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ABSTRACT

Self-assembled monolayers (SAMs) of n-alkanethiolates on gold, silver, and

coppel' have been intensively studied as model organic surfaces and as modulators of

metal surface properties. Sensitivity restrictions imposed by monolayer coverage

and the low surface area of planar metal substrates limit the characterization of these

films by signal enhancement techniques. As a result, key aspects such as the nature

of the rnetal-sulfur interaction, alkyl chain ordering, and adsorbate phase diagrams

remain open and ill-defined. The characterization of the therrnoLropic properties of

SAMs is important not only for the design of stable well-ordered organic

superlattices, but also for the fundamental understanding of the factors which drive

molecular interactions in two dimensions. The question of phase properties in

SAMs has been addressed by using the electron transfer process between a water­

soluble redox species and a thiol-derivatized gold electrode as a probe of the

monolayer fùm structure. The redox ion current at RS/Au electrodes (where R =n­

C16H33 - n-Czo141 and HO(CHzh6) exhibits maxima at temperatures defined by

the alkyl chain length and the presence of stabilizing endgroup interactions. This

behavior closely parallels the enhanced permeability of phospholipid bilayer vesicles

to îons at their chain tiltluntilt and gel-to-liquid crystalline phase transition

temperatures. The 1:1 correlation between the pre-transition (Tp) and main transition

(T m) temperatures of the RS/Au monolayers studied here and n­

diacylphosphatidylcholine bilayer membranes suggests that there are similar

mechanisms for chain melting and reorientation in these two systems. This

correlation arises because the chain packing configuration and density, as established

by the Au lattice and phospholipid headgroup, are very similar. The noted parailels

with the perrneability profile of phospholipid membrane systems indicates that

petmeation, and not electron ümneling, is the dominant electron transfer process at

RSIAu electrodes.
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Absrracr

Furthermore. lhe synlhesis llf large surfacl' area. Ihill1-1l1111htïl'd gllld

nanoparticles of ca. 20-30 Adiameler has enahlcd lhe qUilsi-lD n1l1!1l1Iayl'l hlm

structure la be uniquely characlerized hy lransmissilln !"l-IR speclrl1SCllpy. Nt'-IR

spectroscopy, and differential scanning call1rimelry (OSe). The"" studles shl'" Ùlat

AU-lhiolate monolayers do, in facl. undergo llrder-disllrdl'r lransltillns. FT· IR

spectroseopy verifies thalthe phase transition delected hy declmchemistry fllr planar

RS/Au monolayers and hy OSC for RS/Au nanopanides arisc:s l'rom an incrc:ased

population of gauche conformers. 2H NMR and FT-IR sludic:s llf pc:rdc:utc:r:Ilc:d and

selectively deuterated ClSS/Au samples c:stahlish lhat mdting stans al lhc: chain

termini and propagates towards the middle of thc: c:hains. Tralls·gauch,· hlllld

isomerization and C-C bond axial rotation are the motional proc:c:ssc:s whic:h

aceompany the chain order/disorder transition. Chain mohility near thc: lelhc:rc:d

sulfur headgroup is greaùy restricted. The physical propenies of thc:sc: alkylatc:d

nanoparticles indieate that the RSIAu nanoparticles can serve as a highly dispc:rsc:d

analogue to the mueh-studied planar SAMs. This paves the way for thc: application

of these rcadily prepared colloidal systems to a numbc:r of biomimetic: and optical

deviees.
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RESUME

Les monocouches auto-assemblées de n-alcanethiols sur des surfaces d'or, d'argent

et de cuivre ont été très utilisées pour modeler les surfaces organiques et modifier les

propriéiés des surfaces métalliques. Cependant, à cause du caractère monomoléculaire

du recouvrement et de la petite surface des substrats métalliques, la caractérisation des

monocouches auto-assemblées n'est possible que si des techniques amplifiant le signal

sont utilisées. Par conséquent, les facteurs-clés tels que la nature de l'intéraction métal­

soufre, l'arrangement des chaînes hydrocarbonées et le diagramme de phase des

espèces adsorbées sur les surfaces métalliques restent à être définis. La caractérisation

des propriétés thermotropiques des monocouches auto-assemblées est très importante

non seulement du point de vue de l'élaboration de monocouches organiques stables et

bien ordonnées, mais aussi pour la compréhension fondamentale des facteurs qui

contrôlent les intéractions moléculaires en deux dimensions. Les différentes phases des

monocouches auto-assemblées ont été étudiées en utilisant la technique du transfert

électronique entre un couple rédox soluble dans l'eau et une électrode recouverte de

molécules d'alcanethiols. Le couple rédox constitue le moyen par lequel la structure de

la monocouche organique peut être caractérisée. Le courant du couple rédox à

l'interface métaVthiol (RS/Au, où R = n-Cl6lf33 à n-C20f41 et HO(CH2)16) montre un

maximum à des températures précises. Ces températures sont définies par la longeur

de la chaîne hydrocarbonée ainsi que par la présence de liaisons hydrogènes à l'interface

monocouche organique/eau. TI existe un parallèle entre ces résultats et l'augmentation

de la perméabilité des ions dans les vesi(.ules de phospholipides aux températures de

transition de phase, ainsi qu'aux températures auxquelles les chaînes engendrent des

changements d'inclinaison. En ce qui conceme la température de pré-transition (Tp) et

la température de transition principale (Tm), la correspondance exacte entre les

monbcouches RS/Au' etudiées ici et les membranes de n-diacylphosphatidylcholines

suggère qu'il existe des mécanismes similaires qui régissent la fusion et la réorientation
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• des chaînes. Ceci s'explique par le fait que l'arrangement et la densité des chaînes sont

similaires pour ces deux cas. Le parallèle établi entre les caractérisùques de

pennéabilité des membranes de phospholipides et celles des monocouches RS/Au

démontre que la pennéabilité. et non l'effet tunnel. est le processus majeur par lequel le

transfen électronique se fait aux électrodes RS/Au.

De plus. la synthèse de nanoparticules à grande surface. modifiées avec des thiols et

ayant un diamètre d'environ 20 à 30 À. a pennis de caractériser la structure de la

monocouche en uùlisant des techniques telles que la spectroscopie de transmission

infrarouge. la spectroscopie RMN et la calorimétrie différenùelle. Ces études montrent

que les monocouches de thiols adsorbées sur des surfaces d'or engendrent en fait des

transitions d'un état ordonné à un état désordonné. La spectroscopie d'infrarouge

confInne que la transition de phase observée par électrochimie pour les monocouches

planes RS/Au et par calorimétrie différentielle pour les nanoparticules RS/Au est causée

par une augmentation du nombre de confonnères gauche. La RMN du deutérium et la

spectroscopie d'infrarouge pour des systèmes C1SS/Au ayant été prédeutérés ou

sélectivement deutérés montrent que la fusion des chaînes commence par l'extrémité de

celles-ci et se propage ensuite vers l'intérieur. L'isomérisation trans/gauche et la

rotation axiale C-C sont les phénomènes qui accompagnent les transiùons de phase. La

mobilité des chaînes à proximité du groupe sulfuré est grandement restreinte. Les

propriétés physiques des nanoparticules alkylées montrent que les nanoparticules

RS/Au peuvent servir comme système analogue hautement dispersé aux surfaces

planes. Ceci ouvre la voie à l'application de ces colloïdes à de nombreux systèmes

biologiques et optiques.
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• FOREWORD

In accordance with guideline 3 of the "Guidelines for Thesis Preparation" (Facu1ty of

Graduate Studies and Research), the following text is cited:

"Candidates have the option of including, as part of the thesis, the text of a

paper(s) submitted or to be submitted for publication, or the clearly­

duplicated text of a published paper(s). These texts must be bound as an

integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges

between the different papers are mandatory. The thesis must be written

in such a way that it is more than a mere collection of manuscripts; in other

words, results of a series of papers must be integrated.

The thesis must still conform to ail other requirements of the "Guidelines

for Thesis Preparation". The thesis must include: A Table of Contents, an

abstract in English and French, an introduction which clearly states the

rationale and objectives of the study, a comprehensive review of the

literature, a [mal conclusion and summary, and a thorough bibliography or

reference list

Additional material must he provided where appropriate (e.g. in appendices)

and in sufficient detail to aIlow a clear and precise judgment to be made of

the importance and originallty of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate

is required to make an explicit statement in the thesis as to who contributed

to sucb work and to what extent. Supervisors must attest to the accuracy of

such statements at the doctoral oral defense. Since the task of the examiners is

made more difficult in these cases, it is in the candidate's interest to make perfectly

clear the respon~ibilities of all the other authors of the co-authored papers. Under

no circumstances can a co-author of any component of sucb a thesis serve as

an examiner for that thesis."
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Foreword

This dissertation is written in the fonn of four papers. These papers each comprisc

one chapter in the main body of the thesis (Chapters 2 to 5), with a general introduction to

this work in the first chapter and conclusions in the sixth chapter. Following nonnal

procedure, the papers have either been published or submitted for publication in scientific

joumals. A list of the papers is given below:

Chapter 2: Angew. Chem 1994,106,2429-2431 (Gennan version)

Angew. Chem Int. Ed. J!.ngl. 1994, 33, 2332-2335 (English version)

Chapter 3: Langmuir (submitted)

Chapter 4: Chem Eur. J. 1996,2. 359-363

Chapter 5: Journal ofthe American Chemical Society (submitted)

AlI of these papers include the research supervisor, Professor R. Bruce Lennox, as

co-author since the work was done under his direction. Chapter 2 includes Dr. Roberta

Back as co-author in acknowledgment of the fact that she first observed the phenomenon

reported in this paper. This phenomenon was fully characterized by the present author.

Chapter 4 includes Ms. Shanti Singh in recognition of her help with the synthesis of the

gold nanoparticles used in this study. Mr. Louis Cuccia is a co-author in Chapters 4 and 5

because he acquired ail of the solution-state NMR spectra shown in Chapter 4, and he

helped the present author acquire the deuterium NMR spectra shown in Chapter 5. Ms.

Linette Demers is included as a co-author in Chapters 4 and 5 for her contributions to the

synthesis and characterization of the Au nanoparticles. Professor G. Ronald Brown is a

co-author in Chapter 4 for having generously placed his laboratory facilities at our disposai

and for insightful discussions. Dr. Fred Morin is a co-author in Chapter 5 due to his

expertise in solid-state NMR instrumentation. Other than the aforementioned

contributions, aIl of the work presented in this dissertation was initiated and perfonned by

the author.
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ChapterOne

GENERAL INTRODUCTION

1.1. SAMs: Model Org3JÛc Surfaces

The fabrication and characterization of thin fIlm organic surfaces is currently the

focus of intensive research effort since the interfacial properties of these composites may

provide insights into fundamental aspects of surface chemistry.l These problems include

thin film adhesion, catalysis, lubrication mechanisms, wettingldewetting phenomena,

corrosion, and interfacial electron transfer. The spontaneous organization or self-assembly

of organic molecules at solid surfaces, due to molecule-substrate interactions and

interrnolecular forces, provides a rational methodology for the preparation of structurally

well-defmed, organic thin films. 2•3 Self-assembled monolayers (SAMs) of organosulfur

adsorbates, especially alkanethiols, on gold surfaces are the most studied systems

to date.4-10 Their popularity stems from the fact that highly ordered SAMs can be prepared

under readily accessible laboratory conditions, and strong coordination of the sulfur to the

metal yields a fIlm which is sufficiently stable to desorption. In fact, applications of

alkanethiol SAMs as artificial membranes, electrocatalysts, photoresists, biosensors,

immunosensors, pH-sensors, and corrosion protectants have already been reported.7,11

1.2. Monolayer Film Formation

Self-assembled thiol monolayers are usually prepared by immersing a clean metal

substrate into a saturated solution (lO-3 M) of an n-alkanethiol (RSH) or alkyldisulfide

(RSSR) in an organic solvent Although silver, platinum, copper, and mercury surfaces

have been used for the self-assembly of thiols, gold remains the most widely used metal

due to the fact that it is relatively inert and does not forrn a stable surface oxide under

ambient conditions. Gold substrates include single crystals, polycrystalline bulk electrodes,
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and evaporated or sputtered thin films. Typical immersion times in solution of several

minutes to several hours are used for RSHs, while several days are required for monolayer

formation l'rom RSSR.12-14 The thiol-modified metal substra1e is then removed l'rom the

ineubation solution, rinsed with solvent, and dried briefly under nitrogen or argon.

Although solution deposition is the most versatile method, monolayer films have also beell

prepared by vapor deposition of volatile, short chain RSHs 15,16, by immersion of the metal

in neat liquid adsorbates17 , and by electrochemieal depositionl8 •

The self-assembly of alkanethiols is driven by the strong affinity of the sulfur for

the metal, which results in the apparent covalent bonding of the thiol adsorbate to the metal

surface. Lateral van der Vlaals interactions between the tethered alkyl chains, as weil as

electrostatic and hydrogen bonding interactions between polar terminal groups in (J)­

substituted alkanethiols, order and orient the chains. (Scheme 1.1),

x·····:x··· ..· :x ·K ·:x (iü)

(ü)

(i)

Scheme 1.1. A physical representation of the main interactions responsible for

two-dimensional ordering of thiols onto metal substrates: (i) bonding of the sulfur

to the metal surface, (ü) interchain van der Waals interactions, and (iü) interaction

between the terminal functional groups and the ambientlfiim interface.

Kinetic studies of the adsorption of long chain alkanethiols onto gold surfaces l'rom

solution show two distinct regimes. The initial adsorption of the thiol to the gold surface is

very fast (on the order of minutes), Bain et al. observed that this rapid first step results in

contact angles (wetting) and film, thicknesses which are - 80-90% of the maximum

values.12 Initial thiol adsorption follows simple diffusion-controlled Langmuir kinetics.

and the adsorption time is strongly concentration dependenl. 12 White thiol adsorption l'rom
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a 10-3 M solution is essentially complete after - 1 min, over 100 min are required if a 10-6

M thiol solution is used. The second regime was found to occur over a significantly longer

time (hours), at the end of which contact angle and ellipsometric film thickness

measurements reached their saturation values. 12 This second step has been postulated to be

a slow two-dimensional chain crystallization process, involving additional thiol adsorption

and consolidation, thiol-assisted reconstruction of the Au surface lattice, dissolution of Au

surface features, displacement of contaminants from the metal surface, expulsion of

included solvent from the monolayer, and place-exchange of adsorbates at surface defect

sites.8.12.19.20 The kinetic description of the rapid first step was confmned by following

thiol adsorption from dilute solution (10-6 M) in real time, using second-hannonic

generation (SHG) in conjunction with' ex-situ X-ray photoeleclron spectroscopy (XPS)

measurements or monolayer coverage.21 Since SHG probes only the electronic properties

of the metal-thioJ interface, information on molecular ordering as a function of the

adsorption time could not be obtained using this technique. The slow second step in the

self-assembly of alkanethiols on gold surfaces was recently examined in terms of the alkyl

chain orientation and conformation by near-edge X-ray absorption fine structure

spectroscopy (NEXAFS). 22 This study demonstrates that chain ordering during the self­

assembly process is analogous to the stretching of grafted "polymer brushes". In fact, the

NEXAFS results show that the alkanethiol molecules are initially adsorbed as entangled

chains with a high concentration of gauche conformers. The disordered chains gradually

straighten out so as to adopt an alI-trans, extended conformation and they orient at an angle

of 35° from the surface normal to produce densely packed, higbly-ordered fùms (Scheme

1.2). A similar twO-step self-assembly process was recently observed in-situ by following

the vapor-deposition of short chain RSH molecules onto a Au (Ill) surface using a

ultrahigh-vacuum scanning tunneling microscope (UHV-STM).23 This UHV-STM study

reveals that low-density striped-phase islands, characterlzed by head-to-tail and head-w­

head alignment of the RSH molecular axes with the surface plane, initially condense on the

metal surface. Additional RSH adsorption causes the RSH molecules in this striped phase

to undergo a phase transition which tips the RSH tails or chains away from the Au surface

to allow for a denser packing of the sulfur headgroups. This two-step self-assembly

mechanism is analogous to the lateral surface pressure-induced formation of ordered

monolayer films from amphiphile molecules confined to the air-water interface in a

Langmuir trough.23

An electrochemical quartz crystal microbalance (EQCM) study of the adsorption

and desorption behavior of alkylthiols on Au-coated quartz crystals also shows that the

preparation protocols can largely influence the quality of the SAM and the self-assembly
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rate.24 For instance, the solvent used in the thiol incubation solutions appears 10 play an

imponant role in the ftlm fOlll1ation kinetics. 24 For example. exposure of the Au-coaled

quartz crystal 10 RSH ir. acetonitrile initially (in the firsl few minules) leads 10 multilayer

deposition which only over several hours evolves 10 stable monolayer cover.lge. If. on the

other hand. dimethylfolll1amide is used as the solvenl. no initial multilayer adsorption is

detected. Furthelll1ore. submonolayer deposition of thiols occurs on a time scale of

seconds in dimethylfolll1amide. bUI over a period of minules in acelonitrile.24 Thus. the

imponant role thal solvenl plays on the kinetics of thiol self-assembly may ultimalely lcad

to the preparation of SAMs with different structures. given the various conditions used by

different laboratories.
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REGIME 1j fast adsorption
t= -1 min

REGIME 2 j slow chain
crystallization
t= -1000 min

Scheme 1.2. Kinetics of monolayer self-assembly summarized from discussions and

data in references 12 and 21-23.

1-5



•
Chapter I: General Introduction

1.3. Film Characterization Techniques

Studies of the physical properties of RSHlAu SAMs have addressed the foUowing

structural issues:

(i) thiol-metal epitaxy;

(ii) nature of the Au-S interacùon;

(iii) molecular conformaùon and orientaÙon of the alkyl chains;

(iv) order and orientaÙon of the chain terminal groups at the fùrnlambient

interface;

(v) fùm integrity and stability;

(vi) film defect sites.

Figure 1.1 summarizes the surfaee techniques which have been used to probe the film

structure of RSHIAu SAMs.

x }ambientlfilm interface: LEED, He diffracùon, AFM,
contact angle, surface potenùal

monolayer integrity:
XPS, ellipsometry,
differenùal capacitance,
electrochemistry

a/kyl chain: surface IR spectroscopy, SERS,
NEXAFS, SFG,
X-ray diffracùon

""""~~s:lo-,,,j-,mert-,aVadsorbate interface: STM, LEED, HREELS,
TEM Electron diffracùon,
SHG,TPD

Figure 1.1. Film characterizaùon techniques. LEED (low energy electron diffracùon);

AFM (atomic force microscopy); SERS (surface enhanced Raman scattering); NEXAFS

(near edge X-ray absorption fine structure spectroscopy); SFG (sum-frequency

generaùon); STM (scanning tunneling microscopy); HREELS (high resoluùon electron

energy loss spectroscopy); TEM (transmission electron microscopy); SHG (second

harmonie generation); TPD (temperature programmed desorption); XPS (X-ray

photoelectron spectroscopy).
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Monolayer film coverage (i.e. - 4.6 x 1O!4 molecules/cm2 on Au25 ) and the low

surface area of planar metal surfaces have largely limited the characterization of these

SAMs to techniques amenable to signal enhancement. More importantly, since the

adsorbate domain size is typically tens to hundreds of nanometers, the study of molecular

ordering in organic thin films often requires techniques capable of sensitively probing

surface areas of less than 1 I1m2.1 Most of the SAM characterization techniques used to

date, such as infrared and Raman spectroscopy, contact angle/wetting measurements,

ellipsometry, XPS, and X-ray diffraction are signal averaged techniques that report only the

"bulk" properties of the mm. In this respect, the scanning probe microscopies, particularly

atomic force microscopy (AFM) and scanning tunneling microscopy (SlM), have played

an important role in probing the monolayer structure and morphology, given that they

provide information at the molecular leveI.16,20,26-42

1.4. Gold·Sulfur Interaction

Although there is currently no direct supporting evidence, adsorption of

alkanethiols and alkyldisulfides to gold surfaces is thought to proceed via oxidative addition

of the S-H or SoS bond to gold producing a gold(I) thiolate (RS-) species 6,8:

RSH+Au~ ~?

RSSR + AuO -----­n

(1).

The absence of S-H (- 2600 cm-!) and SoS (- 520 cm-!) stretching vibrations in

both the infrared13,43-45 and Raman spectra46,47 of adsorbed alkanethiols and disulfides,

and the ca. 20 cm-! shift to lower frequency observed for the gauche and trans CoS

stretching bands46,47 is commonly offered as evidence for the cleavage of the S-H and SoS

bonds. XPS measurements44,48-50, electrochemical monolayer desorption investigations51 ,

and laser desorption Fourier transform mass spectrometry studies52,53 all suggest that the

adsorbed organosulfur species is a thiolate (RS-). The Au-S bond has been described as

being largely covalent, but with sorne ionic character, and the homolytic bond strength baS ---
been measured to be 40-50 kcal mol-Jo 2,9,43

,The S"S spacing and alkyl chain packing density in RS/Au SAMs is largely

dictated by the underlying metallattice. For example, grazing incidence X-ray diffraction54 ,
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He diffraction 19,55 , electron diffraction56 , and STM studiesI6.26.29,31.33.35,40.41 of

alkanethiolates on Au (III) surfaces show a commensurate hexagonal array with a S"S

spacing of 4.99 Â. More specifically, STM studies reveal that the sulfur atoms are bonded

to the Au triple hollow sites (Figure 1.2A),leading to a (-./3 x -.J3)R30· unit cell.16.26.29,31­

33,35,40,41 Since the spacing between adjacent sulfurs in this RS/Au (Ill) overlayer is

greater than the distance of closest approach of the alkyl chains (4.24 Â), the chains tilt by

- 30· (from the surface normal) to maximize lateral van der Waals interactions. This

results in a chain padang density of 21.7 Â2 per molecule. 19 By comparison, the S"S

spacing of thiolates adsorbed on a Au (110) surface is 5.76 Â, with the sulfur atoms

bonded to the rectangular hollow sites of the Au (110) surface in a commensurate c(2x2)

structure (Figure 1.2B).19 In the RS/Au (110) configuration, the chain tilt is - 40·, and the

area océupied per RSH chain is 23.5 Â2, t9 resulting in a surface packing of chains that is

- S% less dense than for the RS/Au (111) momilayer. In contrast to the results obtained

for RS/Au (Ill) and RS/Au (110), studies of the structure of alkanethiolates on Au (100)

report quite different results. Camillone et al. observed a complex He diffraction pattern

for the terminal methyl groups of a n-C22H4SS/Au (100) monolayer. 19 A tentative

analysis of the data revealed an incommensurate oblique array with four kinds of

equivalent chain domains due to the four fold symmetry of the Au (100) lattice. An area

per RSH molecule of 17.S Â2 was calculated19 , which translates to a 20% tighter chain

packing density than for monolayers on Au (III). The results of an earlier transmission

electron diffraction study however suggested a c(IOxlO) overlayer, where the alkyl chains

are packed in a square lattice with an interchain spacing of 4.54 Â, a calcuiated chain tilt of

6-12·, and an area of 20.6 Â2 per molecule.56 Molecular dynamics calculations do not

support this latter bonding configuration on Au (100) because the simulations show that if

the sulfurs are restricted to a square lattice with a S"S distance of 4.54 Â, the alkyl chains

undergo progressive distortions of the C··C··C bond angles to reduce the free energy of

packing of the all-trans chains.57 More specifically, the simulations predict a

rearrangement from the square lattice geometry at the thiolatelAu interface to a distorted

hexagonal packing towards the tenth methylene of a n-C22H4SSH chain.57 Recently,

Scoles et al. investigated the possibility of a qualitatively different packing arrangement of

the chemisorbed sulfur atoms, the alkyl chains, and the terminal methyl groups in n­

CISH37S/Au (100) monolayers by using a combination of He diffraction and synchrotron

X-ray scattering experiments.58 Their results show that the structure of the thermally

equilibrated RS/Au (100) surface consists ofa p(lx4) thiolate/Au interface, and thus a

distorted hexagonal alkyl chain array. The result is a chain tilt angle of 33.5±1.0· from the

surface normal, and a packing density of22.19 Â2/chain.58 The He diffraction data reveal
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a highly corrugated methyl surface which forms a c(2x8) structure.58 These results c1early

point to the complex interplay which exists between the interchain van der Waals

interaction and the sulfur/gold interaction for thiol SAMs on Au (100) surfaces.

Recently, sorne controversy has arisen over the nature of the adsorbed organosulfur

species. Since the 4.99 À S"S spacing of alkanethiolates on Au (lll) is nearly three times

the van der Waals diameter of a sulfur atom (i.e. 1.85 À), S-S interactions would seem to

be minimal. Contrary to previous X-ray and electron diffraction studies54•56 , an

interpretation of the results of a recent grazing angle X-ray diffraction study of n­

Cl(jH21 SH self-assembled on Au (Ill) concluded that there is a dimerized array of sulfurs

on the surface, whose S··S spacing is 2.2 À.59 This implies Ihat Ihe adsorbate is equivalent

to a disulfide. A gauche S-C bond apparently accomodates Ihe well-known hexagonal

alkyl chain array in 1his disulfide bonding scheme.59 Furthermore, a kinetic analysis of the

desorption and place-exchange processes of 35S radiolabeled octadecaneIhiol from gold

suggests desorption as the disulfide, alIhough a spectroscopic characterization of the actual

desorption products is required to provide more compelling proof.25 Nevertheless,Ihese

anomalous results challenge the generally accepted metalIhiolate bonding structure.
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(A)

(B)

Figure 1.2. A schematic representation of the overlayer structures formed by long chain

alkanethiols on Au (111) and (110) surfaces. The open circles denote the Au atoms and

the larger shaded circ1es represent the sulfurs. (A) Commensurate «..)3 x ..)3)R30·)

hexagonal array of sulfur atoms on Au (111) places all the sulfurs at identical threefold

hollow sites; (B) Commensurate c(2 x 2) adlayer lattice of sulfurs bonded ta the

rectangular hollow sites of the Au (110) surface.
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1.5. Chain Structure and Dynamics

Surface infrared spectroscopy (i.e. polarization reflection-absorption infrared

spectroscopy, infrared external reflection spectroscopy, and grazing-angle FT-IR

spectroscopy) has been particularly useful in characterizing the conformation and

orientation of the alkylthiol chains. IR studies of long chain n-alkanes report that both the

peak frequency and the peak width of the antisymmetric ('Ila) and symmetric ('Ils) CH2

stretching vibrations are sensitive markers of trans and gauche bond populations in the

chains.60•61 For instance, crystalline polymethylene chains exhibit 'Ila(CH2) and 'Ils(CH2)

at 2920 cm-! and 2850 cm-l, respectively, whereas the peak positions shift to 2928 cm-!

('Il a) and 2856 cm-! ('Ils) in the liquid state. A similar trend is observed for bulk n­

alkanethiols where the 'Ila(CH2) and 'Ils(CH2) peak frequencies shift from 2918 cm-! to

2924 cm-! and from 2851 cm-! to 2855 cm-! on going from the crystalline to liquid

state.44 A comparison of the 'Ila(CH2) peak frequencies of RS/Au SAMs for R = C4-C22

shows a trend to lower peak frequencies as R increases. More specifically, the 'Ila peak

position (i.e. 2917 cm-! - 2918 cm-!) indicates that for Cl6 S; R S; C22, the monolayer

exists in a crystalline-like state, whereas for R S; Cs (i.e. 2921 cm-l ) the local environment

of the all.-yl chains approaches that of the bulk disordered or liquid state. A similar, but less

pronounced trend is also observed with 'Ils(CH2).44 Thus, the crystalline-like 'Il(CH2)

values for long chain RSIAu SAMs suggest that the alkyl chains exist in a fuily-extended,

all-trans conformation.

The ellipsometric film thickness measurements as a function of the alkylthiol chain

length show two distinct regions: a linear region between CIO and C22, and another non­

linear region between C2 and CIO.44 A comparison of the measured mm thicknesses with

values calculated assuming close-packed, trans-extended alkyl chains which are tilted

between O' and 30' from the surface normal reveals close agreement only for chain lengths

between CIO-C22.44 Low energy helium diffraction experiments, which probe the surface

structure of RSIAu (Ill) SAMs, show that as the carbon chain length is shortened from

C22 10 C6' an abrupt decrease in the diffraction peak intensities is observed for the

CIOH2!SH monolayers and no diffraction is seen with C6H13SH.62.63 These results,

which indicate a transition from a densely packed ordered monolayer, to a less dense more

disordered state at about the CIOchilin length, correlate weil with the conclusions of the

surface IR speclroscopy studies. Furthermore, a recent UHV-S'TM study reports that

RS/Au (Ill) monolayers composed of R S; C6 exist in a two-dimensional (2-D)

disordered or liquid phase at room temperature. No such liquid domains were observed

for Cs and CIO chain lengths however.30 The results of these experiments seem to
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conclude that n-RS/Au SAMs with chain lengths longer than CIO exist predominantly in an

ordered, all-trans conformation.

The measured intensities of the 'Il(CH2) peaks are used to calculate the molecular

orientation of the thiol monolayer using surface selection rules which relate the avemgc tilt

between transition dipole moments (m) and the surface normal (z) according to the

equation:

cos29mz = /obs/3(/eale) (2);

where 9mz is the average tilt angle of a vibrational mode with respect to the surface normal,

lobs is the experimental peak intensity, and hale is the peak intensity calculated for a

hypothetical isotropic monolayer with the same packing density.43.44 /eale is usually

determined from the transmission FTIR spectra of RSHs in the bulk state.43.44 The results

of this type of calculation yield an average tilt angle, IX, of the chain axis from the surface

normal of 20'-35' and a twist angle, ~, of 50'-55' for long chain alkylthiol monolayers on

polycrystalline gold surfaces (Figure 1.3).43.44 The modulation of the intensities of the CH

stretching modes associated with the terminal methyl groups (i.e. r+ and ra-) in the surface

IR spectra of RS/Au SAMs reveal an odd-even chain length dependent orientation of the

methyl group (Figure 1.3), clearly establishing that the Au-S-C bond angle (- Il0') is

conserved. Therefore, in even number chain lengths, the intensities of the r+ and ra-bands

are approximately equal, for odd number chain lengths, the ra-band intensity is

signüicantly stronger than that of the r+ band.43,64

The structures of a variety of CJ)-substituted n-alkanethiols, X(CH2hsSH (where

X = CH20H, C02H, C02CH3, and CONH2), adsorbed on polycrystalline gold surfaces

have also been characterizedby surface IR spectroscopy, XPS, contact angle (wetting)

measurements, and ellipsometry.43 The results of these characterization studies show that

these CJ)-substituted thiols also form densely packed, crystalline-like assemblies with a

trans-extended alkyl chain conformation, with IX ranging from 28'_40', and ~ =ca. 55'.

The terminal C02H groups appear to exist in short hydrogen-bonded sequences. The IR

spectra also suggest that the terminal functional groups adopt specific orientations at the

filmlambient interface which are poorly modeled by the bulk phases.43 Molecular

dynamics (MD) calculations further predict that monolayers formed from aJkylthiols with

polar terminal groups adopt more rigid structures than their terminal CH3 counterparts.6S

For X =CH20H, MD simulations show that there is hydrogen bonding between the chain

ends, but that the surface is largely disordered, with a significant amount of free hydroxyI

groups. For X = CN, the terminal groups organize in a ferroelectric configuration which is
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incommensurate with the underlying sulfur headgroup lanice. The simulated configurations

of these polar terminal groups at the filmlambient interface seem to be consistent with their

wetting properties.65

(6
H Ii/liii ~,\\\\\\\\H

/l".' • H
HUS :,

u (CHs)
even

i~
H t~$H"- ~....................

u(CHs)
oddHL

1..\,11\\\\\\ H

~H

Figure 1.3. A schematic representation of the conformation and orientation of long

chain RSfAu SAMs. The angle ex represents the tilt of the chain axis away from the

surface normal and ~ is the twist angle of the C-C-C plane about the chain axis. The odd­

even (chain length) transition dipole orientations of the terminal CH3 group are shown.

Scoles and co-workers have used low energy He diffraction experiments to study

these systems.62•63 The He atom penetration depth exclusively probes the ordering and

thermal motion of the chain end methyl groups of RSfAu (lI 1) films. These studies

report that at temperatures lower than 100 K. the methyls form oriented. hexagonally
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packed domains with a lattice constant equivalent to the interchain distance of 5.01 À.

However, the increasing thennal motion of the tenninal methyl groups with increasing

temperature reduces the ordered coherence length, bringing the diffraction intensities 10

zero at ca. 100 K.62,63 This indicates that even for long chain RSH monolayers thal exisl in

a predominantly alI-trans confonnation at room temperature, the chain ends arc disordercd.

In fact, MD simulations show that at ca. room lemperature, long methyl-tenninated ehains

are tilted. Moreover, they are rotated about their long axes and there is a significanl

population of confonnational defects located at the chain ends.65-67 Variable temperature

IR studies of RS/Au (111) SAMs further indicate that as the. film temperature is lowered

below ca. 200 K, the CH2 scissoring vibration splits into a doublet of nearly equal intensily

(i.e. 1472 cm-! and 1463 cm-! ).64.68 This implies not only that there are at leasl two chains

per surface unit ceH, but that the alkyl chains exist in a more ordered environmenl al lower

temperatures. The concomitant decrease in the \)a(CH2) frequency (i.e. l'rom 2918 cm-! at

300 K to 2916 cm-! at 80 K), the narrowing of aH the observed peak linewidths, and the

large increase in the peak intensities as the temperature is lowered below 200 K arc also

consistent with greater chain order due to freezing out of both chain-end and internai

confonnational defects (i.e. gauche and kink). A decrease in the thennal motion of the

tenninal methyl groups also accompanies tlùs freezing out process.64•68

Variable temperature surface IR spectroscopy studies show only the graduai

appearance of gauche conformational chain defects upon heating, instead of the dramatic

population increase expected for first-order melting processes.64•68 MD simulations of the

thermal behaviour of n-C!6H33S/Au (111) monolayers predict both graduai orientational

and rotational disordering of the tethered alkyl chains with increasing temperature (Figure

1.4).65.67 A recent grazing incidence X-ray diffraction study of C12S/Au (11 I) and

C!4S/Au (111) monolayers instead reports reversible melting transitions, with the co­

existence of both solid and liquid phases.54 These transitions occur at temperatures that are

ca. 60 ·C above the melting points of the corresponding bulk n-alkanes.54 The thennal

stability of RS/Au fùms has also been investigated using (35S) radiolabeHed C!8H37SH.25

Under ambient atmosphere, thiolate desorption begins at 100 ·C (373 K), with a 50%

monolayer 10ss occurring at - 160 ·C (433 K). A complete loss of surface sulfur is

observed by 210 ·C.25 However, a temperature-programmed desorption study of a

C16H33S/Au (111) monolayer detected the start of thiolate desorption at ca. 225 ·C

(498 K).43

In addition to chain disordering processes, temperature-induced reconstructions of

the monolayer/Au interface54,58, nucleation and growth of ordered domains induced by the

partial desorption of surface thiolates16.26.30, and surface migration of the thiolate-Au
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species28.32.34 have also been observed. Furthennore, contact angle measurements show

that hydroxyl-tenninated SAMs undergo a slow reorganization to bury the polar hydroxyl

groups into the hydrocarbon film.65.69.70 The rate of reorganization of the monolayer was

found to he influenced by both the alkyl chain length and the temperature.65.69.70 Clearly,

the dynamics of RSIAu SAMs are complex.

lOOK

200K

300K

400K

500K

T

The chains are orientationally ordered,
collectively tilted in the nearest-neighbor
direction, and free of gauche defects.

Reorientational motion about the chain axes is
occuring via discrete jumps and there exists a
measurable population of gauche defects.

The tilt direction is unlocked and the tilt director
is free to precess about the surface nonnal. The
chain tilt angle continuously decreases and there
is an increasing density of gauche defects.

The collective chain tilt is zero, the chains are
rotating freely about their long axes, and
there is a large population of gauche defects
throughout the monolayer.

Figure 1.4. A summary of the chain dynamics of RS/Au SAMs predicted by MD

simulations of the thennal behavior of a Cl6S/Au (111) system.65.67 This schematic is

modeled after one presented in references 65-67.
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1.6. Interfacial Electron Transfer

Electrochemical characterization techniques, such as cyclic voltammetry, a.c.

impedance spectroscopy, and differential capacitance. have been used to:

(i) detennine the swface thiolate coverage;

(ü) probe the structural integrity of the film in tenns of film thickness

and defect sites;

(iü) understand the mechanism of interfacial electron transfer.

Tne surface coverage of RSH-modified Au electrodes has been tjetennined by

using the characterisùc Au oxide fonnation (+1.1 to 1.4 V vs. S.C.E.) and stripping

(+0.9 V vs. S.C.E.) peaks in the cyclic voltatnmograms (CVs) of electrodes immersed in

0.1 M H2S04.71-74 A comparison of the charge under the Au oxide stripping peaks of bare

and thiol-coated electrodes is reported to yield a quantitative measurement of bare metal or

"pinhole" sites. This method assumes that areas covered with the densely-packed

monolayer are eleclrOchemically inert Typical fracùonal thiol coverages of 0.95-0.999 are

reported for ClSH37SH-modified Au electrodes (i.e. thin film Au/glass substrates and

polycrystalline Au flags) using the Au oxide stripping method.72 This methodology clearly

damages the SAM however75.76 and is not useful if the SAM is to be used in subsequent

studies. Underpotenùal deposiùon and stripping of Cu has also been used to image, by

STM, the density of surface bare patches as a function of the thiol incubaùon time.42

Studies reported to date on interfacial electron transfer have employed either water­

soluble redox couples (eg. Fe(CN)63-/4-, Ru(NH3)62+13+, Mo(CN)s3-/4-. Fe2+/3+, and

Fe(bpy)(CN)41-12-)I7.44.71-74.77.87 or redox couples tethered to the alkylthiolêllain end (eg.

viologens, pyRu(NH3)52+/3+, ferrocene)84,86.88'96. The general consensus arising from

electrochemical studies of RSIAu SAMs and water-soluble redox couples is that these

10-30 À thick films can be fonnidable barriers for electron transfer, reducing the

heterogeneous electron transfer rates by 10-106 fold. The result is that the kineùcs of

otherwise very fast redox couples can be studied. Transmonolayer electron transfer to

redox species in solution has been proposed to occur via an electron tunneling

mechanism77,79.81-83.88-90, through monolayer defect sites71-74.87, ion penneation75.78.80.85

or through redox species mediaùon97 (Figure 1.5).

1-16



Chapter I: Genera/Introduction

(i) o R

Y

IIiII&MIIJ
(ü) o R

Ve

(iü) (iv)
. 0000 0 0 00

H20 0 0 0 00 0 0 redox active H20 0 0 0 0 0 0 redox active
00000 0 000 species 0 00000 0 0 0 spcSes 00

1I1l_;} IIlllil/liili;}
e e

Figure 1.5. Possible mechanisms of electron transfer at RS/Au electrodes: (i) direct

electron transfer at pinholes or other ftlm defect sites; (ii) electron mnneling, either through­

bond or through-space, across the full width of the fùm; (iii) permeation of the redox

species through the monolayer and reaction at the electrode surface and (iv) redox species

mediation wherein the redox couple exists in an number of hydration states that have

different E" values.

In an early study, Finklea et al. investigated the blocking properties of long

alkylthiol chains (C12, C14, C16, and ClS) self-assembled on gold electrodes (evaporated

Au fùms on glass substrates).87 They found that the monolayers are stable over a wide

potential range in aqueous electrolytes (i.e. -0.4 V to +1.4 V vs. S.C.E. in 0.5 M H2S04),

suppress gold oxidation by 3-5 orders of magnimde, and decrease the e1ectroddelectrolyte

capacitance by 20-100 fold. The charging currents of CYs (obtained in 0.5 M H2S04

electrolyte) gave capacitances of 1-5 IlF/cm2 for the RSH-modified Au electrodes,

compared to values greater than 100 lJ.F/cm2 for bare Au. If one assumes a paral1el-plate

capacitor model (i.e. an ideal Helmholz mode!), with the thiol monolayer serving as the
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dielectric spacer between the metal surface and the electrolyte soluùon, the capacitance. Ci.

is expected to he proportional to the reciprocal of the monolayer t1ùckness98 :

C,= Ef.oAld (3);

where E is the dielectric constant of the monolayer, Eo is the pennitùvity of frce space

(8.85 x 10-14 F cm-I), A is the electrode area (cm2), and d is the monolayer thickness (cm).

However, no such correlaùon was observed between the measured capacitances of CI2,

CI4, C16, and CI8 thiol-modified Au electrodes and the ellipsometric film thicknesses.87

Greatly reduced Faradaic currents were reponed for Fe2+/3+, Fe(CN)63-/4-, and

Ru(NH3)62+/3+ in aqueous electrolyte solution with no visible depleùon of the redox

species at the electrode surface.87 More imponantly, curved linear free energy relaùonships

or Tafel plots (i.e. log of current (log i) vs. applied potenùal (E)) were observed with a

tendency toward lower slopes at larger overpotenùals. These curved Tafel plots did nol

arise from potenùal-induced changes in the monolayer structure. It is significant that the

monolayers did not retain their blocking capacity to ferrocene oxidaùonlreducùon in

acetonitrile. CVs of bare and RSIAu electrodes show identical peak currents and potenùals

in this case. Solvation of the alkyl chains in organic solvent apparently renders the

monolayer penneable to ferrocene. 87

The Tafel plot curvature led Finklea and co-workers to conclude that electron

transfer at RSH-coated Au electrodes cannot be described by a single transfer rate

coefficient and rate constant87 The observed low Tafel slopes and the absence of limiting

currents at large overpotentials (Tl = O.2V - 0.6 V) in both the anodic (oxidation) and

cathodic (reduction) segments are inconsistent with direct electron transfer at pinholes or

other defect sites. Non-linear Tafel plots can originale from an electron tunneling

fonnalism. Classic studies of long-range electron transfer between donor/acceptor pairs,

separated by rigid hydrocarbon spacers of known length, showed that electrons use the

orbitais (Tt, Tt*, cr, cr* etc.) of the intervening spacer molecule to tunnel or migrate between

the donor and acceptor groups (i.e. through-bond coupling).99.10S Furthennore, theories

for tunneling at oxide-covered electrodes predict a linear relationship between the tunneling

barrier thickness and the log of the kineùc current at a given overpotential.106-109 However,

no such dependence was found between log i (at Tl= +0.5 V) and the measured film

thicknesses for the Fe(CN)63' /4• and Fe2+13+ redox couples. Thus, the observed Faradaic

currents could not be entirely due to electron tunneling across the full monolayer width.

Instead, Finklea et al. postulated that the Faradaic currents observed at RSIAu electrodes is
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composed of electron transfer at defect sites at low overpotentials and electron tunneling

through thin film patehes at large overpotentials.87

Sabatini and Rubinstein attempted to model the defect sites present in thiol

monolayers as an array ofultramicroelectrodes.71 -74 With fractional thiol surface coverages

(8) close to one, the remaining bare electrode surface can be treated as an array of

nanometer-size ultramicroelectrodes. The density, size, and average spacing of the defect

sites is calculated using peak current-potential sweep rate data from CVs obtained in

aqueous solutions of the redox species according to the Amatore-Saveant-Tessier (A-S-T)

theory for ultramicroelectrodes. 110 This approach is limited to monolayer-insoluble redox

probes and makes severa! assumptions about the distribution and shape of the defect sites

in the monolayer. For instance, a small number of defects spaced sufficiently far apart are

expected to act as individual electrodes resulting in radial diffusion of the redox probe to the

defect sites. This results in i-E voltammograms which exhibit limiting current plateaus

(Figure 1.6B). By contrast, a large number of defects spaced close together act as

electroactive sites with overlapping diffusion layers. This results in linear diffusion of the

redox probe to monolayer defect sites and a CV which is sirnilar in shape to that obtained

with a bare electrode (Figure 1.6C).

When the mm coverage is very close to unity, the A-S-T theorylIO predicts a CV

shape with a lirniting current plateau which does not vary with the scan rate (Figure 1.6B,

i). In this case, the plateau current height (iunJ is related to the fractional filin coverage (8)

and to the center-to-center inter-microelectrode spacing (2Ro) through:

2Rof(l-8) = FACoDliUm
and 1(1-8) =0.3/(1-8)112 (for disk-shaped microelectrodes)

(4)
(5);

where D is the redox probe diffusion coefficient, Co is the bulk redox probe concentration,

Fis Faraday's constant, A is the electrode area, and (1-8) is the total fractional pinhole area.

If the current plateau occurs at an overpotential (Figure 6B, ü), an additional relationship

can be derived between the inter-microelectrode spacing (Ulo) and the fractional filin

coverage (9) from the measurement of the half-wave potential (EII2):

2Ro(l-9)j{I-9) =(Dlkapp) exp[(aFlR1)(EII2-EO) (6);

where the standard rate constantkapp, transfer coefficient a., and standard potential EO refer

to values at a bare electrode, and T is the absolute temperature. When 9 and Roare known;

the average microelectrode diameter (Ra) can be estimated using:
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Ra = Ra (1-8)112 (for disk-shaped microelectrodes) (7).

In the case where the fractional film coverage is not very close to one, the average

distance between the pinholes is small compared to the diffusion layer thickness. As

mentioned above, this results in a CV shape characteristic of linear diffusion (Fig. 6C).

According to the A-S-T theory, one can estimate the microelectrode diameter, Ra, and the

average inter-microelectrode spacing, 2Ra, by increasing the potential sweep rate, v, until a

transition from linear diffusion behavior to radial diffusion behavior is observed. 11O The

scan rate, l'max, corresponding to the transition is then related to Ra according to the

relationship:

Ra = (DRT/Fl'max)/14.8fil-8) (8).

e·

Again, by modeling the monolayer defect sites as disk-shaped microelectrodes, Ra is

related to 8 and Ro through equations (5) and (7).110

Theoretical analyses of the CV shapes of thiol-modified electrodes with fractional

surface coverages of> 0.9 have estimated pinhole diameters of ca. 0.2-20 lJ.IIl and average

spacings of 1-100 ~m.44.7I,72 Majda and co-workersll 1 and Chailapakul and Crooks l1 2,113

have also used the A-S-T theory to characterize the molecular size defects or pores crehted

by the incorporation of "gating" molecules intothe passivating thiol monolayer. They have

reported pore radü of 0.5 nm - 0.8 nm and a pore number density of ca. 106-109/cm2.

Finally, it is appropriate to note that the rate equations derived in the A-S-T theory

are formally identical to an entirely different class of mechanism.110 The authors of this

theory point out that both CE (a chemical reaction followed by an electrochemical reaction)

and EC (an eleçtrochemical reaction followed by a chemical reaction) electrode

mechanisms yield the same form of eq!.lations, when surface mm coverage terms are

replaced by kinetics terms.110 The implications of this equivalence are important, given

that a good fit of ilE curves to A-S-T theory has been used as evidence for microscopic

pore defects orchannels in RS/Au SAMs.41;7p2,1l1-113 Prior rate limiting chenlistry, as

in the CE case, must also he consideredas being viabl~ unless shown otherwise.
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~
Figure 1.6. Cyclic voltammogram shapes (i vs. E) predicted by treating monolayer

defect sites as arrays of ultramicroelectrodes àccording to the Amatore-Saveant-Tessier

theoryllO. The schematic is modeled after one presented by Crooks et al. 1l2•113 •

Porter and Allara. on the other hand. claim that the long chain alkylthiol monolayers

prepared by their· group are well ordered and free of measurable pinholes.44 The capacitive

currents for C16. C18. and C22 are a factor of 100 less than that at bare Au. A plot of the

'..
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reciprocal capacitance vs. the carbon chain length for CIO-Cn followed a linear relationship

and a dielectric constant of 2.6 (similar to the polyethylene value of 2.3) was calculated

from the data. The capacitance data thus suggests that the monolayer behaY::~ as a

dielectric medium of a certain thickness. Furthermore, as the chain length increases, the

blocking capacity of the monolayer to heterogeneous electron transfer increases. For a

C l sS/Au monolayer, the Fe(CN6)3- reduction current is reduced by >1()4 at the E"' (ca.

0.29 V vs. Ag/AgCI) compared to bare Au. More specifically, at the CI8 chain length, the

measured current is largely capacitive, with only a small contribution from Faradaic

processes. The data indicate that me Fe(CN6)3- reduction is kinetically limited. Porter and

Allara conclude electron transfer proceeds through thin patches in the monolayer where

electron lunneling is more probable.44 The significant variability observed in the reduction

currents from one sample preparation to another did not allow for a more extensive

treatment of the data.44

Miller et al. investigated the heterogeneous electron transfer properties of pinhole­

free monolayers of ro-hydroxyl alkylthiols on Au evaporated film electrodes.S1 -S3 As in

the n-alkylthiol monolayers studied by Porter and Allara44 , a linear relationship was

observed between the reciprocal capacitance and the alkyl chain length for C2-CI6. A

dielectric constant of 3.0 was calculated from the slope of the plot of reciprocal capacitance

vs. monolayer thickness. As reported by Finklea et al.S7 curved Tafel plots were observed

for the Fe(CN)63-/4- and Fe2+13+ redox couples. The rate of electron transfer was found to

be the rate-limiting step in the overall electrode reaction. Unlike Finklea87 however, Miller

observed a logarithmic dependence of the heterogeneous electroÎl-transfer rate constants on

the monolayer film thickness for the reduction of Fe(CN)63- and Fe3+. Miller reasoned

that if electron tunneling across the full monolayer width is the dominant electron transfer

mechanism, the Faradaic current (i) at a given overpotential should decrease exponentially

with the monolayer thickness according to the expression:

i = io e-f3d
ln i =ln io - f3d

(9)

(10);

where io is the current measured at a bare electrode, d is the monolayer fllmthickness (Â),

and 13 is the electron tunneling constant (Â-I).81-83 A linear plot of ln i vs. d gives a slope

whose value is 13. If one assumes a rectangular barrier, ~ gives a measure of the barrie..

height, V, through the equationSI-83:

13 = 1.025VI12 (11).
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Mter correcting the CYs for diffusion limitation, a ~ of 1.08 ± 0.20 per methylene unit

(0.83 ± 0.15 k l ) was calculated which was found to be independent of the redox couple

and nearly independent of the e1ectrode potential.81,83 Following the example of Miller, Xu

et al. measured an electronic tunneling coefficient of 1.02 ± 0.20 per methylene unit

(0.82 ± 0.16 k l ) in long-chain n-alkylthiol SAMs with the Fe(CN)63-/4- and Fe2+/3+

redox couples.79

Several electrochemical studies of RSIAu SAMs formed from terminally

substituted RSHs (eg. -OH, -COOH, -NH2, -N(CH3h+) have, however, definitively

shown that the monolayer surface charge and hydrophobicitylhydrophilicity have a

dramatic effect on the double layer capacitance 114,115 and the electron transfer rates

associated with water-soluble redox couples7s,78,80,8s. For example, the voltammetric

response of Fe(CN)63- was observed te decrease in the order NH2 » OH > COOH for CIl

ro-substituted RSIAu monolayers (Figure 1.7A).78 By contrast, the Ru(NH3)63+ reduction

rate increased in the order NH2 <OH <COOH (Figure 1.7B).78 Likewise, Doblhofer and

co-workers report that AulS(CH2h IN(CH3h3+ monolayers do not block Fe(CN)63­

reduction but significantly reduce the Ru(NH3)63+ reduction rate.8S In fact, Miller himself

recently stated that although electron transfer proceeds through the entire thickness of the

monolayer, the electron transfer rates are largely determined by preconcentration or

permeability factors. 8o It is this type of contradiction which requires a more careful

evaluation of the mechanism of electron transfer across thin film barriers. The redox

species is concentrated (or depleted) at the electrode surface via electrostatic interaction

between charged ro-substituents and the ionic redox complexes.78 ,8S

Hydrophobic/hydrophilic interactions between the monolayer surface and the solvated

redox species are also affected by the change in the overall dipole moment of the

monolayer assembly, even if the ro-substituent is an uncharged species.80,114,I1S These

results clearly point to the importance of the redox species' solvation and charge on the

permeation and facility of electron transfer at RSIAu monolayers.
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Figure 1.7. Stationary-state CYs obtained with bare Au and X-(CHÛIOSH-modified

Au electrodes where X = CH20H for HUM, X = COOH for CDM, and X = CH2NH2

for AUM. CYs have been reprinted from reference 78, Copyright (1994) with kind

permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington

OX5 1GB, UK. (A) 2 mM K3Fe(CN)6, 0.2 M KCI aqueous solution at pH 5.8. Scan rate

is 100 mVs- l . (B) 2 mM Ru(NH3)6CI3, 0.2 M KCI aqueous solution at pH 5.2. Scan rate

is 100 mVs·l.
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1.7. Thiol-Derivatized Gold Nanoparticles

A novel surfactant-mediated synthesis of gold colloids was recently reponed by

Brust and co-workers. 116 This system is panicularly interesting given that the surfactant

uSed' dodecanethiol, is well-known to forrn SAMs on planar gold surfaces as discussed

above. The thiol-coated nanoparticles are synthesized using a IWo-phase (toluenelwater)

synthesis and tetraoctylammonium bromide as the phase transfer reagent. Briefly,

Au(Ill)CL!' is transferred to the toluene layer from the water layer, and then reduced by

sodium borohydride in the presence of thiol surfactant at thetoluenelwater interface:

AuCL!- (aq) + (CSH17)<!N+ (toluene) ..... (CSH17)4N+AuCL!- (toluene) (12)

xAuCL!- (toluene) + yCnH2n+ISH (toluene) + 3xe- ..... (Aux)(CnH2n+ISH)y(toluene)

+4xCI- (aq) (13).

The thiol surfactant adsorbs onto the growing metallic cluster until complete surface

coverage prevents funher cluster growth. Leff et al. have funher demonstrated the control

of particle size (from 1.5 nm to 20 nm diameter) by varying the gold-to-thiol ratio and

applied a model in which the role of the thiol is analogons to that of the surfactant in water­

in-oil microemulsions. 117 These thiol-derivatized Au nanoparticles are air-stable and

soluble in chloroforrn, toluene, hexanes, and other non-polar solvents. The solvent can be

evaporated, and the particles can be redissolved in organic solvent witbout metallization

occurring} t6

The large surface area of these nanoparticles (i.e. ca. 100 m2/g) makes the self­

assembled thiol monolayer amenable to structural characterization by techniques

conventionally used for bulk materials, such as NMR spectroscopy, transmission FT-IR

spectroscopy, and differential scanning calorlmetry. J'JI these techniques are panicularly

powerful in terrns of defining the state of chain organization. in self-assembled systems

such as lipid membranes and micelles.

1.8. The Present Work

Although the structural and barrier properties of aIkylthiol monolayers on gold have

been intensively studied, a molecular level understanding of the structurelpropeny/activity

relationships ofthese 2D organized assemblies is relatively limited. More imponantly, the

manner in which temperature affects these relationships remains substantially unresolved.
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If RSIAu SAMs are to be ultimately used for novel technological applications, thcir

structural integrity must be thoroughly characterized, in both kinetic and thermodynamic

terms. We are particularly concemed with how restricted chain motion, due to strong

pinning of the sulfur headgroup to the metal surface, affects long and short-range ordering

of the alkyl chains, surface reorganization processes, and order-disordcr phase transitions.

It is therefore the aim of this thesis to address the phase properties of self-assembled

alkylthiol/Au monolayers through (i) the interfacial electron transfer process at classical

planar surfaces and (ii) the structure and dynamical behavior of thiol-derivatized Au

nanoparticles.

The thesis is divided into six chapters:

Chapter One presents a general introduction to self-assembled alkylthioI

monolayers on gold surfaces. The introduction of cach subsequent chapter specifically

addresses the topics covered in that chapter.

Chapter Two demonstrates the potential of the heterogeneous electron transfer

process as a probe of the phase properties of RS/Au SAMs. Preliminary results are

presented in the context of gel-to-liquid crystalline phase transitions in organized lipid

bilayers.

Chapter 'Duee presents an extensive electrochemicai investigation of the thermally­

induced changes in RSIAu SAMs. The electron transfer mechanism across the monolayer

fIlm is discussed in light of the results.

In Chapter Four, the film structure and thermal properties of RSH-derivatized Au

nanoparticles are addressed through tH and 13C NMR spectroscopy, transmission infrared

spectroscopy, transmission electron microscopy, and differential scanning calorimetry.

The chain packing structure and thermotropic behavior of these alkylated nanoparticles are

compared to those of planar SAMs.

In Chapter Five, the chain order and dynamics of SAMs on Au nanoparticles are

examined using solid-state deuterium NMR spectroscopy, transmission infrared

spectroscopy, and differential scanning calorimetry. The nanoparticles have been

derivatized with perdeuterated and specifically deuterated octadecanethiols.
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Chapter Six is an overview of the conclusions which can be drawn from the work

presented in the thesis. The present findings are discussed in the context of previous

knowledge. The significant contributions made to original research are noted and

suggestions for future work are proposed.

Appendix A contains the journal reprints of publications co-authored by the author.

The results of these studies are not discussed in the main body of the thesis but provide

important insights into the present research and are 'valuable adjuncts to the work presented

in Chapters 2-5. These papers include "Structure and Chain Dynamics ofAlkanethiol­

Capped Gold Colloids", Langmuir 1996,12, 1262-1269 and "Probing the Different

Phases ofSelf-Assembled Monolayers on Metal Surfaces: Temperature Dependence of

the C-H Stretching Modes", J. Vac. Sci. Technol. A 1995, 13,1331-1336.
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ChapterTwo

Phase Transitions in Self-Assemhled Monolayers
Detected by Electrochemistry*

2.1. Introduction

Self-assembled monolayers (SAMs) of n-alkylthiols (RSHs) on metals have been

used both as models for organic surfaces and as modulators of metal surface properties.1

These SAMs are prepared under readily accessible laboratory conditions, and the strong

interaction between the metal substrate ( Au, Pt, Ag, Cu, Hg etc.) and the sulfur atom

provides a monolayer film which is sufficiently stable to desorption to allow spectroscopic,

diffraction, and electrochemical experiments to be performed with a minimum of

precautions. 1 Grazing-angle FT-IR studies and grazing incidence diffraction

experiments2,3 of a typical n-ClsH37S monolayer on a Au(lU) surface show that

molecular ordering is present

One key aspect of SAMs which has so far eluded detailed description concems the

question of film thermodynamics and, more specifically, the nature of film phases. A very

recent grazing incidence X-ray diffraction study has shown that 2D structurai phase

transitions may be observable in SAMs.4 This reveais that, like Langmuir and Langmuir­

Blodgett f1lms,5 SAMs do indeed have a complex phase behaviour. Contact anglelwetting'

studies hint at rearrangement processes in RS/Au monolayers,6 while temperature

dependent FT-IR studies reveai oniy graduai changes'? and not the discontinuities,expected

from first-order processes. We have addressed the important problem ofj'iiiélSêc-propêrties

of SAMs by using the electron transfer process between a water-soluble redox species and

• This chapter is aimost a verbatim copy of the text of the paper Ange"w. Chem. lnt. Ed.

Engl. 1994,33, 2332-2335. Slight modifications have been made for clarity and

continuity.
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a RSH-modified Au electrode as a probe of the monolayer film structure. We have

discove!ed that phase transitions do, in fact, occur and that film preparation protocols play a

crucial role in their formation.

2.2. Experimental Section

2.2.1. Materials: n-Octadecanethiol (CI8H37SH; Aldrich. 98%) was triply recrystallized

from ethanol. n-Hexadecanethiol (CI6H33SH), hcptadecanethiol (C17H35SH),

nonadecanethiol (C19H39SH), and eicosanethiol (C20H41SH) were synthesized using

standard procedures. Their purity was monitored by 1H and 13C NMR spectroscopy, thin

layer chromatography, mass spectrometry (NH3, CI), and melting point determination

using differential scanning calorimetry (OSC). The melting point measurements by DSC

are particularly useful in detecting the presence of trace amounts of homologous

hydrocarbons.

2.2.2. RS/Au Electrode Preparation: Bulk polycrystalline Au electrodes (0.020 cm2

geometric area; BAS, West Lafayette, lN) were mechanically polished (Buehler, Ecomet II

polisher) on microcloth pads with alumina (Buehler) slurries of decreasing particle size

(1.0, 0.3, and 0.05 j.Lm). The polished electrodes were sonicated in H20 to remove any

residual polishing alumina from the Au surface. The sonicated Au electrodes were then

rinsed copiously with H20, followed by absolute ethanol, and were immediately immersed

in RSH solutions. The Au substrates were incubated in 5 mL, argon-saturated ethanol

solutions of the thiol (2-5 mM RSH) in sealed glass vials at 23±2 ·C for days to weeks.

The RSH-modified electrodes were rinsed copiously with ethanol, followed by H20,

immediately prior to the electrochemical experiments.

2.2.3. Electrochemical Experiments: The RS/Au working electrode was introduced into

a degassed, thermostated (Haake G circulating bath) 150 mL cell containing 0.1 M KBr

(Anachemia) electrolyte and 0.020 M K3Fe(CN)6 (BDH). Deionized H20 (18 Mn'cm-I)

was obtained from a Milli-Q water system (Millipore; 3 bed ion-exchangelJ bed organic

removal cartridge unit) connected to house distilled H20. The counter electrode was a Pt

wire (Aldrich), and all potentials refer to a AgiAgCl reference electrode (3 M NaCl; BAS).

Currents were obtained from steady-state cyclic voltammograms (BAS 100B

electrochemical analyzer) at 20 mV·;-1 between +500 mV and -150 mV. Typical heating

rates of 0.2 - 0.3 ·Comin-1 were used for all experiments. The Fe(CN)63- reduction current

reported at each temperature was measured from the cathodic segment of the cyclic

voltammogram at an overpotential 1'\ = - 250 mV for Fe(CN)63./4- at that temperature.

2-2
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2.3. Results and Discussion

Electrochemical thennograms for RS/Au electrodes (R = n-C16H33 - n-C2oH41)

were obtained over ?n approximate temperature range of 10 - 65 oC. Electrodes which

exhibit striking discontinuities in the electrochemical thennograms were prepared using a

variation on the conventional preparation protocols.1,8 Specifically, polycrystalline Au

electrodes were incubated in thiol solutions for prolonged periods (days ta weeks) at 23 ± 2

oc. Conventional protocols usually employ much shorter incubation times (i.e. minutes to

hours), a variety of heating/annealing procedures, re-immersion in thiol solution after each

experiment, (lr. co-surfactants in the thiol solution.9 One of the most interesting properties

of RS monolayer~ is their ability ta attenuate the rate of electron transfer between a water­

soluble redox coùple and the underlying metal electrode.2c, 9a-c. 10 The transmonolayer

electron transfer mechanism has been studied with severa! soluble or monolayer-bound

redox couples and a variety of electrochemical techniques.2c, 9, W, 11 The electrodes

discussed here exhibited the characteristics of being thoroughly blocked: reduced

capacitance values, greatly attenuated Fe(CN)63- reduction currents cf. bare Au electrodes,

and the abscnce of features in cyclic voltammograms ~vhich are diagnostic of pinholes or

bare patches in the fùms.

.The temperature dependence of the ferricyanide reduction current, observed at

constant overpotential, for a representative CISH37S/Au electrode is shown in Figure 2.1.

The reduction of Fe(CN)63- at a clean bare electrode increases monot01ùcally with

increasing temperature (Figure 2.1), as is expected for an activated process.12 For each

chain length studied, the modified Au electrode,.however, exhibits a pronounced current

maximum. In ail but the CI9 case, a distinct shoulder on the low temperature side of the

maximum is also observed. Clearly, these substantial current changes reflect temperature­

induced modification of the SAM as a barrier to electron transfer. Previous studies suggest

that an electron tunneling mechanism is overall rate-limiting in the case of well-blocked

RSIAu monolayers,ld, 9a. b. 10d. e, Ilf although sorne data is also consistent with a

penneation mechanism.9a. 10a. b. e. g. 13 Current derived exclusively from a through­

bond tunneling mechanism, for example, should be either temperature independent or

should increase with increasing temperature, depending on whether there is an activation

component to the electron transfer.12a On the other band, current derived from penneation

of the redox couple into the monolayer would exhibit a complex temperature dependence,

as it would depend on the relationship between mm structure, the solvent-monolayer

partition coefficient, the diffusion coefficient of the redox couple in the monolayer, and
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interfacial resistances. The data in Figure 2.1 is clearly inconsistent with tunneling, but is

qualitatively consistent with a complex permeability-linked process.

Our experiments with SAMs prepared under prolonged incubation conditions

exhibit striking parallels to the temperature-dependent permeability profiles of

phosphatidyleholine lipid vesicles to Na+, K+, H20.14 Bilayer lipid vesicles have been

extensively characterized by calorimetric and spectroscopic techniques and are known to

undergo a series of phase transitions, the IWo MOSt prominent being a gel-to-liquid

crystalline transition (at T = Tm) and an untiltinglrippling transition (at T = Tp).l~ This

untilting transition precedes Tm by 3 - 6 ·C, depending on the alkyl chain length. Large

anomalous increases in transmembrane permeability are observed at Tm ± 5 ·C.14 These

large corrent fluxes are attributable to transient dislocations or grain boundaries found at the

interface between domains of the coexisting gel and liquid crystalline phases. These

boundaries provide a low energy barrier to ion and solute diffusion across the membrane.

Recent theoretical studies support this experimentally-based description.16 The current

maxima described here are thus believed to arise from regions of facilitated diffusion in the

monolayer where there are coexistence boundaries between ordered and disordered alkyl

chain domains (Scheme 2.1). It is interesting to note that evidence for electron tunneling in

the well-studied lipid vesicle systems is decidedly lacking and that permeation processes

are in fact responsible for current generation in these systems.17

The temperatures at which the current maxima and shoulders (which we designate

as Tme and Tl', respectively) are observed in the electrochemical thermograms correlate

with Tm (1: 1) values (measured by calorimetry) of n-diacylphosphatidylcholines of

equivalent chain length (Figure 2.2A).l5 This ccrrelation arises because the underlying Au

substrate dictates that the RS chain packing configuration and density are very similar in the

IWo cases. The underpotential deposition ofPb1OC establishes our bulk ~u electrodes to be

70% Au(llO) and 30% Au(lll), so that the areas occupied per unit cell (i.e. 2 RS chains)

are 46.9 À2 and 43.5 À2,3c respectively. n-Diacylphosphatidylcholines, by comparison,

occupy 43 - 48 À2 in their condensed pbase.15 Clearly, the phosphatidylcholine headgroup

and the Au lattice serve the same purpose • to enforce a defined packing density on the

alkyl chains. The chains in a RS/Au(lOO) monolayer have an 18% greater surface packing

density.3c Since phosphatidylethanolamine lipids are packed tighter and have higher Tms

than phosphatidylcholines, we expect a RS/Au(lOO) monolayer to exhibit higher Tmes than

those shown in Figure 2.1.
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Figure 2.1. Electrochemical thermograms (plot of current i vs. temperature 1) for

Fe(CN)63. reduction at (A) C18H37S/Au and (B) bare Au electrodes obtained by cyclic

volrammetry (0.020 M K3Fe(CN)6, 0.1 M KBr, scan rate v = 20 mY·s·1), temperature

corrected overpotential 11 = -250 mY.
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- -
(a) (h) (c)

increasing temperature --

(d)

Scheme 2.1. A sketch of the physical representation of phase transitions in SAMs: (a)

close-packed monolayer. (h) coexistence of tilted and untilted chains. (c) coexistence of

melted and unmelted chains. and (d) melted ehains.
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n=20

60 65 70

Figure 2.2. (A) Relationship between the electrochemically determined temperature Tme

for CnH2n+1SIAu (n =16 - 20) and Tm of the gel-to-liquid crysta1line phase transitions of

n-diacylphosphatidylcholines measured by DSC. Error bars represent standard deviations

reported here (Tme) and in the literature (Tm)15. Slope = 1.0, correlation coefficient r =
0.998. (B) Pretransition observed in the electrochemical thermograms of the modified

electrode (Tpe) vs. the pretransition of phosphatidylcholines (Tp). Note that a Tpe has not

been observed for C19H39S/Au, nor has a Tp been reported for the C19 phospholipid15.

Slope = 0.67, correlation coefficient r =0.920.
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The Tpe for the monolayer also correlates with phosphatidylcholine data. but is

attenuated to ca. ïû% of the lipid Tp value (Figure 2.2B). This may arise because the

position of the headgroup is fixed in the SAMs where the Au-S bond eliminates the

possibility of vertical motion of the alkyl chains necessary for a periodic rippling of the

surface. The CUITent increase at Tpe is caused by enhanced permeability along tiltluntilt

boundaries in the monolayer.

The experimental observation of thermally induced changes in RS/Au monolayers

is dependent upon two conditions. Firstly, we fmd that only if prolonged incubation (days

to wecks) in monolayer forming solutions is used will the features shown in Figure 2.1

have the opportunity to arise. Chain ordering is apparently a very slow process,ld. 18 and

may also be accompanied by RSH-assisted Au reconstructions. Dissolution of Au surface

features or reconstructions of the binding sites of the sulfur on the Au are also possible.19.

20 Secondly, the thermal history of the electrode is important The complex behavior does

not arise for many as-prepared electrodes, nor for aIl annealed eleetrodes. These share

another form of temper,ature dependence, to be described elsewhere in a detailed

description of the eleetrochemistry (Chapter 3)21. Preliminary studies show that kinetics

are in fact important in these systems. Figure 2.3 shows the behaviour of a C16H33S/Au

eleetrode under a heat-cool-reheat cycle. So far as we have observed, these annealed

electrodes will not re-exhibit a maximum (as in Figure 2.1) unless subjeeted to prolonged
cooling at 5 ·C.

We conelude that SAMs whieh have been prepared under eonventional conditions

and/or have becn annealed may be viewed as assemblies of conformationally all-trans

chains (as reported by Fr-IR) with short range order. However, the order is insuffieient to

manifest phase transitions. It is noteworthy that order/disorder transitions are observed in

molecular dynamics simulations,22 and a recent analysis shows that a domain must be a

minimum size to manifest a phase coexistence region.23, 2A

It is important to emphasize that the film discontinuities responsible for the

electrochemical thermogram features (Figure 2.1) are intrinsic to SAMs which have been

prepared under the experimental conditions described. The film discontinuities reported

here are not the ill-defined pathological defects frequently invoked as disclaimers of film

imperfection. These latter generic defects /Ife synonymous with thin patches, defect

regions commensurate with Au substrate defeet structures, or regions where a co-adsorbatc

is clustered. The sites of enhanced passive diffusion responsible for maxima as in Figures

2.1 and 2.3 are clearly thermodynarnieally controlled. This is apparent because they exist at

defined temperatures and are determined solely by the chain length of the alkylthiol

adsorbate. Our studies suggest that order/disorder phase transitions are possible in SAMs.
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Figure 2.3. Electrochemical thermogram (see Figure 2.1 caption for experimental

details) showing a heat-cool-reheat cycle for a C16H33S/Au electrode. The C16S/Au

electrode was cycled as foUows: (e) initial heating curve of the C16S/Au electrode prepared

at 23 ± 2 'C; (À) CI6S/Au electrode was cooled to 15 'C, removed from the

electrochemical ceU, and incubated in air at - 5 'C for 18 hr; (+) C16 SIAu electrode was

subjected to a second heating cycle.
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2.4. Conclusions

Our electrochemical ~esults show that the electron transfer process between

aqueous-based redox species and RSIAu SAMs is a sensitive probe of film structure and

dynarnics. The transmonolayer redox ion flux goes through maxima at chain length

defined temperatures for n-RSIAu monolayers. This behavior closely parallels the

enhaneed permeability of lipid bailer vesicles to ions at their order/disorder phase transition

temperatures. The monolayer preparation conditions and thermal history have been found

to be important variables in these investigations. This study demonstrates that the chain

packing density and configuration imposed by the Au lattice establish RSIAu SAMs as

excellent functional models of biologicallipid membranes.
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Chapter Three

ORDERJDISORDER PHASE TRANSITIONS
IN SELF-ASSEMBLED MONOLAYERS*

3.1. Introduction

Self-assembled monolayers~SAMs) of organosulfur adsorbates on metal and

semicondudor substrates are of great illterest both for novel technological applications and

for an unàerstanding of fundamental aspècts of surface chemistry. 1-10 Many studies have

reported applications of SAMs to the modeling of reactivity problems, especially those

associated with corrosion11-\3 and electron transferI4-27 . As a means of deliberately

modifying a metal surface. SAMs based on alkanethiols (RSHs) offer ready access to a

broad vai'Îety of spectroscopic. electrochemical. and reactivity experiments.3.5.7.8.28

Because RS/metal SAMs are obtainable in close to complete surface coverage using simple

conditions. one can probe the chemistry of fùms with thicknesses of 10-30 A. Such thin

films. when strongly associated with a metal surface, would be expected to modulate both

the properties of the metal and the elements of the solution or atrnosphere in which it is

immcrsed.

One common perception is that RSlmetal SAMs (and related Langmuir-Blodgett

films of long chain surfactant molecules deposited on solid supports) may be viewed as

organized two-dimensional (2D) arrays of molecules. A detailed understanding of

monolayer film organization and chain therrnodynamics will help 10 place SAMs in the

context of their more thoroughly understood relatives. lipid bilayer membranes. A recent

grazing incidence X-ray diffraction study reported a striking difference in the high

temperature phase behavior of long (R ;:: C14) and short (R :5> C12) chain length RSHs on

Au (111).29 More specifically, an hysteretic reconstruction of the C14S1Au monolayer was

observed above 60 ·C from an hexagonal commensurate structure to a non-hexagonal

• Manuscript submitted to Langmuir. June 1996.
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incommensurate onc. However, no such change in the epitaxial film structure was

observed for RSH chai!llengths S; 12 carbons. Upon further heating. both the C12S/Au

and C14S/Au monolayers showed reversible melting transitions. with the coexistence of

both solid and liquid phases. at temperatures that are - 60 "C above the melting poinl~ of

the corresponding bulk n-alkanes.29 A quartz crystal microbalancc/transverse shear modc

study of ClSSH self-assembled onto a gold-coated piezoelectric crystal showed

discontinuities in the conductance. resonance frequency. and impedance of the SAM at 18­

20 ·C. which were attributed ta an increase in the film viscosity.28 On thc othcr hand.

variable temperature reflection absorption infrared spectroscopy (RAIRS) studies30.32

show only the gradual appearance of gauche conformational chain defects upon heating.

instead of the dramatic population increase expected for first-order melting processes.

Molecular dynamic simulations have been used to study the effect of temperature on lon~

chain RSH molecules chemisorbed on a Au CI! 1) surface.33.35 These simulations predict

both orientational and rotational disordering of the tethered aIkyl chains. Contact angle

(wetting) measurements show that hydroxyl-terminated SAMs undergo a slow

reorganization so as to bury the polar hydroxyl groups into the hydrocarbon film.33.36.37

The rate of reorganization of the hydrophiIic monolayer was found to be innuenced by both

the aIkyl chain length and the temperature. Clearly. the dynamics of RS/Au SAMs arc

complex. The manner in which temperature affects the structure/property/activity

relationships of these 2D organized monolayer assemblies remains substantially

unresolved. We are particularly concerned with how restricted chain motion, duc to the

strong pinning of the sulfur headgroup to the metal surface, affects long and shon-range

ordering of the aIkyl chains, surface reorganization processes, and order-disorder phase

transitions.

Our approach has been to use the electron transfer process across self-assembled

RS/Au monolayers to probe thermally-induced changes in film phases between

organizational states.38 The electron transfer kinetics of solution-based redox couples (eg.

Fe(CN)63./4-, Ru(NH3)62+/3+, Fe2+/3+)14-19.21.24.39.46 and of montiiayer-associated redox

active surfactants (eg. viologens, pyRu (NH3)52+/3+, ferrocene)25-27.44,47-53 have been the

subject of considerable interest over the last decade. Viewed as an ultrathin hydrocarbon

layer on a metal surface, RS/Au SAMs, where R = C12H25-C20H41, offer the possibility

of retarding heterogeneous electron transfer rates by 10-106 fold. These studies usually

employ the SAM as a spacer between the redox couple and the electrode, where the spacer

is well-defmed in terms of composition and distance. Following on the classic studies of

Miller and Closs54,55 and Paddon-Row56 , where donor/acceptor pairs are separated by rigid

hydrocarbon spacers of known length, several groups have studied the relationship
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between SAM film tbickness and electron transfer rateI4.16.25.26,43. In tbe following we

show tbat tbe SAM/electrochemical experiment can be viewed as a probe of film structure

and tbermodynamics and that its use as a probe of tbe electron transfer mechanism in

SAMs is perhaps problematic given tbe complex nature of tbe film structure.

3.2. Experimental Section

3.2.1. Materials: Octadecanetbiol (C1SSH), received from Aldrich (98%), was triply

recrystallized from etbanol. Tetradecanetbiol (C14SH) was obtained from Fluka (purum)

and used witbout further purificaùon. Hexadecanetbiol (C16SH) was syntbesized by

refluxing bromohexadecane (Aldrich, 98%), dissolved in 95% etbanol, witb one equivalent

of tbiourea for 6-8 hr. The resulting tbiourium salt was hydrolyzed to tbe alkanetbiol by

refluxing with a tbree-fold excess of sodium hydroxide (2 N aqueous soluùon) for 3 hr

under nitrogen.57 The cooled mixture was diluted witb equal volumes of water and dietbyl

etber. The aqueous phase was fust acidified to pH 2 witb 2 N HCI and tbe organic layer

was tben separated from tbe aqueous layer. The aqueous phase was further extracted witb

;iietbyl etber and tbe combined etber extracts were washed witb water before drying over

anhydrous sodilUD sulfate. Evaporation of tbe etber yielded tbe crude alkyltbiol which was

purified by recrystallizaùon from etbanol. Heptadecanetbiol (C17SH), nonadecanetbiol

(ClgSH), and eicosanetbiol (C20SH) were syntbesized by conversion of tbe corresponding

aliphatic alcohol (Fluka, purum) to tbe alkylbromide by refluxing witb 48% HBr, prior to

reacÙon witb tbiourea.57 16-Mercaptohexadecanol (HOCI6SH) was syntbesized from

1,16-hexadecanediol (Fluka, purum) following tbe p~ocedure reported by Becka and

Miller.16

CH3(CH2)nSH (for n = 15-19): TLC (silica gel, n-hexane): Rf = 0.7; IH NMR

(500 MHz, CDCI3): 1) 2.52 (q, 2H, CH2SH), 1.58 (m, 2H, CH2CH2SH), 1.40 (m, 2H,

CH2CH1CH2SH), 1.31 (t, lB, CH2SH), 1.24 (s, 2(n-3)H, (CH2)n-3), 0.87 (t, 3H, CH3).

The DSC measured melting points and tbe mass spectral results are tbe following:

CH3(CH2hsSH: mp 19.5-21 'C; MS (CI, NH3): m/z 257 [M-H]+, m/z 224 [M-SH]+;

CH3(CH2h6SH: mp 31-32 'C;MS (CI, NH3): m/z 271 [M-H]+, m/z 238 [M-SH]+;

CH3(CH2)17SH: mp 28.5-30 'C; MS (CI, NH3): m/z 285 [M-H]+, m/z 252 [M-SH]+;

CH3(CH2hgSH: mp 39-40 'C; MS (CI, NH3): m/z 299 [M-H]+, m/z 266 [M-SH]+;

CH3(CH2hgSH: mp 37-38 'C; MS (CI, NH3): m/z 313 [M-H]+, m/z 280 [M-SH]+.

HO(CH2h6SH: mp 52.5-54 'C; TLC (silica gel, 12:88 (w/w) etbyl acetate:

chloroform): Rf =0.5; IH NMR (500 MHz, CDCI3): 1) 3.62 (t, 2H, HOCH2), 2.56 (q, 2H,
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CH2SH), 1.55 (m, 4H, CH2CH2SH, HOCH2CH2), 1.31 (t, !H, CH2SH), 1.28 (s, 24H,

(CH2h2); MS (FAB+, NBA): m1z 275 [MH]+, m1z 257 [M-OH]+.

K3Fe(CN)6 (BDH), K4Fe(CN)6 (BDH), and KUr (Anachemia) were of the

highest available grade. Distilledldeionized water (18 Mn'cm) was obtained from a Milli­

Q water system (3 bed ion-exchangell bed organic removal cartridge unit) connected to

house distil1ed water.

3.2.2. Monolayer preparation: Bulk polycrystalline gold electrodes (0.020 cm2

geometric area; BAS, West Lafayette, IN.) were mechanically polished (Buehler, Ecomet

II polisher) on microcloth pads (Buehler) with alumina slurries of decreasing partiele

diameter: 1.0 llm. 0.3 lJ.rn, and 0.05 llm alumina (Buehler). The polished electrodes were

sonicated in water to remove residual polishing alumina adhered to the gold surface. The

chemically etched gold electrodes were prepared by immersion of the polished gold

electrodes in dilute aqua regia (3:1:6 HCI:HN03: H20) at room temperature for 5 min.44

Immediately after the polishing or etching procedure, the gold electrodes were

thoroughly rinsed with water, then by absolute ethanol, and immersed in an argon­

saturated absolute ethanol solution of the alkanethiol (2-5 mM RSH). The electrodes were

incubated in the RSH coating solution in sealed glass vials at 23 ± 2 oC for 3-16 days.

Ellipsometry gave fùm thicknesses which are consistent with monolayer coverage, so that

prolonged incubation does not cause multilayer formation58 . Mixed RSH monolayers

were prepared by incubation of polished Au electrodes in 1:1 molar ethanol solutions of

Cl4SH and ClSSH or Cl6SH and CISSH (2 mM total thiol concentration) at 23 ± 2 oC for

periods ranging from several days to one month. Modified eleclrodes were removed from

solution, copiously rinsed with fresh ethanol followed by water, and were then

immediately introduced into the electrochemical tell.

3.2.3. Electrochemical measurements: The RS/Au working electrode was introduced

into a degassed, thermostated (Haake G circulating bath) 150 mL cell containing 0.1 M

KEr electrolyte and 0.020 M K3Fe(CN)6. The counter electrode was a Pt wire (Aldrich)

and all potentials refer to a AgiAgCl reference electrode (3 M NaCl; BAS). Currents were

obtained from steady-state cyclic voltarnmograms (BAS lOOB electrochemical analyzer)

ron at 20 mVs-1 between +500 mV to -150 mV. Typical heating and cooling rates of 0.2­

0.3 oC/min were used for a1l experiments.

The temperature dependence of Fe(CN)63- reduction at a bare gold electrode was

determined so as to quantify the exact shift of the EO, for the Fe(CN)63./4- couple as a

function of temperature. The EO' was found to changelinearly by -1;55 mVrC with

increasing temperature in the range of 5 - 65 °C.38 Thus, temperature dependent cathodic
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currents are reporte<! for the RSH-modified electrodes at an overpotential of -250 mV from

the E" of Fe(CN)63-/4- at each given temperature.

Variable-temperature underpotential deposition (UPD) of Cu on RS/Au electrodes

was performed as a single potential, time base experiment at E = 0.0 V in a 2 mM CuS04!

1 M KCI/ 0.1 M NaZS04 solution.

The bare Au surface roughness and the thiol monolayer film coverage were

determined by stripping off underpotential-deposited Cu. Cu UPD was carried out by

holding the bare Au and RS/Au electrodes at E';' +100 mV for 60 s in a stirred 5 mM

CUS04, 0.1 M NazS04 solution. The deposited Cu was then stripped off by potential

cycling from +100 mV to +600 mV at 20 mY/s. The amount of Cu deposited was

determined from the area (i.e. charge) under the background corrected (i.e. 0.1 M NaZS04)

stripping peaks. A value of 2.2 x 10-9 moIlcmZ was used for the Cu coverage on

polycrystalline Au.59

The surface crystallography of the bulk Au electrodes was determined from the

stripping voltammograms of underpotential-deposited Pb.44 Pb UPD was first carried out

at -440 mV for 60 s in a 1 mM PbO, 0.1 M HCI04 solution. The deposited Pb monolayer

was then stripped offby potential cycling from -440 mV to +600 mV at 5 mY/s.

The capacitance of the RSH-modified gold electrodes was determined in 0.1 M

KBr from cyclic voltammograms ron between +500 mV to -100 mV at scan rates of 100,

200,300,400, and 500 mVs-l. The average of the cathodic and anodic charging currents

at -75 mVI4.20-22,60 was plotted vs. the scan rate. A linear relationship was obtained and

the slope was taken as the differential capacitance.

3.3. Results

3.3.1. Current vs. Temperature Heating Curves: An RSH-modified Au electrode

(R = C16SH-CZOSH) prepared under conditions of controlled temperature, and often

prolonged immersion times, exhibits one of 3 types of current variation (i.e. Fe(CN)é­

reduction) as the temperature is slowly increased. These different behaviors are illustrated

by typical examples OfC18S/Au monolayers in Figure 3.1. Ofimmediate note is that ail 3

types of current (i) vs. temperature (T) curves have features indicating that complex

interactions between the ledox couple and the monolayer are occurring. An activated

process, such as the reduction of Fe(CN)63- at 11= -250 mV, exhibits monotonically

increasing rates (i.e. current) over the temperature range studied here.38
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Instead, Types A and B RSH-modified Au electrodes (Figure 3.1) have distinct maxima

and Type C electrodes exhibit di IdT values which are < 0 over the temperature range

studied.

(a) Type A electrodes: Gold electrodes exposed to prolonged incubation in RSH

solutions will frequently exhibit maxima in the i/T curves (Figure 3.1). These maxima

folltiw a distinct pattern which is dependent upon the length of the alkyl RSH chain (Figure

3.2). The flfst, smaller maximum occurs at a temperature designated Tl. Tpe occurs - 5­

10 'C lower than the much larger maximum, designated Tme. The smaller maximum

frequently appears as a shoulder on the larger current maximum and is observed for all

chain lengths except C19. The Tme values range from 40 'C (C16S/Au) to 62 "C

(C20S/Au) and correspond to current increases of some 3-12 fold over currents at Tme - 25

"C. Tme and Tl values are quite reproducible, where for example, in the C18S/Au case,

Tpe = 48 ± 2 'C and Tme = 54 ± 1 'C (for measurements made on 5 electrodes).

Interestingly, the Tme for the HOC16SH-modified Au electrodes (Figure 3.3) was found to

occur some 30 degrees higher (1'me = 70 ± 1 'C; n= 3 electrodes) than the corresponding

C 16S/Au (1'me = 39 ± 1 "C; n= 2 electrodes). This increase in the Tme of hydroxyl­

terminated RSHs compared with methyl-terminated RSHs is thought to arise from

hydrogen bonding between the terminal OH groups of neighboring chains which would

provide added thermal stability to the alkyl chain ordering. Molecular dynamics

simulations of hydroxyl-terminated RSH SAMs on Au actually predict structures wNch

are more rigid that their methyl-terminated counterparts, and which contain both free and

hydrogen bonded hydroxyl groupS.33

Type A i/T curves are observed with polished electrodes, but have been observed

with only one of 20 chemicallyetched Au electrodes (i.e. C16S/Au) studied. Distinct

maxima are readily apparent for well-blocked electrodes (distinguished by very low

currents at 25 'C), but can even be discemed as discontinuities on the i/1' curves associated

with poody blocking electrodes. Poody blocking electrodes are made up of two film

structures- defect laden and well-blocked.

The substantial current changes observed for the RS/Au SAMs reflect temperature­

induced modification of the SAM as a barrier to electron transfer. This is clearly shown in

Figure 3.4, where current changes for the C18S/Au electrode as a function of temperature

only appear at potentials close to or more negative than where ferricyanide reduction

.actually occurs on a bare Au electrode. More importantly, the Tpe and Tme features are

identical at aIl these potentials, indicating that the observed current changes detected in

RS/Au SAMs are not due to a potential-induced reorganization of the film.
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Figure 3.2. Electrochemical thennograms (ilT plots) for Type A RSIAu electrodes.

where R= C16H33. C17H35. ClgH37. C19H39. and C20H41.

3-8



Chapter 3: OrderlDisorder Phase Transitions in SAMs

',' " " '" " " ., " ',' '" "

C
l9

' ..
1- • •• •••

••f- •
••

••f- ••..'

" " " "
, • ,

" '" '" '" " " " '" Tf' cr

C
2D ••

• •1-

••
1- •••

•
•1- •••

•• •• ••
"

,~ ,',. " ,1 ,1 , , , ,

TI'C

25 35 455
20

15

i/IJ.A

10

5

o

6

4

2

o
5

15

15 25 35 45
TI'C

55

55

65

65

Figure 3.2. (cont'd) Electrochemical thennograms for Type ARS/Au electrodes.

3-9



Chapter 3: Order/Disorder Phase Transitions in SAMs

8 rTT-rr...-m-r""rT"'""T,r,rr","Tr,r",-rr,...-"m,.,......",m""'-nTl,_ 2

A

A

JII.
A A

A
A

o

o
o Qlo

09 0
o
o
o

~o
o

6

0 0

0

0

2 0 o C
16

S/Au
i- 0 :0

0

0/ A HOC
16

S/Au-

0
., , , , 1 , 1 1 1 1 1 l , 1 1

,. 0
0 10 20 30 .40 50 60 70 80 90

Tf'C

Figure 3.3. A comparison of the ilT plots for C16H33S/Au (Tme =39 ± 1 'C) and

HO(CH2h6S/Au (Tme = 70 ± 1 'C) electrodes.

3-10



Chapter 3: Order/Disorder Phase Transitions in SAMs

2
• EO' + 0.30 V r++

+ ++

1.6 0 EO' +0.05 V +
+

+

0'
+

+ E ++
1.2 +

il (!lA) +
+

+

0.8
++

8°~+
+:t 00

++ .ç- a:>

.f+ 0°
00

0.4 + (/'rfJ+ ++-++++ ôP
++ co

ocs>O
rj:)OCIJ 000 0 •0 •· ·······--···bi ...·

15 25 35 45 55 65
TI Cc)

10
"."......

0 EO' -0.05 V
.. ..

8 .. ...... EO' -0.30V "..
'"6

il (!lA)

4

2

655535 45
TI Cc)

25
OLJ...1.U..J.J.J..l...Ll..L.L...L.I.JL.L..I.J..L.l...U..u....LUJ....J.J.J.Lo.Ju.J..J..o.J.U.U

15

Figure 3.4. ilTplolS for Fe(CN)63. reduction al a C18S/Au electrode as a function of the

electrode polential. i is reported al potentials equivalent 10 F' + 0.30 V, F' + 0.05 V, F',

E"' - 0.05 V, and F' - 0.30 V.

3-11



Chapter 3: OrderlDisorder Phase Transitions in SAMs

Single potential (-50 mV vs. Ag/AgCl), time base experiments yield similar resulls and

establish that continuous potential cycling of the RSIAu-Fe(CN)63- interface is nol Ihe

cause of these CUITent changes.

Variable-temperature (25 - 60 "C) Cu UPD on well-blocked ClSSIAu electrodes

exhibits an increasing current value with lemperature up 10 - 55 "C, after which the current

reaches a steady value. The transition temperature in this experiment (55 'C) corresponds

closely to the Tme ofClSSIAu electrodes determined using Fe(CN)63•/4-.

(b) Type B eleetrodes: Not all electrodes prepared as per above exhibit Type A UT

traces. In sorne cases, the Faradaic current gradualJy rises until a weil defmed temperalure

is reached, and it then drops quite sharply (Figure 3.1). This maximum temperature is

designated Tme'. Tme' is alkyl chain dependent and never exceeds the Tme value observed

for that particular RSH chain in Type A modified electrodes. In many cases, Tme' is 10­

30 ·C less than Tme. No inflection suggestive of a Tpe process is observed for these

electrodes. Type B behavior occurs with polished electrodes, but has not been observed

with chemically etched electrodes.

(c) Type C eleetrodes: The third ilT pattern involves a monotonically decreasing

current with increasing T (Figure 3.1). The decrease in i can be up to seven-fold for a 30

·C change. This pattern occurs with both chemically etched Au electrodes and with Type

A electrodes which have been inc1lbated in RSH-coating solutions at T> Tme. Type C

clearly does not reflect simple activated-process kineu~s, but is obviously distinct from

Type A. behavior. No reproducible features or discontinuitics on the ilT curves arc

discernible.

The data in Figures 3.1 - 3.4 foretell a rich phase behavior in the RSIAu monolayer

systems which has not been previously described.

3.3.2. Capacitance: The ilT curves (Fe(CN)63- reduction) are not correeted for

capacitance, Ci. It has been noted that RSIAu monolayers lead to a substantial reduction in

the capacitance compared to a bare Au electrode.2o•22,6o,61 This diminulion in Ci is

observed for both polished and chemically etched RSIAu electrodes in this work.

Although not studied in detail here, Figure 3.5 provides an illustrative example of C;!T

properties. In Ibis case, the capacitance exhibits the same maximum as the Faradaic CUITent

(Type A electrodc) does. The maximum in the C;tTcurves for the C16SIAu monolayer

arises at a temperature equivalent to the Tme value for that chain length. These data

establish that electron transfer is not a necessary condition for current maxima to occur.

Clearly these current maxima are related to processes occurring in themonolayer film.

Finklea et al. also reported an increase in the interfaeial capacitance upon heating mixed
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HS(CH2hsCONHCH2PyRu(NH3)S2+/ HS(CH2hsCOOH monolayers from 25 'C to

55 -cP This increase in Ci with temperature was postulated to be due to an increased

permeability of the monolayer to ions. without reference being made to the mechanism of

this increased permeability.

, , , , , , , , . , " ,
40

!Il
1- !Il -

30 !Il

1- !Il

(1) 20 !Il
b.O

â !Il !Il..c::
u 10.- !Il
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Figure 3.5. The % change in the differentiaI capacitance (Cj) of a C16S/Au electrode is

reported as a function of the temperature. A Cj value of 1.2 IlF/cm2 was obtained at 23 ·C

in 0.1 M KBr solution from the charging current at -75 mV of the CV obtained at 100

mV/s from +500 mV to -100 mV.
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3.3.3. Cooling Curves and Hysteresis Phenomena: Type A electrodes exhibit marked

hysteresis on cooling (Figure 3.6). An important component of the hysteresis is a

dependence on the rate of cooling. For example, an electrode poised above Tme will show

a continuously decreasing current over a lime scale of 0.S-2 hr. Cooling at the same slow

rate as healing (i.e. 0.2 oC/min) has an obvious kinetic componenl. What is particularly

significant is the fact that cooling curves exhibil neither maxima (nor minima) paralleling

those seen during healing.

Rehealing a Type A electrode which has undergone a heat/cool cycle leads to a type

C electrode. Evidently, healing an electrode past ils characterislic Tme value is akin to some

form of annealing.

Different conditions were attempted in order to restore the Tl and Tme features to

an annealed electrode. For example, re-incubation of the C18S/Au electrode in an RSH

solution, cooling at -20 oC (for 48 hr), and maintaining il at 23 ± 2 oC for> 10 days re­

establishes neither Tpe nor Tme features. The only condition which has successfully

restored these features is incubation in ambient atmosphere at S oC for 18 hr.38 These

experiments suggest that the marked hysteresis effecls are linked to the kinetics of

monolayer reorganization.

3.3.4. Mixed Monolayers: The thermal properties of SAMs formed from coadsorption

of C14SH and C18SH or C16SH and C18SH on Au were also investigated using

ferricyanide reduction. A single maximum in the Faradaic current was observed at 44 ± 3

oC (n= S electrodes) for the C14S/C18S/Au mixed syslem (Figure 3.7A) and atSO ± 1 oC

(n= 1 electrode) for the C16S/C18S/Au system. These temperature maxima fall between

the TInes observed for the one-component SAMs and suggest that mixing of the 2 different

chainlength RSHs occurs in the monolayèrs. Although infrequent. phase separated SAMs

have been observed for the C14S/C18S/Au case, where current maxima were detected at

- 35 OC and - 55 oC (Figure 3.7B). It is not evident at the present lime what factors drive

the self-assembly of different chain length alkanethiolates into phase-segregated domains.
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Figure 3.6. Electrochemical thermogram showing a heat-cool-reheat cycle for a

C16S/Au electrodc (Figure 2.3 in the previous chapter). The C16S/Au electrode was cycled

as follows: (e) initial heating curve; (Â) the C16S/Au electrode was cooled to 15 ·C and

incubate~in air at5 OC for 18 hr; (+) C16S/Au electrode was subjected to a second heating

cycle.
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Figure 3,7. Electrochemical thennograms for CI4S/CI8S/Au electrodes. (A) Mixed

monolayer shows a single i maximum al Tme = 44 ± 3 'c. (B) Mixed monolayer exhibits

i maxima al Tme = 35 'C and 55 ·C.
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3.4. Discussion

3.4.1. Structural Features of RS/Au SAMs Probed b)' Electrochemislry

The current maxima observed at RSIAu monolayers are consistent with the

occurrence of thermally-induced structural changes in these films which manifeSI incrcaseù

rates of electron transfer. We have shown that the temperature phenomena rcporteù herr

are not a result of the choice of probe (redox or non-redox active) or of the clectrochemical

technique used to study these SAMs, neither are they caused by potential-induceù

reorganization of the adsorbed RSH monolayer. Instcad, our results clearly indicate thal

these current maxima occur at well-defined temperatures which are determined solcly by

the RSH chain length and the presence of endgroup interactions, such as hydrogen

bonding.

Desorption of the RS adsorbate l'rom the Au surface, disordering of the RS chains

(via trans-gauche kink formation), and chain untilting transitions are :ù\ possible structuml

events that can occur in SAMs with increasing temperature. Whitesides et al. report that

desorption of the RS chains (for R= n-alkane) l'rom the Au surface occurs at tempemtures

higher than 70·C. The rate of RS desorption was found to be dependent on the

temperature, the all.:yl chain length, and the ambient medium (i.e. organic solvent vs. air).63

However, since the desorption of RS chains l'rom the Au surface is expected to result in

continually increasing CUITent values with increasing temperature, this is not an important

mechanism in aqueous solution, in the temperature region studied here. As is apparent in

Figures 3.2 and 3.5, once the RSH-modified Au electrodes reach a certain temperature,

defmed by the RSH chain length, the Faradaic and capacitive eurrents decrease dra~tically

upon further heating. Moleeular dynamics simulations33•35 predict the gradual untilting of

C15S chains adsorbed on a Au (lU) surface between 25 "C and 100 'C, followed by free

moiecular rotation and an increase in the density of gauche chain defects throughout the

monolayer at higher temperature. In support of these predictions, RAIRS studies of long­

chain RS molecules adsorbed onto polycrystalline32 and Au (Ill )30,31 substrates have lèd

to the conclusion that gauche conformational defects gradually appear upon heating.

Although these studies predict thermally-induced changes in both the chain orientation and

chain conformation of RS/Au SAMs, it is not immediately evident how these changes in

the monolayer mm structure would manifest themselves in the properties of the monolayer

as a barrier to electron transfer.

Comparison with the thermal properties of phospholipid bilayers provides insight

into the physical events occurring in RSIAu SAMs upon heating. The electrochemical
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thermograms shown in Figure 3.2 for the RSH-modified Au electrodes in fact show

striking paraUds ta the thermograms of diacylphospholipids of equivalent carbon chain

length. wherc pre-transitions and gel-to-liquid crystalline transitions have been extensively

characterizcd by calorimetric and spectroscopic techniques.64 The excellent correspondence

in the pre-transition (Tp) and main transition (Tm) temperatures between the RS/Au

monolayers slUdied here. and n-diacylphosphatidylcholines dispersed in water as bilayer

vesicles. suggests that therc are similar mechanisms for chain reorientation/melting in these

two systems. The remarkable 1:1 correlation between the Tm values (r= 0.998) and 0.7:1

correlation between the Tp values (r= 0.920)38 of these two systems also implies that the

chemisorbed monolayer has values of t.G. associated with chain melting. which are

similar to the hydrated. oriented phospholipids. We have suggested that this correlation

arises because the chain packing configuration and density are very similar in the case of

phospholipids packed in bilayer membranes and aIkyl thiols chemisorbed at a Au surface.

In the bilayer lipid membrane case. the chain packing density and orientation is dictated by

the size of the phospholipid headgroup. For example, phosphatidylethanolamines (PEs),

duc to their smaller headgroup, have a ca. 20% larger chain packing density than the

cOlTCsponding phosphatidylcholines (PCS).64 The result is that PEs exhibit TmS which are

15-20 'C higher than PCS.64 In th~ RS/Au monolayers, anchoring of the thiols to the

underlying Au surface and extensive lateral Van der Waals interactions are sufficient to

pack the chains into an all-trans, extended conformation at reduced temperatures. X-ray

diffraction studies have determined that the RS chain packing configuration and density is

dictated by the arrangement of Au atoms on the surface.65 Stripping of underpotential­

deposited Cu59.66.67 gives a surface roughness factor ranging from 1.1-1.5 for the bulk Au

electrodes used in t1ùs study, while Pb UPD44 reveals the surface crystalline domains to be

70% Au (110) and 30% Au (l11). The areas per 2 RSH chains (i.e. 1 unit cell)30.31.33.34

are therefore 47.2 À2 and 43.5 À2 for the (l10) and (lll) domains, respectively65.

Furthermore, the RS chain tilt from the surface normal is - 30' for Au (Ill) and - 40' for

Au (110).65 By comparison, n-diacylphosphatidylcholines occupy an area of 43-48 À2 per

molecule in their condensed phase and exhibit a chain tilt of - 30' from the bilayer

normal.64•68 Therefore, the phospholipid headgroup and the Au lattice serve the same

purpose- to enforce a defined packing density and orientation on the aIkyl chains. It is

reasonable therefore that the structural mm properties in these two systems are modulated

by temperature in a similar manner.

Clearly, RSIAu monolayers undergo a thermally-induced order/disorder transition

which leads to maxima in the Fe(CN)63- cathodic current and in the capacitive current

(Type A electrodes).
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70.
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Again, comparison with lipid bilayers is insightful given that they too experience a small

increase in the transmembrane ion flux at Tp and a large flux increase at Tm (Figure

3.8).69.70 Experimental69.70 and theoretical studies70.71 have established that substantia!

paclang dislocations and grain boundary type defects arise as a result of the coexistence of

gel and liquid crystalline phases at the Tm. These 'defects' are transient and are believed to

correspond, in physical terms, to rapidly opening and closing pores or defect regions69-71

capable of accommodating ions (Na+, K+) and water. The geometry of these "pores" is

not weil understood but they could be small radii cylinders and/or small width !ines

(stripes). A pre-transition, Tp, is also weil documented for hydrated phospholipids and is

associated with a tiltluntilt transition, where the phosphatidylcholine acyl chain orientation,

with respect to the bilayer normal, changes from - 30' to - 0' .68 The overall effect is a

membrane thickening of - 12% as the bilayer is heated through Tp.64.68 Related to this,

molecular dynamics calculations predict an almost 11% increase in the thickness of a

C 16S/Au SAM as a result of a chain untilting process.34 In the electrochemical SAM

experiment, we find that the current further increases past Tl, and only decreases once

Tme has been exceeded. The post-Tme current decrease probably arises because the

monolayer is now liquid-like and is relatively free of the permeability-mediating phase

boundary defects. Thus, analogous to bilayer lipid membranes, the Faradaic current

maxima observed for RSH-modified Au electrodes are believed to arise from transient

regions of enhanced permeability of the monolayer to redox molecules along tiltluntilt

boundaries (at T= Tpe) and at coexistence boundaries between ordered and disordered alkyl

chain domains (at T= Tme) (Scheme 3.1).

Gel-to-liquid crystalline phase transitions (i.e. at Tml in !ipid bilayers result in both a

- 30% decrease in membrane thickness and - 30% increase in area, leading to a small

overall volume change.64,68 Similarly, alkanes exhibit very small density changes (i. e,

0.5%) on melting. 19 Disordering of the RS chains at Tme would also require a volume of

expansion, albeit small. For the polycrystalline Au electrode surfaces, the discontinuities or

grain boundaries arising between the surface domains (-250 À in diameter)60 could

provide the volume of expansion required by the RS chains during a chain melting process.

On single-crystal Au substrates, steps between the large atomically-flat crystalline terraces

can act as the defect regions if perfect monolayer-substrate epitaxy is present. Grazing

incidence X-ray diffraction studies29 report that the RS domain size which acts as a co­

operativity unit is quite smail. More specifically, the characteristic ordered, crystaIline

monolayer domain size of C12S deposited from ethanol solution OntO flame-annealed Au

(111) single-crystals W1S measured as being only - 90 À, even though the Au substrate

domain size was > 1000 À.29
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Scheme 3.1. A physical representaùon of the dynarnic monolayer heterogeneity which is

proposed to exist in a RSIAu surface near the order/disorder phase transition temperature

(i.e. T= Tme). Ordered RS chain domains are shown by dark grey regions and disordered

liquid-like domains are represented by light grey regions. Domain boundaries between the

coexisting ordered and disordered regions are shown in black. This schematic

representaùon is presented for lipid membranes in reference 70.
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The crystalline RS chain domains can obviously have different dimensions from those of

tbe underlying substrate's crystalline domains. The overall effect may be likened to a

mosaic pattern of crystalline chain domains superimposed on a larger array of crystalline

Au domains. Thus, in the case of the RS/Au monolayer, grain boundaries and steps in the

Au surface, as weil as edges existing between islands of crystalline chains, arc proposed to

provide the neccssary area rcquired by thi:. exp-anding monolayer during melting.

Unlike phospholipid bilayers, the order/disorder transition in the RS/Au SAMs

occurs over a broad temperature range (Figure 3.2). This can be due to the polycrystalline

nature of the Au substrate which would produce ordered chain domains with a spectrum of

differing padang densities and orientations. As a result, our electrochemical thermograms

would refiect a superposition of Tmes for the different phases. Another contributing factor

to the thermogram broadness may be the direct bonding of the sulfur headgroup to the Au,

which would restrict the co-operativity of the transition by restricting place exchange of the

alkyl chains. Solid-supported Langmuir Blodgett (LB) monolayers of the cadmium salts

of long-chain fatty acids (CIS, CZO, and CZZ) also show broad chain disordering transitions,

as reported by electron diffraction.n The temperature range reported for the transitions of

stearic acid (ClS) and arachidic acid (CZO) is very similar to that observed electrochemically

for the CISS/Au and CZOS/Au monolayers (Figure 3.2). In stearic acid (CIS) LB

monolayers, the onset of chain disordering is observed at 30-35 'c and the transition peaks

at 55-60 'C, while disordering of the arachidic acid «'ZO) chains s!arts at 50-55 'c and the

transition peaks at 70-80 'C.n By comparison, the CISS/Au monolayer pretransition is at

44 ± 5 'c and the main transition occurs at 53 ± 2 'c. For the CZOS/Au, the pretransition

and main transition occur at 56 ± 2 'c and 63 ±2 'C, respectively. In the fatty acid LB

case, the monolayer is only physisorbed to the underlying solid support, so that the

broadness of the chain disordering transition in this system cannot be attributed to a strong

headgroup/substrate interaction. However, both the covalently bound RS monolayers and

the physisorbed fatty acid LB films share a similar type of 2D organization, so that their

broad chain order/disorder transitions may weil be a manifestation of melting in two­

dimensions73 . In the fatty acid LB films, a true, chain length-independent melting of the

hcadgroup lattice also occurs at 110 'C.n,74 The terminally affixed alkyl chains will, in the

case of the RS monolayers, prevent melting to an isotropic state, just as the polar

hcadgroup/water interface does in the case of bilayer phospholipids.

The thermal behavior of RS/Au electrodes annealed during the self-assembly

process and the marked hysteresis observed for as-deposited RS/Au monolayers during

heat-cool-reheat cycles in our electrochemical experiments iurther suggest that chain

order/disorder transitions in these SAMs are not readily reversible. Finklea e.t al. also
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report an irreversible decrease in hom me interfacial film capacit;mce ;md me apparent rate

constant for the reduction of the pendant Ru(lII) group upon heating mixed

HS(CH21IsCONHCH2PyRu(NH,)52+/HS(CH2) 15COOH monolayers. 17 Chai n

entanglement and restrieted lateral chain movement due to the covalent sulfur-Au

interaction may prevent me rapid re-ordering of me RS eha.ins (Seheme 3.2). Interestingly.

an IR spectroscopic investigation of me temperature-induced structural changes in solid­

supported fallY acid LB monolayers reveals mat thernlal annealing causes disorder in the

alkyl chains which is long-lasting (i.e. > 6-10 hrs).75 Swa!cn et al. point out mat these

results are in marked contrast 10 the accepted meçhanism of me annealing process.

whereby heating of most materials at temperatures close to me melting point improves

order.15 The observation mat chain order/disorder transitions in 20 RSIAu and fally acid

LB monolayers arc not readily reversible casl~ serious doubt on me use of a mernlal

annealing step to remove packing defeclS in mese SAMs. wimout inducing disorder or

changes in me monolayer structure.76 In fact, STM studies of SAMs (R= Cg. CIO. and

Cn), under UHV conditions have shown Ulattherrnal annealing at - 80-lO0 "C !cads to

partial desorption of me RS chains from me Au (III) surface, and mat a reconstruction of

me alkanemiolate registry from a c(4x2) supperlattice of me (V3 x V3)R30' unit cellto a

striped px v3 lattice overlayer resullS.77•78 Thus, prolonged incubation 01 me RS/Au

electrode in me miol solution at arnbient temperature is li prefemble alternative to merrnal

annealing for healing mm defcclS.

We conclude that SAMs which have been prepared under conditions

conventionally reported in me literature (i.e. incubation times in solution ranging from

minutes to hours) and/or have been annealed (at T> Tme) may be viewed as assemhlies of

predominantly all-trans chains (as reported by RAIRS) wim sorne degree of short range

order. This short range order is however so limited mat me domain siiê5!)eCessary to

manifest a phase transition are not obtained. The limited order of conventionally prcpared

monolayers has been reported to be caused by an incomplete film reorganization in the

self-assembly pm;ess.29 Recent molecular dynamics calculations by Siepmann and

McOonald suppon' mese conclusions, as mey predict mat mere is a minimum domain si7-c

(- 200 molecules) mat must exist in order for a phase coexistence region to be manifested

in long-chain RS/Au SAMs.79 More imponantly, me film phases or discontinuities mat

are crucial for me observation of chain order/disorder transitions are intrinsic to SAMs

prepared under me experimental conditions described here. Firstly, wc find that only

prolonged incubation (Le. days to weeks) in monolayer forrning solutions produces RSH­

modified Au electrodes which exhibit me CUITent features shown in Figure 3.2. Chain

ordering and crystailization has been shown to be a very slow process which occurs over a
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period of days7.80. and is accompanied by both RSH-assisted reconstruction of the Au

surface iattice. dissolution of Au surface features. and place-exchange of RS adsorbates at

defect sites with free RSH molecules in solution7.65.81. Secondly. the thermal history of

the monolayer and surface morphology of the electrode are important. The complex

thermotropic behavior described above does not arise for ail as-prepared electrodes. nor for

any thermally annealed and aqua regia-etehed electrodes. Chain re-ordering kinetics appear

to play an important mIe in these systems, where the condition of the substrate (i.e. aqua

rcgia-treated electrodcs) is a confounding factor.

k2 (slow)

Scheme 3.2. Chain re-ordering kinetics in thennally annealed RSIAu monolayers are

very slow (ca. 18 hr at + 5 ·C). Chain entanglement and restricted lateral chain movement

due to the covalent sulfur-Au interaction may prevent the rapid re-ordering of the RS

chains.
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3.4.2. Mechanism of Electron Transfer

Finally, we wouId like ta note that our approach in these studies ha.~ heen primarily

to use a redox-active species to investigate therrnally-induced film structural changes. rolmer

man as a direct probe of the electron transfer mechanism across RSIAu SAMs. Four

extreme descriptions of the electron transfer mechanism are shown in Figure 3.9. Our

results require a re-evaluation of me electron transfer mechanism.

Reference to Figure 3.IOA establishes mat the voltammetry signatures of these

electrodes is similar ta many of mose reported in the literatureI4.17.20.21. For example, at

temperatures above and below me apparent Tm~ (i.e. ::; 45 "C and > 55 'C), mc ilE curves

increase slowly with increasing negative potentials and mey appear to be "dog-leg" shaped.

Near the a~parent Tme (50-55 "C), the üE curves are sigmoid-shaped. Both types of

curves are characteristic of monolayer-coated electrodes whose surface is pinhole-covered

or whose electrode kinetics adhere to a CE or EC mechanism.82 Previous studies of the

electron transfer barrier properties of RSIAu SAMs report exponemially decreasing

Faradaic currents with increasing monolayer thickness 14.16.20.43 and a rurved linear free

energy relationship (log i vs. E) or Tafel plotI4.15.21.25.26. Defect-dominated electron

transfer21.39-42 and electron tunneling (eimer through-space25 or through-bond26.83 have

been presemed as the dominant mechanisms. While these descriptions are imernally

consistent, they are not likely to be co-incident fd what is ostensibly the same system. On

the other hand, the mechanistic model which i. consistent with the results here, and the

results (but not necessarily the analyses) reported in many other SAM electrochemical

studies is an assisted permeation mode!. On the strength of the parallels noted above

between RS/Au monolayers and lipid bilayer perrneabilities, we propose that redox probes

partition into the SAM and diffuse through the monolayer until a distance allowing for •

efficient electron transfer is achieved. Density fluctuations are created in the

conforrnationally labile alkyl chain ensemble by simple therrnally activated trans-gauche

bond interconversions. These dynamic heterogeneities 70,71 in the monolayer structure

facilitate partitioning and diffusion of the redox probe molecule in the monolayer. The

nature of these heterogeneities is not specifically known (here or in lipid membranes), but

they need not be water-fùled pores or channels. Any localized perturbation of the surfacc

dipole moment of the monolayer, triggered by a density fluctuation, would be sufficient to

further assist the partitioning:of the probe molecule into the monolayer. Parallel but

uncompetitive mechanisms would include passive perrneation of the redox probe and

electron tunneling from a probe molecule to the Au electrode,' where the probe is

completely excluded from the monolayer. A number of the electrochemical features
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described in Figures 3.1-3.4 and 3.10, and elsewhereI4.16.17,38,43,45,46,84, are consistent

with this assisted permeability mechanism. It is also important to emphasize that the film

discontinuities which give rise to the current maxima described nere are not the generic

monolayer defects reported to cause film imperfection. These latter film structural defects

are associated with thin patches at monolayer collapse sites, Au substrate defect structures

which interrupt the adsorbate registry, monolayer grain boundaries, and regions where a

co-adsorbate is clustered. The modified electrodes discussed here exhibit the properties of

being thoroughly blocked. At T < Tme, the RS/Au electrodes show reduced capacitallce

values, greatly attenuated Fe(CN)63- reduction currents compared to bare Au electrodes,

and the absence of voltammetric peaks or plateaus in the cyclic voltammograms

characteristic of pinholes or bare patches in the monolayer fIlm82 . Cu UPD of our ClsSH­

modified electrodes yields monolayer film coverages ranging from 0.990-0.99839-42.85,

indicative of a low defect density. Instead, the sites of enhanced passive diffusion

responsible for the current maxima, as in Figure 3.2, are c1early under thermodynamic

control. This is evident given that they exist at defined temperatures and are determined

solely by the chain length of the RS adsorbate.

Moreover, we note that the electrochemical thermograms (Figure 3.2) are

consistent with permeability-enhancing defects existing at temperatures considerably lower

than Tme. Recent studies in our labs86 , using solid-state deuterium NMR and FT-IR

spectroscopy, confirm that related RS SAMs formed on Au nanoparticles retain a

substantial disordered component at temperatures far below the observed Tm value. For

example, for CISS/Au nanoparticles, chain disordering begins at 30 OC (FT-IR) and 80 OC

(2H NMR) below the observed Tm. These parallel studies also establish that the density of

chain defects (measured as disorder in solid-state 2H NMR spectra and the population of

gauche bonds in FT-IR spectroscopy) greatly increases as the Tm is approached.

A permeation mechanism has been previously dismissed on the assumption that

the large size and multiple charge of the redox active species will prevent partitioning into

the hydrophobic region of the monolayer. 14 However, a large molecular size both

decreases the Born charging energy (the energy associated with dissolving an ion in a low

dielectric medium87 ) and enhances partitioning. Counterion neutralization of charge and

specific solvation by water should also be considered, as both factors will decrease the

redox ion's charge density considerably. Ferricyanide, for example. has been shown to

exist almost exclusively in the KFe(CN)62- form and not as Fe(CN)63- in aqueous

solution.88.89 Arguments which dismiss the likelihood of ferricyanide partitioning and

diffusing across a hydrocarbon monolayer on the basis of an erroneous evaluation of

charge. and also neglect the role that hydration plays in reducing electrostatic energy
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barriers are therefore misleading. The role that solvation plays on the measured rale

constants introduces further complications. givcn that the E" of the Fe(CN)6,-/4- c"uple

undergoes an iterative cathodic shift. IOtalling 1.4 V. as the extent of hydration decn:ases.'lO

A model wherein the Fe(CN)63-14- couple exists in a number of hydration states90 in the

monolayer could account for the observed curvature in the Tafel plot (Figure 3.1 OB), and

could also result in a redox mediation process being set up (Figure 3.9).

(i) o R
Ve

$1/1(4:1/11/
(ii) o R

V
e

(iii) (iv)
0°00 ° 00

H20 0 ° 0 000 0 redox active Hp 0 0 00 ° ~ redox active
o 00 00 0 0 0 ° species 0 0 ° 0 00 0 0 ° spe8ies 0 0

Il/llfli{l}j;lil lIJlIi/IIIiIIJJJ
e e

Figure 3.9. Possible mechanisms of electron transfer at RS/Au electrodes: (i) direct

electron transfer al pinholes or other film defect sites; (ii) electron tunneling, either through­

bond or tltrough-space, across the full width of the film; (iii) perrneation of the redox

species through the monolayer and reaction al the electrode surface and (iv) redox species

mediation wherein the redox couple exists in an number of hydration states that have

differenl E' values. (Figure 1.5 in Chapter 1)

3-27



Chaprer 3: OrderlDisorder Phase Transirions in 5AMs

2.0e-4

55°C
A

0.40.30.20.10.0-0.1

20,2S'C

1.6e-4

4.0e-S

O.Oe+O -t-----,---,---r--~~~~lr!Ill::llI~

-0.2

....
• 1.2e-4l:I.l

~e \1;,1
~- ~2: ~

~r:J 8.0e-S ~
~
~

EIV VS. AgiAgel

Figure 3.10. (A) kapplE curves for Fe(CN)63- reduction at a Type A C18S/Au electrode

(Tme = 55 'C) at T= 20, 25, 35, 45, 50, 55, and 60 'C. kapp = iclnFAC; where ic is the

cathodic (i.e. reduction) Faradaic CUITent in arnps (Cls), n= number of electrons transferred

in the redox step (n=I), Fis Faraday's constant (9.65 x 1()4 C/mol), A is the electrode area

(0.026 cm2), and C is the bulk Fe(CN)63- concentration (20 x 10-6 moVcm3).
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Figure 3.10. (cont'd) (B) Tafel plots (log kapp vs. E) for Fe(CN)63- rcduction at a

ClSS/Au electrode (Tm~ =55 'C) at T= 20.25.35.45.50.55. and 60 'C.
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An assisted penneation mechanism is also consistent with the results from several

electrochemical studies of RS/Au SAMs fonned from tenninally substituted RSHs (eg. ùl­

group= OH, -COOH, -NH2, -N(CH3)3+). In these studies, it has becn definitively shown

that the monolayer surface charge and hydrophobicity/hydrophilicity balance of the redox

probes exert a dramatic effect on both the double layer capacitance61 .91 and the electron

transfer rates across alkylthiol SAMSI7.22-24. These studies establish that electron transfer

proceeds through the entire thickness of the monolayer, rather than through a small number

of defect sites, and that the electron transfer rates are largely determined by

preconcentration (partitioning) or penneability factors.17.22-24 The redox spe<:ies is

concentrated (or depleted) at the electrode surface via electrostatic interaction between the

charged ùl-substituent and the ionic redox complexes. Hydrophobic/hydrophilic

interactions between the monolayer surface and the solvated redox species l7 are also

affected by the change in the surface dipole moment of the monolayer assembly, even if

the ro-substituent is an uncharged species6t .91 . These results clearly point to the important

roles that the redox species' solvation and charge playon the penneation and facility of

electron transfer at RSIAu monolayers. A tunneling mechanism tacitly assumes that the

closest the redox probe can get to the electrode is defined by the monolayer thickness.

These varied reports17.22-24 clearly show that the contrary is a more common occurrence.

The assisted p~nneability model can also provide insight into recent results from

the Majda84 and Crooks45,46 labs. Both groups have studied the electrochemical response

at mixed monolayers composed of long-chain alkylthiols and a smaller co-adsorbate (i.e.

ubiquinone Q50 and 1,4-hydroxythiophenol). Although both groups suggest that these

rogue molecules fonn well-defmed pinholes or channels through which redox couples can

readily pass, it is also reasonable that these additives nucleate alkyl chain disordering events

on a locallevel. In this regard, the additives would serve to melt adjacent domains of

alkylthiolate chains45,46.84 and provide regions of packing dislocations. Crooks and co­

workers actuaUy note that the most hydrophobie and least highly charged redox probes

penetrate the "pores" most easily.45,46 A hydrophobie pore structure inferred from these

observations is consistent with our statement above that sites of enhanced permeability

need not be structurally equivalent to aqueous channels or pores to be effective. Majda et

al.84 suggest in their studies that channel formation has occurred, but acknowledge that the

co-adsorbate may create "defect sites" and not well-defined channels. Although

Crooks45.46 • Rubinstein40.42 , and Majda84 have fittedtheir voltammetry data to a

microelectrode/pinhole/pore model, a CE process is kinetically equivalent to the

microelectrocle model82 and is intuitively reasonable. Our assisted permeation model, of

3-30



Chapter 3: OrderlDisorder Phase Transitions in SAMs

course, is nothing more than a CE process where the "ch"mical" step is a complex

combination Gf partitioningldiffusion processes preceding electron transfer.

The dependence of the electron transfer rate constant on the SAM thickness and the

applied voltage has been an integral element in the advocacy of a transmonolayer tunneling

mechanism 14.16.19.21.43. It is interesting to point out that ion permeab;\ity experiments

perÎormed on planar bilayer lipid membranes also yield a reasonable fit to an i Cl exp (-fJdJ
relationslùp.92 In this case, f3 (the attenuation constant) is equal to 0.45 À_l for chains from

n =Cl4 to C22. Tunneling, on the other hand, will have a negligible to small (positive)

temperature dependence over the range studied here and is not consistent with any of the

three classes of ilT curves observed in ail of our studies. We also observe the sarne ilT

profIle (Type A, Figure 3.1) when there is no Faradaic chemistry but only ion (i.e. K+, Br)

transpon occurring. TUlUleling has a1s0 been concluded based on the persistent observation

of non-linear Tafel plots. Tafel plot curvature can of course have origins other than Mareus

curvature within an electron tunneling formalism. A change in the rate determining step of

a sequential reaction scheme (as in a CE process) can also lead to downwards curvature in

a linear free energy relationship.

Clearly, determining the mechanism of electron transfer across SAMs is a difficult

process given the complex interplay between ail of the physical and kinetic processes

occurring. Our ongoing studies in this respect are focusing on casting our experimental

re~ults in the form of a CE-partitioning mechanism so as to confirm the permeability

mechanism proposed here. We are currently exploring electrochemical and interfacial

chemistry approaches which provide molecular details of a monolayer permeation

mechanism, being particularly aware of the role that the metal substrate plays in

determining the alkyl chain surface density. Nonetheless, given the noted parallels to

phospholipid membrane systems and the foregoing results, an assisted permeation

mechanism is deemed to be much more imponant than tunneling for the RS/Au

monolayers as studied.

3.5. Conclusions

Our studies show the electron transfer process from aqueous-based redox species

across RS/Au SAMs to be a sensitive probe of film structure and thermodynamics. The

striking correspondence between the thermotropic propenies of RSIAu monolayers. lipid

bilayer membranes. and solid-supported fatty acid LB monolayers demonstrate that

discontinuities reminiscent of chain order/disorder transitions are indeed possible in these
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SAMs, and that they are important in the control of the observed rate of electron transfer.

Noted parallels to the thermodynamically controlled ion fluxes in lipid vesicles place the

barrier properties of alkanethiolate SAMs into a new context, where partiùoningldiffusion

of the water-soluble electron transfer reagent inta the thin film must be fully considered in

the context of an assisted permeability mechanism. The thermal history of the monolayer

is an important variable in these studies, as is an appreciation of the reacùve form of the

soluble redox couple. Finally, in view of these findings, it is more appropriate ta consider

RSiAu monolayers as dynamic structures which possess both rich thermodynamic phase

properties and complex chain re-organizaùon kineùcs, rather than to view them as "well­

behaved" hydrocarbon assemblies.
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Coopter Four

SELF·ASSEMBLED MONOLAYERS ON GOLD
NANOPARTICLES*

4.1. Introduction

The properties of organic molecules adsorbed on metal surfaces are of particular

interest due to the central role adsorbates play in catalysis, corrosion, and electrode

processes. A number of studies, for example, have dealt with the structure and dynamics

of monolayer (or sub-monolayer) coverage situations where the adsorbate is an aromatic

heterocycle or n-alkylthioI. 1-3 To date, little is known about the organizational state of

chains in self-assembled monolayers (SAMs) of the otherwise much-studied n-alkylthiols

chemisorbed on gold (RS!Au). The conformationallability of the alkyl chains introduces

the possibility that order-disorder transitions may arise which are analogous to the gel-to­

liquid crystalline phase transitions observed in ordered lipid assemblies. A complex

melting process which occurs within RS!Au SAMs has in fact been recently inferred using

both electrochemical and synchrotron X-ray diffraction as reporting techniques.4• 5 Of note,
in the former are the striking parallels observed between temperature dependent ion fluxes

in RS!Au SAMs and the phase transition behaviour ofbiomimetic lipid vesicles.4

In the following, we describe a characterization of the thermal properties of RSH­

derivatized gold nanoparticles.6 This system was chosen because or'its obvious potential

to serve as a high surface area analogue to SAMs formed on planar metal surfaces.

Sensitivity restrictions imposed by monolayer coverage greatly hinder the application of

techniques such as calorimetry and NMR to the study of planar SAMs. As a result, issues

• This chapter is almost a verbatim copy of the text of the paper Chem. Eur. J. 1996,2,

359-363. Slight modifications have been made here for clarity and continuity.
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such as chain dynamics, adsorbate phase diagrams, and relaxation processes remain open

and ill-defmed at the present time. We are especially interested in chain ordering and

disordering in these monolayers, and how this interplay manifests itself as grain

boundaries and defect sites. If SAMs are to be ultimately used in molecular electronic and

optoelectronic devices, then their structural integrity must be thoroughly understood, in

both kinetic and thermodynamic terms. To this end, we have characterized the thermal

properties of RSH monolayer-coated gold nanoparticles in macroscopic (via calorimetry

and NMR spectroscopy) and microscopic (via infrared and transmission electron

microscopy) terms. The result is the discovery that these SAMs show strong parallels to

monolayers formed at planar surfaces, but also distinct differences become apparent due to

the large curvature of these spherical gold particles.

4.2. Experimental Section

4.2.1. Materials: The preparation and purification of CI2-, CI4-, C16-' Clg-, and

C20SH were as previously described (Chapter 3). Hydrogen tetrachloroaurate trihydrate,

sodium borohydride (99%), and tetraoctylammonium bromide (98%) were obtained from

Aldrich and used as received.

4.2.2. Synthesis: Gold nanoparticles derivatized with alkylthiols of chain lengths

of 12, 14, 16, 18, and 20 carbons were prepared following the method of Brust et a/.6a

This procedure involves two phases (toluene/water), where Au(IInC4- is transferred to the

toluene layer using (CgH17)4NBr as a phase transfer reagent, and then reduced by NaB~

in the presence of the thiol surfactant at the toluene/water interface. The reactions were

carried out under ambient atmosphere typically using 1.8 mmoles of HAuC4·3H20 and

mole ratios ofNaB~: (CgH17)4NBr: HAuC4: RSH of 12: 4.8: 1.1: 1.

Rigorous purification of the RSIAu colloid was found to be necessary as both the

original preparation and the recrystallized sample showed large amounts of residual thiol

and disulfide. Exhaustive washinglextraction of the colloid preparation with ethanol served

to quantitatively remove unbound species. Complete removal of residual thiol and

disulfide was verified by n..C using hexane as the mobile phase and iodine as the indicator.

The fmal purified material used incpJorimetry and spectroscopy experiments is a finely

divided, crystalline (for n ~ 16) or waxy (n ~ 14) brown-black powder which remains as a

soUd pellet in water, yet disperses to yield a colloidal solution in solvents such as hexane,

benzene, toluene, and chloroform.6a
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Twosamples of RSH-derivatized gold were subjected ta elemental analysis

(Galbraith Laboratories, Knoxville, USA). Cl4H29S/Au nanoparticles yield 75.67% Au,

3.40% S, 18.30% C, and 3.03% H, while the ClSH37SH-derivatized Au nanoparticles

yield 69.32% Au (by difference), 3.33% S, 23.49% C, and 3.86% H.

4.2.3. Transmission electron microscopy: Samples for TEM were prepared by

dipping standard carbon-coated (200-300À) Forrnvar copper grids (200 mesh) into a dilute

hexane solution of the RS/Au nanoparticles for several seconds. The TEM grids were

withdrawn from the solution and allowed ta dry under ambient atmosphere for a few

minutes. Phase contrast images of the particles were obtained using a top-entry Phillips

EM 410 electron microscope operated at an accelerating voltage of 80 keV. Micrographs

were obtained at magnifications of 52 OOOX and 92 OOOX. The size distributions of the

various RSIAu nanoparticles were deterrnined from the diameters of at least 100 particles

located in a representative region of the 17X enlarged micrographs using a video image

analysis software program (JAVA, Jandel Scientific).

4.2.4. NMR spectroscopy: Solution state NMR experiments were perforrned on

a JEOL ECLIPSE-270 spectrometer at 25 ·C, on samples prepared by dispersion of 30-40

mg of the RSH-derivatized Au colloid in 0.7 mL of d6-benzene. Variable temperature BC

NMR of the Cl4S/Au and ClSS/Au powders were carried out on a Varian Unity 500

NMR spectrometer using a 020 coaxial insert as a fieldlfrequency lock. BC NMR

measurements were perforrned under conditions of broadband 1H decoupling. The proton

and the l3C resonances are reported in ppm vs. TMS.

4.2.5. Infrared Spectroscopy: The RSIAu colloidal particles were deposited

dropwise onto a NaCI disc from a concentrated hexane solution. Except for the

C20H4lS/Au case, evaporation of the solvent resulted in a uniform film. Infrared

spectroscopy was carried out using a Perkin-Elmer FT-IR Microscope'Model16PC with a

MCT detector. Spectra were collected in the transmission mode with an unpolarized beam,

at a resolution of 2 cm-1 using 32 scans, and a spectral window from 4000 to 600 cm-l.

The FT-IR microscope was equipped with a Mettler FP52 hot stage for variable

temperature experiments (5 - 100 OC). The sample was purged continuously with dry

nitrogen and maintained at each temperature'for 30 min before a spectrum was acquired.

Background spectra of the clean NaCI disc were collected at the same temperatures and

subtracted from the sample spectra.

4.2.6. Differentiai Scanning Calorimetry: OSC experiments were conducted

using a Perkin-Elmer OSC-? instrument calibrated for temperature and peak area using

indium and octadecane standards. Therrnograms were· run using samples of 2-8 mg of a
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RS/Au colloid in sealed aluminum pans under a nitrogen atmosphere at heatlcool rates of 2

oC/min or 5 oC/min.

4.3. Results and Discussion

Investigation of the phase properties of monolayer films requires particular

precautions to ensure the purity of their preparation. After the initial synthesis, thin layer

chromatography (ILC) of the "recrystallized" colloidal particles shows the presence offrce

disulfide. Extensive washing with ethanol to remove unbound disulfide surfactant leads to

a disulfide-free 1H NMR spectrum of the RSH-derivatized gold, and TLC shows no trace

of either labile thiol and/or disulfide. The 1H and 13C NMR resonances of the powders

dispersed in solvent are considerably broadened for the RS/Au nanoparticles as compared

to those of free RSH. This linebroadening observed in the solution NMR spectra of the

thiol-derivatized gold nanoparticles is consistent with the alkyl chains being bound to the

colloidal gold surface.7 For example, in the 1H NMR spectruIn of CISS/Au colloid

(Figure 4.1A) the lX, ~ , and ymethylene proton signals are noticeably absent, whereas the

resonances associated with the C4-C17 methylene hydrogens and the terminal methyl

hydrogens are observed as broad signals. In the 13C NMR spectrum (Figure 4. lB), only

the signals due to the carbons at positions 15-18 are clearly resolved, and the lX, ~ , and y

carbons (i.e. the carbons closest to the gold surface) are not apparent. These signais may

be buried under the broad peak at - 30 ppm (assigned to the interior methylene carbons of

the alkylthiol chain), shifted by virtue of their binding to the metal, or more likely,

broadened because of the "solid-like" nature of these carbons in the immobilized alkylthiol,

as suggested elsewhere.S

TEM images (Figure 4.2), in conjunction with elemental analyses, can be used to

estimate the median coverage of thiols on the gold nanoparticles.9 The synthetic procedure

of Brust et al.,6a combined with our purification process, yields a coverage (assuming the

particles to be spherical) at the gold surface corresponding to 17.2 ± 0.4 A2 and 15.2 ± 0.4

A2 per alkylthiol molecule for the CI4SH and CISSH-derivatized Au colloids, respectively.

A maximum packing density of these chains on a planar gold surface would require an

area of 17.8 A2 to 23.6 A2 per chain,IO depending on the adsorption site (hollow or on­

atom site) and the surface crystallography of the gold particle. Although this data is

consistent with complete coverage by RSH, the ratio of the particle size to chain length

precludes close packing of the chains along their entire length.11 This restriction, imposed

by the substantial curvature of the gold particle surface, leads te interesting particle-particle
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interactions, which in turn manifest themselvcs in the temperature dependence studies

describcd bclow.
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Figure 4.1. (A) Solution-state IH NMR spectra (270 MHz) of (i) bulk n-CI8H37SH in

d-chloroform, 64 transients and (ü) Cl8H37S/Au colloid in d6-benzene, 128 transients. (B)

Solution-state l3C NMR spectra (67.9 MHz) of (i) bulk n-CI8H37SH in d-chloroform,

1024 transients and (ii) Cl8H37S/Au colloid in ~-benzene, 13 000 transients.
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Figure 4.2. (A) Representative TEM image of ClSSH derivatized-Au nanoparlicles.

The seale bar is 100 À. The TEM images of the C12S/Au, C14S/AU, CI6S/Au, and

C20S/Au samples were similar 10 CISS/Au.
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Figure 4.2. (B) Histogram of particle diameters observed in (A). Mean particle

diameters. standard deviaùons. and the particle populaùon size (n) are reported for each

chainlength. Median diameters are given in parentheses. C12: 19 ± 5 À. n = 103 (18.5

À); C14: 20 ± 8 À. n =126 (21.4 À); C16: 29 ± 6 À. n =Ùl8 (28.0 À). ClS: 23 ± 4 À.

n =115 (22.4 À). and C20: 41 ± 14 À. n =103 (35.8 À).
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Variable temperature NMR spectra of the dry powder samples, oblained using a

liquid spectrometer, suggest that these a1kylated nanoparùcles undergo sorne foml of

melùng transiùon. For instance, the l3C NMR spectrum of the CISS/Au powder shows a

broad weak signal between 20-40 ppm at 25 'C (Figure 4.3B). Between 55 "C and 65 "C a

disÙnct peak (- 30 ppm), assigned to the interior methylenes of the alkyl chain, appears

and becomes relaùvely sharp. A signal consistent with the terminal methyl (- 15 ppm)

also becomes apparent at elevated temperatures. Furthermore, for the CI4S/Au

nanoparùcles, the methylene signal is already apparent at 25 "C, and becornes subslanLially

sharper (as per Figure 4.3A) as the coated nanoparùcles are heated to 45 ·C. It is notable

nonetheless, that there is a discemible population of mobile chains even at tempemtures

below the apparent phase transiùon temperature of these samples. 12 A detailed variable

temperature solid-state I3C NMR examination of these samples has found a graduaI

change in the population of trans to gauche conformers, consistent with the temperature­

dependent data presented here.S

Oifferential scanning calorimetry (OSC) of C12SH-, C14SH-, CI6SH-, CISSH-,

and CzOSH-derivatized gold nanoparùcles quantifies the temperature dependence of the

changes qualitatively observed by NMR. Each sample exhibits a broad endotherm (or a

set of overlapping endotherms) in the heat cycle (Figure 4.4A). The peak maximum

temperature is clearly chain length dependent and the 8H associated with this transition

increases with increasing chain length. This trend parallels that seen in materials

undergoing gel-to-liquid crystalline transitions, given that an increasing chain length affords

more extensive Van der Waals interactions and resulùng enthalpic contributions. On

cooling, a sharp exotherm is observed at - 7 'C below the endotherm (Figure 4.4B),

Although this hysteresis behavior is observed with ail the RS/Au samples studied here. the

thermal processes are evidently reversible given that the 8Hendo =8Hexo. Vpon reheating

the coold nanoparticles, a sharper endotherm results due to annealing of the a1kylated

parùcles. However, the enthalpies and peak maximum temperatures remain the same (i.e.

8Hheat= 8Hreheal, 1:l.T= 2 'C), indicating that the OSC-detected transition is reversible.

Clearly, since the thermograms are reversible, thiol desorption does not cornpete \Vith the

thermal properties of the alkylated partieles at temperatures :5 95 ·C. 13 The OSC

thermograms clearly show that these RS/Au parùcles, in the solid-state, undergo distinct

phase transitions in a chain length dependent manner. The transition temperature

associated with each chain closely parallels those found in both eleetrochemical SAM

studies,4 and in classic studies of phospholipid (PC) bilayer membranes. 14
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Figure 4.3. Variable temperature 13C NMR (125 MHz) spectra of (A) C14S/Au

powder and (B) ClsS/Au powder; intemal D20 lock, 8400 transients.
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Figure 4.4. (A) Differentiai scanning calorimetry endothenns of RS/Au powders. Hcat

cycle scan rate is 5 ·C·min-l , except for C2oS/Au where the scan rate is 2 ·C·min-l .
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FT-IR spectroscopy used in conjunction with NMR and ose provides information

concerning the conformation of chains adsorbed onto surfaces. For example, surface

infrared spectroscopy (i.e. reflection absorption infrared spectroscopy, RAIRS) has been

used to probe the chain conformation and orientation in thiol SAMs on planar gold. l5

However, the dispersed nature of the gold nanopartic1e system allows us to use

conventional transmission FT-IR, with the sample deposited as a thin film on an inert

substrate. For example, Figure 4.5 tracks the CH2 symmetric (d+: 2850 cm- l ) and

antisymmetric (d-: 2920 cm-!) stretches of C!8S/Au as a function of temperature. Figure

4.6 thus shows that upon heating, the C!4S/Au, C!6S/Au, and C!8S/Au samples undergo a

transition from a highly chain-ordered state to a chain-disordered state, where the CH2

symmetric (d+: 2850 cm-!) and antisymmetric (d-: 2920 cm-!) stretches are used as

markers of trans and gauche bond populations in the chains.2,!6 AIthough this process

occurs over a relatively broad temperature range (- 25 ·C), as is the case in the NMR and

ca!orimetry experiments (Figures 4.3 and 4.4), the apparent transition temperatures are

similar to those found using the other techniques reported here. Aiso notable is the

observation that the population of gauche bonds at 25 ·C follows the trend of C!4 > C!6 >

C!8. This is consistent with a differing extent of chain disordering in the samples when

they are observed near to, or distant from, the OSC-determined phase transition

temperature. These data are especia!ly noteworthy in that severa! studies using RAIRS of

RS monolayers on planar gold substrates in UHV conditions have failed to detect phase

transitions via the temperature dependence of either the (cf+) or (d-) CH2 stretching peaks,

which would otherwise be indicative of order-disorder transitions.!6
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Figure 4.5. Variable temperature transmission FT-IR spectra of the CH2 stretching

region (2750-3000 cm-)) forC)sS/Au particles. The dotted lines at 2917 cm-) and 2850

cm-) are visual aids.

4-13



Chapter 4: SAMs on Go/d Nanoparlic/es

29 2 4rr-.,..,1..,.......,~..--,,.....,.'1-,-,-,-,---r-,-,-,-"-,

d"

-

-

1 1 1 1 1
291 6'-'-'-2'-0"-'-"'-4"'-0"'-"'-"'-6.1-0-'-'-.1-

8
-'-0-'---'--'-1-'-'00

TloC

'"

1

2853 d +

1 1 1

-

1 1 1 1 1
20 40 60 80 100

TloC

Figure 4.6. Peak position of the antisymmetric (d.) and symmetric (d+) CH2 stretehes

as a function of lemperature for Ihin films of C14S/Au, C16S/Au, and C18S/Au
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The OSC and FT-IR experiments establish that a cooperative chain melting process

occurs in these alkylated metal colloids, the mechanism of which is not immediately

evident given the relationship between the extended chain conformation and the gold

nanoparticle geometry. Extensive chain-chain interactions may arise in two ways

assuming a variation in density of the adsorbed surfactant. Chains may collectively tilt to

form close-packed domains.. Oetailed diffraction studies established that RS chains

chemisorbed on planar Au(ll)) are tilted - 30" with respect to the surface normal so as to

maximize Van der Waals interactions.J0 While this may in fact occur in the thiol-modified

nanoparticles, close examination of TEM micrographs suggests that chain ordering arises

from the interdigitation of chain domains between neighbouring particles (Scheme 4.1).

Given that TEM images the gold nanoparticle, and notthe organic adsorbate, the distances

between the edges of many pairs of adjacent particles (Figure 4.2) clearly are substantially

less than twice an alI-trans extended chain length, and indeed, are closer to being one chain

in length (i.e. - 20 À). Recent powder X-ray diffraction studies confirm that adjacent Au

particles are separated by approximately one chain length. 17,18,19

An interdigitated state is interesting in that the void-filling process leads to a bilayer­

like configuration of chains. Phase transition temperatures (TmS) reflect the extent of Van

der Waals interactions, which depend on the chain packing density. Thus, the agreement

between the Tm values of planar RS/Au SAMs (determined electrochemically)4,

phospholipid bilayers14, fatty acid Langmuir-Blodgett monolayer fùms20, and RS/Au

nanoparticles (Table 4.1) suggests that these order/disorder processes are structurally

related. Changes in chain ordering could lead to broadening of the phase transitions and

may cause shifts in the observed Tm values. The RS/Au nanoparticle Tm would also be

influenced by the packing state of the RS chains in the modified gold nanoparticles. In a

related system, a C12-derivatized C60 fullerene (d =11.3 À) exhibits a phase transition at ­

24 "C (measured by OSC). In this particular case, an interdigitated phase was determined

by X-ray diffraction, and is thought to bethe source of the observed phase transition.21

Oespite many similarities in the thermal properties of the RS/Au nanoparticles and

planar RS/Au SAMs, the order/disorder phase transition in the RS/Au particle system is

reversible while the RS/Au monolayer shows a marked hysteresis. The origins of these

differences in the hysteresis behavior is not weil understood at the present time. The

reversibility of the phase transition in the RS/Au nanoparticles is most probably due to

transverse motion and/or tumbling of the entire Au nanoparticle above the Tm. In fact,

calorimetry studies of mechanical mixtures of C14S/Au and C18S/Au nanoparticles show

two distinct endotherms (peak maxima at 20 "C and 50 "C ) in the first heating trace and

only one endotherm (peak maximum at 34 "C) upon reheating.
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Table 4.1. A Comparison of the Thermal Properties of Self·Assembled Films

Chain RS/Au nallOparticles planar RS/Au di-PC lipids Cd(RCOz) LB

length TmDSC(a) M1(b) TmIR(c) Tme(d) Tm(e) AH monolaver<O

CJZ 3°C (5 Jg-l) - - -1.1 ± 004 oC - -

CJ4 22 oC 10 kJmol-1 (II Jg-l) 24°C - 23.5 ±OAoC 12.8 ± 1.4 kJmoP -

CJ6 41°C (12 Jg-l) 42°C 39.3 + 0.6 oC 41.4±0.5 oC - -

CJ8 51°C 21 kJmol-1 (23 Jg-I) 66°C 53.3 ± 2.4 oC 55.1 ± 1.5 oC 21.2 ± 1.8 kJmol-1 55 - 60'C

Czo 64°C (30 Jg-l) - 62.8 + 1.8 oC 64.5 ±0.5 oC - 70 - 80 OC

(a) T"pSC refers to the peak maximum temperature of the endotherm in the first heat cycle. (b) MI is reported in Jg-l of RS/Au

powder and in kJmol-1 of a1kylthiol for the samples subjected to elemental analyses. (c) Inflection points of these plots were

determined by taking the second derivative of the oost fit polynomial in each case, and are used as apparent Tm values reponed by

Fr-IR spectroscopy. (d) Tme values determined electrochemically for a1kylthiols adsorbed on planar gold4. (e) Tm values of n­

diacylphosphatidylcholine Iipids determined by DSCI4. The MI value reported is per acyl chain. (0 Chain melting pretransitions

determined by electron diffraction for solid-supponed Langmuir-Blodgett (LB) monolayers of the cadmium salts of long-chain

fauyacids20.
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Scheme 4.1. A schematic two-dimensional representation of the RS/Au nanoparticles in

the solid state. as suggested by the data shown in Figures 4.1-4.6. In this description, a

number of chain domains on a given gold particle will interdigitate into the chain domains

of neighboring particles in order to compensate for the substantial decrease in the chain

density which occurs towards the methyl chain end. Chains with large populations of

gauche bonds may arise froin (il those which occupy interstitial regions in the particle

lattice and cannat efficiently overlap with adjacent chains or from (iil chains residing at

domain boundaries. An alternative packing configuration, involving the interdigitation of

individual chains from neighboring particles, is not likely given the large chain end to

surface area ratio. 11
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This suggests that at temperatures above the Tm. the CI4S chain domains can interdigitalc

with CI8S chain domains on neighboring particles to form mixed chain assemblies. We

believe that this behavior would only be possible if diffusion/and or tumbling of the eOlin:

Au particle occurs once the alkyl chains are melted. However. wc cannot mie out the

possibility that chain re-ordering in the RS/Au nanoparticles is assisted by RS chain

diffusion at the particle surface above the Tm. RS chain diffusion may be more facile at the

eolloidal Au surface because the physical state of the surface Au atoms (caused by surface

curvature or surface faceting)6b.17.18 is different from that of planar Au surfaces.

4.4. Conclusions

These studies show that RS/Au nanoparticles can be prepared with monolayer

coverage of the gold particles. rendering them the same physical and chemical properties of

thiol monolayers. An order-disorder transition is readily monitored using FT-IR

spectroscopy and NMR spectroscopy8, and this transition correlates with DSC-detected

endotherms. This thermally-induced transition is associated with structura! changes in the

organic monolayer coating, given the distinct chain length dependence of the phenomenon.

Distinct phase transitions are detectable in these organic films, suggesting that the RS/Au

nanoparticle can be considered to be a highly dispersed, large surface area analogue to the

much-studied self-assembled thiol monolayers on planar gold. It is important to note that

neither calorimetry nor NMR experiments can be performed, at present, on SAMs

supported on planar surfaces. The research presented here paves the way for the extension

of biomimetic and optical applications, now undertaken with RS/Au SAMs, to these

readily prepared colloidal systems.
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Chapter5

Structure and Dynamics in SAMs: A DSC, IR, and
Deuterium NMR Study*

5.1. Introduction

The phase properties of self-assembled alkanethiolate monolayers on metal

surfaces have been addressed via the synthesis of alkanethiol-stabilized gold metal clusters

of 20-30 À diameter. 1•2 This system was chosen because of its unique potenùallO serve as

a large surface area analogue to SAMs fonned on planar metal surfaces. These alkylated

nanoparùcles have enabled the quasi-2D monolayer film structure to be probed by

convenùonal methodologies such as NMR spectroscopy, calorimetry, and transmission

Fr-IR speclroscopy.l.2 We find that SAMs on Au nanoparticles show strong parallels to

the monolayers fonned at planar surfaces. Differences do arise however due to the high

radius of curvature of the surface and possible faceùng of the particles3.6 .

The CH stretching vibraùons in the Fr-IR spectra of RS/Au nanoparticles (where

R= CS-C20) indicate that for R ~ C16, the alkyl chain exists predominantly in an extended,

all-trans confonnaùon at 25 ·c. 1•7 Solid-state BC NMR spectroscopy further reveals the

coexistence of moùonally restricted all-trans chains with a smaller populaùon of liquid-like

conformationally disordered chains in CISS/Au at 25 ·C.2 More importantly,

calorimetryl.5, variable temperature Fr-IR spectroscopyl and solid-state BC NMR

studies1•2 have established that a chain melting transiùon occurs in these alkylated metal

colloids. The transition temperature associated with each chain (for R= C12-C20) closely

parallels those found in electrochemical studies ofplanar RS/Au SAMs8, X-ray diffracùon

studies of fatty acid Langmuir-Blodgett monolayer films9, and in calorimetry studies of

phospholipid bilayer membranes10. Melting transiùons are highly sensiùve to the degree of

chain organizaùon. Given that the thennotropic behavior of the RS/Au nanoparticles is

• Manuscript submitted to the Journal ofthe Americal Chemical Society, June 1996.
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very similar to that of highly ordered, 20 self-assembled systems. there is surprisingly a

high degree of chain conformational order in these colloids. How chain ordering arises is

not immediately apparent, given the relation between the extended chain conformation and

the curved geometry of these particles. Recent molecular dynamics (MD) simulations of

butanethiol and dodecanethiol derivatized Au clusters reveal that the bUlancthiolatc chains

uniformly coat the colloid sutface, while the longer dodecanethiolate chains cxist (atlow

temperature) in ordered clusters or "bundles".6 Transmission electron microscopyl and

powder X-ray diffraction5•6.11 reveal that adjacent Au particles are separated by

approximately one chain length and not by the expected two chain lengths. This strongly

suggests that chain ordering arises from an interdigitation of chain domains on neighboring

particles. t An alternative packing configuration, involving the interdigitation of individual

chains5, is not likely given the large ratio of chain end area to Au-S headgroup area of

14:1.1

In this chapter, variable-temperature solid-state deuterium NMR spectroscopy is

used, in conjunction with Fr-IR spectroscopy and differential scanning calorimetry (DSC).

to study both perdeuterated and specifically deuterated C18SIAu samples to gain insight

into chain ordering and dynamics. Solid-state 2H NMR has been extensively used to probe

conformational order and molecular motion in lipid membranes I2-15 , spherical supported

lipid bilayers I6.17 , rigid-rod polymers with alkyl side-groupsI8-20, alkylammonium layer­

structure compounds21 , and in alkylsilyl-modified silica gel chromatographic stationary

phases22•23 . Solid-state 2H NMR spectroscopy offers distinct advantages over 13C and 1H

NMR for probing the structure and dynamics of ordered systems. The peaks observed in

2H NMR originate from the nuclear quadrupole coupling of the deuteron with the electric

field gradient of the C_2H CT-bond. An axially symmetric quadrupolar interaction

dominates the 2H NMR spectrum so that the line shapes are simple and solely dependent

upon the amplitude and symmetry of the molecular motions. The peak shapes ref1ect

intramolecular dynamics and there are no complex contributions from the chemical shift

anisotropy and heteronuclear dipolar interactions which greatly increase the complexity of

13C and 1H NMR spectra in regards to analyzing motional phenomena. Furthermore.

since the relaxation of the 2H nucleus is dominated by the quadrupolar interaction. there is

no need to establish relaxation mechanisms.14.23-25 More importantly. the low natural

abundance of deuterium (i.e. 0.015%) eliminates background contributions from unlabeled

material so that the dynamics of a single position can be exclusively observed in selectively

labeled molecules.

Quadrupolar splitting in 2H NMR is especially sensitive to motions and

orientations at different positions in a molecule. For the 2H nucleus with spin 1= 1 and an
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asymmetry parameter " =0 for the C-2H bond, the allowed energy transitions are -1~O

and OHl, giving rise to a doublet in the NMR spectrum with a peak separation given by

(1);

where .....vQ is the quadrupolar splitting or peak separation in frequency units, (e2qQ/h) is

the quadrupolar coupling constant (168 kHz for an aliphatic sp3 C_2H bond), f) is the angle

between the principal axis of the electrlc field tens'or of the 2H nucleus and the magnetie

field, Ho. 14.25 For a rigid polycrystalline solid, all values of f) are possible and a so-called

rigid powder pattern or Pake pattern is obtained (Scheme 5.IA). In this case, the

separation between the peak maxima (f) = 90") is ca. 130 kHz and the separation between

the steps at the wings (f) = 0") is twice this value. 14.25 In the case of lipid membranes,

organie thin films, and rigid-rod polymers with flexible side chains, there is considerable

motion of the C_2H bond due to such processes as methyl group rotation, gauche-trans

bond isomerization in an alkyl chain, rotation of a molecule about its long axis or flipping

of a phenyl ring about its C2 axis. Moleeular motions that have correlation times of

ca. 1O-7-1Q4 SI4.24 can be studied by 2H NMR, a much longer time scale than most other

spectroscopie techniques. Motions that are slow on the NMR timescale are expected to

have a negligible influence on the 2H NMR spectrum. Fast motions (t« 10-6 s), on the

other hand, cause the (3cos2f) - 1) lerm in equation 1 to be averaged with time, resulting in

a decrease of the quadrupolar splitting and/or changes in the peak line shape (Scheme 5.lB

and C).14.25 Thus, in most cases, the 2H NMR speetralline shapes and the spin-Iattiee (Tl)

relaxation times provide incisive information on moleeular orientation as weil as on the

type and the rate of motion that a particular 2H-Iabeled site is undergoing. 14.25 For this

reason, FT-IR and 2H NMR speetroscopy can give complementary information on the

structure and dynamics of 2H-Iabeled systems, given that FT-IR spectroscopy probes a

timeseale whieh is less than 10-10 s.26
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(A)

(B)

(0

r

AvQ= 130kHz

8=90·

8=0·

Scheme 5.1. Theoretical 2H NMR spectral line shapes for (A) a rigid polycrystallinc

solid (pake pattern), (B) a methyl group rotating about a C3 axis, and (C) isotropie motion.
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In this study, n-octadecanethiols deuterated at different positions along the alkyl

chain were synthesized and used to prepare C18SH-derivatized Au nanopartic1es for

variable temperature solid-state 2H NMR studies. The materials studied include:

CD3(CD2h6CH2SH

CH3(CH2h6CD2SH

CH3(CH2)4CD2CD2CD2CD2(CH2)9SH

(positions 2-18 deuterated)

(position 1 deuterated)

(positions 10-13 deuterated)

In conjunction with DSC and FT-IR spectroscopy, solid-state 2H NMR is used to

resolve outstanding structural and dynamic issues concerning the chain order and phase

behavior of these alkylated Au nanoparticles.

5.2. Experimental Section

5.2.1. Materials: d3S-Stearic acid (98 atom % D) and deuterium gas (99.99%) were

purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). 10, 12­

Octadecadiynoic acid was obtained from Farchan Laboratories, Inc. (Gainesville, PL).

Stearic acid (Iab-grade), from Anachemia Chemicals Ltd. (Montreal, Canada), was

recrystallized from hexanes before use. n-Octadecanethiol (98%, Aldrich Chemical Co.,

Milwaukee, WI) was recrystallized three times from ethanol.

Tris(triphenylphosphine)rhodium(l)chioride (Wilkinson's catalyst), lithium aluminum

hydride, lithium aluminum deuteride (98 atom % D), hydrogen tetrachloroaurate(III)

trihydrate, and tetraoctylammonium bromide were ail purchased from Aldrich. Sodium

thiosulfate was from A&C American Chemicals Ltd. (Montreal, Canada) and 48% HBr

was from Fluka Corp. (Ronkonkoma, NY).

5.2.2. d3S-0ctadecanethiol: d3S-Stearic acid (1.10 g, 3.45 mmol) was dissolved in 60

mL of dry THF. This solution was added via a dropping funnel to a three-neck round

bottom flask, equipped with a reflux condenser and a calcium carbonate drying tube, and

containing LiAIH4 (1.04 g, 27.5 mmol) dissolved in 125 mL of dry 1HF. The reaction

mixture was refluxed for ca. 12 hr. The reaction vesser was cooled in an ice bath and

distilled water was carefully added dropwise to the reaction mixture to destroy the residual

LiAIH4. A 4 mL aliquot of 6 N HCI solution was added and reflux was continued for an

additional 12 hr. Hexanes (100 mL) were adiled with stirring to the cooled reaction

mixture. . The remaining white precipitate was removed by filtration at this stage and the

mixture poured into a separatory funnel. The organic layer was separated from the
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aqueous layer. The aqueous phase was further extracted with 2 x 50 mL of hexanes. The

combined organic extracts were washed with 2 x 100 mL of distilled water and then dried

over anhydrous magnesium sulfate. The solvent was removed by rotary evaporation to

yield 0.980 g (93%) of d3S-octadecanol (i.e. CD3(CDÛI6CH20H).

The perdeut.erated octadecanol (0.980 g, 3.21 mmol) was added to a mixture of 50

mL of 48% HBr and 100 ~L of concentrated H2S04. The mixture was refluxed for 8 hr.

The HBr mixture was diluted with 25 mL of distil1ed water and 50 mL of hexanes were

added with stirring. The hexanes phase was separated from the aqueous HBr phase, and

then the HBr phase was further extracted with 2 x 50 mL of hexanes. The hexanes extr.lcts

were pooled together, washed with 2 x 75 mL of water, and dried over anhydrous

magnesium sulfate. The solvent was removed by rotary evaporation and the residue

purified by column chromatography (silica gel, n-hexane) to yield 0.986 g (84%) of d3S­

octadecyl bromide.

The octadecyl bromide (0.980 g, 2.66 mmol) was dispersed in 50 mL of absolute

ethanol. A solution of Na2S2Û3·5H20 (0.660 g, 2.66 mmol) in 10 mL of water was added

to the octadecyl bromide and the reaction was refluxed for 6 hr. The resulting Bunte salt

was hydrolyzed with HCI (9.0 mL of 6 N HCI) by refluxing for 4 br. The cooled reaction

mixture was poured with stirring into a IWo-phase mixture of 10 mL of distilled water and

25 mL of hexanes. The organic layer was separated from the aqueous layer, and the

aqueous phase was then further extracted with 2 x 25 mL of hexanes. The combined

hexanes extracts were washed with 2 x 35 mL of water and dried over anhydrous

magnesium sulfate. The solvent was removed by rotary evaporation and the residue was

recry.ta1lized from ethanol to yield pure d35-octadecanethiol (0.768 g, 90%). TLC (silica

gel, n-hexane): Rf= 0.7; IH NMR (499.84 MHz, CDCI3): Il 2.52 (5, CH2SH); 2H NMR

(76.73 MHz, CHCI3); Il 0.83 (s,3D, CD3), 1.19 (s, 30D, CD3(CD2hs), 1.53 (s, 2D

CD2CH2SH). MS (El): mlz 321 [M]+.

5.2.3. I-dz"Octadecanethiol: Stearic acid (2.00 g, 7.03 mmol) was converted to l-d2­

octadecanol (1.78 g, 93%) by reduction with LiAlD4 as described above. Bromination

followed by Boote salt formation and hydrolysis using the procedures previously described

yielded 1-d2-octadecanethiol (1.36 g, 67% with respect to 5tearic acid). TLC (silica gel, n­

hexane): Rf= 0.7; IH NMR (499.84 MHz, CDCI3): Il 1.59 (t, 2H, CH2CD2SH), 1.37 (m,

2H, CH2CH2CD2SH), 1.26 (s, 28H, CH3(CH2h4), 0.88 (t, 3H, CH3); 2H NMR (76.73

MHz, CHCI3); Il 2.49 (5, CD2SH); MS (El): mlz 288 [M]-+.

5.2.4. 10,1l,12,13·ds"Oetadecanethiol: 10, 12-0ctadecadiynoic acid (1.00 g, 3.62

mmol) was dissolved in 10 mL of freshly distilled, argon saturated THF. 100 mg of

Wilkinson's catalyst were added and the reactor was evacuated and flushed with argon
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three tirnes. The reactor was then flusbed with D2 gas and filled to a pressure of 1 PSI.

The reaction mixture was stirred for - 19 br after whicb the reactor was refilled with

additional D2 gas. The reaction mixture was stirred for an additional 3 days. The solvent

was removed by rotary evaporation and the residue chromatographed (silica gel, 80:20 v/v

hexanes:ethyl acetate). Recrystallization from hexanes yielded pure 1O.11,12,13-d8­

octadecanoic acid (0.495 g, 47%). mp 67-69 oC; lH NMR (499.84 MHz, CDCI3): 82.35

(t, 2H, CH2COOH). 1.63 (m, 2H, CH2CH2COOH), 1.25 (s, 20H,

CH3(CH2)4(CDÛ4(CH2)6CH2CH2COOH), 0.88 (t, 3H, CH3); 2H NMR (76.73 MHz.

CHCI3); 8 0.93 (s, (CD2)4).

10,11,12,13-dg-Octadecanoic acid (0.485 g, 1.66 mmol) was reduced to the alcohol

(0.364 g, 79%) using LiAIH4 as described previously. Bromination with 48% HBr

foHowed by Bunte salt formation and hydrolysis yielded 10, 11, 12, 13-dg-octadecanethiol

(0.268 g, 70% with respect to dg-octadecanol). TLC (silica gel, n-hexane): Rf= 0.7; lH

NMR (499.84 MHz, CDC13): 8 2.51 (t. 2H, CH2SH), 1.59 (m. 2H, CH2CH2SH), 1.37

(m, 2H, CH2CH2CH2SH), 1.25 (s, 20H, CH3(CH2)4(CD2)4(CH2)6CH2CH2CH2SH),

0.88 (t, 3H, CH3); MS (El): mlz 294 [M]+.

5.205. ClgSH-Derivatized Gold Nanoparticles: Gold nanoparticles derivatized with 10,

II, 12, 13-dg-octadecanethiol, 1-d2-octadecanethiol, and d35-octadecanethiol were prepared

foHowing the method of Brust et al.!·27. The syntheses were carried out using 1.8 mmol

of HAuC4·3H20 and a modified AuC4-:ClgSH mole ratio of 3:1, instead of 1:127 . The

3: 1 AuC4-:RSH ratio was used because it produces fuHy covered Au nanoparticles (- 30

À in diameter) and eliminates the exhaustive (and exhausting!) washinglextraction process

required to remove the large amounts of residual thiol and disulfide present in the original

preparation.!·28 For the synthesis of Au nanoparticles coated with 10, Il, 12, 13-dg­

octadecanethiol, only one-third of the octadecanethiol surfactant molecules were deuterated.

For the other syntheses, the deuterated octadecanethiols were used undiluted. The ClgS/Au

coHoids were purified as described in Chapter 4 and dried under vacuum.! Complete

removal of unbound thiol was verified by TLC (silica gel, n-hexane) and by lH NMR

(499.84 MHz) and/or l3C NMR (125.70 MHz) spectroscopy (i.e. 30-40 mg of ClgS/AU

coHoid in 0.7 mL of ~-benzene).! With 1.8 mmol of AuC4- as the starting materia!, 350­

380 mg of purlfied ClgS/Au powder was obtained.

5.2.6. TransDÙssion Electron Microscopy: Samples for TEM were prepared by dipping

standard carbon-coated grids (200-300 À) Formvar copper grids (200 mesh) into a dilute

hexane solution of the RSfAu nanoparticles for severa! seconds. The TEM grids were

withdrawn from the solution and a!lowed to dry under ambient atmosphere for 5 min.

Phase contrast images were obtained with a top-entry Phillips EM 410T electron
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microscope operated at an accelerating voltage of 80 keV, Micrographs were obtained at

6·1()4X and 8·1()4X. The size distributions of the CISS/Au nanoparticles were determined

from the diameters of at least 250 particles located in a representative region of the

micrographs using a video image analysis software program (SigmaScan Pr03. landel

Scientific). The particle sizes obtained are the following: l-d2-CISS/Au 27 ± 8 Â;

1O,l1,12.13-dS-CISS/Au 29 ±8 Â; d3S-CISS/Au 27 ±6 Â.

5.2.7. Infared Spectroscopy: The CISS/Au colloidal particles were deposited dropwise

onto a KBr disc from a concentrated hexane solution. Evaporation of the solvenl resulted

in a uniform film. Infrared spectra were acquired on a Perkin-Elmer Fr-IR Microscope

Model 16PC (MCT detector) equipped with a MeUler FP 52 hol stage for variable

temperature experiments (10-100 ·C). Spectra were collected in the transmission mode

with an unpolarized beam, at a resolution of 2 cm-I with 128 scans, and a spectral window

of 4000-600 cm-I. The IR sample was purged continuously with dry nitrogen and

maintained at each temperature for 20 min before a spectrum was acquired. Background

spectra of the c1ean KBr disc were collected al the same temperatUlcs and subtracted from

the sample spectra.

5.2.8. DifferentiaI Scanning Calorimetry: OSC experiments were conducled with a

Perkin-Elmer OSC-7 instrument calibrated for temperature and peak area by means of

indium and octadecane standards for the -40'C to lOO'C temperature range or indium and

cyclohexane for runs of -100 "c to 100 ·C. Thermograms were run on samples of - 10

mg of CISS/Au particles in sealed a1uminum pans under a purging atmosphere of either

nitrogen (-40 'C to 100 'C ) or helium (-100 'C to 100 'C) gas at heal-cool rates of 5

'C/min or 10 ·C/min.

5.2.9. Solid-State Deuterium NMR spectroscopy: Samples for 2H NMR were

prepared by packing a shortened 5 mm NMR tube with 150-180 mg of dry 2H-labeled

CISS/Au powder and covering the tube with teflon tape. 2H NMR spectra were recorded

on a Chemagnetics 300 MHz spectrometer operating at a frequency of 46.045 MHz. A

quadrupole echo sequence (90'±x - 'CI - 90'y - 'C2)29 with transmiuer blanking was

employed and a 500 kHz spectral window was scanned. 'CI and 'C2 were 40 ilS and 20 Ils.

respectively. Spectra were acquired at both low and high temperature with pulse delays

ranging from 0.5 s to 5 s. Since the longer pulse delay times produced spectra that were

identical to the ones acquired using short delays, ail spectra were acquired with a pulse

delay of 0.5 s to shorten the acquisition time. Oepending on the signal-to-noise ralio,

between 512 - 29 000 transients were accumulated. After data accumulation, the PlO was

left-shifted by the correct number of points so that for each spectrum, the PlO was Fourier

transformed starting at the echo maximum. Heating and cooling of the NMR sampie was
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accomplished using ait, cooled by passage through an acetone/dry ice bath, and a calibrated

temperature control unit (Bruker Instruments, Inc.). A 30 min sample equilibration time

was allowed at each lemperature before the stan of spectral acquisition. For each 2H­

labeled CISS/Au sample, an initial spectrum was acquired at 25 'C and then spectra were

collected al progressively lower temperatures. The cooled sample was then gradually

reheated past 25 OC and spectra were collected at higher temperatures. After heating past

the melting transition, the sample was cooled to 25 'C and a spectrum was acquired to

check if any thermally-induced changes had occurred.

5.3. ResuUs ..nd Discussion

5.3.1. DSC Measurements: The phase behavior of thiol-derivatized Au nanoparticles has

been characterized by OSC in lerms of the lemperature and the enthalpy of the phase

transition. 1 The OSC thermograms clearly show that the RS/Au particles (where R= C12­

C20), in the solid state, undergo distinct phase transitions which can be associated with

reversible disordering of the alkyl chains. Both the peak maximum temperature and the

enthalpy associated with the OSC transition was found to increase with increasing chain

length. 1 This trend strongly parallels that seen in other materials undergoing gel-to-liquid

crystalline transitions, such as diacyl phospholipids.

Figure 5.1 shows the OSC endotherms of the various deuterated CISS/Au samples.

The peak maximum temperature for both the I-d2-CISS/Au and d35-CISS/Au is 48 'C,

while the peak maximum temperature for the 1O,1l,12,13-ds-ClSS/Au is 52 'C. A peak

maximum temperature of 51 OC was previously reported for the fully hydrogenated

ClSS/Au.1 The main phase transition temperatures of perdeuterated phospholipids17 are

depressed by - 4 - 5 'C compared to the fully hydrogenated analogue. Such a strong

conclusion cannot be made in our case for the d35-CISS/Au because the peak maximum

lemperature observed by OSC varies by 2 - 3 'C from one CISS/Au preparation to another.

It is important to note that unlike the gel-to-liquid crystalline transitions in lipid

bilayer membranes, the transition for the RS/Au colloidal system is relatively broad and

occurs over a ca. 30 'C temperature range for each sample. Furthermore, the OSC peaks

of the deuterated CISS/Au samples are preceded by l\ sloping or curved baseline extending

down to -100 'C, which is best secn in the endotherm of d35-CISS/Au (~igure 5.1). This

may ref1ect either the existence of a disordered liquid-like chain population or the

occurrence of chain motional processes which accompany the phase transition.
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t

IO.OIW/g.

I-drC IsS/Au

J:.01 W/g

lO,ll,12,13-ds-e IsS/Au
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TtC

40 60 80

FigureS.l. DSC endothenns of I-d2-ClSS/Au, lO,ll,12,13-dS-ClSS/Au, and d3S­

ClSS/Au powders. Scan rate is 5 ·C·min-l for I-d2-ClSS/Au and lO,ll,12,13-ds­

ClSS/Au and 10 ·C·min-l for d3S-ClSS/Au.
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As suggested earlier, the broadness of the transition may be caused by poor bulk

crystallization of the RS/Au nanoparticles. l ,2 Recrystallization and thermal annealing do

not however significantly sharpen the OSC peak. The broad transition may also be due to

the fairly large particle size distribution which can affect the aikyl chain packing. While

these factors may contribute somewhat to the peak broadening, comparison with the

thermotropic behavior of model polymer lipid membranes30 and planar RS/Au SAMs8

suggests that covalent bonding of the sulful' headgroup to the gold may restrict the

cooperative nature of the transition, resulting in a broad peak.

In recent years, model polymer membranes have been designed to obtain lipid

bilayers which exhibit thermal stabilities superior to those of biomembranes.30.32 Such

stable membranes are of interest for studies of cell-cell interaction and as drug carriers. For

this purpose, a C18 diacyl lipid analogue has been synthesized with a polymerizable

methacryloylic moiety attached to the quaternary ammonium headgroup.30.32

Polymerization restricts the lateral mobility of the lipid headgroup in the bilayer and is

reponed to significantly reduce the cooperativity of the gel-to-liquid crystalline phase

transition. This restricted headgroup mobility caused the polymer membrane to exhibit a

broader gel-to-liquid crystalline transition than the monomer membrane (i. e. the peak width

at half maximum is 0.7 ·C for the monomer membrane and 2.1 ·C for the polymer

membrane).30 Furthermore, the peak maximum temperature is depressed by 20·C and the

enthalpy is reduced by a factor of 2 compared to the monomer bilayer.3o The enthalpy

measured earlier for the OSC transition of C14S/Au (10 kI/moi) and C18S/Au (21 kI/moi)

is however close to that of the main transition enthalpies for n-diacylphosphatidylcholines

of equivalent chain length10.1 Thus, even though these lipid molecules have relatively

unrestricted lateral mobility whereas pinning of the sulfur to the Au is expected to restrict

the alkanethiolate chain mobility, there is no effect manifested in terms of either the RS/Au

transition temperature or enthalpy. Melting of the RS/Au nanoparticles also introduces the

possibility that rotational and/or lateral motion of the entire panicle sets in. The onset of an

isotropic peak in the 2H NMR spectra at higher temperatures (vide infra) may suggest

rotational motion of the Au particle. This rotation can be formally equivalent to the 20

diffusion available to lipid molecules on melting. If t1ùs were the case, then the OSC peak

broadness may be a manifestation of the particle size distribution in an indirect way. That

is, the panicle tumbling rates may be size dependent The alkyl chains (in this model) must

melt before the tumbling (or entropy) issue becomes imponant. The width of the RS/Au

OSC peak and the similarity in the enthalpy values of the RS/Au nanoparticles and n­

diacylphosphatidylcholine multilamellar vesicles are sensitive indicators of the cooperative

nature of the order-disorder process33 . As such, the broad transitions observed for both
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planar and colloidal RS/Au SAMs are most probably due to the complex inter-relationship

between the metal surface and RS chain domain sizes and their polydispersiùes.

Bloom and Bayerl also report significant differences in the OSC phase hehavior of

single lipid bilayers supported on glass microspheres (SSVs) as compared to multilamellar

lipid vesicles (MLVs).17 For instance, the SSV does not exhibit a chain tiltluntilt

pretransition, the main transiùon temperature is lowered by 2 OC over that of the MLV. the

half-width of the main transition peak is a factor of four broader for the SSV than for the

MLV, the enthalpy of the main transition is 25% lower for the SSV, and the hysteresis

observed between the melùng and crystallization temperature values is larger. 17 Bloom and

Bayerl attribute these changes to quasi-20 melting phenomena. In MLVs, interbilayer

interactions also increase the cooperaùvity of the phase transiùon. This is interesùng

because fatty acid Langmuir-Blodgett (LB) monolayers on silicon wafers also show broad

chain disordering transiùons as detected by electron diffraction.9 The graduai chain

disordering occurs over a ca. 20 'C temperature range and the temperatures are very

similar to those of equivalent chain length RS/Au SAMs1. Since the fatty acid chains arc

only physisorbed to the underlying silicon, the gradual chain melùng process observed for

these LB monolayer films cannot be a manifestation of restricted chain mobility due to

strong headgroup-substrate interaction. Thus, it may weil be that the broad chain order­

disorder phase transiùons observed for self-assembled alkylthiol monolayers on planar and

colloidal Au surfaces are due to melting in quasi-20 systems.

5.3.2. FT-IR Spectroscopy: OSC establishes that a phase transition occurs in alkylthiol

monolayers self-assembled at colloidal Au surfaces. Although the transiùon can be

characterized in terms of temperature, enthalpy, and cooperaùvity, no direct informaùon

can be obtained from DSC about the conformational state of the alkyl chains. FT-IR

spectroscopy is a powerful technique for probing the conformaùon and orientation of alkyl

chains adsorbed to surfaces.34-40 In particular, the frequencies of the methylene symmetric

and antisymmetric vibraùonal stretches are related to the populaùon of trans and gauche

conformers. 16,35,36,38,41 Variable temperature transmission FT-IR spectroscopic studies

show that these alkylated nanoparticles undergo a transition from a highly chain-ordered

state to a chain-disordered state at the phase transiùon temperatures measured by OSC.I

However, no insight was gained concerning where the disordering stans in the alkyl chain

and how far along the chain the disorder propagates. FT-IR studies of deuterated lipids in

multilamellar vesicles41 and supported on spherical microbeads l6 have shown that the

temperature dependence of the symmetric C02 stretching vibration depends on the average

number of gauche conformers per lipid acyl chain. The symmetric C02 stretching
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frequency (- 2090 cm-J) increases by - 5 cm-J during the gel-to-liquid crystalline phase

transition. 16 The antisymmetric CD2 stretch (- 2190 cm- J) also increases with

temperature, but the shift is less pronounced.41 By deuterating the CJsSH molecule at

specifie sites along the chain, the thennally-induced onset of local disorder can be

monitored via the CD2 strelChing vibrations.

Figure 5.2 tracks the CD2 symmetric ('llsym(CD2» and antisymmetric

('llasym(CDÛ) stretches of the deuterated CJSS/Au samples as a function of temperature.

ln Figure 5.3A, the peak position of'llsym(CD2) is plotted as a function of temperature for

d35-CJSS/Au and 1O,11,12,13-dS-CJSS/Au. The value of the 'llsym(CD2) peak frequency

for the 1O,11,12,13-dS-CJSS/Au nanoparticles exhibits a sharp discontinuity at the DSC

detected phase transition temperature, - 50 ·C. By contrast, the d35-CISS/Au sample

shows only a gradual chain disordering transition. A similar trend is observed for the

'llasym(CD2) peak. Furthennore at 10-15 'C, 'llsym(CD2) for 1O,1l,12,13-dS-CISS/Au

occurs at - 2084 cm-J, while 'llsym(CD2) for d35-CJSS/Au is - 2088 cm-l . This clearly

indicates that at 10-15 'C, the population of gauche confonners is larger in the

perdeuterated CISS/Au material than for 1O,1l,12,13-dS-CJSS/Au. Obviously, in d35­

CJsS/Au, there are contributions from gauche CD2S located in the CJ4-CJ7 region, even 35

·C below the DSC-detected phase transition temperature. Helium diffraction42,43 and

surface IR studies35,36 of long chain alkylthiol SAMs on planar Au confinn that gauche

confonnational defects are concentrated at the chain tennini at temperatures below 27 "c.

These chain end gauche defects persist even at -70 "c.35,36 Thus, the ca. 4 cm-J shift in

peak frequency of the symmetric CD2 stretch ('llsym) of d35-CJ8S/Au relative to that of

10,1l,12,13-dS-CJSS/Au is defmitely a result of the disordered state of the chain ends.

Since only a gradual shift in 'llsym(CD2) is observed for d35-CJSS/Au with increasing

temperature, it is most probable that a weighted average of the trans and gauche bond

populations along the entire chain length is reported in this experiment. In variable

temperature surface IR studies of planar alkylthiol monolayers, Dubois and Nuzzo35•36

observed the gradual appearance of gauche confonnational chain defects upon heating,

instead of the dramatic population increase expected from first-order melting processes.

By contrast, the shift in 'llsym(CD2) for dS-CJSS/Au shown in Figure 5.3A specifically

reflects the temperature dependence of the trans and gauche bond population at positions

10-13 (i. e. in the middle of the alkyl chain) and a sharp transition is observed. Molecular

dynamics simulations of CJ5S chains absorbed onto a Au(lll) surface predict that at 27

'C, the percentage gauche defect concentration is approxirnately 4.4% and ail of the gauche

defects are located at the chain termini.44
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Figure 5.2. Variable temperature transmission Fr-IR spectra of the C02 stretching

region (2300-2000 cm-1) for the deuterated ClSS/Au particles. The dotted lines are visual

aids. (A) Fr-IR spectra of IO,l1,12,13-dS-ClSS/Au.
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Figure 5.2. (cont'd) (B) FT-IR spectra of d3S-ClSSlAu.
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Figure 5.2. (cont'd) (C) Fr-IR spectra of I-d2-ClSS/Au.

5-16



Chapter 5: Structure & Dynamics in SAMs: DSC, IR, Deuterium NMR

TtC

0 10 20 30 40 50 60 70 80 90

2096 • d8-e 18S/Au

2094 - - 8 - - d35 -e 18S/Au

";' 2092
~,' fE

u.... 2090 tr' ~;:> -~- -f-2088

2086
r

2084 A

2130 , ,

2128
• I-d2-e l8S/Au

--• 2126E
u....
;:>

2124

ft!!!!!
!

!
! !2122

B

2120 0
,

10 20 30 40 50 60 70 80 90
T rc

Figure 5.3. Peak position of the syrnmetric CD2 stretch as a function of temperature for

(A) 1O,ll,12,13-ds-ClSS/Au and d35-CISS/Au and (B) I-d2-CISS/Au. The error bars

represent a 0.5 cm-1 uncertainty in the peak position values.
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Figure 5.4. Variable temperature transmission Fr-IR spectra ofbuik l-d2-ClSH37SH.

The melting point of 1-d2-ClSHj7SH is 28-30 oc.
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Figure 5.4. (cont'd) Variable temperature transmission Fr-IR spectra of bulk d35-

ClSH37SH. The melting point of d35-ClSH37SH is 27-28 ·C.
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At this temperature, the middle of the chain is essentially defect free. The FT-IR results

described here for lO,II,12,13-ds-C!SS/Au and d35-C !SS/Au confirm this prediction.

Furthermore, as the temperature is raised past 27 ·C in the MD calculations, the

development of gauche bonds is concentrated to the middle of the C!5S chains and a low

gauche defect p0p'ulation is observed near the sulfur headgroup.44 These predictions are,

again, in excellent agreement with the thermal behavior observed here for 10,1 l,12,13-dS­

C!SS/Au and I-d2-C!SS/Au.

The variable temperature FT-IR spectra of 1-d2-C!SS/Au nanoparticles (Figure

5.2C) show a 'llsym(CD2) peak (- 2123 cm-Il which is shifted by - 15 cm-! compared to

the bulk thiol (- 2139 cm-Il. A weak, broad 'llasym(CD2) peak at ca. 2200 cm-! is also,

observed. It is noteworthy that for the bulk l-d2-C!~1iH (Figure 5.4), the 'llasym(CD2)

peak is less intense than the 'llsym(CD2) peak, while in d35-C!SSH, the 'llasym(CD2) peak

exhibits a greater intensity than the 'llsym(CD2) peak. The assignment of the 2120 cm-!

peak to 'llsym(CD2) is reasonable given that (i) there are no interfering C-H or C-C

vibrations in the 2000-2300 cm-! region, (ii) deuteration is at a single position in 1-d2­

C!SS/Au, and (iii) the values of the relative intensities of the symmetric and antisymmetric

CD2 stretches in bulk 1-d2-C!SSH. The complementary 'll(CH2) data for d35-C!SS/Au

(i.e. hydrogenated at carbon 1) at 25 "C reveals a 'llasym at - 2900 cm-! and 'llsym at - 2851

cm-! (Figure 5.5). In this case, the 'llasym(CH2) peak is shifted by ca. 18 cm-! from that

measured for fully hydrogenated C!SS/Au at 25 ·C.l This is not surprising given that the

'llasym(CH2) peak position is more sensitive to bond conformation than the 'llsym(CH2)

peak position but the CD2 stretching vibrations follow the opposite trend. Interestingly,

SERS45 studies of planar RS/Au SAMs report a ca. 20 cm-! decrease in the 'll(C-S)

frequency upon bonding of the thiol to the Au surface. Besides the ca. 15 cm-! shiftin the

'llsym(CD2) peak observed for the carbon alpha to the sulfur headgroup, it is important to

note that i15 position does not shifl over the temperature range of 10-90 ·C (Figure 5.3B).

This strongly sugges15 that local order is maintained at the carbon closest to the Au surface

during the chain disordering transition described above.

Transmission FT-IR spectroscopy thus definitively establishes that the DSC­

detected phase transition arises from an alkyl chain disordering process which increases the

number of gauche conformers in the chain. One can envisage that deuteration of different

positions along the length of the alkylthiol chain will allow one to study the onset of chain

disordering at specifie regions in an assembly of alkyl chains.

5.3.3. 28 NMR Spectroscopy: IR spectroscopy probes molecular vibrations occurring

on a timescale shorter than 10-10 s, so that the IR measurement is essentially a "snapshot"
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of the different bond confonnations existing at a given instant averaged out over the area of

irradiation.26 IR spectroscopy thus reveals the equilibrium trans and gauche bond

populations as a function of temperature, but does not provide any insight into the motional

processes which accompany chain disordering. For this reason, the long timescale probed

by 2H NMR (typically 10-6 - 10-4 S)26 has been exploited to study the temperature

dependence of the alkanethiolate chain dynamics.

The variable temperature 2H NMR spectra of 1O,1l,12,13-dg-ClgS/Au are

displayed in Figure 5.6. At -55 "C, a static Pake pattern with a quadrupolar splitting of 118

kHz (i.e. e= 90') is observed, clearly indicating that there is little motion of the C-2H

bonds at positions 10-13 of the ClgS chain. As the lO,II,12,13-dg-ClgS/Au samplc is

heated, the 2H NMR spectra exhibit motional averaging of the line shape. At -30 'C, the

2H resonance appears as a "flat-topped" peak, a line shape which has been attributed to a

slow, restricted trans-gauche bond isomerization.24.46,47 Figure 5.6 shows that with

further increases in temperature, a numper of the ClgS chains exhibit motion that is

characterized by rounded triangular patterns such as that observed in the 2H NMR

spectrum at 0 ·C. In the temperature range of ca. 0 "C to 50 'C, the spectralline shapes

consist of a narrower triangular component superimposed on a much broader componenl.

The "de-Paked" spectrum at 25 'C (Figure 5.7), for example, clearly shows that the

complex lineshape of the powder pattern actually consists of two sets of two pcaks. The

outer set of peaks has a static quadrupolar splitting of - 240 kHz (i.e. e=O') and the inner

set has a quadrupolar splÎtting of - 40 kHz. The inner set of peaks reflects disordered RS

chains that are not subject to true isotropic motion because they are tethered to the Au

surface. More importantly, with increasing temperature, the relative contribution of the

triangular peak in the powder pattern increases. The full width at half height (FWHH) of

the broad spectral component in the powder pattern is plotted as a function of temperature

in Figure 5.8. The graph reveals that from -55 'C to 45 'C, the FWHH remains fairly

constant (110-130 kHz). Near the phase transition temperature of 50 'C, the broad

component abruptly disappears and the de-Paked spectrum (not shown) consists of only a

pair of peaks with a small quadrupolar splitting (ca. 40 kHz). The absence of both a

narrow isotropie peak and a pair of rigid peaks establishes that neither surface diffusion of

the RS chains or tumbling of the entire Au particle is important at this temperature (50 ·C).

The 2H NMR spectra at 55 'C and 65 "C exhibit solely a narrow isotropic peak. The

gauche confonner population largely detennines the width of the broad spectral component

in the powder pattern.30 More precisely, when the gauche bond population equals the trans

population, no quadrupole splitting remains.30
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Figure 5.6. 2H NMR spectra of lO,11,12,13-dg-ClgS/Au.
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patterns obtained at -55 ·C and 25 ·C for lO,II,12,13-dg-CIgS/Au. The "de-Paking"

process fùters out all but the O· orientation from the powder pattern.l2,13.17
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This detail clearly explains the disappearance of the broad spectral component in thc 2H

NMR specuum between 50 OC and 55 ·C. (Figure 5.7). The absence of a narrow isotropie

peak at temperatures below the phase transition temperature supports our previous

hypothesis that the chains exist in ordered clusters or bundles and that the Au particles

close-pack via the interdigitation of these ordered chain clusters l . The interdigitation of

individual chains on adjacent Au particles wouId not be sufficient to fill thc void volume

created by the 14: 1 ratio of chain end area to Au-S headgroup area imposed by the

curvature of the nanoparticle. Individually interdigitated chains would bc disordered far

below the observed phase transition temperature. The '\l(CD2) peak positions (Figures 5.2

and 5.3A) observed for 1O,1l,12,13-dS-C1SS/Au at ca. 35 OC below the phase transition

temperature also point to the existence of ordered chain domains.

Both the flat-topped and triangular peak shapes observed in the 2H NMR spectra of

10,1 1,12, 13-dS-C1SS/Au have been observed in studies of amorphous polymers24,46,47,

liquid crystals48 , lipid bilayers12 , polymer model membranes30-32, and alkylsilyl-modified

silica gel23 • This line shape is associated with confonnational exchanges of alkyl chai~s

between two unequally populated trans and gauche sites through reorientations of

individual C_2H bonds around the tetrahedral angle (109.5'). These bond reorientation

processes have been modeled using both two-site and six-site "jump' models23,24,30,46,48,

and the resulting simulated lineshapes (i.e. flat-topped vs. triangular peak) are reported to be

dependent upon both the relative trans and gauche bond populations and the

confonnational exchange or jump rates. For the RS/Au nanoparticles, the population of

trans and gauche confonners is controlled by the temperature. By analogy to the chain

dynamics reported for similar tethered alkyl chain systems23,30, a motional model emerges

for the RS chains involving both trans-gauche bond isomerization and axial chain rotation

(Scheme 5.2).

In this model, the chains are densely packed at temperatures far below the phase

transition temperature. Less space is available for molecular reorientations and trans­

gauche bond isomerization is restricted. This results in a slow confonnational exchange

rate and the resulting flat-topped spectralline shapes should be describable by a simple

two-site jump mode!.23.30 A low gauche confonner population is expected at these

temperatures and the oveùûl orientation of the chains can he maintained by the formation of
1

kinks and jogs30. As the\llUmber of chain gauche confonners increases with temperature,

the chain free volume should increase. This causes a pseudo-rotational motion of

individual chain segments about the long axis of the RS molecule.30 Thus, at higher

temperatures, the motional behavior of the RS chain segments is expected to include both

axial rotation and rapid bond isomerization, such that the complex, rounded triangular line
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shapes shauld be able to be adequately described by a six-site jump mode1.23,30 In facto

molecular dynamics simulaùons by Mar and Klein44 reveal that the fonnation of internai

gauche defects for densely packed CISS chains is coupled to the onset of axial chain

rotation.44
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Scheme 5.2. The possible types of chain dynamic processes in RSIAu nanoparticles

involve trans-gauche bond isomerization and pseudo-rotational motion of individual chain

segments about the long axis of the RS molecule.

5-27



Chapter 5: Structure & Dynamics in SAMs: DSC, IR, Deuterium NMR

The narrow isotropic peak observed at temperatures above 50 "C for 10, Il,12, 13-dS­

ClSS/Au and d3S-ClSS/Au (see below) can also be associated with tumbling or rotaùon of

the enùre Au particle within the ensemble of Au parùcles. Since the diameter of our Au

colloids is the same length as the RS chains. Au particle tumbling would presumably be

accessible once the alkyl chains have melted. but would not be observable by FT-IR

spectroscopy. Although these qualiUiùve comparisons with the spectral line shapes of

other tethered chain systems is insightful. detailed line shape simulaùons of the 2H NMR

spectra of 1O,1l,12,13-ds-ClSS/Au are presentlyunderway to more precisely define the

types and rates of chain moùon,

The fact that a rounded triangular peak component is already observed in

10.1l,12,13-dS-ClSS/Au at 0 oC (Figure 5.6) suggests that there exists a significant

populaùon of ClSS molecules with a large number of gauche defects in the middle of the

chain below 25 oc. This likely arises from a distribuùon of chain geometries where large

gauche bond populaùons exist in chains which occupy interstiùal regions in the parùcle

latùce.1 These chains cannot efficiently interdigitate or bundle with adjacent chains to fonn

ordered domains. Chains residing at domain boundaries are a1so expected to be disordered

at these low temperatures. 1 In facto Reven and coworkers have shown through 13C spin­

latùce relaxation measurements of CISS/Au that at 25 "C, a population (74%) of moùonally

restricted all-trans chains coexists with a smaller population (26%) of liquid-like

disordered chains.2 In addiùon, the BC chemical shift of the interior metbylene carbons

and the reduced methylene IH proton linewidths observed in two-dimensional wideline

separation (WISE) NMR experiments49,50. suggest that the conforrnationally ordered CISS

chains are undergoing large-amplitude motions about their long axis at room temperature.2

The temperature dependent behavior of the 2H NMR spectra of d3S-ClgS/Au

(Figure 5.9) is distinctly different from that of 1O.1l.12,13-dg-ClgS/Au. but the spectral

line shapes are similar. This suggests that the chain moùons are the same but that the onset

of these moùons occurs at different temperatures for specific regions of the chain. For

instance, the spectralline shape of d3S-ClgS/Au exhibits a rounded triangular peak in the

center of the slatic Pake pattern at -55 oC (Figure 5.9). Since lü,11,12,13-dg-ClgS/Au

shows only a rigid Pake pattern at this temperature (Figure 5.6), the triangular peak must

arise from C-2H bond motions at positions 14-18 along the chain. This behavior is

expected given that BC spin-Iatùce relaxation measurements2 indicate that molecular

mobility increases toward the untethered chain ends which have a higher population of

gauche conforrners.35•36,42,43 Moreover. it is in accord with the FT-IR correlations

discussed above.
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Figure 5.9. 2H NMR spectra of d3S-CI8S/Au.
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Figure 5.10. 2H NMR spectra of I-d2-C1SS/Au.
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It is particular!y noteworthy that by contrast to the 2H NMR spectra obtained for

multilamellar vesicles of perdeuterated lipids12.17.29, distinct quadrupolar splittings from

individual methylene and methyl resonances are not observed for d35-ClSS/Au. The

different splittings observed for the perdeuterated lipids arise from the existence of a

flexibility gradient along the lipid chain which Cha!lges the characteristics of the molecular

motions. 12.13 However, Bayerl and Bloom have shown that as the surface curvature

increases for lipid bilayers supported on micron-sized beads (SSVs), the powder spectrum

is broadened and the individual methylene quadrupolar splittings become

indistinguishableP The RSIAu nanoparticle would be an extreme case of surface

curvature (i.e. a radius of 15 A vs. 2500 A in the Bayer! and Bloom SSVs), so that the

powder patterns obtained for d35-ClSS/Au most likely reflect the extended chain geometry

and high radius of curvature of the metal particle.

Finally, the 2H NMR spectra of l-d2-ClSS/Au are shown in Figure 5.10. Unlike,

the spectra of 1O,11,12,13-dS-ClSS/Au and d35-ClSS/Au, those of l-d2-ClSSIAu are rigid

Pake patterns with a quadrupolar splitting of 120 kHz at temperatures up to 65 ·C. This

establishes that, at least on the microsecond timescale probed by 2H NMR spectroscopy:

(i) the CI-C2 bonds do not experience a measurable degree of trans-gauche bond

isomerization, (ii) it is unlikely that the RS chain undergoes axial rotation about the C-S

bond, and (iii) there is no diffusion of the RS-Au species on the Au particle surface. The

surface migration of thiolate-Au species has in fact been observed in UHV-STM

studies SI-53 over periods of minutes to hours. The rigid Pake patterns observed here for 1­

d2-C1SS/Au do not conclusively reveal whether two-dimensional diffusion of the RS

chains, with or without attached Au atoms, occurs on the particle surface. At 65 ·C, a

narrow isotropic peak is observed in the center of the rigid Pake pattern, whose

contribution to the total spectrum is -10 %. The intensity/contribution of this peak does

not change with a further increase in temperature. We believe this isotropic peak is due to

melting of free or loosely bound thiol.

At the present time, we are focused on the broader, qualitative information derived

from the temperature dependence of the 2H NMR spectra, and not on more refined kinetic

information. The latter requires a detailed analysis of the chain conformation kinetics and

evolves into issues of model evaluation.
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5.4. Conclusions

RS/Au nanoparticles present themselves as an intcresting class of matcria!s givcn

their parallels to planar SAMs and the fact that their physical propertics arc strongly

dependent upon the structure and properties of the r.S chains. We have àemonstratcd in

the foregoing that the DSC-detected phase transition is in fact a thermally induccd chain

melting process. The chain melting begins at the chain terminus region and propagatcs

towards the center of the chain as thc temperaturc increases. Fr-IR spcctroscopy of

specifically deuterated sarnples establishes that thc chain termini arc highly disordcrcd,

even at 35 'C below the calorimetrically-determined phase transition temperaturc. 2H

NMR spectroscopy, as a powerful probe of chain order and dynamics, establishes thal

chain melting arises from an increased frequency of gauche bonds in thc AU-lcthercd

aIkylthiol chains. Finally, a narrow isotropie 2H NMR peak at temperaturcs higher than Û1e

phase transition temperature may correspond to Û1e onset of rapid Au particlc tumbling

within the solid matrix.
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Chapter Six

CONCLUSIONS,
CONTRIBUTIONS TO ORIGINAL KNOWLEDGE,

AND IDEAS FOR CONTINUED RESEARCH

6. ]. Overview and Conclusions

The phase properties of self-assembled aIkylthiolmonolayer films at Au surfaces

have been investigated through (i) interracial electron transfer at thiol-modified Au

electrodes and (ii) structure and thermotropic behavior of thiol-derivatized Au

nanoparticles. The effects of temperature, alkyl chain length, end group interactions, and

chain packing geometry on the structure/property/activity relationship have bee!1 elucidated.

The organizational state of RSIAu SAMs has been addressed in Chapters 2 and 3 by

using the electron transfer process between a water-soluble redox species, Fe(CN)63-, and

a thiol-coated Au electrode as a probe of the monolayer film structure. The transmonolayer
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and a thiol-coated Au electrode as a probe of the monolayer film structure. The

transmonolayer redox ion current flux at RS/Au electrodes (where R = n-CI6H33-C201i1l

anà HO(CH2h6) exhibits maxima at weil defined temperatures which are determined

solely by the thiol alkyl chain length and the presence of stabilizing end group interactions,

such as hydrogen bonding. This behavior closely parallels the enhanced permea1Jility oi

phospholipid bilayer vesicles to ions at their chain order/disorder phase transition

temperatures. The 1:1 correlation hetween the pre-transition (Tp) and main transition (Tm)

temperatures of the RSIAu monolayers stùdied here and n-diacylphosphatidylcholines of

equivalent chain length suggests that there are similar mechanisms for chain melting and

reorientation in these two systems. This correlation arises because the chain packing

configuration and density, as dictated by the Au lattice and the phospholipid headgroup, are

very similar in the two cases. Analogous ta bilayer lipid membranes, the eomplex,

thermally-induced Faradaic current maxima observed in self-assembled RS/Au

monohiyers are proposed to arise from transient regions of enhanced permeability to redox

species along boundaries between domains of tilted and untilted chains (at T = Tp) and at

discontinuities between coexisting crystalline and melted chain domains (at T = Tm). More

importantly, the noted parallels with phospholipid membrane systems and the complex

temperature dependence of the differential capacitance and Fe(CN)63- reduction current

observed here strongly indicates that permeation, and not electron tunneling, is the

dominant electron transfer process at RSIAu electrodes.

The monolayer preparation conditions and thermal history have been found to be

important variables in the study of planar 2D RSIAu SAMs. The film phases that are

crucial for the observation of the current features which are associated with chain

order/disorder transitions are intrinsic to SAMs prepared by prolonged incubation in

monolayer-forming solutions. Chain ordering and crystallization kinetics appear to play an

important role in these systems. Furthermore, the thermal behavior of RS!Au electrodes

annealed during the self-assembly process and the marked hysteresis observed during

thermal cycling of as-deposited RS/Au monolayers in the electrochemical experiment

suggest that chain order/disorder transitions in SAMs are not readily reversible. Chain

entanglement and restricted lateral chain movement due to the covalent tethering of the

sulfur ta the Au surface likely prevent the rapid re-ordering of the monolayer. It is thus

concluded that SAMs which have been prepared under conventional conditions (i.e.

incubation times in solution ranging from minutes to hours) and/or have been,annealed arc

assemblies of disordered chains with sorne degree of short range arder, but Umited inlhe

extent of order necessary ta he manifested as a phase transition.
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While the current maxima observed at RS/Au electrodes are consistent with

thennally induced film structural changes and a chain order/disorder process is thereby

inferred. the electrochemistry/SAM experiment does not provide direct infonnaùon about

the confonnaùonal state of the RS chains. Since previous studies of the phase behavior of

RS/Au monolayers using signal enhancement characterization techniques reported

conflicùng results, a highly dispersed analogue to SAMs fonned at planar surfaces was

chosen. For this reason, the chain order and thennal properùes of thiol-derivatized Au

nanoparticles of 20-30A diameter have been invesùgated in Chapters 3 and 4. The large

surface area of these nanoparùcles have enabled the quasi-20 monolayer film structure to

be uniquely probed by techniques convenùonally used for bulk materials, such as NMR

spectroscopy, transmission FT-IR spectroscopy, and calorimetry. These combined

techniques are particularly powerful in tenns of defining the chain confonnation and

orientaÙon in ordered systems such as Iipid membranes.

Characterization studies reveal that despite the large surface curvature of the

spherical Au nanoparùcles, these SAMs possess similar physical and chemical properùes

as monolayers fonned at planar surfaces. The CH2 antisymmetric and symmetric

stretching vibraùons in FT-IR spectroscopic studies of RS/Au nanoparticle films reveal that

for long-chain thiols P- C16), the alkyl chains exist predominantly in an extended, all-trans

ordered confonnation at 25 ·C. Furthennore, differential sc:mning calorimetry (OSe),

variable tempemture FT-IR spectroscopy, and solid-state 13C NMR studies establish that a

cooperaùve chain melùng process occurs in these alkylated metal colloids. The OSC­

measured thennograms c1early show that the RS/Au parùcles, in the solid state, undergo

disùnct phase transitions in a chain length dependent manner. FT-IR spectroscopy

qualifies tllat this OSC phase transiùon arises from an increased population of gauche

chain confonners. More importantly, the transition temperatures measured here closely

parallels those found in the electrochemical RS/Au SAM studies (Chapters 2 and 3). This

conclusively shows that thennally induced film structural changes which give rise to

increased Famdaic currents at RS/Au electrodes ure associated with RS chain disordering.

As both the OSC phase transiùon temperatures and enthalpies for C14S/Au and C18S/AU

are idenùcal to the values obtained for equivalent chain length n-diacylphosphatidylcholine

Iipids, similar chain melùng!reorientaùon processes probably occur in these two systems.

How this cooperative chain melting process arises is not immediately evident given the

relaùonship between the extended chain confonnation and the geometry of the spherical

nanoparùcles. Tmnsmission electron microscopy and powder X-ray diffraction show an

interparùcle separaùon distance of only one chain length, suggesting that chain ordering

arises from the interdigitaùon of domains of chains between neighboring parùcles. As
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such, the broad phase transitions observed for both planar and colloidal RSIAu SAMs are

most probably a manifestation of the complex inter-relationship between the partiele, the

RS chain domain sizes, and their polydispersities.

A concurrent solid-state 13(' NMR study revealed thal 26% of the alkyl chains in

CIgS/Au have gauche defects in the chain interior (i.e. C4-CI5) al 25 ·c below the ph'L~e

transition temperature, while the IR spectrum reports only highly ordered chains al this

temperature. This is attributed to the short timescale (10-10 s) and signal averaging nalure

of FT-IR spectroscopy. The longer timescale probed by 2H NMR spectroscopy (10-6­

10-4 s) was exploited to study the chain packing structure and local disordering phenomena

in perdeuterated and selectively deuterated CIgS/Au samples. By FT-IR, the C02

stretching vibrations indicate that at 35 "C below the phase transition temperature, the

population of gauche conformers is much larger in perdeuterated CIgS/Au than in

1O,1l,12,13-dg-CIgS/Au. This is due to contributions from the disordered chain termini in

d35-CIgS/Au. 2H NMR spectroscopy further reveals that the chain ends are disordered

even at -55 ·C, in full support of the conclusions drawn by other research groups from

surface IR spectroscopy, He diffraction, and molecular dynamics simulations of planar

RS/Au SAMs. A sharp order/disorder transition is observed by FT-IR spectroscopy for

10,11,12,13-dg-CIgS/Au, whereas d35-CIgS/Au shows only the gradual appearance of

gauche conformational defects, as observed previously for planar RSIAu SAMs. This

strongly suggests that specifie 2H-labeling is the key to observing distinct phase transition~·

by FT-IR spectroscopy. 2H NMR indicates that chain mobility is greatly restricled at the

sulfur headgroup and increases towards the chain ends. Thus, chain melting stans al the

chain termini and propagates towards the middle of the chains as the temperature increases.

Furthermore, the variable temperature FT-IR spectra of I-d2-CIgS/Au clearly show that the

chain disorder does not propagate as far down as the sulfur headgroup. The temperature

dependence of the 2H NMR lineshapes establish that rapid trans-gauche isomerization and

axial rotation of the C-C bonds accompany chain melting. A narrow isotropie peak al T>

Tm may correspond to the onset of rapid particle tumbling within the solid matrix. The

absence of such a peak in the 2H NMR spectra of 1O,11,12,13-dg-CIgS/Au at temperatures

below the phase transition temperature confums that the chains erist in ordered clusters or

bundles and that the partieles close-pack via the interdigitation of these ordered domains.

The 'Il(C02) peak positions for 10,11,12,13-dg-CIgS/Au at ca. 35 ·c below the phase

transition temperature also point to the existence of ordered chain clusters. However, the

2H NMR line shape of 1O,1l,12,13-dg-CIgS/Au reveals that at 25 ·c below the phase

transition temperature, a significant population of the CIgS chains are already undergoing

rapid trans-gauche isomerization and axial rotation of the C-C bonds near the middle of the
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alkyl chain. This likely arises from a di~tribution of chain geometries where large gauche

bond populations exist in chains which occupy interstitial regions in the particle lanice.

This thesis establishes that self·assembled alkylthiolate monolayers at Au surfaces

are dynamic structures with both rich phase properties and complex reorganization kinetics.

The strong parallels noted between RSIAu nanoparticles and SAMs at planar surfaces

make these readily prepared colloidal systems amenable 10 a number of biomimetic and

optical applications already underway with conventional RSIAu SAMs.

6.2. Contributions to Original Knowledge

The thermal triggering I)f ion permeability as a probe of the monolayer film

structure constitutes a novel approach to the study of self·assembled alkylthiol SAMs at

metal surfaces. This thesis establishes that order/disorder transitions do in fact occur in

RSIAu SAMs and that film preparation conditions play an important role in their

observation. This is the first report on the existence of cooperative phase transitions and

order/disorder processes in these systems. Strong parallels to the phase behavior of

phospholipid vesicles have been noted. These studies demonstrate that the Au-S epitaxy

and the resulting chain packing density establish RSIAu SAMs as model biomimetic

surfaces.

The characterization studies of thiol derivatized Au nanoparticles presented in this

thesis are sorne of the first to realize the potential of this readily prepared colloidal system

to serve as a large surface area analogue to SAMs formed on planar metal surfaces.

Through the RSIAu nanoparticles. the film structure. Au-S interaction, and thermal

properties of SAMs have been uniquely characterized by transmission FT-IR

spectroscopy, l3C and lB NMR spectroscopy, and differential scanning calorimetry. A

cooperative chain melting process has been found to occur in these alkylated metal colloids

at temperatures which parallel those of planar RSIAu SAMs, phospholipid bilayer

membranes. and fatty acid Langmuir Blodgett monolayer films. The physical properties of

SAMs at colloidal surfaces have been found to exhibit a remarkable similarity to those of

conventional SAMs at planar surfaces. It has been established that these alkylated

nanoparticles are excellent functional models of the much-studied planar SAMs. This

important observation paves the way for the study of the chain dynamics, adsorbate phase

diagrams, and relaxation processes by techniques used to characterize bulk materials.
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This thesis contains the first study of the chain dynamics and phasc behavior of

RS/Au SAMs by solid-state 2H NMR spectroscopy. Trans-gauche isomerization and C­

C bond axial rotation have been observed to be the dominant motional processes in the

tethered RS chains. Chain melting is observed to Star( at the chain termini and propagate

towards the middle of the chains. The C-C bond next to the sulfur headgroup was found to

be motionally restricted. Selective chain deuteraÙon has been established as a key factor in

the observation of sharp order/disorder transitions by Fr-IR spectroscopy.

Finally. this thesis is the first to draw parallels between chain melting and

reorientation processes in self-assembled monolayers at metal surfaces. lipid bilayer

membranes, and Langmuir Blodgett monolayer fùms.

6.3. Ideas for Continued Research

i. X-ray diffraction studies of thiol SAMs at Au single crystal surfaces have established

that the chain packing density is determined by the Au-S epitaxy. For example, the

RS/Au(llO) monolayer has an 8% less dense surface chain packing than RS/Au(III). By

contrast, the RS chain paeking density on a Au(lOO) surface is 20% tighter than for

RS/Au(lll) monolayers. Since the chain packing density affects the chain order/disorder

phase transition temperatures in phospholipid membranes, a similar behavior is expected

for SAMs at single-crystal surfaces. A tighter packing density will increase the Tm value if

this analysis is correct. Thus, the temperature dependence of the Faradaic CUITent at

alkylthiol monolayers on Au(lll), Au(llO), and Au(lOO) surfaces should be investigated.

For a given chain length, the Tm is expected to increase in the order i.e. Au(llO) < Au(lll)

< Au(lOO). These experiments will serve to establish the effect of the chain packing

structure on the nature of the phase transition and will show whether Au polycrystal1inity L'L

a contributing factor to the broad electrochemical transition observed previously.

ii. The temperature dependence of the interfacial capacitance at RSIAu monolayers should

be studied in more detail to establish a permeability-linked origin.

ili. The Fe(CN)63-/4- redox probe used in the electrochemical studies is hydrophilic and is

not expected to readily partition into the hydrophobic methyl-terminated alkythiol

monolayer. It would be interesting to use a hydrophobic redox probe which can easily

6-6



Coopter 6: Conclusions. Contributions, and Ideas...

partition into tl]e hydrocarbon monolayer to study changes in the Faradaic current at RS/Au

electrodcs as a function of temperature.

iv. Alkylthiol monolayers with pendant redox centers are particularly attractive systems

since tethered redox probes eliminate background contributions from electron transfer at

film defect sites. An electron tunneling mechanism, eithcr through-bond or through-space,

has been proposed for these systems. A study of the temperature dependence of the

clectron transfer kinctics in RSIAu SAMs with tethered redox ecnters could provide insight

into the effect of tempe!ature and chain conformation on the electron tunneling process.

The efficiency of through-bond electron coupling has been predicted 10 be significantly

decreased as the number of gauche bond conformers increasc.

v. Reflection absorption infrared spectroscopie studies of planar RS/Au SAMs with

selectively deuterated chains are recommended. Based on similar studies with RS/Au

nanoparticles, a sharp order/disorder transition is predicted for the middle of the RS chains,

as opposed to the graduai chain disordering observed previously with hydrogenated

alkythiols.

vi. The synthesis and thiol derivatization of Au nanopatticles of ca. 30 nm diameter is

recommended. This particle diameter would result in a chain end area to Au-S area ratio of

1.2:1, instead of the 14:1 ratio for 2 nm Au particles. This would result in a dispersed Au

surface which more approximates planar metal surfaces. The characterization of the 2D

monolayer film structure and thermotropic properties of these larger RSIAu particles

should be carried out by transmission FT-IR spectroscopy, NMR (Be, lH, and 2H)

spectroscopy, transmission electron miscroscopy, and calorimetry. A comparison with the

physical properties of the 2-3 nm particles would then be possible. This can provide

possible insight into the relationship between film order and the geometries of the metal

surface and RS chains.

vii. Finally, the large surface area and highly dispersed nature of the RSIAu colloidal

system offer possible access to such a wide range of experiments (eg. NMR, IR, Raman,

calorimetry etc.) that its use in novel technological and biosensor applications is only

limited by the imagination. In this case, small truly is beautiful!

6-7



APPENDIX

"Probing the different phases ofself-assembled monolayers on metal surfaces:

Temperature dependence ofthe C-H stretching modes"

(Reprinted with pennission from F. Bensebaa, T.R. Ellis, A. Badia,

and R.B. Lennox, J. Vac. Sei. Technol. A 1995, 13 (3), May/June,

1331-1336. Copyright 1995 American Institute of Physics)

"Structure and Chain Dynamics ofAlkanethiol-Capped Gold Col/oids"

(Reprinted with pennission from A. Badia, W. Gao, S. Singh, L. Demers,

L. Cuccia, and L. Reven, Langmuir 1996,12,1262-1269.

Copyright 1996 American Chemical Society)



•
Probing the different phases of self-assembled monolayers on metal
surfaces: Temperature dependence of the C-H stretchlng modes

F. Bensebaa and T. H. Ellis
D;part~m~nllk Chimi~. Un;vé,si,; d~ Montrial, Montréal, Quibec H3C 317. Cattada

A. Badia and A. El. Lennox
D~partment of Chemislry. McGi/I Univasity. Montréal, Québec H3A 2K6. Ca.-uuia

(Received 25 October 1994; accepted 13 March 1995)

Reftection·absorplion infrared spectroscopy at near grazing incidence is used ta investigate the
thennal stability of self·assembled monolayers of alkyl thiols, HS-(CHz)._I·R. adsorbed on
polycrystalline metal surfaces. The spectral features of the C-H slretching rogion have been
carcfully analyzed in thc tomperaturc range from 150 to 450 K. These features are highly sensitive
to chain orientation and chain confonnation. On gold, the chains are found to graduaily untilt but
remain largcly all·trans up ta about 350 K. Above this temperature. a broad, irreversible transition
to a liquidlikc phase is observcd, and which is characterized by a large number of gauche
confonnational dcfects. This overall behavior did not depend upon the chain le"gth or tenninal
group for the systems studied. In contrast, significant differences were ot",rved on a silver
substrate. © 1995 American Vacuum Society.

(

1. INTRODUCTION

Self·assembled monolayers (SAM.) of alkyl thiols.
HS-(CHz)._I- R. tightly bonded ta [.old surfaces have
been charactcrized by a number of techniques.'·2 Weil or·
dered and dcnscly packed films with diffcrent chain lengths
(referred to as C. where n is the total number of carbons per
chain) and different chain ends (where R can be CH3•

COOH, OH....) are easily synthesized. At roomtemperature
and below. the linear polymethylene chains tightly bonded to
the substrate are mostly linear (Le.• all·trans). and they are
tilted with respect to the substrate nonnal in order to opti­
IIÙze the chain-chain packing. The situation at higher tem­
perdture is quite different. Several phenomena have been ob·
served by numerous techniques. The appearance of gauche
confonnational defects upon heating was proposed by
Dubois et 01. 1 based on Fourier transfonn infrared (FTIR)
studies. Heat lreallnent is also suggested to induce orienta­
tional and rotational disordering based on molecular dynarnic
(MD) calculations.3 Specifically. a graduai untilting followed
by free molecular rotation and gauche defect formations at
high temperature was predicted. Thermal disordering has
also been studied with diffraction" s and direct imagingO•

7

techniques. Using grazing incident x-ray diffraction. Fenter
et al.S observed a phase transition in a CI' film around 340 K
from a hexagonal two-dimensional (20) slt'Jcture that is
commensurate wilh the substrateto an incommensurate
phase. By 370 K. a reversible transition to a liquidlike state
was observed. A recent scanning tunnel microscopy (STM)
study suggested thal short-chain thiols (C, and Co) are liq­
uidlike even at room temperalure.o For longer chains. STM
dala7 showed the presence of vacancy islands that heal upon
annealing at 350 K. At these high temperatures, we have to
take into account the effects of partial monolayer desorption.
Early studies' suggested the onset of desorption and/or de·
composition of the alkyl chains attemperatures above 340 K.

The ability of vibrational techniques to characterize the
nature of the order-disorder occurring in organic thin films

(SAM and Langmuir-Blodgen), lipid bilayers, and bulk al­
kanes ha. becn demonstrated.'- 13 The peak frequency, the
integraw4 intensity. and the linewidth of the spectral featurcs
are sensitive to various structural parameters. For example,
Katayama et 01. 12 found that the criticaltemperaturc at which
the linewidth changes is below the onset of the frequency
slùft which is observed upon melting in Langmuir-Blodgen
films. This was offered as proof that the onset of chain move­
ment precedes the growth of eonformational defects.

Although the thermal stability of SAM films is critical for
any technological application, only a few investigations of
their thermotropic behavior on a molecular level have been
reported so far.3- 10 The main focus of the present work was
to correlate temperaturc dependent variations in infrared (IR)
spectral featurcs to changes in the structural properties of the
films. We have found a high sensitivity to chain tilt and chain
conformation. Specifically. thiols, adsorbed on Iwo different
noble metals. were studied b.v reftection absorption infrared
Speclroscopy (RAIRS) in a wide temperaturc range. Dubois
and co-workers previously reported the temperaturc depen­
dence of the peak height and frequency position of the
slretching modes of some alkyl chains (n =16, 17, and 22) on
gold.' We have reproduced their data and extended the
higher temperature Iinùl. Furtherniore, we followed the tem·
perature dependence of the linewidth. To understand the ef­
fect of the substrate and the role of other intermolecular in­
teractions (such. as hydrogen bonding) on the thermolropic
properties, two variations were inlroduced. First. we varied
the substrate (gold versus silver). Second. the tenninal me·
thyl group was replaced by a carboxyl group.

Il. EXPERIMENT SECTION

RAIRS measurements were perfonned on a Research se­
ries FTIR speclrometer from Mallson Instruments (RS-)
Fl'IR) equipped with a water cooled globar source. A nùd­
range (-500-4000 cm-I) liquid nilrogen cooled mercury
cadnùum telluride (MCT) detector set to 4 cm -1 resolution,
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FIG. 1. RAIRS specU'a in the C-H strclching region of SH-(CH:):.-CH.\
adsorbed On polycl)'smlline gold al four rcpre~entative lemperntures. A lin­
car baseline cOlTection is performed on cac~ ~pcclra. For rcasons or chuit)'.
curves are offset along the Y axis.

line phase lowards a liquidlike phase. Figures 2-5 give de·
tails of the lemperature dependencies of the different stretch­
ing modes for the same sample (C,,) and previde insight into
the nalure of this transition.

The temperature dependence of the integrated intensily of
the r peak mode consists of alleast three stages [Fig. 2(a)].
The first is between 150 and 350 K, where the inlensity
dccreases to about 50% of the inilial intensity. The intensity
increases between 350 and 400 K before staning to decrease
again -410 K. The minimum around 350 K is also observed
for other chain lengths from C" up to C" wilhout any sig·
nificant shift in temperature,'l Similar trends are found for
the d+ peak [Fig. 2(b)]. Not included in Fig. 2(b) is the last
point at 435 K because the d+ peak is at the noise level.
confirming the decrease in the intensity at high temperature.
After heating to these high temperatures, the spectral fcatures
do not retum to their initial slate upon cooling. This irrevers­
ible behavior indicates that significant dcso~tion and/or de·
composition has occurred,-

The peak frequency of the d- mode increases slightly
between 150 and 350 K by less than 1 cm-' [Fig. 3(a)]. in
contrast wilh the d+ mode which shows a nearly 2.5 cm-'
upward shift over the same lemperature range [Fig. 3(b)].
For the d- mode, an increase of more than 6 cm-, is ob·
served over an interval of 50· s"taning at the critical tempera·
ture 350 K [Fig. 3(a)], The peak frequency of the d' mode
also increases rapidly above 350 K, but the magnitude of the
shift is only about 2 cm-'. Values of peak frequency of
-2918 (2848) and 2926 (2854) cm-' were obscrved for the
d-(d+) mode in bulk alkane in the crystalline and liquid
state, respeclively.'4 This again indicates a transition to a
liquidlike slate when the sample is heated above 350 K,
However, unlike the phase transition in Iipid bilayers."

•
was uscd. Details of the selUp h3\'C becn gi\'l~n clscwhcre.':l
Artel' the different sample spcclra were rccordcd, lypically
threc cycles of anncaling-spultcring of 6 min with 600 cV
Ar ions and a s3mp\e lcmpcraturc around 700 K \Vere canicd
out ta remoyc the (hin thiol-layer Iilm in arder to expose the
clean gold subslrate. A background speclrum was lhen re­
corded on this c1ean substrate.

For detennination of the position. linewidth. and acca of
the vibration.1 peaks, Grams Software (Gal,clic Industries,
Salem, NH) was used. The trapezoidal rule was used for the
detennination of the peak area texperirncntal unccrtainty +1
-0.0015 a.u.. where a.u. arc arbitrary units of peak area used
in Figs. 2, 5, and 8(a) and the linewidth is represented by the
full width al half-maximum (FWHM) of the peak (+/-0.6
cm-'). Since the peaks are overlapping, lhe integration is
limited to a frequency range of -4 times the FWHM. For
example, the antisymmetric CH, stretch is integrated be­
tween 2950 and 2900 cm-1. The center of mass of each peak
was used forthe position (+1-0.3 cm-Il. This value is typi­
cally within 0.5 cm- I of the position of the peak maximum.

The gold substrates obtained from Evaporated Metal
Films, Inc_ (lthaca, NY) are 1000 À of Au evaporated onto
3XI xO.7. cmJ glass plates precoated with a 50 À titanium
layer. Before thiol adsorption. the substrate is chemically
cleaned. and typically 1 mM thiol concentration in ethanol
and an incubalion time of at least 24 h were used.

A pure silver substrate (99.9985%) purchased from
Johnson-Matthey (Ward Hill. MA) was cleaned by two
cycles of Ar sputtering before insenion in a 1 mM solution of
the C'8 thiol in elhanol for less than 3 h. Ambient atmosphere
exposure of the silver substrate belween the end of Ar+ sput­
tering and thiol adsorption was I.~s than 5 min.

III. RESULTS

Displayed in Fig. 1 are RAIRS spectra of
SH-(CHÛ'I-CH3 adsorbed on a polycrystalline gold surface
at four representative temperatures. The assignment of the
different CH.stretching peaks is based on previous works.-,'4
Around 155 K, the peak assigned to the symmetric methyl·
ene stretch mode (d-) is narrOW (FWHM-IO cm-') and its
position (2917 cm-') reftecLS a cenain degree of crystalline
order. With increasing temperature the peak height decreases
and the peak breadens. The symmetric methylene strelch
(d+) behaves similarly. The shoulder on the r peak which
appears around 2935 cm-' was previously attribuled4,,, to a
Fenni resonance interaction between the symmetric stretch­
ing mode of the methyl group (2948 cm-') with the ovenone
of the methylene scissoring mode (2X 1467=2934 cm-').
This assignment is questionable because the same shoulder
appears in our spectra of a COOH terminated thiol SAM.
Since the intensity of both d- and d+ show identical behav­
ior as a function of temperalUre, we conclude that this shoul­
der docs not penurb our analysis, The broad shape of the
vibrational peaks at 411 K is consistent with an isotropie
state. Furthermore, ail the peak positions of the C-H
stretches are sinùlar to those found in thiols and bulk alkanes
in the liquid state.'4-'. Based on previous studies of bulk
alkanes."'" Langmuir-Blodgett films lO- 12 and SAMs;" we
conclude that there has becn a transition frem a polycrystal·
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the position of the r peak. An irreversibility effect is
c1early observed when the same sample is heated to 393 K.
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which occurs sharply over a range of only a few degrees, the
transition 10 a liquidlike slale in these SAMs is very graduai.

The temperalure dependence of the Iinewidth (FWHM)
shows two differenl slages, below and above 300 K (Fig. 4).
Il is relatively constanl up to -300 K and thereafler it in­
creases Iinearly. This lower temperalUre threshold, when
compared 10 the peak frequency one, was nsed as evidence
of an onsel of chain movemenl before the appearance of bull<
conformation defeclS in Langmuir-Blodgen films. 12

The inlegraled inlensities of the symmetric methyl
strelching peaks exhibit a differenl behavior when compared
to the methylene modes (Fig. 5). The intensity of the r + peak
decreases belween 145 and 435 K with a plaleaulike peak
around 350 K. The slope of the inlensily decrease seems
even greater ahove -350 K. At 435 K, the peak is below the
noise level and is nol included in Fig. 5. The peak frequency
slays relatively constanl over the enlire lemperalUre range,
increasing by less lhan 1.5 cm-'.

Figure 6 shows the effecl of a series of heat Ireatments on
an alkyl thiol with a different lerminal group
SH-(CH,)IS-COOH. As expecled, only the methylene
stretching modes were observed in the 2800-3000 cm-'
range. When heated to 315 K (first cycle), the original spec­
trum (Iow temperature) is completely recovered, as shown
with the peak frequeney of the r mode. Heating to 344 K

JVST A • Vacuum, Surfaces. and Films
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FIG. S. Temperature dcpendcnce of the intcgralcd intcnsity of the symmctric
rncthyl strelching mode (r"') on the samc sampte as in Fig.!.
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tenninaled thiols, where the onset of significant irreversibil­
ity was also found above 350 K.

No studies of the thennotropic properties of thiols ad­
sorbed on substrates other than gold have been reported, so
we have undertaken a study on polycrystalline sHver. Con­
trary to the data of Laibinis el al.," the low temperalUre
RAIRS spectra of C" on silver shown in Fig. 7· are qualita­
tively similar to those on gold substrates. Howe',fer, the in­
tensity of the rnethylene stretching bands of the thiol ad­
sorbed on Ag are -30% higher than on gold. This is at odds
with the lower tilt angle suggested for thiols adsorbed on
silver (_15°).'8.'9 The temperature dependence of
SH-(CH,) I7-CH, on silver shows large differences to what
has been observed so far on gold samples (Fig. 8). The me­
thylene intensities do not significantly change up to 350 K,
and there is only a decrease in the intensity above this tem­
perature [Fig. 8(a)]. Peak frequency [Fig. 8(b)] and peak
linewidth [Fig. 8(c)] show a sharp increase above 300 K.
Laibinis el al. 18 suggested that a long incubation time of thi­
ols on silver substrates leads to multilayer formation. Even

2020
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~ • •
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~ •
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FIG. 6. Hcal lreatment effett on the peak frequency of the antisymmctric
CH2 stretehing mode (d-) for SH-(CH2hs-COOH adsorbed or. polyCT)'s­

. lalli.e gold. Thermal cycles up 10 315 (.l), 344 (0), 393 (11), a·... 450 K
') (e) are shown.

2800 2a50 2900 2150

Wavenumbar (cm")

FIG. 7. RAIRS spectra in the C-H slretching rcgion of SH-(CH1h.,-CH)
adsorbed on polycT)'slallinc silve:r al three rc:prc:se:nI8Iive le:mpcratures. A
line:ar base: line: correclion is performed on cach spectm. For rc:asons of
clarity, curves arc offset along the Y axis.

though we used a short incubation time, we cannot corn­
pletely rule out the possibility of multilayer fonnation. The
sharp change in the peak position and linewidth of the r
mode are similar to those reported for a lipid bilayer. 17

IV. DISCUSSION

Severaltechniques hal'e been used to investigate the ther­
mally induced changes in SAMs. Except for STM and
atomic force microscopy (AFM) measurements, most surf.ce
techniques probe the average properties of the material. Dif­
fraction techniques" s are sensitive to long-range order and
are complementary to IR spectroscopy. Recent investigations
have shown that heating induces changes in the orientational,

. conformational, and positional order parameters.)·'······I.-21
In this discussion we address two questions. (i) To which of
these parameters are the peak position, integrated intensity,'
and linewidth most sensitive? (ii) To what extent can one
correlate the RAIRS results to those from other complemen­
tary techniques?

Starting at around 350 K, alkyl thiol monolayers on gold
go through a graduai structura! transfonnation with increas­
ing disorder. Based on the absolute values of the positions of
the CH2 stretching modes, this con be described as a graduai
transformation of the film from a polycrystalline state to a
liquidlike state. This temperature induced solid-liquid phase
transition is not conventional and is, furthennore, irrevers­
ible. This transition region is also quite large (>50 K) com­
pared to, for example, lipid bilayers,l7 where the transition is
very abrupt. 1t is possible that bùih liquidlike and polycrys­
tallinelike states coexist in a wide temperature range.

J. Vae. Sel. Technol. A, Vol. 13, t:o. 3, May/Jun 1995
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From many previous studies. 1.9-17 it was inferred that the
position of the d- peak is directly relaled to the amount of
gaucile conformations in an alkyl chain. The large increase
in frequency above -350 K [Fig. 3(a)] is therefore attril-uted
to the appearance of gaucile conformalional derects through­
ouI the chain. Single and double gaucile conformationslS are.
most likely to appear at lhe surface below 350 K. Above 350
K Idnk defects l • are the stable gaucile conformation. These
latter gal/cile defects remain even if the sample is cooled

JVST A • Vecuum, Surfaces, end Films

down. Chain entrmglcmcnt and strong interaction of the sul­
fur to the substrate may prcvent a quick rctum of the chain 10

ils thcnnodynamic equilibrium stalc. Howcvcr. il is not ex­
cludcd that chaim; rctum ta the t,-alls conformation after an
extcnded :ime. Klein et al. J proposed thut gauche conforma­
tions diffuse to the middlc of the chains because of the frced
volume from chain untilting. Thus. al iow temperalure. de­
fects are mainly conccntrated al chain ends. and bulk diffu­
sion of these surface defects occurs when the tempcrature is
raised above 350 K.

Due to a cambinalion of the surface IR selection rule and
the initial alignment of the chains. gauche defccts are ex·
pected ta induce an increase in the peak intensity, whereas
untilting has an Opposile effect. Around 200 K. MD
calculations' indieate that the tilt angle is approximately 30".
ft decreases by nearly 10" at 350 K. Parikh and Allara"
calculated that changing the chain tilt from 31" to 23° in­
duces a decrease in the d- peak intensity by a factor of 2.
Above 350 K the presence of bulk gauche defecls random·
izes the orientation of the C-H groups, leading to an increase
in intensity with respect to the aligned. all-trans chains. This
is similar to lhe intensity increase observed during the melt·
ing of Langmuir-Blodgett films."

Phase transitions were recenUy observed in solution for
long chain a1kyl thiols adsorbed on polycrystalline gold.2o

The electrochemical thermogram showed a maximum of cur­
rent through the films at temperalures 20-30 "C higher than
the melting point of the corresponding bulk a1kane. The cur­
rent maximum is believed to arise from facililated diffusion
of the redox species at coexistence boundaries between or·
dered and disordered alkyl chain domains. Based on tI,ese IR
studies. the increase of ionic current as a result of chain
untilting followed by a decrease of lhe current due to chain
enlanglement must be considered as important microscopie
factors.

STM dala7 show an increase in the ordered domain size
when heating from room temperature to 350 K. In this tem­
perature range an increase in the ardered damain size from
-90 A to more than 1()(J() A was observed by Fenter et al.5

after a first annealing cycle (360 K) of n = 12 thio!. In con­
trast. RAIRS scems to show a panial irreversible effect when
heating around this lemperalure for chains with n> 15.

The final decrease in intensity above 420 K (Fig. 2) cor­
responds to the panial desorplion of alkyl chain thiol as sup­
ported by temperalure programmed desorption (TPD) data,8

which showed that a panial desorptian of the alkyl chain
stans around 343 K.

In general, RAIRS detects, with high sensitivity, changes
in chain orientation and chain conformation. Both of these
effects occur upon heating alkyl thiol monolayers on gold.
On the other hand. sorne of the changes in long-range order
that have been delected using other techniques are nol c1early
manif"sted in the C-H strelching region of the spectrum

. (such as the commensurate-incommensurate transition).
However, in almost ail studies performed to date, there are
large, irreversible changes that occur when as deposited lay·
ers are heated in the range of ~50-4ooK. This has now been
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•
observed for a wide range of ehain lengths, differ<:nl ehain
ends. and different gold substrates. Il is not possible at
present to precisely identify ail the processes L~at oecur at
Ihis point. PUI almost certainly there is a dccrease in film
densily. which allows roum for the conformational defects
thal are observed in RAIRS. The important question that now
must be addressed is whether this cornes about from lateral
chain movement. palliaI chain decomposition. partial chain
desorption. or a combination of these.

Finally. there are clear differences in the temperature de­
pendence of alkyl thiol films on silver substrates. Much lcss
characterization of layers on this substrate has becn done by
complementary techniques. and this limits the ability ta in­
lerpret the results at present. Il seems clcar thal the prepara­
tion of well-defined films on silver is much mare delicale
than on gold, as manifested by different results obtained
from one laboralory la another.

V. CONCLUSION

Significant temperature-induced changes in the structure
of alkyl thiol monolayers have been observed by RAIRS.
The methylene C-H stretching mades are highly sensitive la
the orientation of the alkyl chain and the presence of confor­
mational defects. The lemperalUre induced dependence of the
peak positions. linewidth, and inlegraled intensity can be ex­
plained by the fcllowing arder of events. From low tempera­
ture up ta about 350 K the chains gradually untilt and there
are a limiled number of gauche defects that begin ta occur
near the top surface. These effects are reversible. A broad
transition la a liquidlike state, whieh slarts ncar 350 K, in­
traduces a large number of gal/che conformational defects
within Ihe chains. and this effeel is not reversible. A1though
palliaI desorption may oceur starting al 350 K. signifieanl
desorplion of the film docs not oceur until 400 K. This OVer­
ail behavior is nol very sensitive la either chain length <at
least above CI4)~r la whether Ihe terminal group is CH) or
COOH. Signifieant differences were observed when the sub­
strate was ehanged from gold ta silver, bUI further eharacter­
izalion of this system is needed.
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Structure and Chain Dynamics of Alkanethiol-Capped
Gold Colloids

A. Badia, W. Gao, S. Singh, L. Demers, L. Cuccia, and L. Reven*

Dcpartment of Chcmistry, McGill Uniuersity, SOl Sherbrooke St. w.,
Montreal, Quebec, Canada H3A 2K6

Rcceiued Noucmber 17, 1995s

Thestructure and dynamical hehaviorofshort and long chain a!kanethiols, Cfu< CH,~SH and CH3(CHh,·
SH, and ofa hydroxyalkanethiol, HO(CH2)ISSH, adsorbed onto gold nanoparticies were studied by variable
temperature soIid·state 1Je NMR speclroscopy. In bath the solution and solid statc, tht:: resonances orthe
first three carbons next to the sulfur headgroup disappear upon binding to the gold. indicating a strong
interaction with the surface. A 13C-enriched sample, CH3(CH2h2*CH:.!SH/gold. displays a hroad resonance
ccntered at 42 ppm for the carbon next to the sulfur headgroup. \Vhereas the sotid-state 1Je shifts of
CH3(CH2hSHlgoid are essentially the sarne as in solution, the methylene carbons ofCH3ICH2)I1SH and
HO(CH2h6SHlgold shifl downfield by 4.5 ppm in the solid state. indicating that the chains crystaHize into
an extended all-trans conformation. The high conformationa1 order. along \\;th red.uced rnethylene proton
line widths in the CH3(CHlI7SHlgold sample, indicates that the chains are undergoing large-amplitude
motions about their long axes. Molecular mobilityincreases toward the unbound eods which ha\·e a higher
population ofgauche conformers. Relaxation measurements show the coexistence ofmotionall)· restricted
all-trans chains and a smaller population ofliquid-like conformationally disordered chains in CH3(CH2h7·
SHlgold at room temperature. The two types ofchains are proposed ta arise from close packing of the gold
conoidal sphe.·es, resulting in interstitial spaces and regions where chains of neighboring colloids can
interdigitate ta produce ordered domains. Phase transitions of the thiol-capped gold nanocl")·stals. which
are detected by dif1"erentia1 scanning calorimetry. are shown ta rnvolve a rcvcrsiblc disorderingofthe alkyl
chains.

1. Introduction

The synthesis and physical properties of nanometer·
scaled semiconduclor and meta! coIJoids are currently very
active areas ofresearchdue lo theirpotential applications
in optoelectronics,' thin film growth,2 and catalysis.3
Syntheses employing surfactants ta stabilize the size and
shape of these crystallites have successfully produced
single·sized semiconductor' and noble metal clusters?
Recently, a novel surfactant·mediated synthesis of gold
colJoids was reported by Bmst and co·workers.' This
system is particularly interesting because the surfactant
used, dodecanethiol, is well-known lo fonn self-assembled
monolayers <SAMs) on planar gold,· Leifand co-workers
have furtherdemonstrated that control ofthe gold partiele
size in this system is achieved by varyingthe gold-to-thiol
ratio and applied a model in which the role of the thiol is
analogous lo that of the surfactant in water·in·oil mi·
croemulsions.7

Since the nature of the surfactant chain stmcture in
the alkanethiol·capped gold nanopartieles has not been
reported, we have used NMR spectroscopy to study the
surfactant molecules diredly. In spite of the poor
sensitivity ofNMR spectroscopy, recent I3C and OH NMR
studies have demonstrated its unique ability ta probe the
dynamic and confonnational hehavioroflong-chained iOlÙC
surfactants on metal oxides· and latex partieles.' In the
case of noble metal colloids. I3C NMR provided evidence

\"

e Abstract published in AdL'once ACS Abstracts, February 15.
1996.
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(6) Dubois, L. H.; Nuno. R. G.Annu.Reu.Phys.Chem.I992, 63,437.
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that surfactant-stabilized platinum nanoparticles are
protected by the direct adsorption of the hydrophobic
segment of the surfactant onlo the meta! surface.'D In
most of these studies, high-resolution solid·state NMR
techlÙques were not used despi te the fact that the
surfactant may become immobilize<! 10 the point thatsome
of the carbon sites would not he observable under
conventional solution NMR conditions.

Self-assemble<! monolayers, which fonn ordere<!, tightly
bonded films ta meta! surfaces, are the extreme example
ofimmobilizationofadsorbe<! molecules_ We have recently
shown solid·state IDIR ta he highly useful for stmcturai
and dynamic studies of self·assembled monolayers of
alkylsiJanes and meta! alkylphosphonates." Although
alkanethiols on gold are the most intensively studie<! self·
assembled monolayers, molecular level understa"ding of
their dynamic properties i, relati\'ely limited. Và.-iable
temperature infrared," X-ray diffraction,13 and electro·
chemicai" studies, as weil as molecular dynamic simula·
tions, lS indicate that the dynamic behavior of the thiol
monolayers involves a complex stmctural phase diagram
which depends on variables such as the chain length and
tenninal functional groups. Although the surface cur·

(8) (al SOderlind, E.; Stilb5. E. J. Col/oid Interface Sei. 1991. 143.
586. (b) SOderlind, E.: Blum. F. D. J. Colloid Interface Sei. 1993.157.
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390. (e) Kuebler. S. C.: ~lacdonald. P. M. Langmuir 1992. B. 39;.
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Alkanethiol-Capped Gold Col/oids

vature of the colloidal gold used here may limit direct
comparison with alkanethiols on planar gold, the synthesis
of the thiol-eapped gold colloids provides an opportunity
ta examine the chain dynamics of covalently bound
alkanethiols by NMR spectroscopy.

ln this study, we report 13e chemical shin. relaxation,
and line shape data which reveal that in the case oflong
chains (n =16, 18), the alkanethiol surfactant on the gold
is in a semicrystalline stnle. At room temperature,
domains of all-trans chains coexist with a smaller popula­
tion ofmore mobile chains containing gauche conformers.
The high curvature of the surface of the very small gold
partieles (diameter -2 nm) prevents efficient packing of
neighboring chains as in the case of alkanethiol mono­
layers on planar gold. Instead, the spacing between the
colloids, as measured by transmission electron microscopy
(TEM) and X-ray diffraction," suggests that intercalation
of the chains ùfneighboring gold partieles allows crystal.
lization into an extended all-trans conformation. The
chain termini, however, display mobilities comparable to .
the short chain (n = 8) alkanethiol on the gold which is
completely conformationaIly disordered at room temper­
ature.

A concurrent TEM, transmission FTIR, and differential
scanning calorimetry (DSC) study of the alkanethiol·
capped gold nanopartieles of varying chain lengths
demonstrates that an order/disordcr transition occurs in
the SaIne temperature range as in analogous lipid bilay­
ers.l' A similar trend has also been observed for self·
RSsembled monolayers of alkanethiols on planar gold by
variable temperature electrochemical measurements. 14

The solid·state NMR spectra of the alkanethiol-capped
gold nanopartieles show thatas the temperature is raised,
a gradual growth of the population ofdisordered chains
occurs up to the DSC transition temperature, and above
this temperature aIl ofthe chains are in a liquid-likestate.
Interestingly, when the gold colloids are capped with CI'
hydroxyl·terminated thiols, the disordering ofthe chains
occurs in a higher temperature range than in the case of
the C18 methyl·terminated thiols. This is proposed te he
due te the presence of hydrogen bonding hetween the
terminal OH groups of neighboring chains, on the same
or neighboring colloit!, which both introduces sorne oroer
and increases the thermal stability of the alkane chain
oroering.

2. Experimental Section

Syntheses. Gold colloids derivatized with octanethiol (CsHI7­
SHl, octade<'.anethiol tCIsH"SHl, and l6-hydroxyhexadecaneUtiol
lHOCIsH"Sm were prepared following the procedure of Brust
and co-workers,5 and the det.ailed conditions will he reported
elsewhere.1f _Briefly, this involves a two.phase (toluenelwater)
synthesis and {CSHn )4NBr as the phase transfer reagent.
Au t!lC14- is transferred to the toluene layer (TOm thewater layer,
and then reduced by NaBH4in the presence orthe thiol surfactant
at the toluenelwater interface. Reactions were carried out using
mole ratios ofl.l:l HAuCl,IllSH, 4.4:1(CsH"l,NBriHAuCl" and
11:1 NaBHJHAuCI4. 1l-0ctadecanethiol was purchased from
Aldrich (98%l and was recrystallized three limes from ethanol.
n-Octanethiol (Aldrich, 98%) was purified by passage through a
silica gel column before use. 16-Hydroxyhexadecanethiol was
synthesized from the corresponding n·hexader.anediol (Fluka,
>98%) following the method ofMiller et al." The purity of the
hulk thiol surfactants wasverified by 1HNMR (500 MHz, CnCl,>,
l'C NMR (125 MHz, CnCl,l, TLC (silica gel, n·he.anel, and
meltingpointdetermination usingDSC. Theelementalanalyses
were consistent with 100% coverage of the colloids by the
alkanethiols.16

(16) Badia, A.; 5ingh, 5.: Demers, L. M.: Cuccia, L. A.i Brown, G. R.:
Lennox, R B. Chem.·Eur. J. 1998,2, 205.

(17) Miller. C. J.; Bech. A. M. J. Phys. Cht!m. 1992.96. 2Ë57.
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NMR Instrumental Conditions. SoIUlion·:.:t~'h.,!JeNMR
spcdra for the bulk lhicl!' and lhiol·der1v8tizN ~old c(liloid~ \\'t'I'\'

acquired al125 MHz wilh brondband III dcc(luplin~onn Vnrinn
Unit)· 500 NMR SJ}<'ctrolllE'lcr. TIll' solid·shlll' 67.92 MHz I~IC

CP MAS sJX'clrn werc run on Il ChemngnNic.·$ C:\IX·270 NMR
speclrorncter with fi 7 mm doublc-tuncd fast·-MAS Dot,)· prulll'.
For tH _I..1C cross polarizntion, thc carbon and proton poWl'r fC\'l'ls
were adjusted ta achieve the Hartmann - Hahn match nt 60 kHz.
The IH 90" pulsewidths were ht:-tween 3.5 and 4.5us. and contact
timt's af 3 ms wcre used. The samples wcrt.' typicnlly spun nt
2.5-3.5 kHz, and an average of 400-1000 scnns Wt'TC lnken
with dela)' times offivc times the longest proton 1\ vRlue. For
thc variable tcmpcrature CP MAS cxpcrilllt·nts. tht' ~ampll'
temperature was controlled to within ±2 oC by a Chcmngnl'tics
tempernture controller.

For the proton Tl measuremenls, an inv('rsion-recO\tery pulsl'
sequence with IJC CP l\lASdetection wns uscd. In this Sl'quenCl'.
the proton spins are inverted with fi 1800 pul$l', and nnl~r R
variable decay pcriod the remaining proton mngnetizntian is
tr8nsferred ta the cnrbon spins by cross polarizRtion. The curbon
Tl values werc mensured using the Frl'eman - Hill modificd
inversion-recovcrysequenœl8 with the initiallJC mngnelizntion
generated by cross polarizntion. Tet! and Tb were detcrmincd
by fltting the variable contact time data 1.1> the nppropriatc
equation describing the decay of the proton spir.-Iocked mng­
netization. 19

The dipolar dephasing times, Tdd, were measured with an
interrupte<l decoupling pulse sequence.7Q Aftercross polarizotion,
the proton decoupler is tumed off for a variable dclny during
which the carbon spins rnpidly dephase due to heteronuclenr
dipolar interactions, and th~ resulting signal is detccted with
high.power proton decoupling. A 1800 pulse is inserted hnlfway
through the delay ta remove Hnenr phase distortions nnd rcfocus
long-tenn chemical shifi spin order. In the case ofweak dipolnr
interactilJns due 10 molecular motion, the data was fit to a first­
order (Lorentzian) decoy, h = IOL exp(-rIT2d, where T is the
delay time and T2L is the Lorentzian decoy constant. For rigid
solids, the fost decays are onen best fit by a second·order
(Gaussian) decay, la = 100 exp( -r2I2Tlffi)' where T20 is the
Gaussian decay constant. In the case of the gold-thiol colloids,
the faster decaying carbons were found 10 he oost fit by a two­
component Gaussian-Lorenztian decay, l = 100 exp{-r2I2TZw)
+1oLexp( -TI2T'Ll.'"

]n the 2D wide-line separation pulse sequence <WISE),21 8 IH

900 pulse was followed by a proton evolution period, tl, consisting
of32 increrr:ents of2 pB. Aner each t 1 period,cross polorization,
fallowed by carbon detedion with proton decoupling, givcs a
carbon spectrum which is modulated as a function of tl by t.he
free induction decay orthe associated protons. A second Fourier
transfonn gives a 2D spectrum with high·resolution 13C CP MAS
spectra along the first dimension and the wide-Hne proton spectra
associated with cach carbon slang the second axis.

3. Results

(il NMR Ch.mica! Shifts. In Figures 1-3, the
solution· ·and solid·state 13C NMR spectra of three al·
kanethiols alone and bound te gold nanoparticles are
displayed along with the carbon site assignments. Th~

13C chemical shifts of these samples and a 13C·labeled
sample are listed in Table 1. The HOC,sS-Au coIloid
was not soluble in common organic solvents, and thesolid·
state NMR spectrum of the pure surfactant is ahown
instead in Figure 3b. Upon bonding te the gold, the
resonances ofthe Cs and CIS thiols broaden and the carbon
sites closest te the sulfur headgroup, Cl and C2 at 24.5
and 33.9 ppm, appearte vanish completely. The C3 peak,
which at 28.2 ppm is only alightly shifted from the interior

(18) Torchis, D. A. J. Maan. 8..00. 1978,30,613.
(9) Garroway, A. N.; Moniz, W. B.; Rcaing, H. A. ..tes Symp. Ser.

1979, No. /03,67.
(20) Alemany. L. R; Grant, D. M.:AJger, T. D.: Pugmire, R. J.J.Am.

CMm. Soc. 1983, 1..:5,6697.
(21) (a) Chin, Y.·H.: Kaplan, S. Magn. Be,on. CMm. 1994,853. (b)

Clauss, J.; Schrnidt-Rohr, K.; Adam. A.: Boen'eJ, C.; Spies8, H. W.
MacromoleculeB 1992.25, 5208.
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HS(CH,hCfu
Cl 24.5
C2 33.9
C3 28.2
C4,C5 28.9.29.0 30.8 31.1
C6 31.6 32.8 33.1
C7 22.5 23.3 23.8
C8 13.9 lU 14.9

HS'CH,<CH,h,CH,
Cl 24.5 42.5 42.5
C2 33.9
C3 28.2
C4-Cll 28.9-29.6 30.2-29.5 33.2,31.3
C12 31.8 31.9 d
C13 22.5 22.7 23.8
C14 13.9 13.9 15.0

HS(CH,h,cH,
Cl 24.5
C2 33.9
C3 28.2
C4-C15 28.9-29.6 30.9-29.5 33.8
C16 31.8 31.9 d
C17 22.5 22.7 24.2
C18 13.9 13.9 15.1

HS(CH,h,OH'
Cl 24.5
C2 33.9
C3 28.2
C4-C13 28.8 33.5
C14 25.6 27.9
C15 32.6 d
C16 62.9 62.7

• The bulk thiol and thiol-eapped gold colloid solution NMR
spectra were run in CDCb and benzene-ds. respectively, and are
referenced to TMS.• l'IC solid·.tale NMR spectra are referenced
to hexamethylbenzsne .'.17.45 ppm from TMS. 'The HS(CH,l,oOH·
eapped gold colloids were Dot soluble in common NMR solvents.
d Not resolvable in the salid state.

greatermobilityofthe Ca chains must sufliciently average
the effectsofthe gold temake this broad resonance visible.
This assignment of the broad resonance was confirmed
by a sample which was isotepically labeled at the carbon

_ ." ._ \ b
~--- .'--'---._...~-_ ... - ................-~.~-"""'-.......,

1 il' 1 • t ' , • i '1 i i 1 l' 1 0 1 1 [ 1 i 1
M W ~ ~ ~ ~ ~ 10 o~

Figure 3. I3C NMR speetra ofHO(CH,)16SH (a) in CDCI" (b)
in the so!id stale, snd (c)on colloidal gold in the soUd stale. The
triplet at 77 ppru in (al is dueto lbe solvent. TheHO(CH,hsSH
on colloidal gold wa5 not soluble in common organic solvents.

Table 1. Cbemlcal Sbifts of Alkanetbio1s Alone and
Adoorbed onlo Gold CoUoid.

thiol thioVgold thioVgold
solutionCl solution soUd stateb

, .

, 11 15 8
1 1 1

, . , , ,

,..
l' 1·\11'

, , • 1 i •-~-

RD 70 60 SO 40 JO 20 10 0 ppm

Figure 1. I3C NMR spectra ofCH,(CH,hSH (al in CDCI" (bl
on colloidal gold in benzene-d" and (cl on colloidal gold in lbe
solid stote. The triplet at 77 ppm in (a) is due 10 the BoIvent.
The solid·atale I3C CP MAS NMR spectrum of CH,(CH,I,SH
on colloidal gold WBS obtained with 8 3 ms contact Ume, 8 3 s
recycle time, and 83kHz sample rotation frequency.

1 :3 1517
~

HS 24 1618

SO ··4S 40 3S JO 2S 20 IS 10 ppm

Figure 2. I3C NMR spectra ofCH,(CH,I"SH (alin CDCl" (bl
on colloïdal gold in benzene-d" and (cl on colloidal gold in lbe
soUd stale.

methylenes at29.9 ppm, may also be absent or has shifted
underneath the broad resonance of lbe interior melbyl·
enes. The same changes were observed in the 'R NMR
solution spectra (not shownl; thst is, lbe resonances of
the protons attsched to the first two carbons closest te the
sulfur headgroup are notvisible in the alkanethiol-capped
gold. A similar phenomena was' observed in lbe case of
the alkane chain part ofpoly(ethylene glycol), when this
surfactant was used te stsbilize platinum nanoparticles.'o
The disappearance of sorne of the solution state carbon
signals with increasing concentration of the platinum
clusterwas attributed te solidification ofthe hydrophobic
part of the surfactant, which contains the metal cluster.
ln the solid·stste 13C NMR spectrum of the CaS-Au in
Figure 1c, a broad resonance centered at -45 ppm is
present, which is due te one or more oflbe carbons closest
te the gold surface. As discussed below, this short chain
thiol does not crystsllize at room temperature, and the
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Alhane/hiol·Copped Gold Colloids

next to the sulfur, CH,(CH,h,·CH,S-Au. Integration of
the relative intensities shows that the brond resonance,
centered at 42.5 ppm (fwhh = 1440 Hz), accounts for all
of the labeled I3C intensity and is not due to a minor
species.

The downfield shift.s of the I3C resonances in the solid·
su.;" :-JMR spectra shown in Figures 2c and 3c indicate
that t~':! i..:-ng chain alkanethiols on the gold calloids are
conformatiollally ordered. The chemical shift of the
interior methylenes ofC"S-Au (C4-C15) and HOC 16S­
Au (C4-C13) changes from 29.0-29.5 ppm in organic
solvents to 33.5-33.8 ppm in the solid state. For bulk
n·alkanes, these carbons resonate at 29-30 ppm in
solution where there are equilibrium populations oftrans
and gauche conformations, but in the crystalline state,
they shift downfield to 33-34 ppm for an all·trans
conformation." This chemieal shift difference has been
used to characterize the chain conformations of :onic
surfactants" and self·assembled monolayers on silica. lI
When the C,,·gold was placed in D,O, and its signal
collected using solution·NMR techniques, a broad reso·
nance centered at 33 ppm was observed, indicating that
the chains had solidified. When the temperature was
raised to 55 °C1 this resonance narrowed considerably and
increased in intensity. As shown later by variable
temperature solid·state NMR, this is the temperature at
which the chains disorder. This observation correlates
with electrochemical studies of thiols on gold electrodes
where the alkanethiol self·assembled monolayera suppress
Faradaic currents ofredox couples in aqueous solutions,
but notin organic solvents where the chains are solvated."

The downfield shift for the (l·CH, ofC"S-Au, C17, ia
less than that observed for solid a1kanes. Normally this
carbon shift.s from 22.6 in the liquid state to 25.0 ppm for
a crystalline all·trans conformation."" In the case ofthe
C" thiol, the shift changes from 22.5 in solution to only
24.2 ppm in the solid state, reflecting a higher population
ofgauche defects at the chain end. The solution and the
solid·state chemical shift.s ofCaS-Au cliffer only slightly,
indienting that in this case, the surfactant has not
crystallized. This liquid·like state is to be expected for
thiols ofchain lengths less than 12 since they are known
not to form ordered phases on planar gold.13

(H) Relaxation Studies. (a) Spin-Lattice Relax·
ation. A relaxation study was carried out in order to
compare the chain dynamics of the alkanethiol.capped
gold with highly ordered and disordered systems: crys·
talline organic solids and monodisperaed a1kylsilyl chains
grafted onto silien." The proton and carbon spin-Iattice
relaxation times, 2f and :If, probe molecular motions in
the vicinity of the Larmor frequencies of the two nuclei,
270 and 68 MHz, respectively. Inspection of Table 2
shows that there is little variation in the proton spin­
lattice relaxation times associated with thevarious carbon
sites. This homogeneity of2f is typical oforganic solids
where 'H-'H spin diffusion tends to equalize the spin­
laUice relaxation times among the proton sites. The
primary source of proton relaxation is the modulation of
the dipolar interaction by the rapidly rotating methyl
group. In contrast. the pure surfactant, HS(CH,) I6OH (a
crystalline solid at roum temperature), was found to have
a relatively long 2f (10.7 sl since the terminal carbons
are immobilized by hydrogen bonding.

(22' (a) Earl, W. L.; VanderHart. D. L. Mcu:ronwlecules 1979, 12,
762. (h) Tonelli. A. E.; Schilling, F. C. Ace. Chem. Res. 1981.223.

(23) SOderlind, E.; Stilb2, P. Langmuir 1993, 9, 1678.
(24) la) 5androlf, C. J.; Garolf, 5.: LeUDg, K. P. Chem. Phy•. Let/.

1983,96,547. (b) Finklea, H. O.; Avery, 5.: Lynch, M.; Furtsc:h, T.
Langmuir 1987,3,409.

(25) Ze;gler, R. C.; Mariel, G. E. J. Phy•. Chem. 1991,95,7345.
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Table 2. Solld-BtBte Relaxation Parameten Cor
Alknnethiol.Capped Gold CoUoids and Relate<! System.

If (,) Ti(,) TCH (ms) n~(m:s) Ton v~a}'

Au5ICH,l,CH,
C4-C5 0.45 0.45 0.17 6.6 114
C6 0.46 0.50 0.18 7.6 134
C7 0.45 0.61 0.45 9.9 213
C8 0.44 1.6 0.84 12.1 242

AuS(CH:t)I,CH3
C4-C16 0.65 12 0.053 8.2 16'
CI7 1.28 94
CI8 1.82 190

AuS(CH,h,OH
17'C4-C15 37 0.052 7.6

CI6 0.2 0.19 9.3 102

HSICH""OH
CI, CI5 243
C2,C14 217
C3-C13 10.5 250
CI6 102

Cls-silicat

CI 0.62 0.32 0.09 2{)

ca 0.47 0.27 0.17 24
C4-C15 0.48 0.33 0.17 54
CI6 0.51 0.81 0.25 95
C2+C17 0.49 0.89 0.28 >100
CI8 0.43 1.8 1.31 >100

a AlI of the values liBted are T2L derived (rom a fit ta a single­
exponential decay curve except for the inner CH2'S OfClIIS-Au and
HOCte-Au. b T2G values wcre derived (rom afit ta a two-component
Gausaian- Lorenztian decaycurve os described in the Experimental
Section. t Data from ref 25.

Carbon spin-laUice relaxation times are a more solee·
tive probe ofmolecular motion due to the absence ofspin
diffusion. In rigid organic solids, the carbon T, values
can be quite long, on the order ofmany minutes, as in the
case of highly crystalline polyethylene. The relaxation
times of ail the carbon sites of CsS-Au, as well as the
terminal carbons of the long chain samples, were on the
order of a few seconds or less. In contrast, the 33 ppm
peak assigned to the alI·trans interior methylenes of
HOC16S- and ClaS-Au relaxed much more slowly, and
the deeny did not fit a single·exponentiel curve. This
behavior is expected in the case ofvaryïng mobilities along
the chain. In addition, as discussed below, there will be
a contribution from the small resonance at 31 ppm due
to the disordered chains. The decay of the 33 ppm
component in the C.asamplewas found to be biexponential,
with a short decay time of 0.92 s, presumably associated
with the more mobile carbons near the chain termini and
the disordered chains, and a longer decay time of 12 s,
arising from the interior methylenes closer to the bound
end. A somewhat longer value of 37 s was measured for
~;'e long :If decay component of HOC16S-Au.

The shorler :If values of the more mobile unbound
chain ends in ClaS-Au (C17 and C18l, compared to the
motionally restricted carbons near the bound end, may be
explained by an increasinl( amplitude and/or rate of
motion. However, since Tt of the internai methylene
carbon. decreases with field strength (:If - 8 s at 25 'C,
WL = 25 MHz) and temperature <:If - 9 s at 55 'C, WL =
68 MHz), we can assume that some of the chain motions
are slow on the NMRtime scale with a rate ofreorientetion
less than WL. The longer :If velue of 37 s measured for
HOClaS-Au shows that the methylene chain motion is
more restricted than in the methyl·terminsted C,aS-Au.
However, these :If values are still considerably smaller
than those ofrigid organic solids, as demoDStrated by the
250s value measured for the interior methylene resonance
ofthe pure surfactant, HO(CH,),aSH. The monodispersed
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Figure 4. Selected dipolar dephnsing spectra ofCf!:J(CH2)17­
SH on colloidal gold. The small peak at 31 ppm, which is
resolvnble ct delay Urnes greater than 40 }l8, is assigned ta
conformationnUy disordcred chains.

chains of C,,-silica display the opposite trend; the 71
values orthe chain ends are larger than those ofthe interior
methylenes, and were assumed to be in the motional·
narrowing liroit. However, the Tf values of C1s-silica
were found to be field dependent, so the motional
Crequencies must be close to the Larmor frequency (50
MHz) in this system." The 71 values of CsS-Au are
slightly smaller than those of C18-silica and show the
same trend, with the values increasing toward the
unbound end. The motional frequencies of the C,S-Au
chains, which are also conformationally disordered, are
probably close to those ofthe monodispersed chains, that
is, between 10 and 50 MHz. The cross polarization
parameters, also Iisted in Table l, are consistent with
these trends in chain mobility.

(h) OipolarOephasing. I3C-IHheteronucIeardipolar
dephasing experiments are highly useful for spectral
editing and detection of relative molecular mobilities."
After the contact time in the cross polarization experiment,
a delay without dipohû;decouplingis inserted before data
acquisition. During this time the signal will decay with
a time constant T, wlùch depends on the strength of the
IOC-'H heteronuclear dipolar interaction, molecular mo­
tion, and to sorne extent, the sample spinningspeed. Short
decays due to a strong heteronuclear dipolar interaction
are characterized by a Gaussian decay, whereaF weaker
coupling, in the presence of molecular motion, can be fit
to an exponential (Lorentzian) decay. In rigid solids, the'
decay times for methylene and mcthyl carbons are in the
range of 10-30 and 50".·1':0 l's, respectively," since the
methyl groups are norritally undergoing rapid rotation at
room temperature. Th,· ;"'onsities of ail ofthe C,S-Au,
carbons and terminal. ,'S ofC18S- and HOCleS-Au
under dipolar dephasing, could he fit to /irst-order
exponential decay curves, yielding Ta 2: 100 l's. In
contrast, the interior methylene carbons of the two long
chain samples exhibit a two-component Gaussian­
Lorentzian decay. The short Gaussian component (T'G­
81'S), which dominates the decay, is due to the carbons
which are in a more motionally restricted environment,
whereas the small exponential component (T'L - 80 l's)
presumably arises from mobile carbons toward the chain
ends and disordered chains. In Figure 4, examination of
the dipolar dephasing spectra of the C18 thiol sample
reveals that a smaIl peak centered at 31 ppm hecomes
visible at longer delay times (>40 l's), after the 33 ppm
peak has mosUydecayed away. This more slowly decaying
component, which has the same shift as the interior
methylenes ofthe gold colloids in solution, is assigned to
highly mobile, conformationally disordered chains.

Badia et al.

(iii) Integrated Intensities. As revealed by the
dipolar dephasing experiments, the shoulder at 31 ppm
in the room temperature solid-state I3C NMR spectrum
of Cu:!S-Au in Figure 2c is due to more mobile chains
containing a larger number of gauche conformera. The
amount of transoid and gnuchoid chain segments can be
derived t'rom the integrated intensities of the respective
signaIs at 33.5 and 31 ppm. The integrated intensities of
these signais, corrected for the different cross polarization
efficiencies, yield 74% transoid and 26% gauchoid chain
segments in the C18S-Au sample at 25 ·C.

(iv) 20 WISE NMR. The degree of crystaIIinity was
investigated by two-dimensional wideline separation
(WISE) NMR experiments, ",hich are usefuI for deter­
mining morphology and local dynamics in complex sys­
tems. '1 In crystalline solids, the proton line widths are
greatly increased due to strong dipolar interactions among
the abundant proton spins. This interaction will he
reduced by molecular motion, making proton line widths
a sensitive probe of local dynamics. However, due to a
limited chemical shift range, distinguishing the proton
signais from different domains (crystalline versus amor­
phous) is difficult, and a variety ofexperiments have heen
devised to separate the individual componenta. In the
WISE experiment, the high-resolution 13C CP MAS
spectrum is along one dimension and the proton spectrum
is along the second, which allows measurement of the
proton line width associated with individual carbon sites.
The room temperature 2D WISE spectrum of C18S-Au
showed that the peak at 31 ppm, visible as a smallshoulder
in the ID 13C CP MAS spectrum, has a proton line width
of -20 kHz, whereas tbe 33 ppm component has a larger
proton line width of -35 kHz, somewhat less than the
values for rigid crystalline organic solids (50-60 kHz).
Very similar ID carbon and 2D WISE spectra were
observed by Spiess and co-workers for a polyester with
CIS alkyl side chains <PPTE-A), which has a layer-type
packing structure.·'· In this polymer, the large reduction
of the proton line width to 40 kHz, with retention of the
extended-trans character of the chains, was taken as
evidence for a large-amplitude motion effective around
the side-chain axes.". A similar anisotropic motion of
the chains must be taking place in C18S-Au. TEM images
and X-ray diffioaction indicate that the average interpar­

·ticie distance in the 2 nm gold colloid samples is equal to
one alkyl chain length, suggesting that close packing of
the a1kane chains into an ali-trans conformation is
achieved by intercalation or interpenetration ofindividual
chains ordomains ofchains ofneighboring gold partieles.
A similar structure has been reported for dodecylated Coo,
in which paraflinic crystallites are formed by interdigi­
tation of the side chains." The component at 31.0 ppm
is assigned to chains which are not intercalated, either
due to thermal disordering or because they are chains
which are toc far from the chains ofneighboring partieles
to interpenetrate. In other words, these chains would be
located in the interstitial regions arisingwhenever spheres
are elose-packed, as iIlustrated in Figure 5, which shows
a possible packing arrangement along with a TEM image
ofC18S-Au. The reduced proton linewidthofthe transoid
component indicates that these intercalated chains are
loosely packed, with sufficient Cree volume to allow
considerable motion and disorder at the chain ends.

In the case ofHOC18S-Au, the interior methylene peak
at 33 ppm in the 10 13C CP MAS spectrum is broader
than that of C18S-Au. A1though its room temperature
2D WISE spectrum docs not show a distinct 31 ppm

(26) Levon, K; Weng, D.; Mao. J.; Lee, H. K; Tour, J. M.; Schrivens,
W. A. Mater. Res, Soc. Symp. Prrx. 1994,349, 127.
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Figure G. TEM image and an idealized representation ofthe
two types ofchains arising from close pscking ofthe gold caUoida
in C18S-Au. Conformationally ordered, intarcalatad chains
(straight lines) are shown a10ng with mobile. isolatad chains
located at interstitial regions between the calloida. The
intercalated chains are loosely packed compared to rigid
crystallinesystems, with enough free volume forconformational
disorder at the chain enda.

Figure 6. Variable temperature "e CP MAS spedra of (a)
CH,(CH,)l1SH and (b) HO(CH,l"SH on colloidal gold. The
speetra returned to their original stale upon cooling.

component, the line width ofthe protons associated with
the interiormethylenes is also significantly reduced to 30
kHz.

(v) Variable Temperature 13C CP MAS NMR. The
variable temperature 13C CP MAS NMR spectra of the
C18 methyl·terminated and C,. hydroxyl.terminated gold
partieles are displayed in Figure 6. DSC messurements
show that the methyl·terminated gold colloids, AnS·
(CH.).CH, (for n = 11, 13, 15, 17, 19), have transitions in
the same range as the gel·to·liquid crystalline transitions
ofn-diacylphosphaditylcholine bilayers efthe same chain
lengths." In the 13C NMR spectra, this transition is
manifested as a graduai increase in the component at 31
nnm. assimed to conformationallv disordered chains, and

(27) Ansermet, J .•Ph.;Sllchler. C. P.; Si"roll,J. H.Progr.Nuc/. Mag•.
lùson. Spectrale. 1990.22,401.

(28) Chin, Y. H.; EIIi., P. D. J. Am. Ch.m. Soc. 1893, 115, 204.

4. Discussion

The 13C and 'H NMR speetra demonstrate that the
alkanethiols are strongly chemisorbed to the gold colloids
and are not present as free surfactant. Our preparation
conditior." .. lllest that this would be the case, as we have
taken considerable care in washh,::; free thiol surfactant
from the samples.'· Broadening ofthe NMR resonances,
due te Immobilization of the surfactant, lJ.lj weil as the
apparent disappearance of the signais of the carbc,na
elosest to the sulfur headgroup point to a strong interaet ion
with the metal surface. The solid-state NMR spectrnm
orthe "C-Iabeled sample, CH,(CH'),2·CH,S-Au, further
confirms this, with the Cl carbon next to the sulfur
headgroup inhomogeneously broadened and shil\ed down·
field by 18 ppm, compared to the bulk thiol. Inhomoge.
neous broadening of adsorbates on metallic particles,
which is notelimiMtad by magic-angle spinning, can arise
from heterogeneity ofadsorption sites and/or a dispersion
ofsusceptibilities or Knight shilts, which will mirror the
particle size distribution. Typically, the 13C resonances
of molecules chemisorbed onto Pd and Pt clusters are
severely broadened by demagnetization fields arising from
the large magnetic susceptibilities of these metals." A
studyofethylene adsorbed on supported Ptand Ag elusters
compared the relative demagnetization fields ofopen and
elosed d-block metals and found no problems with magnetic
susceptibility in the case ofsilver.28 In contrast, the near
ferromagnetic character orthe platinum metal interferes
with 'H-13C cross polarization by creating large off·
resonanee shilts ofthe proton signaIs, resulting in a large
loss of signal intensity. However, like silver, gold has a
filled d-Ievel, so the magnetic susceptibility should not be
a large source of broadening. Another possibility is a
distribution of Knight shilts which arise from the conduc­
tion electrons of the gold metsl partieles. Milssbauer
spectra of Au..<PPH,)12Cle elusters show separate con-

a diminishingofthe aU-trans component at33 ppm. Above
55 'c, only the conformationaUy disordered component
remaina for C16S-Au. The signais ofC17 and the methyl
group sharpen and then diminish at higher tempcratures,
sinee the mobility of the chain terminus has incrensesd
10 the point that cross polnrizatian is no longer efficient.
This thermal disordering is rcvcrsible, and the "c NMR
spectrum returns to its original stnte upon cooling.

ln the case of HOC 16S-Au, as shown in Figure 6b,
disordering of the chains is not complete until above 100
'c. As the mobility incrcases, the chain end carbons (C 14
and C15), which have solution shms of25.6 and 32.6ppm.
narrow and become visible ia the so!id-state spectrum.
Although the iacreased thermal stability ofthe hydroxyl­
functionalized thiol on gold may be expected duc to the
presence of hydrogen bonding, its terminal cnrbon
appears to be quite mobile compared to the unbound thiol.
As shown in Figure 3b,c, the C16 peak of HS(CH,),.OH
narrows, and ils Tf decreases from 102 to 0.2 s aner
attachment to the gold colloid. However, neither dipolar
dephnsing, nor the 2D WISE cxperiment, revealed a
distinct component at 31 p'pm for disordered chains in
HOC,.S-Au. The interior methylenes are evidently less
mobile than the methyl-terminated C18 thiol gold colloids.
ln contrast to the long chain samples, when the CoS-Au
sample was heated to 50 'c, the only changes observed
were a slight narrowing and a small upfield shift of the
four resolvable carbon peaks, confirming that the short
chains are already in a liquid·like state at 25 ·C.
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tributions from the surface atoms and the inner core of
13 gold atomB, which haB a MOBBbauer Bhift cloBe to bulk
metallic goId.29 Since the thiol-capped gold clusters in
thiB Btudy contain -400 gold atoms, they should also be
metallic. Whether a carbon atom which is not direcUy
bonded to a metalsurfacc will have a Knight shift has not
been explored, but presumably the metallic contributi?n
will rapidly decrease as one moves along the alkyl ch8J.ll,
away from the surface.27 Relaxation measurements and
studies ofmodel gold thiolate complexes are underway to
determine the contributions to the shiftofthe Cl resonance
in CH,(CH,h,'CH,S-Au, and thus gain insight into the
nature of the bonding of the alkanethiol to the gold.3•

The 13C chemical shifts in this study, together with a
concurrent FI'IR study(which show narrow peaks at2918
cm-l (fwhh oflB cm-I) and 2850 cm- l (fwhh of9.5 cm-I)
for the methylene antisymmetric and symmetric stretch­
ing modes)," suggest that the C,BS-Au chains are
crystallized into an alI·trans extended conformation. The
hydroxyl·terminated thiol on gold likewise displays an
infrared spectrum characteristic ofen all·trans conforma­
tion (2918 cm-I (fwhh of 19 cm-l) and 2848 cm- l (fwhh
of 10 cm-I) for the methylene antisymmetric end sym­
metric stretching modes). The sharpness and low fre­
quencies of the CH, stretches in these samples match
those measured for the highly ordered planar self­
assembled monolayers that have also been characterized
by contact angle, ellipsometry,31 and helium diffraction
mewl1lrements.'" However, the NMR spectra of CIBS­
Au reveal a significant population of mobile, conforma­
tionally disordered chains at 25 ·C. We have also detected
disordered chains by 13C NMR in a meta! phosphonate
self·assembled monolayer, while the infrared spectrum
indicated only highly ordered chains. \l Infrared spec·
troscopy is a signal·averaging technique, and these results
demonstrate that the infrared spectra alone cannot be
\'sed to assume a high degree oforder in self·assembled
monolayers orin related long chain systems. In any case,
the existence ofdisordered chains in the thiol-capped gold
is not surprising sinee recent STM studies support the
presenceofs significantnumberofconformational defects,
even in the MOSt csrefully prepared thiol self·sssembled
monolayers.33

. The shift ofC17 in C18S-Au is more upfield than thst
ohserved for bull< alkanes, retlecting that the gauche
defecta are concentrated at the chain ends, as iB the case
for thiol SAMs on planar substrates.6 The contrast
between the mobility of the chain endB versus the more
motionally restricted interior methylenes is MOSt evident
in the dipolar dephasing experiment, where the latter
exhibit rapid Gaussian decays rather than liquid-like
Lorentziandecays. This thermal disordering orthe chain
ends iB conBistent with infrared studies of alkanethiol
monolayers on planar gold, showing that gauche defects
at the chain termini persist down to 200 K12b 13C spin­
lattice relaxation measurementa demonstrate that the
reorientation rate of the gold-bound methylene chains is
far slower than in the case of dispersed grafted aIkyl
chains, but still exceedB that of highly crystalline solids
due to the motional freedom of the unbound chain ends.
The fact that the methylene proton line widths are
relatively narrow (35 kHz) compared to rigid crystalline
chains (75 kHz in low-<lensity polyethylene'lb), combined

(291 Kappe•• M. Ch<m. Re•. 1988,88. 369.
(SO) Badia, A; Reven. L. Manuscnpl in preparation.
(31l (al Porter. M. D.; Brigh\, T. B.; Allara, D. L.; Cbidsey, C. E. D.

J. Am. Ch<m. Soc. 1887, 109, 3659.
(321 Camillone. N., 1lI; Chid6ey. C. E. D.; Liu, G.-Y.; Pu\vin.ki, T.

M.; 5<01.., G. J. Ch<m. Phys. 1991, 94. 8493.
(33) Delaman:he. E.; Michel. B.: Gerber, Ch.; Anselmetti. D.;

GÜntherodt. H. J.: Wolf. H.; Ringsdorf. H. Langmuir 1994. 10. 2869.
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(34) Reigler.J.J.Phys. Chem.1989.93. 6475 and referenœs therein.
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guld colloids are very similar in appearance to our recent
study ofoctadecylsiloxane self·assembled monolayers on
silica, with the main difference being the temperature
range of interest. l1 Although these samp!es were more
disardered than the thiols, complete thermal disordering
oc<urs at much higher temperatures (> 115 ·C). The
increased thermal stability in these monolayers is due to
cross·linking at the monolayerlsubstrate interface. Sîmi­
lar thermal stability has also been recenUy observed for
more highly ordered metal phosphonate monolayers,
which like the alkylsiloxanes, are linked together by a
strong inorganic network st the substrate interface.35

The degrec ofconformational order depends on a number
of variables besides chain length. These factors inelude
the gold partiele size and the nature ofthe terminal group,
as both will affect the extent of intercalation of chains
between colloid partieles. The hydroxyl·terminated thiol
was found to have a higher chain-disordering temperature.
Moreover, a resolved peak associated with disordered
chains was not detected at 25 ·C. Unlike the methyl·
terminated thiols, the HOC18S-Au lloceulates in both
polar and nonralar solvents. Both NMR and FTIRspectra
indicate a structure with extended all-trans chains. The
reduced proton line width of 30 kHz shows that large
amplitude motions are also taking place about the chain
axes. However, the longer r;' value of the interior
methylene carbons indicates that the introduction of a
hydroxyl terminal group results in a decrease in the rate
of the high·frequency motions compared to the methyl·
terminated samples. While the terminal group of the
alcohol thiol becomes more mohile upon binding to the
guld, the infrared spectrum still shows a hroad absorption
band at 3300 cm-l, indicating that hydrogen·bonded OR
groups are present. The higher mobility of the terminal
group indicates that the hydrogen bonding in HOC,oS­
Au is weaker than in the pure surfactant. Partial
hydrogen bonding between the chain ends ofneighboring
colloids would introduce order and also account for the
reduced chain mobility and increased thennal stability.
Molecular dynamica ca1culations forOH·terminated thiols
on planar gold predict structures which are more rigid
than the methyl·terminated thiol monolayers, with both
free and hydrogen·bonded OH gro"pS being present. lOb

Monte Carlo studies indicate that some structural and
dynamic features ofmonolayers critically depend on the
system size. The formation of domains of varying
conformations which have been detected by scanning
tunneling and atomic force microscopies can be accurately
simulated ouly for systems larger than 200 molecules.u,
A 2 nm gold colloid used in this study can only accom­
modate approximately 80 thiol chains on ita surface, so
tlùs system is toc small to manifest the structural and

(35) Gao, w.; Grozinger, C.: Reven. L. Unpublished l'esulta.
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dynnmic properties ansing from longer range order, oven
if the large surface curvature was disl'egarded. This
limitation is apparenUy circumvented by the tendency of
the chains on adjacentcolloidal partieles to intcrpenetl'ate.
Wc are presenUy synthesizing mueh larger gold colloids
which will more elosely approximate the environment of
self-assembled monolayers on planar gold. Future work
will also inelude 'H·labelcd thiols to determine the
geometry ofthe chain motion through line shape studies.

Conclusion
The surfactant in CIS thiol·capped gold c~lloids exists

in an extended conformation and is strongly bound to the
surface by the sulfur headgroup. In the solid state, a
semicrystalline structure forms with the all-trans chains
densely packcd by intercalation with ell8ins ofneighboring
colloids. The chains displaying a high degree of confor·
mational order are not rigid, but instead are undergoing
a dynamic proœss involvinglarge-amplitude motion about
the chain axes. Although transmission FTIRspectroscopy
indicatas an ordered all-trans extended chain conforma·
tion, NMRspectra show that conformationally disordered
chainsare also presenton the C18 thiol-eapped gold colloids.
Phase transitions determined by OSC Bre revealed by
NMR to be attributable to a simple, reversible disordering
of the chains. The fact that this disordering oc<urs Bt
temperatures identica1 to the discontinuities observed in
the electrochemica1 thermograms ofthiol·modilicd planar
electrodes pointa toward similar order/disorder phaae
transitions occurring in self-assembled monolayers.

Note Added in Proof. A recent solution "c NMR
.tudy ofthe alkylthiol-gold colloid system (Terrill; et al.
J. Am. Clu!m. Soc. 19911, 117, 12537) attributes the
disappearance of the C1-C3 resonances primarily to
residual heteronuelear (C-H) dipolar brosdening. How·
ever, we note thst these resonances remain greatly
broadened in the "csolid-state NMRspeetra under high­
power proton decoupling. ln addition, their calculated
shill; for Cl of27 ppm, a 190 Hz shin from the unbound
monomer ca1culated by assun\Îng a magnetie susccptibility
contribution only, is inconsistent with the observed value
of 42 ppm reported here for the "C·labeled sample. The
solid-state NMR spectra show that additional contrihu­
tions to the shin and line width of the Cl resonanee are
present.
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