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A Steady-State Kinetic Model Can Be Used to Describe the Growth of Self-Assembled
Monolayers (SAMs) on Gold
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The kinetics of formation of self-assembled monolayers (SAMs) on gold generated by the adsorption of
2,2-dipentadecylpropane-1,3-dithid-C17, [CH3(CH,)14]2C[CH,SH]), 2-pentadecylpropane-1,3-dithioh{

C17, CHs(CH,)14CH[CH,SH],), and heptadecanethioh{C17, CH3(CH,)16SH) from 1 mM solutions in
isooctane were explored. A series of systematic coadsorption studies involving these adsorbates was also
examined. Similarly, the kinetics of adsorption of the corresponding disulfides, 4,4-dipentadecyl-1,2-dithiolane
(d-C17SS [CH3(CH,)14]2.C[CH.S],), 4-pentadecyl-1,2-dithiolanentC17SS CHs(CH,)14CH[CH,S],), and
diheptadecyl disulfiden-C17SS [CH3(CH,)16S]), were explored. The kinetics were monitored by optical
ellipsometry, contact angle goniometry, and polarization modulation infrared reflection absorption spectroscopy
(PM-IRRAS). For the formation of densely packed SAMs, the data showed two kinetic adsorption regimes:

a fast initial regime in which~80—90% of the monolayer was formed, followed by a slower orientational
ordering regime in which the alkyl chains became more densely packed and highly crystalline. In contrast,
the formation of loosely packed SAMs exhibited a single rapid adsorption regime with little subsequent change.
A comparison of the kinetic and coadsorption data generated from the various adsorption studies was interpreted
using a steady-state kinetic model involving an initial steady-state physisorption, followed by a chemisorption
step, leading ultimately to complete monolayer formation. The relative rates of adsorption in the slow ordering
regime were perhaps additionally influenced by the rates of diffusion of the adsorbates through the partially

formed monolayer films.

Introduction generated from these two types of adsorb&te’S.Other reports
have suggested different binding properties (e.g., adsorption as
Although the properties and uses of self-assembled mono-a dimer) for SAMs derived from disulfides compared to those
layers (SAMs) of alkanethiols and dialkyl disulfides on gold derived from thiol£%2! Previous studies of the kinetics of
are well establishe#;? the fundamental adsorption mechanisms monolayer formation and/or exchange have found, in general,
that govern SAM formation remain poorly defined. Several that normal alkanethiols are kinetically more labile than their
research groups have employed a variety of techniques tocorresponding dialkyl disulfides?1522The difference in rates
explore the intrinsic adsorption proces$e3he proposed nature  has been attributed to (1) greater steric hindrance afforded by
of the steps involved, however, varies widely according to the the large dihedral angle (€5—S—C ~ 90°)2 of the disul-
analytical method, concentration in solution, chain length of fides?22 (2) preferential displacement of adsorbed solvent by
adsorbate, type of solvent, and cleanliness of gold substratethe thiols®> and/or (3) preferential chemical interactions
employed in the investigatiorfsAlthough at least two studies  between the thiols and the surface of gtid?
based on UHV scanning tunneling microscopy (STM) have A major goal of our research is to understand the relationships
proposed a one-step mechanism for the adsorption pré€ess, petween the kinetics of film growth and the structure of the
most studies favor a two-step mechanism that involves a fastadsorbates. These studies might lead not only to new insight
initial adsorption followed by a slower orientational orderfify. into the fundamental mechanism(s) of SAM formation but also
In the latter studies, the presence of an adsorbed monolayer iso new strategies for enhancing film performance and stability.
usually detected within a few minutes or even seconds of |n previous work, we explored the use of chelating sulfur-based
immersion time10 the longer orientational ordering process adsorbates for generating new types of SAMs on gbié? In
might last several houter even days for SAMs formed from  particular, we described a new chelating strategy for the
dilute solutions. Most studies of the kinetics of adsorption have generation of SAMs from 2,2-dialkylpropane-1,3-dithiols
focused on SAMs formed from normal alkanethiols, although (“spiroalkanedithiols”) and 2-monoalkylpropane-1,3-dith?sis2
a few reports have explored the use of structurally distinct sulfur- SAMs derived from these adsorbates exhibited unique structural
based adsorbaté:'4 features when compared to SAMs derived from normal al-
Although the nature of the AuS bond and the quality of  kanethiols. The SAMs generated, for example, from the spiro-
the films generated from alkanethiols and dialkyl disulfides are alkanedithiols were highly oriented and well packed, but less
generally regarded as indistinguishablé®recent studies have  crystalline than those generated from normal alkanetBdls;
suggested distinct properties and final coverages of SAMs contrast, SAMs generated from the 2-monoalkylpropane-1,3-
dithiols were the least densely packed and least crystalline of
* To whom correspondence should be addressed. E-mail: trlee@uh.edu.all adsorbates examiné®l.
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HsC CHg HaC HaC absorption spectroscopy (PM-IRRAS) measurements. All data
/ / . llected witm 3 h after removal of the slides from
(HQ)  (CHais  1a(HaQ) (CHa)1s were co M= an
13 H solution. For a given kinetic run, the average values of
ellipsometric thickness for at least six independent measurements
h [ were always withint-2 A of those reported. Similarly, values
HS SH HS SH SH of 6,10 were reproducible to withig=2° of those reported, and
d-C17 C17 n-C17 values ofv,CH were reproducible to withiat1 cn? of those
reported.
HAC CH 4,4-Dipentadecyl-1,2-dithiolane (d-C17SS)A solution of
H3,C C\H3 H3,C s o ol 8 2,2-dipentadecylpropane-1,3-ditHibl(d-C17, 150 mg, 0.28
13(H2C)  (CHa)yz  13(H2C) 13(H20) (CHa)ts mmol) in 20 mL of anhydrous ethanol and 10 mL of THF was
M warmed to 50°C. To this stirred solution, iodine crystals were
\\‘“ \ carefully added until a yellow-brown color was maintained. The
S-S S-S S—S reaction was allowed to continue for an additional 30 min at
d-C17SS m-C17SS n-C17SS 50 °C. The solution was then concentrated under vacuum, and

the resulting oil was dissolved in 20 mL of diethyl ether. The

Fi 1. f th lecul for th i ies: . . ;
igure 1. Structures of the molecules used for the adsorption studies mixture was washed with water (& 20 mL), dried over

2,2-dipentadecylpropane-1,3-dithial-C17), 4,4-dipentadecyl-1,2-di-

thiolane (-C17S9, 2-pentadecylpropane-1,3-dithish(C17), 4-pen- anhydrous MgS@ and evaporated to dryness. The crude
tadecyl-1,2-dithiolanen-C17S9, heptadecanethioh(C17), and hep- product was purified by column chromatography on silica gel
tadecy! disulfide G-C17SS. using hexane as the eluant to gideC17SSas a clear oil in

72% yield.'H NMR (300 MHz, CDC}): 6 2.88 (s, 4H, E1,S),

For the mechanistic studies reported here, we compare thel.49-1.22 (m, 56H), 0.88 (t) = 7.3 Hz, 6H, G13). 13C NMR
rates of adsorption of the chelating thiols to those of normal (75 MHz, CDCE): ¢ 31.9, 29.8-29.3 (m), 22.7, 14.1. Anal.
alkanethiols having the same chain lengths (Figure 1). Our Calcd for GaHesS,: C, 75.21; H, 12.62. Found: C, 75.19; H,
motivation for undertaking this type of comparison centered on 12.67.
our belief that the bulky headgroup of the spiroalkanedithiols  4-Pentadecyl-1,2-dithiolane (m-C17SS¥tarting from 2-pen-
would introduce unique steric factors that might influence both tadecylpropane-1,3-dithioir{(-C17),2° this cyclic disulfide was
approach to and diffusion on the surface. Moreover, we felt similarly obtained as a clear liquid in 67% yieftH NMR (300
that the low density of 2-monoalkylpropane-1,3-dithiol-based MHz, CDCL): ¢ 3.25 (d of d,Jvic = 7.3 Hz,Jgem= 12.0 Hz,
SAMs would afford enhanced permeability and thus facile 2H, CH,S), 2.79 (d of dJ,ic = 8.0 Hz, Jgem = 12.0 Hz, 2H,
approach of the adsorbate to the surface during film formation. CH,S), 2.51 (m, 1H, @), 1.51-1.16 (m, 28H), 0.88 (1) =
Furthermore, we felt that the chelating nature of both adsorbates7.7 Hz, 3H, Gs). 13C NMR (75 MHz, CDC}): 6 31.9, 29.8-
would inhibit their rates of diffusion on the surface relative to  29.2 (m), 22.7, 14.1. Anal. Calcd fori§HssS,: C, 68.29; H,
those of normal alkanethiol-based adsorbates. 11.46. Found: C, 68.01; H, 11.58.

In other work reported here, we compare the rates of film
formation of both chelating and nonchelating thiols to those of
their corresponding disulfides. We undertook these studies to
examine the potential roles that steric bulk (arising from the
preferred 99 C—S—S—C dihedral angle of normal dialkyl
disulfides¥® and diffusion to the surface (arising from molecular Y
size effects during partial monolayer formation) might play 2-Pentadecylpropane-1,3-dithiomtC17) to those of hepta-

during the adsorption process. To reduce or perhaps eliminated®canethiol if-C17); the structures of these adsorbates are

the influence of these factors, we synthesized and studied theSNOWn in Figure 1. We monitored the kinetics using three

rates of film formation for two chelating dithiols and their t€chniques: ellipsometry, contact angle goniometry, and surface

corresponding cyclic disulfides having-S—S—C dihedral 'R spectroscopy (PM-IRRAS). Because SAMs generated from
angles of less than tQFigure 1)3 Herein, we also briefly the different adsorbates might have different structural properties

explore the influence of solvent effects (ethanol vs isooctane) @1d/0r optical anisotropies, we chose to compare the overall
on the rates of adsorption of heptadecanethiol on gold. adsorption profiles (i.e., the profiles from all three types of
analysis) for each adsorbate rather than comparing individual

data at a single immersion time.

For the adsorption ofl-C17 and n-C17, the ellipsometric

The majority of the materials and experimental procedures thickness and hexadecane contact angle measurements suggest
employed here have been described in detail in previous that ~80—90% of the monolayers formed in less than a few
reports?830 The synthesis of the cyclic disulfides from the minutes or even seconds (Figure 2). Complete monolayer
known corresponding dithic?®3is outlined in the paragraphs  formation ford-C17 was, however, noticeably slower than that
below. Complete analytical data are provided for the previously for n-C17: while limiting thickness and contact angle values
unreported cyclic disulfides. In forming the SAMs, gold-coated for then-C17 SAM were reached withi 1 h (data not shown),
silicon wafers were immersed in 1 mM solutions of each limiting values for thed-C17 SAM were reached only after
adsorbate dissolved in isooctane for the time intervals indicated24—48 h. The PM-IRRAS data in Figure 3, which illustrate
on the kinetic plots (i.e., Figures-2 and 6-8). The resultant the increase in crystallinity (decrease in frequency ofitfi"
SAMs were immediately and thoroughly rinsed with toluene band§® of the alkyl chains with immersion time, provide further
and ethanol and blown dry with ultrapure nitrogen before support for these observations: whereas the limiting crystallinity
analysis. The adsorption process was monitored using data fromfor then-C17 SAM (corresponding te,CHz = 2919 cnt?) was
ellipsometric thickness measurements, hexadecane contact angleeached within 1 h, the limiting value for tlileC17 SAM (ca.
measurement®,and polarization modulation infrared reflection 2921 cnt!) was reached only after48 h.

Results

Adsorption of Thiols. We compared the kinetics of film
formation for 2,2-dipentadecylpropane-1,3-dithidt€17) and

Experimental Section
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Figure 2. Comparison of the kinetics of monolayer formation on gold — 77
for the adsorption of 2,2-dipentadecylpropane-1,3-dithieC(7, ), 2750 2800 2850 2900 2950 3000 3050
2-pentadecylpropane-1,3-dithioh(C17, 4), and heptadecanethiai{

C17, @) from 1 mM solutions in isooctane.
: P ) : ) ) Figure 3. Surface infrared spectra (PM-IRRAS) of the SAMs adsorbed
Uniike the kinetics of film formation fod-C17, the adsorp onto gold from 1 mM solutions of (a)-C17 and (b)n-C17 in isooctane

tlon_ of m-C17 r_eache_d I'_m'tmg Coverag_es and c_:ryst_alllnltles as a function of immersion time. Differential surface reflectivityR
rapidly (ca. 5 min), as indicated by the ellipsometric thicknesses Ry was calculated as the rati®{— R)/(R, + R), whereR, and R.

(ca. 15 A), the contact angles of hexadecane (c8), 35d the represent the reflectivity for the respective polarizations of light.
PM-IRRAS data ("2 = 2924 cnt!) shown in Figure 2.

Because of the low density of alkyl chains in the-C17 proposed transition from a “striped” phase to a chemisorbed
SAMs2the limiting values are substantially different from those state for the growth of SAMs on gof.Examination by PM-

of n-C17 and d-C17 SAMs. Moreover, from these data, we |IRRAS showed, for example, that thg®™: band appeared at

Wavenumber (cm™)

cannot distinguish the relative rates of adsorptiome€17 vs 2923 cnT! within a few seconds of immersion into micromolar
n-C17; both, however, appear to adsorb markedly faster than solutions ofn-C17; the band then slowly shifted 82926 cnt?
d-C17. over the next 30 min. Surprisingly, continued immersion of the

In efforts to further discriminate the adsorption behavior of gold slides in micromolar solutions @~C17 failed to induce
d-C17, m-C17, and n-C17, we explored the kinetics of  any further change in the position of tihg""2 band even after
adsorption under more dilute conditions (caM in isooctane). several days. These data are consistent with the existence of an
Rather than providing kinetic discrimination, however, these intermediate phase that is both disordered and stiblde
data exhibited features that might be consistent with the adsorption ofm-C17 under micromolar conditions showed
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TABLE 1: Data for SAMs on Gold Derived by the TABLE 2: Data for SAMs on Gold Derived by the
Adsorption and Coadsorption of C17-Thiols from 1 mM Adsorption and Coadsorption of C17-Thiols from 1 mM
Solutions in Isooctane for 24 k& Solutions in Isooctane at 5¢°C?
thickness 1D v time  thickness 1D vt
compound ratio A @) (cm™) compound ratio  (h) A @) (cm™)
d-C17 - 19 47 2921 d-C17 - 24 19 47 2921
d-C17/m-C17 0.33 15 34 2925 d-C17/m-C17 1.00 24 14 35 2925
1.00 15 34 2925 48 15 35 2925
3.00 16 36 2925 72 15 35 2925
m-C17 - 15 35 2925 10.0 24 16 39 2924
n-C17/m-C17 0.33 15 36 2925 48 16 39 2923
1.00 16 36 2925 72 16 39 2923
3.00 15 36 2925 100 24 16 40 2923
n-C17 - 19 47 2919 48 17 40 2923
& Average values of ellipsometric thickness for at least six independ- |\ ~17 _ ;21 g gg gggg
ent measurements were always witkifl A of those reported. Values n-C17/m-C17 1.00 24 14 35 2025
of "0 were reproducible to withiae2° of those reported. Values of ' 48 15 34 2924
v M were reproducible to withire1l cn? of those reported. 72 15 34 2924
10.0 24 14 36 2925
similar behavior, although the exact position of thE€" band 48 14 35 2925
and the time intervals involved were somewhat different than 00 722 14 %5 22%224
those fom-C17 (e.g., thev,CH2 band shifted from 2924 to 2926 L 4§‘ 1121 355 292;1
cmt over the_first 5 min of _ir_nmersion). The adsorption qf 72 14 35 2024
d-C17 under micromolar conditions, however, showed behavior n-c17 - 24 19 47 2919

different from that of the other adsorbates: ‘QEHZ band shifted a Average values of ellipsometric thickness for at least six independ-
,SlOWIy from 2927 to ?925 cr.nl over the.flrst 30 min Qf ent measurements were always withi@d A of those reported. Values
immersion. Prolonged immersion in the micromolar solutions, of g,#0 were reproducible to withir=2° of those reported. Values of
however, failed to induce complete monolayer formation for .+ were reproducible to withir-1 cnmi? of those reported.
this adsorbate as was observed for the others.
Coadsorption of Mixtures of Thiols. For solutions contain-  adsorption oim-C17 was favored over that af-C17 at ratios
ing two different thiols, preferential adsorption can plausibly of n-C17/m-C17 ranging from 1:3 to 3:1.
be dictated by either kinetic or thermodynamic factors. Previous  Third, we repeated the coadsorption studies at elevated
studies of the coadsorption of normal alkanethiols having temperature (50C), and monitored the films over the course
different chain lengths demonstrated a preference for the of 3 days of immersion at 50C in the respective solutions
adsorption of the thiol with the longer alkyl chai®h These (see Table 2). In studies of the coadsorptionde€17 and
results were interpreted to reflect a thermodynamic preferencem-C17 at ratios ofd-C17/m-C17 ranging from 1:1 to 100:1,
(arising predominantly from enhanced interchain van der Waals the data suggest the preferential adsorptiome€17 with the
stabilization) for longer alkyl chain lengths. Because of the relative incorporation ofl-C17 increasing with an increase in
unique structural relationships betwedrC17, m-C17, and the ratio ofd-C17/m-C17. In studies of the coadsorption of
n-C17, we felt that coadsorption studies using these adsorbatesn-C17 andm-C17 at ratios ofn-C17/m-C17 ranging from 1:1
might reveal new insight into the relative influence and perhaps to 100:1, the data suggest the exclusive incorporation-Gf17.
the origin of kinetic and/or thermodynamic discrimination in  The invariability of these data with time is consistent with a
the adsorption of SAMs on gold. We reasoned, for example, thermodynamically controlled adsorption process, in which the
that, if the adsorption were governed thermodynamically by relative thermodynamic stabilities am-C17 > d-C17 >
interchain van der Waals stabilization, then the adsorption of n-C17.
bothd-C17 andn-C17 would be favored over that oh-C17, Adsorption of Thiols vs Disulfides. To further probe the
which generates loosely packed (and thus weakly van der Waalsmature of the adsorption of SAMs on gold, we compared the
stabilized) films®® Furthermore, if the adsorption were governed rates of adsorption of all three thiol species to those of their
thermodynamically by the chelate effé€then the adsorption  corresponding disulfides. In a manner consistent with literature
of bothd-C17 andm-C17 would be favored over that of-C17. studies? the ellipsometric thickness, hexadecane contact angle,
Conversely, kinetic effects would favor the adsorption of both and PM-IRRAS adsorption profiles showed thatC17SS
m-C17 and n-C17 over that of the larger, sterically bulkier —adsorbed at similar or perhaps marginally slower rates than
d-C17. n-C17 (Figure 4). Although the final limiting thicknesses and
First, we examined the coadsorption ®C17 and m-C17 hexadecane contact angles of the thiol-derived and the disulfide-
after immersion in isooctane for 1 day at room temperature (seederived SAMs were indistinguishable, the PM-IRRAS spectra
Table 1). At ratios ofd-C17/m-C17 ranging from 1:3 to 3:1, show that SAMs generated fromC17 and n-C17SShave
the thicknesses, contact angles, and IR spectra were indistin-slightly different structures, as judged by the broagét* band
guishable from those of SAMs generated solely fronC17, for the SAM derived from the disulfide (Figure 5). This
which strongly suggests the preferential adsorptiome€17 comparison suggests that the alkyl chains of SAMs derived from
overd-C17. Second, we examined the coadsorptiomeC17 n-alkyl disulfides possess more gauche defects than those
andn-C17 under the same conditions. Because of their similar derived fromn-alkanethiols’®
molecular sizes (see Figure 1) and indistinguishable rates of As for then-alkyl species, the rate of adsorptionmfC17SS
film formation (see Figure 2), we anticipated that any prefer- was indistinguishable from that of its thiol analogue;C17
ences observed in the coadsorption of these two thiols would (Figure 6). Moreover, the characteristics of the final SAMs
be governed predominantly by thermodynamic rather than derived from both species were indistinguishable. From steric
kinetic factors. The data in Table 1 strongly suggest that the considerations, the lack of any difference between these
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(e adsorption from solution have been conducted in ethahdk
29267 ) Furthermore, the kinetics of adsorption from isooctane have,
< 2925+ to our knowledge, been unexplored even though isooctane has
5 2924 long been recognized as a useful solvent for the preparation of
@ 1 ® nCl7 SAMs38We used isooctane as the solvent for our initial studies
2 29237 o n-C17SS of spiroalkanedithiol-based SANfs32 because we found that
§_ 2922 - these adsorbates were substantially more soluble in isooctane
T 5901 1. than in ethanot? Moreover, to circumvent substantial solubility-
S 1° related issues in the work reported here, we compared only the
£ 20201 C o oo o adsorption profiles oh-C17 in isooctane vs ethanol in a brief
=® 2919 = °® L4 exploration of the influence of solvent on the kinetics of
2018 adsorption of SAMs on gold. These data are shown in Figure

8. The thickness, wettability, and PM-IRRAS profiles demon-
strate that th@-C17 SAM reached~90% of its limiting values
Figure 4. Comparison of the kinetics of monolayer formation on gold within @ few minutes of adsorption from either ethanol or
fo? the adsorp?ion of heptadecanethio-C17, z) and heptadecg)]/l isooctane. A marg_mal dlfferen(;e in the adsorption rates was,
disulfide (1-C17SS O) from 1 mM solutions in isooctane. h‘?WGVGr’ dete(?ted. the adsorp'qorm@l? onto gold appear.ed
slightly faster in ethanol than in isooctane. Correspondingly,

safter 3 h ofimmersion, the limiting thicknesses, wettabilities,

and crystallinities of the SAMs showed slightly enhanced values
p in ethanol. Although the observed differences fell within our
usual estimates of the experimental eAb#? the trends in the
data were reproducibf®.While it seems plausible that ethanol
might dissolve strongly adsorbed polar impurities away from
the surface of gold and thereby facilitate binding of the
adsorbates, we cannot rule out effects arising from the coordi-
native association of ethanol with the surface of g6ld.

(q
0246 810"r50 100 150 200
Immersion Time (min)

adsorbates is unsurprising given that the dihedral angle o
m-C17SSis only ~2°.3% Consequently, this disulfide should
present little, if any, additional steric hindrance upon approac
to the surface of a partially formed film. These results are
consistent with a model in which the adsorption of structurally
analogous thiols and disulfides onto gold to form monolayer
films will, in the absence of extraneous factors, be expected to
be similar as long as the dihedral angle (and thus the steric bulk)
of the disulfide is small.

In contrast to the thiol vs disulfide comparisons described
above, the comparison of the adsorption profiles@17 and
d-C17SSrevealed substantial differences (Figure 7). In par-  The data presented in Figures 2 and 3 are consistent with the
ticular, the hexadecane contact angles and the PM-IRRAS two-step process for the growth of SAMs on gold described in
spectra show that the adsorptiondfC17SSwas slower than the Introduction, wherein a fast initial adsorption (the fast
that ofd-C17. Moreover, the limiting thickness, wettability, and  regime) is followed by a slower ordering process (the slow
crystallinity of the SAMs generated from the disulfide were less regime)’~° Recently, several reports have provided evidence
than those of the SAMs generated from the thiol. Because that the adsorption of organosulfur compounds onto gold

Discussion



Steady-State Kinetic Model of Growth of SAMs on Gold

J. Phys. Chem. B, Vol. 104, No. 34, 2008187

20 (f 20 {§
J . - - [
] ] ::? E o [m]
18 ; [ |
] 51 m B O
< < 1=I:l
2 167 PO S 7
o ] 3 * . e 1048
Sl 5 ]
2 144 2 B d-Ci7
[= ] = ] -
12 * mC17 ; O d-C17SS
12_8 © m-C17SS 5.
—“n U j
0 S | S— 'y S | SE—
0 246 810" 50 100 150 200 0246 810 10 20 30 40 50
Immersion Time (min) (min) (hour)
Immersion Time
50 (f
] R} 50_ ﬁ
4 ] i n u
403 1 u [m] m]
- -4 .
Jeo o 2 4 * a 0] m DD a
e ° o o < 1m o
2 30]¢® I I
8 v g 30m
e ] 4 o
k) h o ]
g 20 S 2o
2, ] a 15 B d-C17
< & m-Ci17 = 19 O d-C17SS
10 & m-C17SS 101
] ]
] ]
0 (% ]
0246 810" 50 100 150 200 -t ff——
o i 0246 810 10 20 30 40 5
Immersion Time (min) (min) (hour)
Immersion Time
2026 Tx —{—
_ 1© 2926 7 ¥
T 292548 g ° o {d
£ 1 v v = 2925
S 2924 e {ud
2 ] S 2924 g 0O
S 2923 0 1 m o
% 1 S 29234 L o
g 2922+ % 1 ] o u]
o 1 o 2922
£ 2921 ¢ m-C17 2 ] n .
8 1 & m-C17SS 2 2921 " -
g 2920 5 l
O 1 & 2920
> 29194 o, ; m d-C17
- > 2919 O d-C17SS
[
2918 —7—T—T—T1 \J T T T h
0246 810 50 100 150 200 2918 —§

0246 810

10 20 30 40 50

Immersion Time (min)

(min)

(hour)
Figure 6. Comparison of the kinetics of monolayer formation on gold
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4-pentadecyl-1,2-dithiolanem-C17SS ¢) from 1 mM solutions in
isooctane.

Immersion Time
Figure 7. Comparison of the kinetics of monolayer formation on gold
for the adsorption of 2,2-dipentadecylpropane-1,3-dithieC{7, W)
and 4,4-dipentadecyl-1,2-dithiolarg>C17SS O) from 1 mM solutions

proceeds via an initial physisorbed, lying-down phase, followed ™M 'sooctane.

by a transition to the chemisorbed st&t€7464° These studies
were conducted using either ultrahigh vacuum vapor-phase
deposition techniqué%376 or solution self-assembly tech-

intermediate, and AS the chemisorbed stte. the gas phase
or in solution at 1 mM concentrations of thiol, the rates of

niques’’-4°\We propose that the kinetic and coadsorption studies monolayer desorption are substantially slower than the rates of

. i 46 i
presented here (and perhaps in other related work) can beMonolayer formatior:*® We can thus assume that, is
rationalized by using a steady-state approximation (eq 1). In negllg_|bly sm_all in the presentdlscu_ssmn. A propo_sed reaction
eq 1 coordinate diagram for the adsorption process is illustrated in

Figure 950 We can evaluate the relative rates of adsorption by

k_y Kk, examining the physisorption preequilibrium and the subsequent

A+ S? A'Sk‘:2 AS (1) barrier to chemisorption. This model assumes that the relative
population of the physisorbed intermediate is influenced largely

_ Kiko[Al[S] >k by the number of methylene units composing the adsorbates
k, +k_; 20 2 and that the barrier to chemisorption is influenced by steric

constraints, conformational constraints, and/or chemical fac-

A represents the adsorbate, S the surfac§, the physisorbed  tors#647
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Adsorption of Thiols. In the early stages of adsorption (i.e.,
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Energy

A'S

AS

Reaction Coordinate

Figure 9. Energy diagram illustrating the two-step process for the
adsorption of SAMs on gold.

slow rate of adsorption arises from steric and/or conformational
constraints that limit facile chemisorption to the surface (vide
infra).

In the latter stages of the adsorption process (i.e., the slow
regime), at least two additional factors might also contribute to
a slower rate of adsorption/orientational ordering th€17
relative to that fom-C17 andm-C17: (1) the rate of diffusion
to the surface through the partially formed monolayer is slowest
for d-C17, and/or (2) the rate of diffusioln the surface is
slowest ford-C17. In the former case, the rate of diffusion of
d-C17 to the surface through the partially formed film might
be restricted by the relatively large size of the adsorbate (roughly
twice the size oh-C17 or m-C17). In the latter case, the rate
of diffusion of d-C17 on the surface might be restricted by the
chelate effect, which requires the roughly simultaneous move-
ment of two sulfur headgroups to be overcome and is thus
disfavored entropically. A third factor that must be considered
is the mismatch between the maximum distance spanned by
the sulfur atoms of the chelating dithiol (ca. 4.8*Aand the
distance between the 3-fold hollow sites of Au(111) (4.99 A),
where the sulfur atoms in normal SAMs on gold are purported
to bind12 1t is possible that the underlying surface of gold must
undergo a reconstruction upon the adsorptiod-@f17, thereby
slowing the rate of orientational ordering for this adsorbate.

Upon consideration of the adsorption profiles of all three thiol
adsorbates, however, the data are inconsistent with either rate-
limiting diffusion on the surface or rate-limiting Au reconstruc-
tion for the growth ofd-C17 SAMs on gold. If these processes
were rate-limiting, then we would expect that the rates of SAM
formation form-C17 and d-C17 to be similar; they are not.
The relative rates of adsorption in the slow ordering regime
are, however, consistent with the expected relative rates of
diffusion of the adsorbates to the surface through the partially

the fast regime), the data from the independent adsorptionformed films. In this diffusional model, the rates of adsorption
studies (Figure 2) suggest the following trend in the rates of in the slow ordering regime would be influenced by molecular-

adsorption of the thiolsm-C17 ~ n-C17 > d-C17. Although
the kinetic data fail to distinguish differences in the rates of
adsorption ofm-C17 vs n-C17, both of these species clearly
adsorb faster thatt-C17. Becauseal-C17 contains roughly twice
as many methylene groups as eitheg€17 or m-C17, one might
expect a more highly populated physisorbed statedf@17
relative to those for the other two thidl%,which should
correspond to a faster rate of chemisorption (kgin eq 1) for
d-C17in the absence of other factors. Moreover, the two thiol
groups ind-C17vs the one thiol group in-C17 should perhaps
give rise to an enhanced rate of chemisorptiordf@17 relative

to that for n-C17. Neither of these predictions, however, is

size-based steric factors that dictate the approach of the adsorbate
to the surface. Indeed, the sizewe€17 andm-C17 are similar,

and their rates of film formation are similar; tdeC17 adsorbate

is approximately twice as large as the other two, and its rate of
film formation is substantially slower than those for the other
two. We admit that the validity of this model rests, to some
degree, on the validity of our assumption that the limiting values
of the adsorption profiles in Figure 2 for the growth of the
m-C17 SAM represent “complete” monolayer formati&hThe

low contact angles of hexadecane and the poor crystallinities
indicated by the IR data weaken this assumption.

One might argue that an enhanced permeability fontHe17

consistent with the data. Given the arguments against diffusion adsorbate (arising from its low density of alkyl chafig)ould

limitation in the early stages of SAM adsorption from solufion
and the “spiro” structure ai-C17, we propose that its relatively

at least partially give rise to its rapid rate of film formation.
Because, however, the kinetic profiles in Figure 2 suggest that
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the rate of film formation for the-C17 SAM (whose density Comparison of Thiols and Disulfides. As noted above,
of alkyl chains is approximately twice that of the C17 SAM)3° previously reported faster rates of adsorption and/or replacement
is indistinguishable from that for th@-C17 SAM, the data in of thiols compared to those of structurally analogous disulfides
Figure 2 provide no evidence to support this hypothesis. have been attributed to the following origih%1522(1) greater
Moreover, the coadsorption studies, which suggest the prefer-steric hindrance afforded by the large dihedral angle $&
ential adsorption om-C17 overn-C17, shed little, if any, light S—C ~ 90°)222 of the disulfides, (2) preferential displacement
on the matter (vide infra). of adsorbed solvent by the thidid5 and/or (3) preferential

Coadsorption of Mixtures of Thiols.5! The results fromthe ~ chemical interactions between the thiols and the surface of
coadsorption studies demonstrate thatC17 adsorbs prefer- gold1>22In comparisons of normal alkanethiols and disulfides,
entially over bothd-C17 andn-C17; in each case, the origin  the disulfide undoubtedly possesses greater stericivibre-
of the preference is either kinetic or thermodynamic in nature. over, the disulfide requires the simultaneous creation of two
Indeed, the independent adsorption studies in Figure 2 suggesthemisorption sites compared to one site for the thiol. However,
a faster rate of adsorption of-C17 vs that ofd-C17. Because  for the chelating alkanedithiols and disulfides examined here
of the anticipated stronger physisorption®fC17 relative to (Figure 1), the steric bulk and surface site requirements are
that of m-C17 (vide supra), we would argue that any kinetic |argely indistinguishable. Moreover, because the analogous
preference fom-C17 must originate in the chemisorption step. chelating alkanedithiols and disulfides are structurally similar,
As discussed in detail below, the steric and conformational the degree of physisorption is probably similar for both types
constraints of the spiro structure @F-C17 could perhaps  of adsorbates. Consequently, we are left to conclude that
rationalize its relatively slow rate of chemisorption. chemisorption must constitute the distinguishing step in the

Although a rationalization for the preferential adsorption of observed faster rate of adsorption®fC17 relative to that of
m-C17 overd-C17 based on kinetic factors seems plausible, a d-C17SS(see Figure 7).
rationalization based on thermodynamic factors is more obscure. A faster rate of chemisorption fa-C17 relative to that for
Consider, for example, the relative packing densities of the alkyl 4_c17sscan plausibly arise from at least three factors: (1) a
chains of completen-C17andd-C17 SAMs. The corresponding gaster rate of oxidative addition of the twe-8i bonds ind-C17
relative interchain van der Waals forces should thermodynamr vs the single 'S bond ind-C17SSto the surface of gold, (2)
cally favor the adsorption af-C17 over that ofim-C17. Despite 5 yetarded adsorption oEC17SSdue to contamination of the
this argument, however, the data in '_I'abl_e 2 (an_d mdependentsample with oligomeric or polymeric disulfide spectésyr (3)
frtl:(tjltiserﬁf gfys%&zﬁgirgmggeggﬁ:;ﬂ S?r:gtrlfmsi:%?eetsrsan differing conformational restrictions of physisorbedC17 and
the d-C17 SAMs. We speculatt)e/ that th)é thermodynamic d-C17SS whereby the attachment of the sulfur atoms to the

: . ) surface of gold is more constrained HC17SSthan ford-C17.
preference fom-C17 overd-C17 might arise from an enhanced . o .
conformational accessibility that allows-C17to bind (chelate) Given that we observed similar rates of adsorptionnfeC17
and m-C17SS (see Figure 6), the difference in the rates of

particularly .stro'ngly o the §urface of gdid. adsorption ofd-C17 andd-C17SSprobably fails to arise from
From a kinetics perspective, the preferencerfoC17 over — giihar “chemically” different rates of oxidative addition of thiol
n-C17might plausibly arise from a faster rate of chemisorption ¢ gigifide or contamination by oligomeric/polymeric disulfide
(ie. kyin eq 1) form-Cl?_ re_Iatlve o that fom-C17. Becau_se specie$® Indeed, previous kinetics studies of the adsorption of
n-C17andm-C17have similar molecular structures, we infer o oy cjic aromatic disulfide, 2,3-dithia-6,7-dihexadecyltetralin,

Fhat, unIe.ss the two sulfur m0|eFlesrmCl7 VS the single sylfur which remained uncontaminated with oligomeric or polymeric
in n-C17 introduces a substantial perturbatit$rihe magnitude - - .
disulfide species, also showed slow/poor rates of adsorption

of physisorption should be similar for the two adsorbates. lati hat of i I | dithie!
Consequently, the preferential adsorptiomsC17 overn-C17 relative to that of its structurally ana ogous I Cons_e-
' quently, we propose that the rate of adsorptio-@217SSis

might arise kinetically from their relative rates of chemi- . .
sorption because of their relative stoichiometries; that is, because.SIOWelr than that o-C17because of conformational constraints

m-C17 possesses two nucleophiles (two thiol groups) rather than imposed by the spiro geometry of the cyclic disulfide. In this

-C17 miaht und hemi i dilv th proposal, we argue that the disulfide bond in physisorbed
znglr; MIgNt Undergo chemisorption more readily than d-C17SSlies roughly perpendicular to the surface, which limits

facile oxidative addition (or bonding) to the surface (see Figure
10a). In contrast, the disulfide bond in physisorlmedC17SS
probably lies roughly parallel to the surface (Figure 10b), which
permits facile oxidative addition (or bonding) to the surface.
Similarly, the disulfide bond in physisorbedC17SSprobably
lies roughly parallel to the surface (Figure 10c). In any event,
the absence of the spiro geometrynrC17SSandn-C17SS
undoubtedly affords greater flexibility to the disulfide moieties
of these adsorbates relative to thatbC17SS which could

The preferential adsorption afi-C17 overn-C17 might also
arise from thermodynamic factors, given that the data in Table
2 and elsewhePé suggest that then-C17 SAM is thermody-
namically more stable than timeC17 SAM. However, because
the SAM derived fronm-C17 is less densely packed than that
derived fromn-C17,3° any thermodynamic preference for the
adsorption oim-C17 overn-C17 must arise from factors other
than interchain van der Waals stabilization. It is possible, for
example, that a thermodynamic preference feIC17 arises X > . - ;
from the entropy-driven chelate effect, which is known to also rationalize the relatively slow chemisorptionds17SS
stabilize ligand-to-metal binding in organometallic comple¥es. Nt the surface of gold.

Similarly, the preference for the adsorption @WEC17 over Finally, we propose that the physisorbed geometrylf@17
n-C17 might arise from entropic considerations if the sulfur is analogous to that fai-C17SS(i.e., with at least one of the
headgroups are required to bind as dimers (i.e., disulfides) onthiol moieties ofd-C17 directed away from the surface, as
the surface of gold in order to maximize the binding interac- shown in Figure 10d) and thus might be partly responsible for
tion3* It is further possible tham-C17 is less soluble in the observed slower rate of chemisorption €17 relative
isooctane than is-C17, which would also favor the adsorption  to those fon-C17 andm-C17in both the fast and slow regimes.
of m-C17.38 As noted above, diffusion to the surface in the slow regime
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Figure 10. lllustration of the proposed physisorbed states of (a)

d-C17SS (b) m-C17SS (c) n-C17SS (d) d-C17, (€) m-C17, and (f)
n-C17.

might also play a predominant role in influencing the relative
rates of orientational ordering of these thiol-derived SAMs.

Conclusions

The adsorption profiles for the formation of densely packed
SAMs on gold exhibited two kinetic regimes: a fast initial
adsorption wherein-80—90% of each of the types of species
was adsorbed, followed by a slower orientational ordering in

which the alkyl chains became more crystalline. The adsorption

profiles for the formation of loosely packed SAMs exhibited,

in contrast, a single rapid adsorption with no detectable

Shon and Lee
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