
= : 3x 104 0.78+ 0.46
b : 298 1x 1075 0.16-+ 0.04
Tl : 3x10°° 0.25+0.14
¢ 1x 104 0.33+0.22
2 x 104 0.53+0.42
¢ 3x 104 0.84+ 0.54
10k : 303 1x 1075 0.21+ 0.08
: 3x10° 0.404+0.13
°. 1x 104 0.43+0.20
I 2x 107 0.71+0.33
0 | -
[ N SR S SR S 14 { T

0 25 50 75 100 125 150 175
time (s) 12

Figure 1. Raw QCM —Af vs time data for 1x 1075 M 1-octade-
canethiol adsorption frorm-hexane at 288 K. The actual QCM

oscillation frequency isa. 6 MHz higher that the frequency indicated 10 F
on the ordinate. The fit of the data to eq 4 is shown (small dotted r T
line), wherekyps = 0.174 0.09 s andt, = 3.0 s. The dashed line at P
Af ~ 3 Hz indicates the pre-injection baseline for the fitting. 08 |-
describing the formation and desorption of these monolayers. _ﬁ |
Based on our previous measurementAdb,qs ~ —5.5 kcal/ 0.6 - _
mol for these monolayei$,the assumption of non-interacting *
adjacent adsorption sites is not violated seriously. In addition, o4l _
the identity of the monolayer constituents precludes multilayer J
formation, at least in the concentration range used here. The o -
Langmuir adsorption isotherm provides a framework for data 0.2
interpretation that is consistent with our knowledge of this Z_ L
system. Integration of eq 2 yields the time dependence of . l l . . N 1
S . 0.0l . N . . L
ir:]]otpncq)fyer formation, indicating exponential growth of the layer 0 0 100 150 200 250 300
’ thiol concentration (uM)
_ C Figure 2. Concentration dependencelgfsat 293 K. From these data
0 = C+ (kd/ka)[l exp(k,C + kyt] ®) we obtain best fit values d&, = 2278+ 92 Mt st andks = 0.08

0.02 st

We measure, for a given thiol concentration and temperature, at,pje 2. Adsorption and Desorption Rate Constarksand ko)
buildup of the monolayer in time that is fit best by a single rate from Fits of Eq 4 anckss = k.C + kg to the Experimental Data

constant,kops = kiC + kg. We also substitutéd = C/(C +

. . . temp (K M-ls?t st
[ka/'ky)) into eq 3 because we are not attempting to quantitate P9 kel ) ke (57)
the mass adsorbed. The tekhtorresponds to the steady state ggg gg;i 823 g'égi 8'83
fraptpnal coverage of the morjolgye?(oo). To gccount for 298 2201+ 198 0.14+ 0.03
finite introduction time of the thiol into the reaction vessel, we 303 2278+ 537 0.244+ 0.06

incorporate a temporal offsetp) in our fitting equation. The
simplified form of eq 3 used to fit the data is

0(t — tg) = K1 — exp(=kypdt = to))] 4)
Keq = Kdkg
See Figure 1 for an example of the fit of eq 4 to the
experimental data. Note that, as discussed above, we are not AG,4s= —RTIN K,

the adsorption reaction v,

attempting to extract adsorbed mass information because of the
complications associated with solution-phase measurements. WeBy performing our experiments at specific temperatures in the
have determined the concentration and temperature dependenceange of 288303 K, we have measured the temperature
of kops (Table 1). For a given temperature, the dependence of dependence dfeq and AGagswhich we present in Table 3 and
kobs ON thiol concentration (Figure 2) provides information on Figure 3. The data exhibit a substantial decreaskeiwith

the adsorption and desorption rate constdgtandky (Table

(5)

increasing temperatureAG,q4s becomes less negative with

2). These data can be used to calculate the equilibrium constanincreasing temperature. Since a negatiV8,qs indicates a

Keq and thus the Gibbs free energy of adsorptidiGaqs for

spontaneous condition, the trend to less spontan&@ygswith
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Table 3: Temperature Dependence of the Equilibrium Constant
(Keg) and the Gibbs Free Energy of AdsorptiohGaqg

11.0

temp (K) Keq AGags(kcal/mol)
288 52854+ 37100 —6.22+ 0.30
293 28475+ 9134 —5.97+0.14
298 15721+ 3653 —5.72+0.10
303 9492+ 3262 —551+0.15 10.5 |-
] a g |
54 F M
> = 100 |
5.6 |- 7
-5.8 i Y

6.4 e
6.6 L N L s 1 . B [ 1 9.0 KL
288 291 294 297 300 303 I | . L
b+ 3.30 3.35 3.40 3.45
$x104 | b T1 (x10%)
t Figure 4. Van't Hoff plot of In Keq vs T-1. From these data we
6x104 determineAHaqss = —20 £ 1 kcal/mol.
= ®
2" _ .
4x10t - of the gold-thiol bond, which is expected to proceed more
b ¥ rapidly than rearrangement and annealing steps in the formation
2x104 | l L 3 of the monolayer. The thermodynamic results on alkanethiol
, . . . | [ adsorption to Au are interesting in and of themselves and are
288 291 204 297 300 303 consistent with the other, limited thermodynamic data that exist
temperature (K) for these systems. We consider next the implications and
Figure 3. Temperature dependence of (&J5.qs and (b) Keq The chemical information content of these resuits.
regressed line shown in part a yields a slope-tS.s= 48 £1 cal/ Before dlscuss_lng the chemical implications o_f these data_,
(molK) and an intercept ofAHags= —19.9 + 0.4 kcal/mol. we need to consider whether or not the adsorption process is

diffusion limited. Indeed, if the reaction under consideration
increasing temperature indicates that the adsorption process wés diffusion limited, then a Langmuir treatment of our data is
measure is exothermic. The temperature dependen¢@of  inappropriate. We presume as a starting point that both

allows the calculation of the enthalpy of adsorptitif]ags Using adsorption and desorption occur, and thisatzis supported
the van't Hoff equatior$® by both McCarley’$” and Poirier'$® atomic microscopy data.
Recently, the Schlenoff group has suggested that the adsorption
_AHads_ In Keq 6 reaction is diffusion rate limitéd based on initial rate data that
R T1 (6) we had reported previousl. The temperature dependence of
the observed rate constant for a fixed thiol concentration (Figure
We show in Figure 4 the linear dependence oKl on T2 5) demonstrates clearly that the adsorption reaction is not

giving a slope of-AHaidR. We obtainAHags= —20 + 1 kcal/ diffusion rate limited. Our basis for this statement is that a
mol for the adsorption of 1-octadecanethiol/gold monolayers diffusion rate I_imited reaction should possess a rate constant
from n-hexane. From thé\G,u{T) and AHaqs We obtain the that depends linearly on temperat@tend the data presented

entropy of adsorption, in Figure 5 are independent @f to within the uncertai_nty _of
the measurement. We note that the data presented in Figure 5
AG, 4= AH_ 4 — TAS, 4 ) are rate constants extracted directly from raw data and do not

depend on the use of the Langmuir isotherm. Regardless of

The dependence #G,yson T is shown in Figure 3a. We find  the isotherm under consideration, our data demonstrate that the
from a regression of these data thAGys = —48 + 1 adsorption of alkanethiols onto Au is not diffusion limited for
cal/(motK) and, as a comparison to the van't Hoff determination these conditions.
of AHags We obtainAHags = —19.9 £ 0.4 kcal/mol. This There are two processes intrinsic to the formation of self-
alternate route tdHygsserves as a useful self-consistency check assembled monolayers, and they proceed on significantly
on our results. different time scales. These processes are the initial adsorption

We note that, because the alkanethiol/gold system is an of the thiol head group to the Au surface, which occurs within
equilibrium system, the fractional coverage of the Au surface seconds of exposure, and subsequent to head group adsorption,
depends on the concentration of the thiol solution, and over the the aliphatic chains anneal from an initially statistical distribution
concentration range studied here the fraction of the surface, of conformers to a predominantly alans conformation over
~0.1(RSH=1x10°3M)to 6§ ~ 1 (RSH=3 x 1074 M).18 a period of hours to days. Our QCM-based kinetic studies yield
This concentration-dependent surface coverage is expressed imnformation about thiol head group adsorption. Accordingly,
the prefactor of eq 3 and is an expected result based on thewe consider the processes of initial adsorption and aliphatic
predictions of the Langmuir adsorption isotherm. The phe- annealing separately and assume that they are significantly
nomenon under examination in this work is the initial formation decoupled.
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2.5 r contribution toAHy may be associated with the polarity of
the transition state in the formation of the gelthiol bond and
-l the extent to which the solvent stabilizes or destabilizes that
state?® but this effect is likely to be modest because of steric
2.0 i constraints in the formation of the monolayer and the presence

of the metal interface.
The entropy of adsorptiom\Sgs is —48 £+ 1 cal/(motK).
This quantity is approximately four times larger than a typical
° ASys for a liquid-to-solid phase transitioit. For the same
reason thatAHp, is largely thiol independent, we expect the
entropy of adsorptiomAS.gs to be substantially independent of
thiol aliphatic chain length. This large entropic term is
dominated by the change in system order associated with
L alkanethiols oriented randomly in solution going to produce a
J_ highly organized, two-dimensional crystalline array of thiol head

05 [ groups on gold.

(sh

k
obs
=
T

Given the predicted thiol independenceifi, and AS.gs
it is important to review our previous experiments indicating
solvent- and thiol-dependent monolayer formation. We account
0.0 2;38 * 2;1 * 2;4 - 257 ' 330 * 3(‘)3 for the thiol dependence &G,y We observed for monolayer
formation fromn-hexane based on different solvation enthalpies
temperature (K) for the two thiols. For the adsorption of 1£El3;SH, AGags=
Figure 5. Temperature dependence of the observed rate condtagts, —5.6 4 0.2 kcal/mol at 293 K, and for 14Ei;;SH monolayer
These data are essentially temperature independent, to within theformation,AGadsz —4.44 0.2 kcal/mol at the same temper-
uncertainty of the measurements. No linear dependenkg<@n T is ature!® As discussed above, we believe that the enthalpy of
s e monolayer formationAH,, is constant for all thiols at-28
kcal/mol. The solvation enthalp&Hsoy is, of course, solvent
dependent. We calculateHso, = —8 kcal/mol for 1-octade-
canethiol inn-hexane andAHs,, = —9 kcal/mol for 1-oc-

For 1-octadecanethiol/gold monolayer formation fram
hexane AG,4s= —5.5 kcal/mol depending on the temperature.

The magnitude 0AGagsfor the 1-octadecanethiol/gold mono- e . L

. o ) tanethiol inn-hexane. Invoking the thiol independenceA&,4s
Iaye:tls fthe slamebasl that Og atvl\llqwd tahlcohotlhhylldrogeg botnd, thefyieldsAHadsz —19 kcal/mol for the 1-octanethiol/gold mono-
result ot a close balance between the enthalpy and entropy o layer. For alkanethiol monolayer formation on Au, the enthalpy

adsorption, both of yvhlch are significant for this reaction. The of solvation,AHsa, is the primary quantity under the influence
enthalpy of adsorpno'rAHadg was found to be-20 + 1 keal/ ... of experimental control, and attempts to enhance the robustness
mol. We note that th'.s val_ue does not correspond close_ly with of alkanethiol monolayers will ultimately be limited by the
the calculated quantities discussed above for the formation andextent to whichAH-. can be adiusted

desorption of the monolayer. We understand the differences solv ! '
between calculation and experiment based on our use of standar€onclusions

enthalpies in the calculations and the significant difference e have measured the thermodynamics of 1-octadecanethiol/
between our experimental conditions, which include solvation gold monolayer formation fronm-hexane solution. Our data
effects and standard conditions. We can compare our experi-indicate that the comparatively small free energy of adsorption
mental value oAAHagsto theAH for desorption of a monolayer  for this system is the result of a close balance between the
of 28 kcal/mol for desorption into air obtained by Nuzzo and enthalpic driving force for the reaction and an entropic penalty
co-workers?® Our data contain both solvation and adsorption associated with the high degree of organization associated with
information and their data are a direct measure of (reversible) self assembly. For our experimental conditions the dominant
desorption. The difference between their data and ours indicateschemical reaction is the reversible adsorption of the alkanethiol,
the enthalpy of solvatiom\Hso ~ —8 kcal/mol for 1-octade-  and the temperature dependence of the QCM kinetic response
canethiol inn-hexane because their data represent, almostdemonstrates that the reaction, for our conditions, is not diffusion
exclusively, the goletsulfur interaction. The enthalpy of  rate limited. These data point collectively to the fact that there

solvation is both solvent and thiol dependent and th8kcal/ are limits to the robustness of alkanethiol/gold monolayers and
mol is a useful, but only qualitative, estimate for other systems. that the ability to adjust the formation properties of this system
The adsorption enthalpy we measufeags (—20 kcal/mol), is limited primarily by the solubility of the alkanethiol in the
consists of the balance between the solvation enthalgys, solvent from which the adsorption takes place. Because the
(—8 kcal/mol) and the monolayer formation enthaljlym (—28 formation of the thiol-Au bond is fast compared to the structural
kcal/mol). annealing of the organic tail group, these data may be of some
utility in predicting the formation properties of other thiol/gold
AH, 4= AHy — AHgy, (8) assemblies in the limit that steric contributions from the organic

tail groups do not preclude significant monolayer formation.
The quantityAHy, is dominated by AuS bond formation and
any energy associated with displacement of solvent from the
Au surface during the formation of the monolayer. We expect
that AHy, will be largely independent of thiol chain length . .
because the dominant process on these comparatively short timg rogram at MSU. We are mdebted_to Professor J. Allison for
scales is the interaction between the thiol head group and theseveral insightful suggestions on this work.
metal surface. We note that one potential solvent-dependentJA961565R
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