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ABSTRACT

MODEL POLYPEPTIDES AND MOLECULAR RECOGNITION AT A
MONOLAYER INTERFACE

SEPTEMBER 2000

SUSAN L. DAWSON, B.S., UNIVERSITY OF CONNECTICUT

M.S., UNIVERSITY OF CONNECTICUT

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor David A. Tirrell

The enormous interest in organic thin films during the last fifteen years

has been driven by the prospect of utilizing these films in applications, particularly in

the areas of nonlinear optics, pyroelectric materials, sensors and protective layers. The

ease of formation and monolayer stability of self-assembled films, has been responsible,

in part, for this renaissance. In fact, these self-assembled monolayers are now widely

used to study more complex systems. Presented herein, is an example of a self-

assembling process, wherein a relatively weak hydrogen bonding interaction (molecular

recognition) leads to the formation of bilayers. The molecular recognition at a

2,4-diaminopyrimidine terminated monolayer (host) by a succinimide derivative (guest)

has resulted in the formation of bilayers. The bilayer structures and the hydrogen

bonding interactions were analyzed by external-reflection Fourier transform infrared

spectroscopy, ellipsometry, and X-ray photoelectron spectroscopy.

The lateral stability of self-assembled monolayers is limited by the

strength of the van der Waal interaction, although, the stability is improved over

Langmuir-Blodgett systems. We propose to improve these systems further. We have

been exploring the self-assembly of artificial proteins on metals. The hydrogen bonding
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capacity of protein monolayers would be expected to provide enhanced stability for

these films due to the multiplicity of hydrogen bonds. Polymers of sequence

[-(AlaGly)
3
CysGly(AlaGly)

3
GluGly-]

n
have been designed to adopt (3-sheet structures

on metallic and oxide surfaces. To better understand and control polypeptide

adsorption, we have focused on the self-assembly of model compounds which capture

the substrate and lateral interactions.

Results are reported for the synthesis of layered arrays of N-stearoyl L-cysteine

methyl ester (CH3(CH2)l6COCysOMe) on the surface of gold. This compound serves

as a simple model of the related polypeptide and enable us to probe the cysteine-

substrate interaction. We describe the preparation of monolayers and characterization of

these layers via ellipsometry, vibrational spectroscopy and x-ray photoelectron

spectroscopy. The results are most consistent with a disordered array of the alkyl

chains, in which close packing is frustrated by a mismatch in the cross-sectional areas of

the cysteinyl ester headgroup and the stearoyl chains of the thiol. Despite the disorder,

the alkyl chains form a hydrophobic surface layer, with an advancing contact angle for

water comparable to that observed for octadecanethiol on gold.

The assembly of N-Acetyl-L-alanylglycyl-L-alanylglycyl-L-alanylglycyl-L-

cysteine methyl ester (CH30(AlaGly)3CysOCH3) on the surface of gold is reported

herein. We describe the synthesis of the oligopeptide, preparation of monolayers

assembled under different solution conditions, and characterization of these layers via

ellipsometry, x-ray reflectivity, vibrational spectroscopy and x-ray photoelectron

spectroscopy. The oligopeptide chemisorbs to gold via the cysteine thiol and forms

monolayers. The infrared data demonstrates that the oligopeptide tertiary structure in

monolayer 2 is different than what is typically seen in peptide structures. The

implication is that the gold (111) surface forces an uncharacteristic peptide packing.
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CHAPTER 1

INTRODUCTION

1 . 1 Thin Films

The enormous interest in organic thin films during the last fifteen years has been

driven by the prospect of utilizing these films in applications, particularly in the areas of

nonlinear optics, pyroelectric materials, sensors (acoustic, chemical and bio) and

protective layers . The interest in monolayer and multilayer films can be traced to the

work of Langmuir2 and Blodgett
3

. While Langmuir-Blodgett (LB) films have been

useful as model systems, they are often limited by the lack of mechanical, thermal, and

chemical stability. This stability can be attributed, to a large extent, to weak

intermolecular interactions, which fail to maintain the integrity of the film.

One approach to solve stability problems has been to introduce polymer

materials into LB films. This can be accomplished by ordering monomers on the trough

and transferring the monomer (which is subsequently polymerized) or transferring the

polymer (polymerized in situ) to the substrate. An alternative mechanism involves the

ordering and transfer of preformed polymers and copolymers. Although there has been

improvement in the thermal stability of these polymer films with the introduction of

main chain hydrophilic spacers in polymers^ or the use of polyimides^, technological

applications for these films are not immediately apparent.

The development of self-assembled systems (Figure 1.1), a new method for the

formation of monolayers '
, led to the construction of more stable films . In these

self-organizing systems the adsorbate diffuses through solution to the substrate,

chemisorbs to the surface and packs to form a well ordered material
9

. The strong
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A. Ulman, An Introduction to Ultrathin Organic Films:

From Langmulr-Bfodgttt to Self- Assembly; copyright ©
J 99 J by Academic Press, reproduced by

permission of the publisher.

Figure 1 . 1 Self-assembled monolayers. Monolayer formation (a) and an alkyl thiolate

monolayer (b).

binding of the head group to the surface confers increased stability to the film^. With

this new approach Netzer and Sagiv^ ^ fabricated multilayer films with Afunctional

silane building blocks. Development of self-assembled systems has expanded beyond

organosilicon monolayers on hydroxylated or oxide surfaces (Si02/Si, AI2O3/AI, and

glass) to include a variety of adsorbates and substrates; alkane thiols on metals (Au, Ag,

17 17 IX 1 Q 23 24
and Cu)

;
alkyl sulfides and dialkylsulfides on Au; amines on platinum ;

and carboxylic acids metals and oxides (Ag and AI2O3) 9
.



Alkyl thiols adsorbed on gold constitute one of the most frequently studied

monolayer systems. There are good reasons for this combination. Gold is inert and

does not readily oxidize, making it easier to use in ambient environments. Additionally,

thiols are one of the few functional groups to react with gold. The stability of these

monolayers originates from the strong bonding between the gold and the thiolate

adsorbate (-44 Kcal/mole) and for monolayers with longer alkyl chains, from interchain

van der Waal interactions. The alkyl chains cant -30° to maximize this interaction. The

chemisorption of alkyl thiols proceeds rapidly from solution, but the second stage

ordering of the monolayer can take days
14

.

Methyl terminated, bifunctional, and mixed monolayers have been useful as

model systems for the elucidation of wetting
27

,
friction, biological adhesion

28
,

molecular recognition
29

'30
, and protein adsorption behavior

31
, and in facilitating AFM

32and STM study of proteins. Self-assembled materials are receiving considerable

attention with respect to future applications. They have already been shown to perform

33
effectively as nanoresists .

Polymer thin films fabricated by self-assembly methods have also attracted

attention. The polymer chemisorbs to the metal via pendant functionalities, typically

dialkyldisulfide or sulfide, as in the adsorption of acrylate polymers containing

dithioalkyl chains
34

, disulfide functionalized amphiphilic copolymers3 ^, siloxane-

based graft copolymers , and poly(styrene-propylene sulfide) block copolymers .

Formation of polymer thin films with pendant functionalities has been accomplished by

electropolymerizing pyrrole on a pyrrole terminated monolayer to form electrically

38 39
conducting films ' or by the selective electropolymerization of aniline on a

33
photopatterned SAM .

Polymers can also be tethered to a metal surface through chain termini.

Enriquez et. al
40

have formed self-assembled monolayers on gold with terminally

functionalized (lipoic acid) poly (y-benzyl-L-glutamate). Their attempts to form well

3



ordered monolayers have not yet been realized. A novel approach was reported by

Whitesell and Chang41 to form a helical polypeptide monolayers aligned perpendicular

to the surface. They initiated in situ polymerization of alanine N-carboxyanhydride

from an amine terminated trithiol platform. The area of the platform adsorbed on Au

(100) is somewhat larger than the dimensions of the polypeptide a helix.

1 .2 Theme

The literature, as described earlier, is replete with examples of self-assembled

monolayers developed to study structure and function. In this thesis, self-assembled

monolayers are employed to study interfacial molecular recognition and the assembly of

model structures which mimic certain aspects of the assembly of polypeptides,

specifically [-(AlaGly)3CysGly(AlaGly)3GluGly-]n (1), to form ordered polypeptide

films exhibiting enhanced stability.

1.3 Molecular Recognition

There is a growing interest in applying the principles of biological recognition to

the construction of new synthetic materials; although the issues that govern the

interaction of large biological molecules do not always apply, in a simple way, to

recognition events in small molecules. It has been demonstrated that "self-assembly on

templates is an important synthetic strategy" for developing complex architectures
4^'4 "^

which may be exploited for device and sensor applications. Toward that end,

self-assembled monolayers can probe specific interactions to answer fundamental

questions concerning host guest pairings in molecular recognition events. In Chapter 2,

a self-assembled monolayer containing an interfacial recognition site was fabricated to

4



study molecular recognition at a 2,4-diamiopyrimidine terminated monolayer by a

succinimide guest.

1.4 Interfacial Self-Assembly of Model Polypeptides

The lateral stability of self-assembled monolayers is limited by the strength of the van

der Waals interaction, although, the stability is improved over Langmuir-Blodgett

systems. We propose to improve these systems further. We have been exploring the

self-assembly of materials, specifically artificial proteins, which are characterized by

stronger lateral interactions
44

. The hydrogen bonding capacity of protein monolayers

would be expected to provide enhanced stability for these films
45

. Polymers of

sequence [-(AlaGly)3CysGly(AlaGly)3GluGly-]n have been designed to adopt folded p

sheet structures on metallic and oxide surfaces. In Figure 1.2, the metal surface directs

the orientation of the polymer through its interaction with the periodically spaced

functional groups (Y) of the chain. Novel interfaces can then be engineered further

through the elaboration of the "outer surface" functionality (X). In the design strategy

for these polypeptides we relied on clues from nature, selecting amino acids alanine and

glycine because they are associated with (3 sheet structures. The number of these

alanylglycine dyads incorporated into the repeating unit defines the lamellar thickness.

Amino acids with bulky side chains, here cysteine and glutamic acid, were selected to

create reverse turns. In artificial proteins of this kind, the side chain functionality is

expected to direct the assembly of the chain on metal surfaces.

5



Surface functionality

f(AlaGly) 3CysGly(AlaGly)3GluGly]7i

Stem sequence
Defines lamellar thickness

Ala:

OH

Gly:
OH

C02H

Glu:

H 2N
OH

SH

Cys:

H 2N
OH

metal

Figure 1 .2 Design strategy for folded polypeptide and idealized adsorption on metal

surfaces.
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The polymer 1 was designed to provide a structure with chemically distinct

surface functionality. Solution self-assembly of 1 on metals by chemisorption would

form novel monolayers with lamellar structure. The strong interaction between Y
andthe metal provides an additional driving force for this polymer to fold into a lamellar

structure. The orientation of the polypeptide 1 can be controlled by the choice of metal.

The cysteine thiol (X=C02H, Y=S) of 1 should chemisorb onto gold substrates. The

Metal X Y

Au CO2H S

AI2O3 SH C02

Ag CO2R s

strong affinity of the y-carboxylic acid of glutamic acid should reverse the orientation of

1 (X=SH
?
Y=C02) on an aluminum oxide substrate

25,46
. We anticipate that the

orientation of the functional groups will be specific on both metals based on the work of

Laibinis and coworkers
4
^. These workers found that functionally terminated

alkanethiols and alkane carboxylic acids specifically adsorbed on gold and aluminum

oxide surfaces respectively. The cysteine thiol of the y-carboxylic acid protected

polypeptide 1 (X=C02R, Y=S) should chemisorb on a silver surface to form the

lamellar structure in Figure 1.2.

The structures of such monolayers will be governed by interactions of the side

chain functionality with the substrate, by intermolecular hydrogen bonding interactions,

and by chain connectivity. The solution conditions for forming regular, well-ordered

lamellar crystals with no loops or switchbacks become enormously important for

polypeptides. In order to simplify the problem, our initial efforts have focused on the

7



self-assembly of two model compounds which capture the substrate and lateral

interactions, but defer the complications associated with chain connectivity.

In chapter 3, the interaction of the side chain functionality with the substrate is reported

with a simple model compound, the methyl ester of stearoyl cysteine

(Ci7H 35COCysOCH 3 ,
2 ). Studies of 2 enable us to probe the effect of the size of the

interacting cysteine methyl ester, which affects the packing density of these monolayers.

The compound CH3CO(AlaGly)3CysOCH 3 (3), a strand of the (3 sheet architecture

represented in Figure 2, serves as a model of the polypeptide 1. The self-assembly of 3

on gold is described in chapter 4. Molecular models of the monolayers 2 and 3 were

constructed using the Molecular Simulations Biograf Program, running on a Silicon

Graphics Iris work station and are shown in Figures 1.3 and 1.4.

x



Figure 1.3 Hypothetical monolayer of CnH35COCysOCH3 on gold.
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Figure 1.4 Hypothetical monolayer of CH3CO(AlaGly)3CysOCH3 on gold.
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CHAPTER 2

MOLECULAR RECOGNITION AT A MONOLAYER INTERFACE- 2 4-
DIAMINOPYRIMIDINE-SUCCINIMIDE HOST-GUEST PARTNERS

2.1 Abstract

Molecular recognition at a 2,4-diaminopyrimidine terminated monolayer 1

(host) by a succinimide derivative (guest) has resulted in the formation of bilayers. The

bi layers were prepared either from solution or by transfer from the air-water interface to

the monolayer substrate. The preorganized 2,4-diaminopyrimidine is oriented for

recognition with a molecule of complementary hydrogen bonding ability, succinimide

2. The resultant bilayer 3 is stabilized by the formation of three hydrogen bonds per

host-guest pair. We present an example of a self-assembling process, wherein a

relatively weak hydrogen bonding interaction (molecular recognition) leads to the

formation of bilayers. The bilayer structures and the hydrogen bonding interactions

were analyzed by external-reflection Fourier transform infrared spectroscopy (FTIR),

ellipsometry, and X-ray photoelectron spectroscopy (XPS).

2.2 Introduction

Molecular recognition, the selection and non-covalent binding of a guest

molecule by a host
1,2

, is ubiquitous in nature. Specific recognition processes, e.g.
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between antibody and antigen, enzyme and substrate (or inhibitor), or hormone and

receptor, play important roles in mediating a variety of biological processes.

There is growing interest in applying the principles of biological recognition to

the construction of new synthetic materials
3

'
4

. The issues that govern the interaction of

large biological molecules do not always apply in a simple way to recognition events in

smaller molecules5
;
however, we can adopt two key elements -complementarity and

specificity ' - to the design of molecular recognition sites in synthetic systems.

Complementary molecules have geometries that allow binding through multiple, non-

covalent intermolecular interactions; e.g., hydrogen bonding, van der Waals forces, and

electrostatic interactions
. The weak interaction energies associated with these forces

result in modest enthalpic contributions to the Gibbs free energy of binding, and

binding is easily prohibited by comparable, unfavorable entropic contributions
8

. One

approach to the minimization of the unfavorable entropic contribution of host-guest

pairing is to preorganize the host
9
with rigid elements or through the formation of clefts

and cavities. For example, preorganization of cyanuric acid and melamine derivatives

by tethering them to central hubs permits assembly of rosettes or linear tape
1 ^.

Although molecular recognition events have been investigated most thoroughly

in solution, a recent approach has been to incorporate artificial receptors at monolayer

interfaces. Studies at the air-water interface have involved chiral recognition
1 1_13

, and

amino acid or nucleic acid base complexation
14

.
Monolayers self-assembled on

substrates have been utilized to probe interfacial recognition of a variety of host-guest

partners; including dioctadecyldithiocarbamate and Cu^+ 15
, thiolated (3-cyclodextrin

and ferrocene , a biotinylated polythiophene copolymer with streptavidin and a

biotinylated photoactive protein
17

, and 4-hydroxythiophenol with Ru(NH3)63+ 18
,

with proposed technological applications ranging from chemical and biosensors to

opto-electronic signal transducers.
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The recognition of streptavidin by biotin-terminated monolayers has been

extensively studied
19

'20 The binding interaction of this host-guest pair

(Ka= 1015 M-l)21 is so strong that it is essentially irreversible. In nature recognition

is predominantly a reversible interaction and strong binding can result in inhibition of

the process of interest
22

. A weaker binding interaction can lead to reversible

recognition and the construction of semi-permanent structures. The relatively weak

hydrogen bonding interactions (Ka=102 to 104 M-l in CDC13 )

23 '24 of imides with

2,4-diamidoazines and 2,4-diaminoazines has provided a basis for the self-assembly of

synthetic replicators
25

'26
, supramolecular strands

27 '28
, and supramolecular

complexes 10
. In aqueous systems the binding of nucleic acid bases to diaminotriazines

has a comparable binding constant (102 M-l)29
. Thus, binding energies such as those

in the biotin-streptavidin system are not necessary to assemble supramolecules30 '
31

and

nanostructures
. In this report we present preliminary results on a self-assembly

process, wherein relatively weak hydrogen bonding interactions lead to the formation of

bilayers.

2.3 Results and Discussion

2.3.1 Bilayer Formation

We have engineered recognition sites into a self-assembled alkanethiolate

monolayer (1) on a gold substrate. The preorganized 2,4-diaminopyrimidine terminal

groups are oriented for recognition of molecules with complementary arrangements of

acidic protons and electron pairs. This preorganization reduces the often substantial

entropic barrier to recognition. Recognition of the monolayer 1 (host) by the

succinimide derivative (2) (guest) results in the formation of a bilayer 3 (Figure 2.1),

16



which is stabilized by formation of three hydrogen bonds per host-guest pair. The

monolayer is easily prepared by solution self-assembly of the pyrimidine derivative on

32 33
gold

' .
Ellipsometry measurements of film thickness are in good agreement with

the calculated maximum thickness for an all-trans alkyl chain (22 A).

2.3.2 Langmuir-Blodgett Bilayer.

A monolayer of 2 was first compressed at the air-water interface (Figure 2.2)

and then transferred onto monolayer 1. The resultant bilayer is comprised of host-guest

molecules positioned at the interface. Figure 2.3A presents the external-reflection

Fourier transform infrared (FTIR) spectrum for the monolayer 1. The 2- and 4- amino

(NH2) scissoring vibrations appear at 1638 and 1665 cm" 1
, respectively. The NH2

scissoring vibration of the 2-amino group (2-aminopyrimidine) always appears at a

higher frequency than that of the 4-amino group (4-aminopyrimidine)
34

'35
. We assume

the same assignment in 1,4-diaminopyrimidine. One of the four ring stretching modes,

V8 (Cs ,
A'), appears at 1576 cm" 1 (1563 cnrl in KBr). The frequency of V8a for a

number of substituted pyrimidines was reported by LaFaix and Lebas .
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Figure 2. 1 Formation of bilayer 3. Recognition of the monolayer 1 (host) by the

succinimide 2 (guest) results in the formation of a bilayer 3, which is

stabilized by the formation of the three hydrogen bonds per host guest

pair.

18



Mean Molecular Area [A2/molec]

Figure 2.2 The n-A isotherm for 2.

19



0.0035-1

0.0030-

0.0025-

Wavenumbers

0.0035-1

0.0030-

0.0025-

g 0.0020-

-2 0.0015-

0.0005

B

—1

1
1

I

I

I
1

I

I

I
I 1

I
1

I
1

1820 1780 1740 1700 1660 1620 1580 1540 1500

Wavenumbers

Figure 2.3 Infrared external reflection-absorption spectra with a p-polarized beam of

the self-assembled monolayer on gold (1) and bilayers (3) in the mid

frequency region. (A) The monolayer and the Langmuir-Blodgett bilayer.

(B) The monolayer and the solution self-assembled bilayer.
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After transfer of 2, there are some notable changes. First, there is a reduction in

the amino scissoring intensity at 1665 cm"! indicating a conformational change within

the monolayer as the pyrimidine ring repositions itself to interact with 2. [Notice that in

a p-polarized IR spectrum, only the perpendicular components of the transition dipoles

of the adsorbate are visualized
36

] Secondly, the symmetric and asymmetric carbonyl

bands of the succinimide 2 appear at 1781 and 1722 cnr* 31
. Finally, the hydrogen

bonding interaction raises the frequency of the ring stretching band at 1576 cm"! by 9

cm- 1

.
A change in the ring stretching frequency with hydrogen bonding has been

observed previously in diaminotriazine systems
29

. Kurihara et al. report that

Langmuir-Blodgett films of an amphiphilic diaminotriazine transferred from 0.01 M
aqueous thymidine exhibit a C=N stretching vibration at 1557 cm-1. Transfer from

water shifts the vibration to 1571 cm-1, consistent with the observations of Stidham and

38
DiLella and Takahashi et al. on hydration of nitrogen heterocycles. In addition,

DiLella and Stidham have shown in the Raman spectrum of pyridine that V8 shifts to

higher frequency upon hydrogen bonding to water and Takahashi et al observed a

similar shift in the infrared spectrum.

2.3.3 Solution Self-Assembled Bilayer

In a second experiment we prepared a bilayer by solution self-assembly. Thus,

a sample of monolayer 1 was immersed in a 1.0 mM toluene solution of 2 for 1.8 days,

rinsed with solvent, and dried under nitrogen. The same trends that were observed

previously are seen in Figure 2.3B. The carbonyl stretching bands at 1781 and 1726

cm"l confirm the presence of 2. Hydrogen bonding is evident by an increase of 4 cm-1

to 1578 cm-1 for the V8 band. Again we observe the effects of conformational changes

in the amino scissoring bands.
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2.3.4 High Frequency Infrared Region

mono
The high frequency infrared region characterizes the alkyl chains in the

and bilayers. There, the frequency of the asymmetric methylene stretching band,

d" (vasCH2), at 2921 cm-1 indicates that the monolayer is liquid-like
40

. With the

Langmuir-Blodgett transfer of 2 to the monolayer, however, there is a shift to a more

solid-like frequency at 2919 cm-1 (Figure 2.4). The frequency in the KBr spectrum of

pure 2 is 2919 cm -1. The IR spectrum recorded one week later showed virtually no

change, thus indicating the stability of the bilayer. Compression of 2 at the air-water

interface should result in extended alkyl chains. Apparently, once compressed, the

transferred 2 retains the extended structure. Notice that CH2 groups from both

molecules contribute to the observed IR spectrum; however, it is impossible to suggest

conformational changes in monolayer 1 due to bilayer formation without specific

deuteration. Ellipsometric measurements confirm that the alkyl chain is extended, in

that there is a 25 A increase in thickness upon adsorption of 2.

In the self-assembled bilayer there is a shift in d" to 2923 cm-1; i.e ., the bilayer

is clearly liquid-like. This is not surprising, since the overlayer has not been closely

packed prior to bilayer formation. An increase of only 16 A in the film thickness is

observed, suggesting that the succinimide overlayer is less dense than that prepared by

Langmuir-Blodgett transfer, and that the alkyl chains are disordered. Although it may

be inferred from the relative intensities of the asymmetric carbonyl bands in Figures

2.3A and 2.3B that there is more succinimide in the self-assembled bilayer, the relative

intensities of the asymmetric methylene stretching vibrations in Figure 2.4 suggest the

opposite, in agreement with ellipsometric results. Differences in packing and

conformation in the overlayers probably account for the observed variation in the

infrared intensities.
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Figure 2.4 Infrared external reflection-absorption spectra with a p-polarized beam
the Langmuir-Blodgett and the solution self-assembled bilayers.
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2.3.5 X-Ray Photoelcctron Spectroscopy

The bilayers were examined by angle resolved X-ray pholoelectron spectroscopy

(XPS). In Table 2.
1
the atomic concentrations for several electron take off angles

(ETOA) are given. The concentration of gold is greater for the self-assembled sample,

supporting a less densely covered surface. The one anomaly is the oxygen content for

the Solution self-assembled bilayer at 15° ETOA, which is likely a result of surface

contamination. Succinimide overlayer calculations ( 14 A) reveal that the more rigorous

washing of the bilayer with solvent has removed more of 2 of this sample. The trends

in elemental concentration as a function of ETOA are similar for the bilayers.

Ellipsometric measurements of both bilayers before and after exposure to the high

vacuum of the XPS showed no change in thickness and no apparent loss of material.

2.3.6 Concentration Effects

The extent of bilayer formation depends on the concentration of the succinimide

in the solution used in the self-assembly step. Thus, as the concentration of 2 is reduced

from 1.0 to 0.5 to 0.25 mM, there is a corresponding reduction in coverage as indicated

by a reduction in the intensity of the asymmetric carbonyl band at 1727 enr', and the

asymmetric methylene band at 2923 enr 1 (Figure 2.5). In all of these bilayer spectra

there is an increase in the ring stretching frequency with hydrogen bonding. At

concentrations below 1.0 mM, there are conformational changes due to the

repositioning of the pyrimidine ring as described above. Intensity changes indicate that

the 4-amino group is in a more nearly perpendicular orientation, and the 2-amino group

and the ring are oriented parallel to the monolayer plane. One possible explanation for

these conformational changes is that there is only one amino group and one carbonyl

group involved in the recognition, similar to that found in base pairing mismatch .
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Table 2.1 Atomic Percent versus Electron Take-off Angle

Solution Self-assemhled bilayer

atomic percent

Langmuir-Blodgett bilayer

atomic percent

Element 15° 25° 45° 75° 15° 25° 45° 75°

C 71.0 67.6 60.6 56.5 85.3 78.4 73.1 68.4

0 9.6 8.1 8.8 7.6 5.0 5.2 5.1 5.7

N 8.9 9.0 9.3 9.7 3.3 6.0 6.6 6.7

S 2.2 3.6 2.6 2.1 2.2 3.9 3.4 3.8

Au 8.4 11.7 18.8 24.2 4.2 6.6 11.8 15.4
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Figure 2.5 Infrared external reflection-absorption spectra with a p-polarized beam of

the self-assembled monolayer on gold (1) and the solution sell-assembled

bilayers (3) formed from 1.0 mM, 0.5 mM and 0.25 mM solutions.
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The breadth of the asymmetric carbonyl band indicates the possibility of several

orientations.

2.4 Conclusions

The molecular recognition of components with complementary hydrogen bond

donors and acceptors has created Langmuir-Blodgett and self-assembled bilayers

stabilized by relatively weak hydrogen bonding interactions. This suggests that the

prospects for building semi-permanent solid state structures with weak, non-covalent

interactions by reversible recognition are good, with the logical extension being the

incorporation of specific functionalities into guest-host partners to construct sensors and

devices. Finally, beyond the specific host-guest system reported here, there is the

prospect that the techniques described herein will be utilized for obtaining binding

constants for host-guest systems
4^.
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CHAPTER 3

PEPTIDE-DERIVED SELF-ASSEMBLED MONOLAYERS- ADSORPTION ofN-STEAROYL L-CYSTEINE METHYL ESTE^ON GOLD

3.1 Abstract

a

The work reported herein concerns the assembly of N-stearoyl L-cysteine

methyl ester (CH 3(CH 2)l6COCysOMe, 1) on the surface of gold. This compound

serves as a simple model of a related polypeptide, which has been designed to adopt

(3-sheet architecture on metallic and oxide surfaces. We describe the preparation of

monolayers of 1, and characterization of these layers via ellipsometry, vibrational

spectroscopy and x-ray photoelectron spectroscopy. The results are most consistent

with a disordered array of the alkyl chains, in which close packing is frustrated by a

mismatch in the cross-sectional areas of the cysteinyl ester headgroup and the stearoyl

chains of the thiol. Despite the disorder, the alkyl chains form a hydrophobic surface

layer, with an advancing contact angle for water comparable to that observed for

octadecanethiol on gold.

3.2 Introduction

We have been exploring the synthesis and assembly of genetically engineered

artificial proteins, a new class of macromolecular materials characterized by uniformity

of size and molecular structure^. Through a process of de novo protein design and

biological synthesis, we have prepared a family of such materials , and we have

begun to investigate their assembly into predetermined crystalline arrays and liquid
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begun to investigate their assembly into predetermined crystalline arrays and liquid

crystal phases. Much of the eventual utility of genetically engineered polymers will be

based on their assembly at surfaces and interfaces, and on our capacity to exploit the

resulting assemblies as sensors, catalysts and biomaterials. A critical issue in such

developments will be the identification of strategies for controlling not only molecular

architecture, but supramolecular architecture as well, such that structures can be

engineered at length scales ranging from molecular to macroscopic.

Consider, for example, the polymeric surface assembly represented in schematic

form in Figure 3.1. In this hypothetical structure the metal surface directs the

orientation of the adsorbed polymer chain through strong, favorable interactions with

the periodically spaced functional groups (Y) of the chain. Lateral hydrogen bonds

would then be expected to provide a driving force for the polymer to fold into a regular

lamellar
1

,
and to stabilize the resulting monolayer. Tarn-Chang et al.

6
have

demonstrated enhanced stability for short chain alkanethiol monolayers containing

amide bonds; extension of the alkyl chain (e.g., to C12) masks the enhanced stability as

assessed by the rate of exchange of hexadecane thiol
6

. Novel interfaces can then be

engineered further through elaboration of the "outer surface" functionality (X).

The structures of such monolayers will be governed by interactions of the side

chain functionality with the substrate, by inter- and intramolecular hydrogen bonding

interactions, and by chain connectivity. In order to simplify the problem, we have

begun by examining the assembly of a model compound, N-stearoyl-L-cysteine methyl

ester (Ci7H35COCysOCH3, 1) on gold'. Studies of 1 enable us to probe the cysteine-

substrate interaction without the complications that arise from hydrogen bonding or

long-chain effects. The presence of the Ci8 chain facilitates characterization of these

monolayers, through their analogy to similar assemblies prepared from alkanethiols
,8
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Catalytic Surfaces

Sensors

Adhesives
Biocompatibiiity

Figure 3.1 Engineered interface constructed via self-assembly of periodic

polypeptides on metallic and oxide surfaces.
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3.3 Experimental Section

3.3.1 Materials

Methylene chloride and methanol were dried by distillation from CaH2 . Double

distilled water and ethanol were filtered (4 ^m) before use. All other chemicals were

purchased from Aldrich Chemical Company, Bachem and Advanced Chemtech and

used without further purification.

3.3.2 Methods

means

or

TLC was effected with silica gel 60 F254 (Merck) on precoated aluminum plates

with elution by CHC13/CH3OH/HOAc (v/v, 9/1/0.1), spots being visualized by

of a universal UV lamp Model 51402 operating at 254 nm, iodine, the ninhydrin test,

the Cl2/toluidine test. Flash column chromatography was performed with the use of

silica gel 60 (Merck mesh size 230-400).

lH NMR spectra were recorded on a Bruker AC-200 (200 MHz l U)

spectrometer using deuterated chloroform as solvent. Melting point measurements were

made on a Fisher-Johns melting point apparatus and are uncorrected. Infrared spectra

were recorded on a Perkin Elmer 1600 Spectrometer.

3.3.3 Synthesis

Fmoc-Cys(Acm)-OMe. To a stirred suspension of Fmoc-S-(Acm)-L-cysteine

(4.73 g, 1 1.4 mmol) in dry methylene chloride (65 mL) was added pyridine (0.92 mL,

1 1.4 mmol) under nitrogen. The mixture was cooled to -20 to -10° C before cyanuric

acid (2.0 mL, 22.8 mmol) was added. A precipitate formed within the first 30 min.
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FMOC-Cys(Acm)-OH

Cyanuric Fluoride

CH 2C12

FMOC-Cys(Acm)-F CH,OH
I J

FMOC-Cys(Acm)-OMe

Et2NH
CH 2C12

CH
3(CH2) 16C0C1 H-Cys(Acm)-OMe

5% Na2C03

CH 2C12

CH
3(CH2 ) 16COCys(Acm)-OMe

1. Hg(OAc)2

2. HS(CH2 )2OH

CH
3(CH2) 16COCys-OMe

Scheme 3.1 Synthesis of Stearoyl -L-cysteine methyl ester.
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After 1 .5 hr a sample of the reaction mixture was quenched in dry methanol and showed
methyl ester, but no starting acid by TLC analysis. After 4 hr dry methanol ( 1 25 mL)
was added. The temperature was maintained at -10° C for 1 hr, pyridine ( 1 mL) was

added and the reaction temperature was slowly increased to ambient overnight. The

solvents were evaporated under reduced pressure and the solid partitioned between

methylene chloride (150 mL) and water (80 mL). The aqueous solution was extracted

with methylene chloride (20 mL) and the combined methylene chloride fractions were

extracted with 5 % HC1 (2 x 20 mL), 5 % NaHC03 , and H20, and dried over MgS04 .

Evaporation of the solvent on a rotary evaporator gave a white solid which was

recrystallized from methanol/waler to give 4.67 g (95.7 %) of the ester. TLC analysis

showed one spot at Rf=0.53, mp 152-153 °C. *H NMR (CDCI3) 5 2.0 (s, 3H,

COCH3), 3.0 (q, 2H, CHCH2S), 3.8 (s, 3H, COOCH3), 4.1-4.5 (s, 211, SCH 2N, 3H,

CHCH2OCO), 4.6 (t, 1H,CHC0), 6.0 (d, 1H, NHCH), 6.5 (s, 1H, NHCO), 7.2-7.9 (.„,

8H, aryl). Anal. Calcd for C22H 24N 204S: C, 61.66; H, 5.65; N, 6.54; S, 7.48. Found:

C, 61.69; H, 5.62; N, 6.32; S, 7.60.

H35Cl7COCys(Acm)()CH3 Fmoc-Cys(Acm)-OCH3 (0.754 g, 1.76 mmol)

was dissolved in a solution of 18 mL diethyl amine and methylene chloride (1/9). Aftei

4 hr the solvent was removed by evaporation under reduced pressure. Three times the

residue was triturated with hexane followed by evaporation of the solvent. The solid

was dried further on a vacuum pump. To a solution of H-Cys(Acm)-OMe in 20 mL of

dry methylene chloride was added dropwise stearoyl chloride (0.587 g, 1.94 mmol) in

20 mL of dry methylene chloride followed by pyridine (142 mL). The reaction was

stirred overnight at room temperature. The methylene chloride was extracted with 20

mL of water. The water was extracted with methylene chloride (20 mL). The

combined methylene chloride fractions were extracted with 10 % HC1 (3x5 mL), 5 %

Na2C03 (2 x 5 mL), and saturated NaCl (1x5 mL), dried over MgSC»4 and evaporated
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on a rotary evaporator. The solid was dissolved in chloroform and the solution was

evaporated onto silica gel and loaded on top of a silica gel column. The solid was

purified by flash chromatography with ethyl acetate/hexane 95/5 (v/v) as eluent. The

fractions containing the amino acid ester were collected, dried over magnesium sulfate

and evaporated to give 0.729 g (87.7 %) of H35Ci 7COCys(Acm)OCH3 as a white

solid. The solid was recrystallized from methanol. TLC analysis showed one spot at

Rf=0.55, mp 121.5-122.0 °C. 1h NMR (CDC13 ) 5 0.9 (t, 3H, CH3), 1.3 (s, 30H,

CH2), 2.1 (s, 3H, COCH3), 2.3 (t, 2H, CH2CO), 3.0 (m, 2H, CHQ^S), 3.8 (s, 3H,

COOCH3), 4.4 (m, 2H, CH2N), 4.8 (m, 1H, CHCO), 6.7 (d, 1H, NHCH), 6.9 (t,

1H, NHCO) Anal. Calcd for C25H48N2O4S: C, 63.52; H, 10.23; N, 5.97; S, 6.78.

Found: C, 63.46; H, 10.33; N, 5.90; S, 6.79.

H35Cl7COCysOCH3 To a stirred suspension of H35CnCOCys(Acm)OCH3

(0.242 g, 0.5 12 mmol) in 50 % aqueous acetic acid (10 mL) was added mercuric

acetate (0.163 g, 0.512 mmol). The mixture was stirred for 3 hr at 40° C. The reaction

was complete as determined by TLC analysis. (3-Mercaptoethanol (2.2 mL) was added

to the mixture and stirred for 3.5 hr. The aqueous solution was filtered and washed

with water. The solid was dissolved in chloroform and dried over MgS04.

Evaporation of the solvent gave 0.188 g of white solid. The solid was dissolved in

chloroform and the solution was evaporated under nitrogen onto silica gel and loaded

on top of a silica gel column. The solid was purified by flash chromatography under

nitrogen with ethyl acetate/hexane 60/40 (v/v) as eluent. The fractions containing the

amino acid ester were collected, dried over magnesium sulfate and evaporated to give

0.1 12 g (55 %) of 1 as a white solid. The solid was recrystallized from methanol under

nitrogen. TLC analysis showed one spot at Rf= 0.53 with elution by ethyl

acetate/hexane (v/v, 50/50), mp 85.5-86.5 °C (lit
9

, mp, 85.5-87.0 °C). 1h NMR
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(CDC13) 5 0.9 (t, 3H, CH3 ), 1.3 (s, 30H, CH2), 2.3 (t, 2H, CH2CO), 3.1 (q, 2H, CH2S),

3.8 (s, 3H, OCH3 ), 4.9 (m, 1H, CH), 6.4 (d, 1H, NH).

3.3.4 Sample Preparation

3.3.4.1 Substrate

Silicon wafers were etched in 10/1 NH4F/HF solution for 1 min and cleaned for

15 min in methanolic choline solution (Summa), rinsed with filtered water and dried

under a stream of nitrogen. An oxide surface was grown thermally at 1 100° in an

oxygen atmosphere. The substrate was primed with 100 A of titanium in a CHA

Industries SE600 electron beam vacuum deposition chamber at a rate of 5-10 A/s,

followed by 2000 A of gold (99.99%), deposited at the same rate. This treatment

produces a textured gold 1 1 1 surface
10

.

3.3.4.2 Monolayers

Monolayers of 1 were formed by immersing the gold substrate (prepared within

1.5 hr) into a 5 \iM ethanolic solution at 44-47 °C overnight. The formation conditions

for the octadecanethiol control monolayer were 1 |iM and 51-56 °C. Samples were

removed from solution, washed with ethanol, dried with nitrogen and dried further

under vacuum overnight.

3.3.5 Thin Film Characterization

Four monolayers were formed and characterized for this study. Monolayer

thickness was measured using a Rudolf Auto-ElR II null ellipsometer equipped with a
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helium-neon laser (632.8 nm) assuming a refractive index of 1.5 for the monolayer. A
minimum of 6 spots were measured on each sample. Advancing water contact angle

measurements were done using a Rame-Hart goniometer. Six drops were measured on

one sample. X-ray photoelectron spectra (XPS) were acquired with a Perkin-Elmer

5100 instrument; Mg was used as the X-ray source. Three samples were analyzed (one

spot per sample). Data were collected at 15° and 75° take-off angles (TOA).

Reflectance infrared spectra were acquired on a Perkin-Elmer 2000 FTIR spectrometer

equipped with a narrow-band mercury cadmium telluride (MCT) detector. The

p-polarized radiation was incident on the sample at 80° using an external reflection cell

(Graesby Specac). The spectra were obtained by coaddition of 2048 scans at 2 cm" 1

resolution. The spectra of three monolayers were analyzed and are essentially identical

Normal incidence transmission spectra of KBr pellets of the bulk material were

acquired on a Perkin Elmer 1600 instrument.

3.4 Results and Discussion

3.4.1 Monolayer Formation

Hydrophobically terminated amino acid ester monolayers were formed by

immersing gold substrates into ethanolic solutions of 1. Films were assembled at

slightly elevated temperatures (44-47°C) and from dilute solutions. Film thickness for

the monolayer of 1 assembled on Au (1 1 1) was 17±2 A, as measured by ellipsometry;

this is somewhat less than the -28 A thickness anticipated for an analogous C21

o
alkanethiol monolayer on gold . We attribute the reduction in film thickness to the size

of the cysteine methyl ester "headgroup" of 1. It appears that formation of a densely

packed monolayer is prohibited by the steric requirements of the amino acid ester,

which are greater, in terms of cross-section, than those of the acyl chain. Examination

of a set of compact headgroup conformers revealed none of projected cross-section less
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than 1 .5 fold larger than that of the alkane. It has been shown that the introduction of

the amide functionality alone does not prevent the formation of ordered monolayers

from fluorinated thiols
1

1

, though the larger cross-section of fluoroalkanes (5.6 A
interchain spacing) relative to hydrocarbon chains (4.5 A interchain distance)

12
makes

direct comparison of these systems difficult. Whitesides and coworkers have proposed

that N-dodecyl-2-mercaptoacetamide 2 forms monolayers on gold in which the

"organization of the hydrocarbon chain is unlike that found in an n-alkanethiolate

SAM", and they attribute this to a distortion of the alkyl chain lattice due to lateral

hydrogen bonding interactions6 Use of our techniques with simple long-chain

alkanethiols affords well ordered films
10

'
13

; a thickness of 21±2 A was determined for

a monolayer prepared by chemisorption of octadecanethiol (3) on gold as a control
8

.

H25C12NHCOCH2SH 2

Advancing water contact angles were measured to determine the wetting

properties of these films. The advancing contact angles of the octadecanethiol (3)

control (9a(H2O)=109±4
o
) and the monolayer film of 1 (0a(H2O)=lO9±l°) were

identical, indicating that the interface is hydrophobic despite the disorder of the acyl

O 1 A
chains (vide infra) >

.
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3.4.2 Angle Resolved X-ray Photoelectron Spectroscopy

The concentration of each element in the monolayer as a function of analysis

depth is given in Table 1.1 along with the relative atomic concentrations for compounds

1 and 3. The angle resolved study conf irms the expected inhomogeneity along the

surface normal for both monolayers, with an increase in sulfur concentration at the

larger detector angle. In Figure 3.2 a high resolution scan of the carbon 1 s region

demonstrates the expected polymethylene character of the octadecanethiol 8 ' 14 In the

N-stearoyl L-cysteine film a shoulder appears at higher binding energy, representing the

carbon atoms of the amino acid ester
16

. Deconvolution of the carbon Is peak (Figure

3.3) shows the expected increase in the relative intensity of the headgroup signals with

increasing take-off angle.
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Table 3.1 XPS Elemental Composition.

Atomic Concentrations

Sample C O N S

CH 3(CH2)i6COCys-OCH3

V
expected3

observed

81.5 ll.l 3.7 3.7

1 II

8
i

15° TOA
75° TOA

83.2

82.9

12.4

10.5

2.1

3.0

2.3

3.7

CH
3
(CH2 ) I7

SH expected6

observed

94.7 5.3

\
15° TOA 94.9 3.2 0.0 1.9

75° TOA 95.7 0.9 0.0 3.4

s

1

a. calculated elemental analysis for CjjNOjS
b. calculated elemental analysis for C,„S
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Binding Energy, eV

Figure 3.2 XPS Ci s spectra of monolayers of 1 (a) and 3 (b) on gold.
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Binding Energy eV

Figure 3.3 XPS Ci s spectra of H35CnCOCysOCH3 on gold at 15° (a) and 75° (b)

take-off angles.
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3.4.3 External Reflectance Infrared Spectroscopy

The external reflectance infrared spectrum of a monolayer provides structural

information about monolayer packing, orientation and conformation 17
In the high

frequency region (Figure 3.4), analysis of the alkyl chain stretching vibrations permits

characterization of the packing density of the alkyl chains. The frequency (2925 curl)

and bandwidth (21 curl) of the methylene antisymmetric vibration (v as , CH2 ) clearly

indicate a liquid-like, disordered alkyl chain in the N-stearoyl L-cysteine monolayer

(Figures 3.4a and 3.5), in marked contrast to the solid-like, ordered structure in the

octadecanethiol monolayer (2919 cm"!, 10 cm"l) (Figure 4b)
18

. Tarn-Chang et al.
6

report a frequency of ca. 2922 cnr* for the antisymmetric CH2 stretch in monolayer of

2, and suggest that "gauche conformations are heavily weighted in the structure"
6

The orientation of methyl groups in alkanethiol monolayers has been inferred

from the intensities of the asymmetric and symmetric methyl vibrations
19

. In 1,

however, the methyl stretching intensity originates from a combination of the terminal

methyl of the alkyl chain and the ester methyl
15

, and detailed analysis is precluded.

Further evidence that the conformational order of the all-trans extended chain has been

lost (Figure 3.6) is provided by the reduction in intensity of the methylene wagging and

twisting vibrations near 1300 cm" 1 in the spectrum of the monolayer (cf. bands at 1343

and 1322 cm-1
in the spectrum of crystalline 1; Figure 3.6b)

15
'
20

.

Information about headgroup orientation can be gained from an analysis of the

intensities of the ester, amide I, and amide II vibrational bands in the infrared spectrum

of the monolayer (Figure 3.6) since only the components of the transition dipoles

perpendicular to the metal surface are observed in the reflectance spectrum . The

transition dipole for the amide I vibration is nearly along the C-0 bond axis, and the

weak amide I signal in the spectrum of the monolayers suggests that the carbonyl group
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a
2925

3('bo 3000 2950 2900 2850 2800 2750

Wavenumber, cm"

Figure 3.4 FTIR spectra (high frequency region) of monolayers of 1 (a) and 3 (b) on

gold.
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Figure 3.5 Schematic of self-assembled monolayer of H35C17CysOCH3 on gold,

emphasizing the disorder of the hydrocarbon tails indicated by the external

reflectance infrared spectrum.
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a

1751 1536

1646

1435 1343

IflOO 1700 (600 1500 MOO

Wavenumber, cm' 1

1300 1200

Figure 3.6 FTIR spectra (mid frequency region) of H35Ci7COCysOCH3 as

monolayer on gold (a) and in bulk (b). Missing vibrations in the region of

1390 to 1320 cm" 1 are marked with arrows in spectrum a (see text).
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must be oriented nearly parallel to the surface, The dipole moment direction has been

determined experimentally for n memylacetamide to Lie between L3
fl and 25e from the

C-O bond direction
22

. The amide I frequency (1681 cm
'

) indicates thai in the

1 ,<,l:, y c , ,,,c carbonyl ! »ol strongly hydrogen bonded. In support of this

mk '

,|,,vli,l,(,n
-

wt '

« thi" vibration appears at 1684 cnH in spectra of dilute

solutions of I in CCI4, but shifts to 1646 cm" ' in a bulk crystalline si »le where

hydrogen bonding would be expected to occur.

The transition dipole Of the amide ll vibration lies nearly along the (
' N bond23 .

The strong amide II band in the spectrum of the monolayer (Figure 3.6) suggests that

the C-N bond must be oriented nearly perpendicular to the metal surface to give such a

high intensity. A similar pattern of relative amide band intensities has been noted by

Whilesides and and coworkers6 interpreted in terms of lateral hydrogen bonding

interaction! thai align the amide OO bond nearly parallel to the plane of the substrate.

Insight into the conformation of the ester is derived from analysis of the

carbonyl stretching vibration and the Symmetric methyl bending mode of the methoxy

group. The high intensity of the ester carbonyl suggests a substantial component of the

transition dipole normal to the metal surface. The 9 cm" 1 frequency shift (to 1751

cm' 1

) from the crystalline bulk frequency ( 1742 cm" 1

) further implies that the carbonyl

is isolated and prohibited from hydrogen bonding24 . The O-CH3 bond must also lie out

of the substrate plane. The symmetric methyl bending mode vibration, which is parallel

to the O-C bond axis foi ()( 'I I3 ' \ appears at 1435 cm 1 in the bulk sample and at 1437

cm" ' in the monolayer. The band intensity (relative to that of the ester carbonyl) is

reduced somewhat in the monolayer, but the diminution in intensity is far less than that

observed for the amide I vibration.
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Table 3.2 Infrared Spectral Mode Assignments.

frequency, cm-1

mode assignment

N-H str

CH3 C-H str (asym, ip), r

CH3 C-H str (asym, op), r

CH3 C-H str (sym, FR), r+

CH2 C-H str (asym), d"

CH3 C-H str (sym, FR), r+

CH2 C-H str (sym), d+

ester C=0 str

Amide I

Amide II

CH3O CH3 bend (sym)

CH3 CH3 bend (sym)

CH2 chain wag/twist

CH2 chain wag/twist

monolayers

1"

bulk and solution of 1

2967

2925

2881

2853

1751

1681

1536

1437

2966

2938

2919

2879

2851

KBr

3325

2954

2917

2850

1742

1646

1540

1435

1382

1343

1322

CCI4

3429

2961

2926

2854

1749

1684
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3.5 Conclusion

In this preliminary study we have demonstrated that N-stearoyl-L-cysteine

methyl ester is capable of forming monolayers on gold. The acyl chains in the

monolayer are disordered, probably as a result of the large cross-section of the amino

acid ester headgroup. Future studies will explore hydrogen bonding interactions within

the monolayer through an investigation of the adsorption of cysteine oligopeptides as

models for polymer 1.
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CHAPTER 4

PARALLEL 0 -SHEET OLIGOPEPTIDE SELF-ASSEMBLED MONOLAYERS-ADSORPTION OF N-ACYL-(L-ALAGLY)3-L-CYSTEINE
GOLD

4.1 Abstract

The work reported herein concerns the assembly of

N-Acetyl-(L-AlaGly)3-L-cysteine methyl ester (CH30(AlaGly)3CysOCH3, 2) on the

surface of gold. This compound serves as a model of a related polypeptide, which has

been designed to adopt a (3-sheet architecture on metallic and oxide surfaces. We

describe the synthesis of the oligopeptide, preparation of monolayers of 2 assembled

under different solution conditions, and characterization of these layers via

ellipsometry, x-ray reflectivity, vibrational spectroscopy and x-ray photoelectron

spectroscopy. The oligopeptide chemisorbs to gold via the cysteine thiol and forms

monolayers. The infrared data demonstrates that the oligopeptide tertiary structure in

monolayer 2 is different than what is typically seen in peptide structures. The

implication is that the gold (111) surface forces an uncharacteristic peptide packing.

4.2 Introduction

Recently, there has been a significant convergence between the fields of biology

and material science. Fundamental biological processes such as molecular recognition

are routinely influencing the design and engineering of materials such as sensors and

devices, while concurrently, synthetic materials, specifically medical implants, are
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routinely optimized for biological compatibility. Understanding how to direct assembly

at surfaces and interfaces is critical for continued growth in both of these areas.

One approach to the fabrication of well ordered monolayer structures is the

chemisorption of alkyl thiols and dialkyl disulfides on gold. These materials have

served well as model compounds for the adsorption of proteins to surfaces
1 '6

and, to a

lesser extent, as models to enhance the understanding of molecular recognition7
"9

For

some applications, thin films with enhanced stability will be required. Introduction of

intermodular hydrogen bonding, bonds which are stronger than van der Waals

interactions that typically hold together monolayers, is accomplished by the addition of

an amide functionality into the adsorbate
10 ' 16 A novel approach reported by

Whitesell and Chang 17
was the in situ formation of a hydrogen bonded a-helical

polypeptide network supported on gold.

We have previously demonstrated through a process of de novo protein design

and biological synthesis
18 "20

, the assembly of polypeptides into predetermined

crystalline arrays
21

'22
,
liquid crystalline phases

23
, and thermally reversible hydrogel

24
networks

. Of particular interest is the sequence

[-(AlaGly)3CysGly(AlaGly)3GluGly)-l n (1) which has been designed to adopt folded

p-sheet structures on metallic and oxide surfaces. In artificial proteins of this kind, the

pendant functionality is expected to direct the assembly of the chain on metal surfaces.

This hypothetical structure, stabilized by hydrogen bond formation, is shown in Figure

4.1. The functionality (X) provides a convenient synthetic route to engineered

interfaces for catalytic surfaces, separation systems, sensors, and biocompatability.

Identification of conditions for forming regular, well-ordered polypeptide

structures at surfaces is crucial for the successful assembly of 1. In order to simplify the

problem, our initial efforts have focused on the self-assembly of two model
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Surface functionality

{fAlaGly)3CysGly(AlaGly)
3GluGly]-n

Stem sequence
Defines lamellar thickness

co2h

Ala:

H 9N

Glu:

OH

Gly:
OH

HoN
OH

SH

Cys:

H 2N
OH

metal

Figure 4.1 Design strategy for folded polypeptides and idealized adsorption on metal

surfaces.
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fAlaGl_y)3CysGly(AlaGly)3GluGly

CHsCO^aGlyjgsjOCHg

metal

gure 4.2 Oligopeptide depicting the polypeptide section which is modeled.
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compounds 1 L ™ wh1Ch capture the substrate and lateral interactions, but defer

complications associated with chain connectivity. The oligopeptide 2,

CH30(AlaGly)3CysOCH3 ,
a strand of the (3-sheet, represented in Rgure 4.2, serves as

a model for the polypeptide 1, iS capable of hydrogen bonding and is anticipated to form

a parallel P-sheet structure when chemisorbed on gold.

4.3 Experimental Section

4.3.1 Materials

amine was

Methylene chloride and methanol were dried by distillation from CaH2
Thionyl chloride was purified by distillation from linseed oil. Dimethy

removed from N,N-dimethyl formamide by distillation under reduced pressure, or by

aspiration for 20 min or by bubbling nitrogen through the solvent for 20 min. Water

was deionized and distilled. Water and ethanol were filtered (4 |im) before use and

freed of oxygen by aspiration or by bubbling nitrogen or argon through the solvent for

20 min. All other chemicals were purchased from Aldrich Chemical Company,

Richleieu Biotechnologies Inc., Lancaster, Bachem or Advanced Chemtech and used

without further purification.

4.3.2 Methods

Thin layer chromatography (TLC) was effected with silica gel 60 F254 (Merck)

on precoated aluminum plates with elution by CHCI3/CH3OH/HOAC (v/v, 9/1/0.1),

spots being visualized by means of a universal UV lamp Model 51402 operating at 254

nm, iodine, the ninhydrin test, the Cl2/toluidine test or by Ellman's reagent. Column
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chromatography was performed with the use of silica gel 60 (Merck mesh size 230-400)

and gel chromatography with Sephadex G-10 (Sigma).

*H NMR spectra were recorded on Bruker AC-200 (200 MHz lH), Varian XL-

200 (200 MHz lH), and Bruker DPX-300 (300 MHz 1H) spectrometers using

deuterated chloroform, DMSO, and trifluoroacetic acid as solvents. Chemical shift

values are based on known chemical shifts of solvent peaks as references. Melting

point measurements were made on a Fisher-Johns melting point apparatus and are

uncorrected. Infrared spectra were recorded on a Perkin Elmer 1600 Spectrometer.

4.3.3 Synthesis

N-((9-FluorenyImethyl)oxy)carbonyl-L-alanyl-chloride (3).

N-((9-Fluorenylmethyl)oxy)carbonyl (Fmoc)-L-Alanine (11.39 g, 0.0346 mol) was

suspended in dry methylene chloride (40 mL) in a three neck 500 ml round-bottom flask

under nitrogen. Thionyl chloride (29 mL, 0.360 mol) was added dropwise over 20 min

with concomitant formation of yellow color. The solution was heated at reflux for 1.5

h. A sample of the reaction mixture was quenched in excess dry methanol and showed

methyl ester, but no starting acid by TLC analysis. Excess thionyl chloride and

methylene chloride were evaporated under reduced pressure. The solid was redissolved

in dry methylene chloride followed by evaporation of the solvent. This process was

repeated again before the solid was dried overnight in vacuo. The solid was

recrystallized with dry methylene chloride/hexane to give 10.70 g (0.0324 mol, 94 %)

of 3. TLC analysis of the methyl ester (FMOCAlaOCH3) showed product at Rf=0.90,

no starting acid and a very slight impurity at Rf=0.72, mp 1 13-1 14 °C ( lit.
25

1 12-1 14

°C). !H NMR (CDCI3) 5 0.8 (d, 3H, CH3), 4. 1 (t, H, CH), 4.2 - 4.6 (d, 2H, CH2O, m,

1H, NCHCO), 5.1 (d, 1H, NH), 7.0 - 7.8 (m, 8H, aryl). Anal. Calcd for
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2

Scheme 4. 1 Synthesis of N-Acetyl-L-alanylglycyl-L-alanylglycyl-L-alanylglycyl-L-

cysteine methyl ester.
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was

C18H16N03C1: C, 65.55; H, 4.89; N, 4.25; CI, 10.75. Found: C, 65.82; H, 4.92; N,

4.36; CI, 10.97.

N.((9.Fluorenylmethyl)oxy)carbonyl.L-alanylglycine
tert-butyl ester (4). In

a
1 liter round bottom flask glycine tert-butyl ester hydrochloride (5.03 g, 30 mmol)

neutralized with 300 mL of 5 % aqueous sodium carbonate. After stirring for

5 min, 200 mL of methylene chloride was added and stirred for an additional 5 min.

FMOC-L-alanyl chloride (12.0 g, 0.0364 mol) dissolved in 200 mL of dry methylene

chloride was added dropwise to the two phase mixture over 20 min. The reaction was

stirred for 1 h at room temperature. The layers were separated. The aqueous layer was

washed with methylene chloride. N-Methyl piperazine (1.5 mL) was added to the

combined methylene chloride solution and stirred for 1 min. The methylene chloride

solution was washed successively with 5 % hydrochloric acid (2 x 50 mL), 5 % sodium

bicarbonate (2 x 50 mL), and saturated sodium chloride (2x 50 mL) and dried over

anhydrous magnesium sulfate. The solvent was evaporated under reduced pressure.

The solid was purified on a silica gel column with ethyl acetate/hexane (80/20, v/v) as

eluant. The solution was dried with anhydrous magnesium sulfate and the solvent was

removed under reduced pressure to give 12.14 g (0.0286 mol, 95 %) of 4. TLC analysis

showed one spot at Rf = 0.86, mp 128.5-129.5 °C. NMR (CDCI3) 5 1.2 (d, 3H,

CHCH3), 1.4 (s, 9H, C(CH3 )3 ), 3.8 (d, 2H, CH2COO), 4.1 - 4.8 (t, 1H, CHCH 20; d,

2H, CHCH2O: m, 1H, NCHCO), 5.3 (t, 1H, NHCH2), 6.3 (d, 1H, NHCH), 7.2 - 7.7

(m, 8H, aryl). Anal. Calcd for C24H28N2O5: C, 67.91; H, 6.65; N, 6.60. Found: C,

67.87; H, 6.72; N, 6.47.

N-((9-Fluorenylmethyl)oxy)carbonyl-L-alanylglycyl-L-alanylglycine tert-

butyl ester (5). Compound 5 was prepared in three steps. To remove the tert-butyl

group, compound 4 (12.73 g, 0.030 mol) was dissolved in 60 mL of methylene
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chloride/trifluoroacetic acid (1/1, v/v) and stirred at room temperature for 4 h.

Evaporation of the solvent and trifluoroacetic aeid yielded a solid which was further

purified by trituration with diethyl ether and coevaporation of trifluoroacetic acid with

the solvent. Alter two iterations, no trifluoroacetic acid could be detected and the solid

was dried in vacuo. The removal of the FMOC group was accomplished by stirring

compound 4 (12.73 g, 0.030 mol) with 200 ml of methylene chloride containing 30 ml

,

Of diethylamine at room temperature for 4 h. The solvent and excess diethylamine

were removed under reduced pressure. The solid was triturated with hexane followed

by removal of the solvent as described above until no diethyl amine could be detected

and then dried in van,, 'I he deprolected segments, Fmoc
I AIa< ,1m -

( )| | and 1 1 I
(AlaGly)2-OtBu, were coupled by combining the segments, each dissolved in 150 ml

of N,N-dimethylformamide, in a flask followed by sequential addition of

benzotriazolyloxylris(dimethylamino) phosphonium hexafluorophosphate (13.23 g,

0.030 mol) and 30 mL of diisopropylamine. Alter 1 h the pH of the solution was

measured (with moist indicator paper) and adjusted to pH 8 with diisopropylethyl amine

(DIEA). The solution was allowed to stir overnight. A white solid formed. The solvent

was removed under reduced pressure and was washed with ethyl acetate, diethyl ether,

5 % citric acid, 5 % NaHC03, H20, and diethyl ether. The solid was rccrystallized

with N,N-dimcthyl formamide/diethyl ether to give 12.7 g (0.023 mol, 77 %) of 5.

TLC analysis showed one spot at Rf= 0.32, mp 196-197 °C. hi NMK (DMSO) 8 1.2

(d,6H, CHCH3), 1.4 (s,911,C(CH3)3),3.8 (d, 4H, CH2COO), 4.1 (t, 1H,CHCH20),

4.2 - 4.4 ( d, 211, CHCH2O: m, 211, NCHCO), 7.3 - 8.0 (m, 811, aryl), 8.2 - 8.3 (t, 1 1 1,

NHCH2;d, 1 H, NHCH). Anal. Calcd for C29H36N4O7: C, 63.03; H, 6.56; N, 10.14.

Found: C, 63.00; 1 1, 6.7 1 ; N, 10.09.

N-((9d <iiiorenyliiietIiyl)()xy)c;irl)()iiyl-S-acetoaini(l<)inetliyl-LCysteine

methyl ester (6). Fmoc-Cys(acm)-OMe was available Irom previous studies .
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N-((9.FluorenyImethyl)oxy)carbonyl-L-alanylgIycyl-S-acetoamidomethyl.

L-cysteine methyl ester (7). In a round bottom flask FMOC-AlaGly-OtBu (1.64 g,

3.86 mmol) was deblocked with 60 ml of trifiuoroacetic acid/mcthylene chloride (1/1,

v/v). The solution was stirred at room temperature for 4.5 h. The solution was

evaporated under reduced pressure. Three times the resultant solid was triturated with

diethyl ether and each time the solvent was evaporated under reduced pressure. The

solid was further dried in vacuo until no residual TFA could be detected.

FMOC-Cys(Acm)-OMc (1.65 g, 3.86 mmol) was deblocked with 4.4 ml of diethyl

amine in 10 ml of methylene chloride/acetonitrile (4/1, v/v). Deblocking was complete

after 4 h. Completeness of the reaction was checked by TLC. The solution was

concentrated under reduced pressure and the resultant solid was triturated with hexane

and dried as described above. Each of the deblocked peptides was dissolved in 40 ml of

dimethyl formamide/acetonitrile (10/30, v/v) and combined. To this solution was added

benzotriazolyloxytris(dimethylamino) phosphonium hexafluorophosphate (1.706 g,

3.86 mmol) followed by 4.4 ml of diisopropylethylamine. After 1 hr the pH was

adjusted to 8 with diisopropylamine and the reaction was stirred overnight. The solvent

was removed under reduced pressure and the resultant residue was dissolved in ethyl

acetate and extracted with 5% citric acid (2 x 20 ml), water (10 ml), 5% NaHC03 (2 x

20 ml), and water (10 ml ) and dried with magnesium sulfate. The solid was further

purified by chromatography on a silica gel column with ethyl acetate/hexane (80/20,

v/v) as eluant. From the fractions containing pure 7, 1.48 g (2.67 mol, 69 %) of the

tripeptide was obtained, mp 182.5-183 °C. ! H NMR (DMSO) d 1.2 (d, 3H, CHCH3),

1.8 (s, 3H, CH3), 2.8 (q, 2H, CHCH.2S), 3.6 (s, 3H, COOCH3), 3.8 (d, 2H, CH2COO),

4.0 (t, 111, CHCH2CO), 4.1-4.5 (d, 2H, CHO; m, 111, NCH(CH3)CO, s, 2H, SCH2N),

4.5 (NCH(CH2)CO), 7.3-7.9 (m, 8H, aryl), 8.1-8.5 (m, 1H, NHCH(CH2), LH,

NHCH(CH3), 1H, NHCH(CH2S, 1H, NHCOCH3). Anal. Calcd for C27H32N4O7S:

C, 58.30; H, 5.79; N, 10.07; S, 5.76. Found: C, 58.40; H, 5.70; N, 9.86; S, 5.56.
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N-((9-Fluorenylmethyl)oxy)carbonyl.L-alanylgl
ycyI-L.alanyIglycyl-L-

alanylglycyl-S-acetoamidomethyl-L-cysteine methyl ester (8). Compound 5 (1.38 g,

2.5 mmol) was treated with 20 mL of triflouroacetic acid and stirred at room

temperature for 2 h. The solid was concentrated under reduced pressure and triturated

with diethyl ether three times and dried in vacuo. Treatment of compound 7 (1.39 g, 2.5

mmol) with 25 mL of diethyl amine/N,N-dimethyl formamide (1/9, v/v) required 1.5 h

at room temperature for complete deprotection of the FMOC group as monitored by

TLC analysis. The solvent and excess diethylamine were removed under reduced

pressure. The solid was triturated with hexane and residual diethylamine was removed

by coevaporation of the solvent. The solid was purified in this manner three times and

dried in vacuo. The deprotected segments, Fmoc(AlaGly)20H and

HAlaGlyCys(acm)OCH3 ,
were each dissolved in 12.5 mL of dimethyl formamide and

combined followed by the sequential addition of benzotriazolyloxytris(dimethylamino)

phosphonium hexafluorophosphate (1.1 lg, 2.5 mmol) and 2.5 mL of

diisopropylethylamine. The pH was adjusted and the solution was stirred at room

temperature overnight. A precipitate formed slowly. After coupling was complete, the

solvent was evaporated under reduced pressure. The solid was washed successively

with diethyl ether (2 x 80 mL), 10 % HC1 (2 x 20 mL), 5 % NaHCC-3, and H2O.

Recrystallization of the dry solid with N,N-dimethyl formamide/diethyl ether gave a

white solid. The filtrate was evaporated and the resultant solid was recrystallized a

second time with N,N-dimethyl formamide/diethyl ether. Compound 8 was combined

and 1.78 g (2.19 mmol, 88 %) was obtained. TLC analysis showed one spot at Rf=0.43

with elution by chloroform/methanol/acetic acid (80/20/1, v/v/v), mp 200 °C dec. *H

NMR (DMSO) 5 1.2 (d, 9H, CHCH3), 1.8 (s, 3H, NCOCH3), 2.8 (q, 2H, CHCH2S),

3.6 (s, 3H, COOCH3), 3.8 (d, 6H, NCH2CO), 4.0 (t, 1H, CHCH2CO), 4.1-4.5 (m, 2H,

CH2O; 1H, NCH(CH3)CO, s, 2H, SCH2N), 4.5 (NCH(CH2)S), 7.3-7.8 (m, 8H, aryl),

7.9-8.5 (m, 3H, NHCH(CH2), 3H, NHCH(CH3), 1H, NHCH(CH2S, 1H, NHCOCH3).
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Anal. Calcd for C37H48N80i iS: C, 54.67; H, 5.95; N, 13.78; S, 3.95. Found: C,

54.94; H, 5.87; N, 13.51; S, 3.72.

N-Acetyl-L-alanylglycyl-L-alanylglycyl-L-alanylglycyl-S-

acetoamidomethyl-L-cysteine methyl ester (9). Compound 8 (1.02 g, 1.25 mmol)

was treated with 16.2 mL of diethyl amine/N,N-dimethyl formamide (19/1, v/v) and

stirred for 3 h at room temperature. The solvent was evaporated and the residue was

triturated twice with hexane and subsequently dissolved in N,N-dimethylformamide to

which
1 mL of freshly distilled acetic anhydride was added. The solution was stirred at

room temperature overnight. Evaporation of the solvent on a rotary evaporator yielded

a white solid which was recrystallization from water/methanol to give 0.699 g (1.1

mmol, 87 %) of 9. TLC analysis showed one spot at Rf = 0.59 with elution by

chloroform/methanol/acetic acid (60/40/1, v/v/v), mp 252-254 °C dec. !h NMR

(DMSO) 5 1.2 (d, 9H, CHCH 3 ), 1.8 (s, 3H, NCOCH3 ,
3H, CH3CON), 2.8 (q, 2H,

CHCH2S), 3.6 (s, 3H, COOCH3), 3.8 (d, 6H, NCH2CO), 4.2 (m, 3H, CH(CH3)CO,

2H, SCH2N), 4.4 (m, 1H, NCH(CH2)S) 7.9 - 8.5 (m, 3H, NHCH(CH2), 3H,

NHCH(CH3 ), 1H, NHCH(CH2S, 1H, NHCOCH3). Anal. Calcd for C24H40N8O10S:

C, 45.56; H, 6.37; N, 17.71; S, 5.07. Found: C, 45.09; H, 6.25; N, 17.34; S, 4.88.

N-Acetyl-L-alanylglycyl-L-alanylglycyl-L-alanylglycyl-L-cysteine methyl

ester (2). To remove the acetoamidomethyl group, mercuric acetate was used.

Compound 9 ( 70 mg, 0. 1 1 \xmo\) was dissolved in 4 mL of water to which 2 mL of

glacial acetic acid was added. With the addition of mecuric acetate (76.9 mg, 0.22

)a,mol), complete deblocking was achieved in 1 h at room temperature. Capture of the

mercuric ion was accomplished by first diluting the solution with 46 mL of water and

then adding 2-mercaptoethanol (83 \iL). The solution was stirred at room temperature

for 3 hr. The solution was purified in 8 aliquots applied to a Sephadex G-10 column
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( 30 cm x 1.5 cm) and eluted under nitrogen with degassed 10 % aqueous acetic acid.

The fractions containing compound 2 (detected by Ellman test) were collected and

evaporated under reduced pressure to give 30. 1 mg (0.053 umol, 48 %) of 2. TLC
analysis showed one spot at Rf = 0.63 with elution by chloroform/methanol/acetic acid

(60/40/1, v/v/v). A small sample was recrystallized from water/methanol/acetic acid

under nitrogen to give a white solid, mp 215 °C dec. 1h NMR (DMSO) 5 1.2 (d, 9H,

CHCH 3 ), 1.8 (s, 3H, CH3CON), 2.8 (q, 2H, CHCH2S), 3.6 (s, 3H, COOCH3), 3.8 (d,

6H, NCH2CO), 4.2 (m, 3H, CH£CH3)CO), 4.4 (m, 1H, NCH(CH2)S) 7.9 - 8.5 (m, 3H,

NHCH(CH2 ), 3H, NHCH(CH3 ), 1H, NHCH(CH2S). ESMS (M + H+) calcd for

C21H35N7O9S: m/z 562.6, found m/z 562.

4.3.4 Sample Preparation

4.3.4.1 Substrate

Silicon wafers were etched in 10/1 NH4F/HF solution for 1 min and cleaned for

15 min in methanolic choline solution (Summa), rinsed with filtered water and dried

under a stream of nitrogen. An oxide surface was grown thermally at 1 100° in an

oxygen atmosphere. The substrate was primed with 100 A of titanium in a CHA

Industries SE600 electron beam vacuum deposition chamber at a rate of 5-10 A/s,

followed by 2000 A of gold (99.99%), deposited at the same rate. This treatment

produces a textured gold 111. Gold substrates for the room temperature self-assembly

study were prepared without a thermally grown oxide.

4.3.4.2 Monolayers

Monolayers of 2 were formed by immersing the gold substrate (prepared within

1.5 hr) into a 5 |nM aqueous solution at 44-47 °C overnight. The formation conditions
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for the octadecanethiol (ODT) control monolayer were I pM and 51-56 °C. Samples

were removed from solution, washed with water or ethanol, respectively, dried with

nitrogen and dried further under vacuum overnight. Monolayers of 2 were also

prepared by Immersion of the gold substrate in 5 uM room temperature aqueous and

denaturing solutions (8 M urea) for 2 days, washed with water, dried with nitrogen and

dried further under vacuum overnight.

4.3.5 Thin Film Characterization

Four monolayers were formed and characterized for this study. Monolayer

thickness was measured using a Rudolf AutO-El* II null ellipsometer equipped with a

helium-neon laser (632.8 nm) assuming a refractive index of 1.5 for alkylthiol and 1 .54

for oligopeptide overlayers. A minimum of 6 spots were measured on each sample.

The X-ray reflectivity measurements were performed at the Exxon X10B beamline at

the National Synrotron Light Source using an X-ray wavelength ofX= 1.1 13 A.

Advancing and receding water contact angle measurements were done using a

Rame-Hart goniometer. Six drops were measured on one sample. X-ray photoelectron

spectra (XPS) were acquired with a Perkin-Klmer 5100 instrument; Mg was used as the

X-ray source. Three samples were analyzed (one spot per sample). Data were collected

at 15°, 45° and 75° take-off angles (TOA). Reflectance infrared spectra were acquired

on a Perkin-Hlmer 2000 1TIR spectrometer equipped with a narrow band mercury

cadmium telluride (MCT) detector. The p-polarized radiation was incident on the

sample at 80° using an external reflection cell (Graesby Specae). The spectra were

obtained by coaddition of a minimum of 2048 scans at 2 enr 1 resolution. The spectra

of three monolayers were analyzed and are essentially identical. Normal incidence
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transmission spectra of KBr pellets of the bulk material were acquired on a Perkin

Elmer 1600 instrument.

4.4 Results and Discussion

4.4.1 Monolayer Formation at Elevated Temperature

Oligopeptide monolayers were formed by immersing gold substrates into

aqueous solutions of 2. Films were assembled at slightly elevated temperatures

(45-47°C) and from dilute solutions to encourage this strongly associative adsorbate to

form a well packed monolayer. Earlier studies have shown that concentration affects

1 26
adsorption time

.
Although monolayers form almost immediately, it may take much

longer to form well-ordered structures. In choosing dilute solution conditions, we wish

to form well-ordered monolayers devoid of kinetically trapped adsorbate.

Film thickness for the monolayer of 2 assembled on Au (1 1 1) was 15+1 A, as

measured by ellipsometry; slightly more than half the 27 A thickness anticipated for an

extended parallel (3-sheet septapeptide, assuming a 3.25 A residue repeat distance
27

. It

is not uncommon to find monolayer thickness measurements to differ from

28 90
prediction

,
especially for alkyl thiol monolayers

, but not of this magnitude. While

small changes in refractive index give varied thicknesses for alkylthiol monolayers*'
,

again the difference is minimal. We have observed a thickness of 21±2 A for a

monolayer prepared by chemisorption of octadecanethiol (ODT) on gold as a control*

and believe that the problem lies in accurately determining thin peptide films thickness

and is not due to contamination of the gold substrate. It is curious that others have

experienced similar difficulty in accurately determining film thickness of adsorbed

proteins on metal surfaces by ellipsometry.
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A loose packing density in the monolayer could lead to an error in film thickness

determined by ellipsometry28 '29
Adsorption of alkanethiols onto gold yield a

V3xV3)R30 structure with a spacing of sulfur atoms at 21.7 A232 >33which is smaller

than the area per molecule observed in either the antiparallel
34

'35or parallel
35

'36

(3-sheet structures observed for L-alanyl-L-alanyl-L-alanine (tri L-alanine), 24.68 A?

and 24.66 A2 respectively. The packing density of monolayer 2 will be different from

that of a typical alkanethiol monolayer based not only on the size of the L-alanylglycine

chain, but also, as we observed in an earlier study
12

with CH3(CH2)l6COCysOCH3

(10), on the steric requirements of the cysteine methyl ester "headgroup" which

precluded the formation of a densely packed monolayer.

It is interesting to note that determination of film thickness for monolayers of 2

on gold as measured by low angle x-ray reflectivity reveal a much thicker monolayer.

We observed an oligopeptide film that is 24 A thick. (The preparation time for self-

assembly was reduced to one hour in solution for this sample and may be a factor in the

monolayer structure formed.) To achieve this film thickness the oligopeptide, if in an

extended f3-sheet structure, must be tilted approximately 27° from the surface normal.

Ellipsometry is an indirect method, whereas x-ray reflectivity is a direct measure of film

thickness no matter what the packing density is, provided that there is sufficient electron

density contrast between the air, organic layer and substrate interfaces and the substrate

is smooth.

Advancing water contact angles were measured to determine the wetting

properties of these films. The advancing contact angle on the octadecanethiol (ODT)

1 17
control was (9a(H2O)=109±4°) ' indicating that the interface is hydrophobic, as

expected. The contact angle obtained on a monolayer film of 2 was determined to be

0a(H2O)=43±l°; water spreads more freely, as expected, for the more hydrophilic

peptide monolayer interface (Table 4.1).
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Tab,e 4.
,
Mon„,ayer Pormation Co£io„

;

, P,,m Thickness
, and^ Angle^

Monolayer Solvent

ODT

Water

Water

Concentration Temperature Contact Angle

Advancing

5 [xm

1 |im

45 -47 °C 43 ± 1°

51-56°C 109 ±4°

4.4.2 Monolayer Formation at Room Temperature

Additional studies to probe how alternate formation conditions might affect

packing density were undertaken. Monolayers were assembled from room temperature

aqueous and peptide denaturing (8 M urea) solutions. These monolayers were

characterized primarily by external reflectance infrared spectroscopy and XPS.

Entrapment of urea at the air-solid interface is expected to lower the contact angle.

There is only a 3° decrease in contact angle measurement for the monolayer prepared

from the denaturing solution, reported in Table 4.2, suggesting minimal or no urea

present in the monolayer. (The contact angle on these samples is 1
1° lower than

previously observed.) The difference in advancing and receding contact angle

measurements for water on ODT 13
is typically 12°. The hysteresis in wetting,

especially for the monolayer assembled from urea, may suggest a different packing in

monolayer 2 as compared to alkyl thiols.
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Table 4.2 Monolayer 2 Formation Conditions and Contae, Angie Measurement:

Solvent Concentration Temperature Contact Angle

Advancing Receding

Water 5 \im room temperature 34 ±4° 14 ±4°

Water 5 jim room temperature 33 ±4° 19 ±4°

8 M Urea
5 ^m room temperature 30 ±3° 13 ±3°
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4.4.3 Angle Resolved X-ray Photoelectron Spectroscopy

Figure 4.3 shows a survey spectrum collected at a 75° detector angle of a

oligopeptide monolayer. Only the expected elements S2p , Ci s , Nis and Oi s were

detected. Uvdal38 has observed two S2p peaks with the adsorption of L-cysteine on

gold in a bilayer film characteristic of only one sulfur adsorbed to the gold, the second

an unbound thiol. In all monolayers we find only the spin slit doublet, S2pl/2 and

S 2p3/2' representing a gold-thiolate species.

The atomic compositions of monolayers assembled at elevated temperature are

reported at two angles in Table 4.3 and confirm the expected inhomogeneity along the

surface normal. With the ODT control the sulfur increases with increasing angle; i.e.,

the sulfur concentration is attenuated for the ODT monolayer as reported by others
1

.

There is evidence of some oxygen contamination at the air-monolayer interface. In

monolayer 2 the atomic concentrations qualitatively exhibit the expected concentrations

for the adsorbate. Compare the observed concentrations to those expected. The carbon

concentration decreases with increasing take-off angle (TOA). At a 75° TOA , a

sampling depth of 40 A, we would anticipate detecting a signal for the entire monolayer

while at 15° TOA we might observe a signal for approximately the first 10 A or three

residues (Ac-L-Ala-Gly-L-Ala-) i.e., half layer; thus, the decreased carbon

concentration is what would be expected. In Figure 4.4 the carbon peak multiplicity for

three monolayers; monolayer 2, the control monolayer 10 constructed to study the

7
cysteine methyl ester head group interaction , and the control ODT are assigned.

XPS derived elemental concentrations of monolayers fabricated from room

temperature solutions are reported in Table 4. 4. The atomic concentrations are
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Figure 4J XPS survey spectrum of monolayer 2.
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Table 4.3 XPS Elemental Composition for Monolayers Assembled at Elevated
Temperature.

Sample

CH
3
CO-(AlaGly)

3
CysOCH3

iVXV
y.

'A

CH
3
(CH2 ) 17

SH

expected0

observed

15°TOA

75° TOA

expectedb

observed

15° TOA
75° TOA

Atomic ammunitionsCons
55.3 23.7 18.4 2.6

65.1 19.2 14.5 1.2

63.4 19.5 14.5 2.6

94.7

94.9

95.7

3.2

0.9

0.0

0.0

5.3

1.9

3.4

a. calculated elemental analysis for C J4N 7O l0S
b. calculated elemental analysis for C, BS
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Figure 4.4 XPS C
ls
spectra of monolayers on gold.
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Table 4.4 XPS Elemental Compositions for Monolayers Assembled at Room
Temperature.

Sample

CH
3
CO-(AlaGly)

3
CysOCH3

Assembled from room temperature

aqueous solution

CH
3
CO-(AlaGly)

3
CysOCH

3

Assembled from room temperature

8 M urea solution

Atomic ConcentrationsCons
expected3

55.3 23.7 18.4 2.6

observed

15° TOA 60.4 21.0 17.5 1.2

45° TOA 62.6 19.7 16.3 1.4

75° TOA 63.6 19.5 15.4 1.5

expected3 55.3 23.7 18.4 2.6

observed

15° TOA 62.4 21.1 15.6 0.9

45° TOA 62.8 20.4 15.4 1.4

75° TOA 62.7 19.1 15.9 2.3

a. calculated elemental analysis for C^N 7O tnS

comparable to those reported above in Table 4.3 for the samples prepared at elevated

temperature. Interestingly, the monolayer prepared in the presence of urea shows no

increase in nitrogen which would accompany entrapment of urea. The C/N

concentration ratio for monolayers of 2 assembled under different conditions is
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presented in Table 4.5. At 75° TOA (40 A) the atomic composition is determined for

the entire monolayer and again there does not appear to be any presence of urea.

Table 4.5 C/N Atomic Concentrations for Monolayer 2.

Aqueous, RT 8 M Urea. RT

75 ° TOA 4.1 3.9

4.4.4 External Reflectance Infrared Spectroscopy

4.4.4.1 Mid Frequency

Infrared spectroscopy has been a potent means of investigating protein structure

since the 1950's. Linear combinations of independent or normal modes of vibration

occur at specific frequencies and are characteristic of distinct functional group

adsorption. The in-plane peptide CONH vibrations in the mid-frequency region, i.e.,

the amide I and II bands, are particularly helpful. The amide I vibration is comprised

primarily of CO stretching mode39 '40 with out-of-phase CN stretching and CCN

deformation and in-plane NH bend
41

demonstrated by normal mode analysis of

N-methylacetamide, a simple trans-peptide analog. The amide II mode is an out-of-

phase combination of largely NH in-plane bending and CN stretch.

Only the components of the transition dipole moment which are perpendicular to

the metal surface are observed with reflectance spectra
42

'
43

. Thus, comparing the

relative intensities of the vibrational bands further assists in deciphering monolayer
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orientation. We have assumed a parallel 0-sheet structure for the monolayer 2 with the

oligopeptide tilted 32° to comply with the x-ray reflectivity data as shown in Figure 4.5.

Examination of the infrared spectrum of monolayer 2 (Figure 4.6) reveals that the amide

I vibration at 1675 cm ' is comparable in intensity to the amide II vibration at 1546 cm!
(The noise in the spectrum is due to the presence of water vapor in the infrared

chamber). This is clearly not the case in the bulk spectra where the amide I

predominates. Referring to Figure 4.5, it is not surprising that the amide I intensity is

reduced relative to the amide II intensity with the CO bond oriented almost parallel to

the gold surface. The alternately slanting hydrogen bonds ensure that there will be

some amide I intensity even if the sheet is normal to the gold surface. With this

orientation we would anticipate a substantial transition dipole component normal to the

surface representing the amide II vibration.

/V\'\

VvA

j-UJ

Figure 4.5 Schematic of self-assembled monolayer of 2 on gold with intrasheet

hydrogen bonding.
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Figure 4.6 FTIR spectra (mid frequency region) of monolayer 2 on gold (top) and 2

bulk (bottom).
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4.4.4.2 High Frequency

In the high frequency region of the infrared spectrum, Figure 4.7, only the

asymmetric methyl vibration at 2971 cm ' is evident in monolayer 2 suggesting that the

Ca methyl, methylene and methine hydrogens are positioned parallel to the surface,

again consistent with the proposed structure
44

In some of the models of monolayer 2

constructed in a parallel [3-sheet conformation only the terminal N-acyl methyl group is

nearly perpendicular to the metal surface. We assume that the packing densities in both

monolayers 2 and 10 are similar and are determined largely by the size of the head

group. It is interesting to note that with the addition of the three alanyl methyls in

monolayer 2 compared to 10 that there is no increase in the intensity of the methyl

vibrations at 2971 cm 1

. In the proposed structure the NH stretching should have

minimal intensity based on the proposed structure. Although we have not seen amide A

and B vibrational bands which appear at 3289 cm'
1

and 3076 cm'
1

in the bulk, we have

noted formation of ice on the detector window and discount any information from this

region of the spectrum.

4.4.4.3 Consequences of Lattice Structure

What drives the monolayer amide I vibrational band to such a high frequency at

1675 cm"
1

? One possibility is that the gold 1 1 1 lattice may force the oligopeptide to

organize in a fashion which isolates the chains or prohibits the formation of strong

hydrogen bonds, i.e. increased hydrogen-bond distances. It has been demonstrated that

even small changes to hydrogen-bond distances change force fields"^
4
and can

appreciably affect the amide I frequency as demonstrated by organizational differences

in two similar antiparallel (AP) (3-sheet structures, tri L-alanine (1641-1647 cm"
1

) and

poly(L-alanine) (1632 cm"
1 )^4

. Even in the parallel |3-sheet tripeptides L-valyl-glycyl-
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Figure 4.7 FTIR spectra (high frequency region) of monolayers of 2 and 10 on gold.
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glycine** and L-aianyi-L-aiany.-L-alanineOri L-alanine)34 where cnarged e„d groups
dominate the strnctnre and extend the tnter.or N-O hydrogen bonds to iarger distances,

the frequency does not reach 1675 cm 1

, Table 4.6.

Table 4.6 Peptide Hydrogen Bond Distances and Amide I Frequency

Peptide N-0 Hydrogen Bond Distance

P (3-sheet L-VGG46

P (3-sheet tri L-A 36

3.05 A

3.28 A

AP (3-sheet tri L-A 36

2.97 A

P = parallel; AP = antiparallel

Amide I

1645 cm-
1

1649 cm"
1

1641-1647 cm'
1

Several authors have demonstrated that oligo and polypeptides with comparable

amino acid composition can form antiparallel or parallel (3-sheet structures with

appropriate dimensions. Krejchi et al.
21

observed the formation of AP (3-structure with

poly[(AlaGly)3GluGly)] n ,
having a 4.74 A distance between hydrogen-bond chains and

in the parallel (3-sheet oligopeptide, L-valyl-glycyl-glycine, the distance was found to be

4.8 A46 . It would appear that the gold lattice spacing accessed by alkylthiols (4.99 A)

would amply accommodate these hydrogen-bonded (3-sheet structures. Secondly, the

narrow band width of the amide I vibration argues against formation of a monolayer

where the molecules are positioned at inappropriate distances to allow the formation of

well ordered hydrogen-bonded chains. Considering intrasheet distances observed in
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similar peptides, it is conceivable that the oligopeptide could adsorb on gold and

successfully form monolayers with {3-sheet like structure.

4.4.4.4 Monolayer Structure

That frequency can be related to conformation47 has greatly facilitated the

understanding of peptide tertiary structure. In monolayer 2, however, the amide I and II

frequencies are inconsistent with assignments for a, (3, or random peptide structures
48

,

a parallel (3-structure, envisioned for this monolayer, or the more recently examined

oligopeptides listed in Table 4. 7.

Table 4.7 Amide I and Amide II Vibrations in Parallel (3 Structures.

Sample Amide I Amide II

monolayer 2 1675 cm'
1

1546 cm"
1

parallel (3-polypeptide
48 1630 cm"

1

1530 cm"
1

parallel (3 tri L-A 35 1649 cm'
1

1525 cm"
1

parallel (3 L-VGG45 1645 cm"
1

1543 cm"
1

calculated parallel (3 poly(L-alanine)
49 1642 cm"

1

1553 cm"
1

A calculation by Bandekar and Krimm may explain the frequency-structure

inconsistency. They determined by calculating normal modes for a parallel-chain
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pleated structure of P poly(L-alanine) that both sheet arrangement and intersheet

separation affect the amide I frequency. In this study** the sheet separation was varied

from 5 to 17 A for the parallel
(3 Poly(L-alanine). The calculated dominant vibrational

frequency is given in Table 4.8 for three intersheet distances. For "parallel sheets and

an intersheet separation of 5.3 A (comparable to that in an antiparallel

P-poly(L-alanine))" the amide I vibrations would occur at 1669 cm 1

(strong Raman

band) and 1677 cm ' (strong infrared band) 45
similar to the frequency observed for

monolayer 2. An examination of intersheet distances for oligo and polypeptides with

similar amino acid composition are given in Table 4. 9. Clearly, a 5.3-5.4 A intersheet

distance could be anticipated for oligopeptide 2.

Table 4.8 Dependence of Amide I Vibrations on Intersheet Separation for Parallel p
Structures

46
.

Intersheet Distance Amide I Frequency

5 A 1679 cm"
1

6 A 1672 cm"
1

7 A 1671cm" 1
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Table 4.9 Intersheet Distance Observed in Polypeptides

Peptide
Intersheet Distance

APPpoly(L-AG) 50 5.4 A

APPpoly(L-alanine) 51 5.3 A

APPpoly((AG)3EG) 21 5.3 A

AP |3 poly(G)
52

3.4 A

AP silk fibroin
53

7.9 A

P P L-VGG46 10.623 A*

P (3 tri L-A35 10.004 A*

* 2 sheets in unit cell; AP = antjparallel; P = parallel

Bandekar and KrimnTy state that the amide II mode would be insensitive to

sheet packing, but remain sensitive to hydrogen bond geometry. For the parallel-chain

pleated structure of p poly(L-alanine) the amide II vibration was predicted at 1553 cm 1

.

The observed frequency for monolayer 2 appears at 1546 cm"
1

.

In this study
49

Bandekar and Krimm suggest a possible explanation for the

observed amide I and II peak positions befitting the (L-Ala-Gly)
3 oligopeptide chain.

The organization of the oligopeptide chain is a strong driving force for the monolayer

structure, yet the structure isn't limited to the interactions of the oligopeptide chain.

One must consider the interaction between the gold surface and the cysteine thiol, as

well as, the size the cysteinyl head group, both can effect monolayer packing.

Inferring from the thickness measurements (ellipsometry and x-ray reflectivity),

the oligopeptide chains must tilt some to achieve a close packed architecture. The

extent of tilt remains unresolved. Do the chains tilt in a P-sheet like structure or do

85



narrow
chains randomly collapse to form a more densely packed structure? The

bandwidth, compared to the bulk spectrum, would suggest that the monolayer structure

48
isn't random

.
(The presence of water vapor, clearly confounds the measurement of

bandwidth in Figure 4.6. In section 4.4.4.6 the line shape and bandwidth are readily

discernible.) It is not possible to precisely define the structure in monolayer 2. We can

say that the organization in monolayer 10 , where the cysteinyl head group-gold

interaction was probed, is different than in monolayer 2 based on peak position (1681

1

2

and 1536 cm"
1

) , intensity and line shape of the amide I and II bands.

Monolayers with an amide functionality incorporated into the adsorbate have

appeared in the literature
1

1

' 13 ' 15
. The amide I band either appears weakly at 1640-

1650 cm"
1

or not at all, unlike monolayer 2. More recently, in a study to affect tilt angle

and packing of branched thiols, Chechik et al.
54

studied the formation of monolayers

wherein the thiolate contained "complementary hydrogen bond donors/acceptors in the

alkyl chain". The amide I and amide II vibrations occur at 1670 and 1546 cm"
1

respectively with the amide II band predominant similar to what was observed in

monolayer 2.

4.4.4.5 Methyl ester

The conformation of the head group functionality was addressed with a simpler

model earlier . Based on the methyl ester carbonyl stretching vibration (1748 cm"
1

)

the carbonyl remains isolated in this monolayer and is not in a hydrogen bonding

environment.
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4.4.4.6 Temperature Study

The amide I and amide II vibrations appear at the essentially the same

frequencies observed in the elevated temperature studies of monolayer 2, 1675 and 1546

cm 1

.
The only difference in the monolayers prepared from room temperature solutions,

is a slight increase in intensity of the amide I band relative to the monolayer formed at

elevated temperature. This change would suggest a concomitant small conformational

change in monolayers prepared from lower temperature solutions. More importantly no

urea is incorporated into the monolayer prepared under denaturing conditions (no peak

observed at 1599 cm 1

). The amide I and II bandwidths are narrow compared to the

bulk spectrum and the line shape is quite symmetrical denoting an ordered monolayer.

The ester, amide I and amide II infrared assignments for monolayers of 2 prepared

under various conditions are reported in Figure 4.8 and Table 4.10.
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Figure 4.8 FTIR spectra (mid frequency region) of monolayer 2 on gold assembled
from RT aqueous solution (a), 8 M urea (b) and in bulk (c).
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Table 4. 10 Infrared Assignments for Monolayer 2 at Various Preparation Conditions

Sample
Ester Amide I Amide II

Bulk
1745 cm" 1

1626 cm' 1

1540 cm"
1

Monolayer 46° C, aqueous 1747 cm- 1

1675 cm'
1

1546 cm"
1

Monolayer RT, aqueous 1743 cm"
1

1674 cm"
1

1546 cm" 1

Monolayer RT, aqueous 1745 cm" 1

1674 cm' 1

1544 cm'
1

Monolayer RT, 8 M urea 1744 cm'
1

1675 cm"
1

1547 cm'
1
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4.5 Conclusion

was

contact

We have continued to explore a novel approach to the formation of monolayers

with the potential for development of uniquely stable films exploiting the potency of

hydrogen bonding. An oligopeptide model compound, CH30(AlaGly)3CysOCH3,

synthesized by traditional peptide synthesis and assembled under different solution

conditions. Monolayers were characterized via ellipsometry, x-ray reflectivity,

angle, x-ray photoelectron spectroscopy and vibrational spectroscopy and appear to

have similar monolayer structures. X-ray photoelectron spectroscopy confirms that the

oligopeptide chemisorbs to gold via the cysteine thiol and successfully forms

monolayers. Film thicknesses (from ellipsometry and x-ray reflectivity) indicate that to

achieve a close packed architecture the oligopeptide chains are forced to tilt. The extent

of tilt remains unresolved. Factors that can influence the packing density in monolayer

2 are conformation and packing of the oligopeptide chain, the gold-cysteine thiol

interaction, as well as, the size of the head group functionality. The infrared data

demonstrates that the oligopeptide tertiary structure in monolayer 2 is different than

what is typically seen in peptide structures. The implication is that the gold (111)

surface forces an uncharacteristic peptide packing. This work demonstrates that

oligopeptides can form monolayers and indicates the potential for assembling

polypeptide monolayers and ultimately that these peptide assemblies could be exploited

as sensors, catalysts or biomaterials.
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APPENDIX A

ELEMENT ANALYSIS CALCULATED FOR FOUND
C22H24N2O4S

c
H
N
S

61.66 61 69

Ha 5,62
6

-
54 6.32

7
-48 7.6O

Figure A.l 300-MHz *H NMR spectra in CDCI3 of FMOC-Cys(acm)-OMe.
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Element Analysis Calculated for found
C25H48N2O4S

c 63.52
H 10.23
N 5.97
S 6.78

63.46

10.33

5.90

6.79

Figure A.2 300-MHz l H NMR spectra in CDCI3 of H35Ci7CO-Cys(acm)-OMe.
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Figure A.3 300-MHz lH NMR spectra in CDCI3 of H35CnCO-Cys-OMe.
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Figure A.4 Solid state IR spectra (KBr) of H35Ci7CO-Cys-OMe.
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APPENDIX B

Analysis Calculated for Found
C18H16NO3CI

I
. 1 !- . » | 1 1 . . j . . y t

T
t t . . 1 . . . . ; T -w t t t-

T
-r t f t | t-t t~t -T-r---r-p | t | t 1 ,, .

7.0 6.0 5.0 1.0 3.0 2.0 1.0 0.0

ppm

Figure B.l 300-MHz ] H NMR spectra in CDCI3 of FMOC-Ala-Cl.
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Figure B.2 Solid state IR spectra (KBr) of FMOC-Ala-Cl.
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c
H
N

Analysis Calculated for Found
C24H28N2O5

67.91

6.65

6.60

67.87

6.72

6.47

TTTT T-T-rr

10
TT~I I T I T

ppm

Figure B.3 300-MHz lH NMR spectra in CDCI3 of FMOC-AlaGIy-OtBu.
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Figure B.4 Solid state IR spectra (KBr) of FMOC-AlaGly-OtBu.
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ELEMENT ANALYSIS CALCULATED FOR FOUND
C29H36N4O7

£ 63.03

N 10.14

63.00

6.71

10.09

10

1 1 1 t 1 1 1 1
1 r 1 1 1 1 1 r 1 1 1

4

1 1 1 1 t 1 1 1 1 t I 1 ' T I I T T T I f

ppm

re B.5 300-MHz {
ll NMR spectra in DMSO of FMOC-(AlaGly)2-OtBu
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Figure B.6 Solid state IR spectra (KBr) of FM0C-(MaGly)2-0tBu.
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Element

c
H
N
S

Analysis Calculated for
C27H32N4O7S

58.30

5.79

10.07

5.76

Found

58.40

5.70

9.86

5.56

/

f g O CH3 • O H2i

g 0

g

H,0

DMSO

1 ' ''' r 1 1 1 1
1

1 1 1 1 1 i 1 i 1 1 1 1 1 1

j

1 i t i 1 1 1

10 8

MllllirilTTT! 1
' '

1
' '

1 1 1
' I 1

J
T

' ' ' 1 ' 1 '
I

I I I I I

J

1 I I I I r I I I "I T I I T T1 I I 1 T T

4 2 0

ppm

Figure B.7 300-MHz lU NMR spectra in DMSO of FMOC-AlaGlyCys(acm)-OMe,
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Figure B.8 Solid state IR spectra (KBr) of FMOC-AlaGlyCys(acm)-OMe.
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Figure B.9 300-MHz lH NMR spectra in DMSO of FMOC-(AlaGly)3Cys(acm)-OMe.
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Figure B.10 300-MHz lU NMR spectra in DMSO of Ac-(AlaGly)3Cys(acm)-OMe.
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Figure B.l 1 300-MHz *H NMR spectra in DMSO of Ac-(AlaGly)3Cys-OMe.
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Figure B.12 Solid state IR spectra (KBr) of Ac-(AlaGly)3Cys-OMe.
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