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The network formation in trialkoxysilane monolayers at the air-water interface

has been the focus of contention over the years. While it can be intuitively assumed that a

network architecture is feasible, it is likely that the cross-linking in a 2D geometry may

not be as effective as in the bulk due to the geometrical restrictions around the silane

functional group. This work attempts to address this issue by investigating the surface

behavior and dynamics of film formation in a reacting n-octadecyltrimethoxysilane

(OTMS) monolayer system at the air-water interface.

Monolayer studies of OTMS showed that it forms a stable monolayer at the air-

water interface. When spread on an acidic subphase, a hydrolysis reaction is initiated and

observed to follow a general acid-catalyzed first-order kinetics. The subsequent conden-

sation reactions result in a cross-linked product, as determined from surface rheological

experiments consisting of compressional modulus and viscosity measurements. The re-

sults of rheological experiments also showed that the cross-linked product exhibited gross

xvi



behavior similar to a percolating network although the scaling behavior is different from

that of the ideal system. Subsequent Brewster angle microscopy determined that the net-

work architecture in this system is loose and dominated by linear segments.

Real time grazing incidence x-ray diffraction (GIXD) studies have shown that

OTMS monolayer self-assembles into small domains showing characteristic in-plane or-

dering of close-packed alkyl chains in a hexagonal lattice. Further GIXD investigations

have shown that the short-range positional ordering between the alkyl chains does not

significantly change during the course of the reaction.

Overall, the study showed that the network formation is possible in this system al-

though the creation of network junctions is indeed frustrated and inefficient. Considering

the results from rheology and x-ray studies, it is speculated that the network junctions are

found in the amorphous region and that the ordered domains are primarily made of linear

segments and partially reacted OTMS.
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CHAPTER 1

INTRODUCTION

The original motivation of this work was to investigate the surface behavior of an

alkylalkoxysilanes surfactant, especially its behavior in the quasi-two-dimensional envi-

ronment of a planar air-aqueous monolayer. Alkylalkoxysilane compounds have excellent

adsorption to various substrates and therefore are most often used to modify surface

properties of materials for various applications. For example, Finnie et al. used docosyl-

trichlorosilane compound to mask the surface of silicon to act as a chemical etch resist.
1

A similar application was undertaken by Zheng et al., in which the surface of a silicon

2
substrate was modified by an alkylsilane prior to selective electrochemical etching.

It would be interesting to correlate the results obtained from these monolayer

studies to those of the curved interfaces of emulsions and microemulsions as applied to

the preparation of core-shell particles. This class of particulate system designed to have a

soft core and a hard silicate shell has promising applications as nanoscale vehicles for

chemical delivery and recovery.

The method of preparing the core-shell particles would start with the alkylalkoxy-

silanes being dispersed in an oil/water mixture to create emulsion droplets. In this

scheme, the alkoxysilane functional group is expected to be at the oil-water interface

while the alkyl groups would be solubilized within the oil core. By polymerizing the

alkoxysilane groups, the droplets are expected to be stabilized against coalescence and

phase separation.



2

The above-described process should depend greatly on the extent of polymeriza-

tion of the alkoxysilane groups. Thus, one aspect of this work is laid out.

Another interest that has motivated this work is the mechanism of formation of

alkoxysilane self-assembled monolayers (SAM) on metal oxide surfaces. Several re-

searchers
3 '7

have investigated these phenomena in detail and the plausible mechanism

involves the formation of a Langmuir monolayer-like intermediate that eventually gets

adsorbed to the oxide surface. Hence, by spreading alkoxysilanes at the air-water inter-

face, it might be possible to investigate the intrinsic mechanism involved in the lateral

growth of these types of SAM.

In the succeeding chapters, a thorough discussion on the various aspects of this

work will be presented. A discussion on the nature of Langmuir films is given in Chapter

2. This chapter also covers some historical background as well as a review of recent lit-

erature on the area.

Experimental instrumentation and various characterization techniques are the top-

ics of Chapter 3. The discussion is divided into three main sections encompassing basic

isotherm measurements, rheological measurements as applied to monolayers, and finally

techniques to characterize morphology and structure in Langmuir monolayers. Emphasis

is given to techniques that are significant to this work although certain alternative and

complementary techniques are also discussed to broaden the background on the topic.

Chapter 4 is the first of two parts where actual experimental results are discussed.

It is in this chapter that the chemistry and surface behavior of alkoxysilanes will be ad-

dressed. A discussion on surface viscometry and on the determination of instantaneous

compressibility modulus in a reacting monolayer is explored.
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Chapter 5 is the other half of the results and discussion section and covers mostly

x-ray diffraction work done at the Advanced Photon Source at Argonne National Labora-

tories. This particular section arose after recognizing the significance of x-ray structural

studies towards understanding the mechanism of film growth in the monolayers.

Finally, Chapter 6 presents a summary of this work and recommendations for fu-

ture work.



CHAPTER 2

LANGMUIR MONOLAYERS: STRUCTURE AND PHASE BEHAVIOR

The phenomenon of monolayer adsorption of surface-active molecules at the air-

water interface had been noted since about 100 A.D. during the times of Pliny the Elder

and Plutarch. Dynarowicz-Latka et al. describes some ancient references to oil film

spreading on water. 9

Surface-active molecules are usually lipids, fatty acids and proteins but they can

also be any molecules with polar functional group at one end attached to a substantially

non-polar moiety. Generally, these molecules are called surfactants, because of their sur-

face activity or amphiphiles due to their dual hydrophilic and lipophilic character. In rare

instances, these compounds are also called by these names: association colloids; colloidal

electrolytes; paraffin chain salts; and tensides.

The historical background related to Langmuir monolayers at the air/water inter-

face is discussed in various books, including those of Gaines,
10

Davis and Rideal,
11

Adam, 12
and many others. Several other related books also cover this topic along with an

extensive discussion of Langmuir-Blodgett films, the term that applies to Langmuir films

that have been transferred on to solid substrates.
13 ' 15

The first reported scientific study of “oily films” on water was made by Benjamin

Franklin in 1774.
16
Based on the simple estimate of the area covered by a given amount

of oil, he concluded that the film is monomolecularly thick. Centuries later in 1917,

Langmuir
17

developed a theoretical framework and experimental methods to investigate

the behavior of insoluble monolayers. His work was recognized with the 1932 Nobel

4
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Prize in Chemistry and was the basis of numerous subsequent studies in the intervening

decades.

Other significant works related to this area are summarized in the table below.

Table 2-1. Important seminal works in Langmuir and Langmuir-Blodgett research

1891 Agnes Pockels
18

described a method of manipulating oil films on wa-

ter.

1899 Lord Rayleigh
19
proposed that the films were only one molecule thick.

1912 Hardy
20 ' 21

noted that only oil with polar functional groups will spread

on water.

1913 Devaux
22

speculated that films behave both as liquid and solid.

1916 Langmuir
23

published papers responsible for laying out the scientific

foundation of monolayer films

1919 Blodgett
24

transferred monolayer films to solid substrates; work was

not published until 1935

1941-1945 Harkins and Copeland;
25

Stallberg-Stenhagen and Stenhagen;
26

and

Adam; 12
published seminal works on the phase transitions in

monolayers

1987 Dutta et al.
27
and Kjaer et al.

28
elucidated the structure of the various

condensed phases found in monolayer films

1995 Kaganer and Loginov
29

elaborated on the theoretical basis of phase

transitions in monolayers

Recent interest in organic thin films has been revitalized by the discovery of new

surface-active materials and development of new methods in studying the properties and

dynamics of these materials. There has also been the emergence of technologies requiring

these techniques, and these are described in the latter part of this chapter.

Interfacial Phenomenon and Thermodynamics

The boundary between two phases, a transition region of steadily varying compo-

sition and properties, has been described by Langmuir as a very thin region of no more

than one to two molecules thick.
17,23

The molecules lying in this region behave differently

than those in the bulk. Molecules in the bulk have forces distributed isotropically around



6

them; those at the interface encounter a net cohesive force that tends to draw them toward

the interior. This condition is depicted in Figure 2-1 below. The cohesive force tends to

minimize the surface area of the interface and is responsible for the formation of near

spherical-shaped droplets as commonly observed in dispersions. This cohesive force has

been originally referred to by Langmuir
30

and independently by Harkins
31,32

as the sur-

face tension or interfacial tension of the liquid.

Figure 2-1. Forces (indicated by arrows) acting on molecules in the bulk and at the inte-

face. Adapted from Tadros.
33

The concept of surface tension in liquids is conveniently illustrated by a practical

experiment described by Gibbs and more recently by Chattoraj and Birdi.
34

Consider a thin liquid film {see Figure 2-2) confined in a wire frame with area

A = wx l and being stretched by dl with a forcef The work done by the extension corres-

ponds to a change in surface energy ydA. That is,

fdl = ydA 2-1

or

Y = /
df

dA

\

where dx is the displacement involved in the work and dA is the resulting area change in
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the film. The quantity y represents surface tension and has the dimensions offorce per

unit length ofsurface. Usually, the surface tension takes the units of dynes/cm or mN/m,

which have equal numerical values. In certain instances, the unit energy per unit area

such as joules per square meter (J/m
2

) is also used.

v 1

<
dl

Figure 2-2. Surface film confined in a wire frame.

A full treatment of surface and interfacial thermodynamics was thoroughly inves-

tigated by Gibbs et al.
35

and Guggenheim.
36
The mathematical models adapted by Gibbs

et al. and Guggenheim both consist of geometrical surfaces representing the phase

boundaries of the bulk material and the vapor phase above it. What distinguishes the two

approaches from each other is the presence of an interfacial region in Guggenheim’s for-

mulation that is nonexistent in the model by Gibbs et al. In essence, Guggenheim’s model

approaches a real system better than that adapted by Gibbs et al.

For any homogenous system at equilibrium, the internal energy is a function of

the independent variables S, V and n, representing entropy, volume, and molar number,

respectively.

U = U(S,V,n
)

2-2

(dU\ fdU

^

dS +
V dS J v „ \dVj

St „

dV +
'dU\

V 5/1 Js v

dndU = 2-3
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dU = TdS - PdV +£ n,dn
t

2-4

/

In Guggenheim’s approach, the internal energy for the surface layer 5 lying at the

interface has a fundamental form similar to that of a homogeneous phase. The only modi-

fication is the inclusion of a ydA term that accounts for the work due to surface expan-

sion. That is,

dU s = TdS
s - pdV s

+ ydA + ^_] nfn] .
2-5

i

and the Gibbs function is

dG s = -S sdT + V sdP - Ady + ^/u.dn* 2-6

I

Since the system variables S, U, V, and n are linear sums of the contributions from

each component of the system, they can be represented by the following equations

S' =s v
+ S' +ss 2-7

u‘ =u v +u' +u s 2-8

v‘ =v v
+ v'+v s 2-9

n‘ = n
v
+ n

l + n
s 2-10

where the t, v, /, and s represents system, vapor, liquid and surface phases. It can be

shown that for a planar boundary, the value of yA is invariant.

If the interfacial layer has negligible thickness, i.e., V
s=0 and the phase boundary

is made to coincide in a single surface called the Gibbs geometrical surface, then the

Guggenheim formulation reduces to that of Gibbs’:

dG s = -SsdT - Ady + 2-11

The resulting Gibbs-Duhem relation,
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S
sdT + Ady + '£

j
n

s

i
dju

i
= 0 2-12

gives the dependence of surface tension on the temperature and the chemical potentials of

the components. It follows that at constant temperature and composition

r
v dA JT

2-13

At the interface, the quantity surface pressure n is defined as

n = y-y0
2-14

where y is the measured surface tension at the surface and y„ is the surface tension of the

pure liquid.

Structure of Langmuir Films

The formation of insoluble monolayers is strongly influenced by the way the

molecules pack together, their molecular weight and a suitable balance of the lipophilic-

hydrophilic properties of the molecule. A delicate balance of intermolecular repulsive and

attractive forces between the amphiphiles themselves is also important.

As has been noted by Hardy, molecules consisting of hydrophobic and hydro-

philic parts are able to form monolayers, and the hydrophilic part must be oriented to-

wards the water surface for the spreading to occur. ' Adam in his book outlined a

classification of different hydrophilic head groups in aliphatic compounds in terms of

their “effectiveness” in providing interaction with water. In this classification, halo-

genated compounds and pure hydrocarbons are categorized as “very weak” while alco-

hols, carboxylic acids, amines and other polar functional groups are categorized as

“strong.” Highly ionizable functional groups such as quaternary amines, phosphates and

sulfates are ranked as “very strong.”
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General Description

Pockels
18
was first to illustrate the effect of a small amount of oil on the surface

tension of water. At very small amounts of oil, no apparent effect was observed until a

certain specific amount of oil per unit area is reached, at which point the surface tension

is observed to change abruptly. It was not until Langmuir in 1917 published his classic

paper, “The Constitution and Fundamental Properties of Solids and Liquids,” that the

significance of this phenomenon was understood.
17
Langmuir described that upon spread-

ing, the adsorbed molecules behave as a perfect gas at very large molecular areas. In this

state, the free energy of the surface (i.e., surface tension) is unchanged. As the area is re-

duced, the film transforms into a liquid, and then to a solid as the area is further reduced.

Langmuir also suggested that the solid-like phase corresponds to packed-molecules

standing upright, with the hydrophilic ends being “dissolved” in the water subphase. As

the compression of the amphiphile is continued, Langmuir proposed the solid phase col-

lapses into multi-layered, three-dimensional structures.

Figure 1-3 shows a generalized isotherm illustrating the different monolayer

phases as originally suggested by Langmuir. The area in which the straight segment at

high surface pressure is extrapolated to ordinate axis is denoted by Aa ,
a characteristic of

the film-forming material. For most carboxylic acids and alcohols with unsaturated alkyl

chains, the packing is unhindered and this area corresponds to closest packing of the

molecules.
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Figure 2-3. Generalized Yl-A isotherm of a Langmuir monolayer as proposed by Lang-

muir. Inset is an expanded view of the region in the isotherm where the gaseous to liquid

transition occurs.

From Equations 2-11 and 2-14,

van. P,T

= A 2-15

Hence, the plateau regions correspond to a first-order phase transition according

to the Ehrenfest classification,
37

showing a discontinous change of area at constant pres-

sure and temperature.

The existence of a “solid” phase in the isotherm was supported by Adam’s ob-

servation that the compressibility of the film in this region compares favorably with

io

analogous materials in the bulk. Also analogous to materials in the bulk, Miyano et al.

was able to show that during stress relaxation experiments, the “solid” phase manifests an
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elastic deformation and shows residual stress. The “liquid phase,” on the other hand, re-

laxes completely, leaving no residual stress in the film regardless of its viscosity.

Condensed Phases

In the succeeding years, broadened discussions of the phase transitions occurring

in adsorbed monolayers were introduced. Harkins
25

suggested that for the case of oleic

acid and other amphiphiles in which there is no clear liquid to solid phase transition,

films compressed at higher surface pressure should be described as liquid condensed (L2)

and that the corresponding film formed at lower surface pressure should be termed as liq-

uid expanded (Z,/). The driving mechanism for the first order liquid-liquid transition

arises from a competition between the conformational entropy of the chains, which stabi-

lizes the expanded phase, and a tendency to parallel alignment, which stabilizes the con-

densed phase. The importance of the conformational entropy for the transition had al-

ready been demonstrated by experiments of Barton et al.: if one reduces the chain flexi-

bility by substituting for hydrogen with fluorine, the liquid expanded phase will disap-

pear.
39

Later, Harkins also introduced the idea of an intermediate (7) phase as a transition

between L2 and L/.
25

Unlike the distinctive first-order gas liquid transition, the Li I

and 1 Li transitions are very unclear. Harkins described that the L/ i* / transition re-

sembles that for a first-order change except that the transition on the Yl-A diagram is not

entirely abrupt and the surface pressure does not remain constant as the area is reduced.

The subsequent I ±> L2 transition was described by Harkins as a possible third- or sec-

ond-order. However, Gaines argued that it is a kinetic artifact and is not an equilibrium

state.
40

Lifschitz argued that the intermediate phase is a metastable state since it violates
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the symmetry principles of higher order transitions.
41

Following on Harkins’ work, Stall-

berg-Stenhagen studied the Tl-A isotherms of behenic acids with varying temperatures.

As previously suggested by Harkins and Copeland
23

and confirmed by Stallberg-

Stenhagen, a superliquid phase was found at a lower molecular area than the L2 phase.

This phase transition is deduced from the decrease in viscosity and film rigidity in this

state.
26
The phase designation was in agreement with Lundquist’s later assignment for the

long-chain acetates.
42 More detailed inspection of the isotherm also revealed another liq-

uid phase, labeled as L2 \ at slightly lower molecular area. The more compressed

monolayer state revealed the solid phases S and CS. The successive LS S and S ** CS

transitions have been suggested to be second order but the corresponding L2 ^ CS and

L2
’

<=> CS transitions are definitely first-order.

With the introduction of newer microscopic and spectroscopic characterization

techniques, the phase behavior of Langmuir monolayers has been elucidated in more de-

tail. In the first attempt to visualize phase transformations involving electron microscopy,

the variation of surface film density was noted to correspond to changes in surface pres-

sure
43

and that multilayer films show close-packed structures in a hexagonal lattice.
44

Teissie,
45

McConnell and coworkers,
46 '48

and Losche and coworkers
49 '50

introduced the

epifluorescence microscopy (EFM) technique as a means of investigating Langmuir

monolayers in situ. By using a fluorescent monolayer material or the addition of a minute

amount of a fluorescent probe (< 1 mole%) in the spread monolayer, the phase transition

is visualized due to different solubility, orientation or density of probes in the various

phases.
49

Losche et al. pointed out several inconsistencies with von Tschamer’s results to

theirs and those of Albrecht et al.
51

and Cadenhead et al.
52

. One of these inconsistencies is
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von Tschamer’s suggestion that the liquid expanded phase Li is a two-phase region.

Losche et al. found no evidence of such inhomogeneity in this phase and suggested that

the discrepancies are most probably due to different preparation technique of the mono-

layer.

At pressures where the monolayer starts to form a highly condensed phase, the

fluorescence microscopy technique tends to be ineffective as a tool to characterize phase

behavior. Aside from the fact that it is resolution-limited typical of microscopic tech-

niques, the ability of EFM to visualize phase domains becomes limited by the diffusion

and solubility in the condensed phase of the fluorescence probe. To circumvent these

limitations, a new microscopic technique was developed by the groups of Mobius and

Meunier.

54
The new technique is based on the alteration of the Brewster angle condition

(hence the name Brewster Angle Microscopy or BAM) of the air-water interface in the

presence of a thin film. This resulted in the direct observation of additional phases in the

condensed phase without the addition of any probe that might cause experimental artifact.

For example, Overbeck and Mobius has shown the existence of a phase transition within

the L2 phase (later to be known as the Ov phase) that was previously undetected from iso-

therm measurements and fluorescence microscopy.

55
Later, Lautz and coworkers devel-

oped a Brewster-angle microscopy coupled with autocorrelation technique that is capable

of accurately detecting molecular tilt and orientation .

56 '60

As a complementary technique to both EFM and BAM techniques, several others

have developed methods based on infrared reflection-absorption spectroscopy.

61
The ob-

served IR frequencies, mainly the hydrocarbon CH2 symmetric and antisymmetric

stretching modes, for films of amphiphilic species provide information about the confor-
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mational states of the hydrocarbon chains and the hydrogen bonding and ionization states

of the polar head groups, under conditions of controlled surface pressure.
62

Detailed con-

sideration of the reflection-absorption properties of the three-phase (air-monolayer-water)

system can give an insight on the molecular orientation in the various phases. This tech-

nique has been exploited by the Baekmark group
63 '65

to study the mushroom-to-polymer

brush transformation in lipopolymers; and by Buontempo and Rice in looking at the tilt-

ing transition as the surface pressure increases.
66

Molecular Packing

No direct and quantitative proof regarding the structure of Langmuir monolayers

has been obtained experimentally until in 1987 when scattering measurements using

high-intensity x-ray from a synchrotron source were done by Dutta et al. and Kjaer et

al.
28
They successfully obtained structural information from a monolayer at the air-water

interface and showed that the monolayer does indeed form organized domains with a

characteristic 2D-powder diffraction pattern. Lin et al.
67

showed that the lattice packing

of the alkyl chains for a C21 fatty acid is a distorted hexagon and that the molecules them-

selves undergo a tilting transition as an intermediate process towards a fully vertical state

in the S phase, referred to as A ’

phase by Lin. At least two types of tilting have been de-

termined: a tilt towards the nearest neighbor (AW) in the lattice or towards the next-

nearest neighbor (NNN).

At the LS phase, Shih et al.
68

described phases that are analogous to the rotator

phase
69

in the lamellar structure in bulk paraffins. In these phases termed Rotator I and

Rotator II by Shih et al., the hydrogen atoms along the alkyl chains are thought to be fro-

zen in a random orientation or that the entire molecule can freely rotate around its long

axis. Although the analogy has been put in doubt by Sirota,
70

the existence of well de-
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fined structures in these “liquid” phases is well established. It has also been established

that the translational degree of freedom is the same as that in the “solid” phase. Hence,

the use of the term liquid condensed and solid to describe the less compressible region of

the isotherm has been discouraged, most recently by Kaganer et al.
71
As recommended by

Kaganer et al., these regions should be labeled simply as condensed. Kaganer et al. fur-

ther suggested that that the condensed regions of the isotherms be distinguished by sim-

ply calling them tilted condensed and untilted condensed.

Table 2-2. Monolayer condensed phases and deduced molecular tilts and lattice cell dis-
7

1

tortion. Adapted from Kaganer et al.

Harkins, Adam,

Stallberg-

Stenhagen, Lund-

quist

L, l2 l2
‘ LS s cs

Kaganer L2d L2h Ov l2
’ l2

” LS s cs
Azimuth of tilt NN NN NNN NNN NN U u u
Azimuth of unit cell

distortion (normal

to chains)

U NNN U NN NN u NN NN

NN= tilt or distortion to the nearest-neighbor molecule; NNN -

neighbor; U= untilted or undistorted hexagonal

to the next-nearest

Table 2-2 shows the classical phase nomenclature as originally suggested by Har-

kins and the deduced molecular tilts of the molecules in these states. The L2d and L2h

phases ’ are subdivisions of the well-known L2 phase, distinguished only by symmetry

difference: the L2h is a rotator phase whereas L2d is not and is characterized by a posi-

tional order.

Kaganer also suggested the classification of the phase transition in the condensed

region into three main groups of phase transitions:

(i) between an isotropic and anisotropic phase (e.g., L2 ’ LS, L2 LS)
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(ii) between highly anisotropic tilted phase and a weakly anisotropic untilted

phase (e.g., Z/ CS,L2
’ S)

(iii) between two anisotropic phases with approximately the same degree of

anisotropy (e.g., L2 Ov, S CS).

Analogous Liquid Crystal Smectic Structures

As the structure of amphiphiles became known, an analogy with thin films of liq-

uid crystals (LCs) was established.
73,74

Not only that they exhibit molecular ordering

characteristic of LCs, but monolayers have also been shown to have optical textures simi-

7S lf\

lar to those in smectics.
’

The smectic phase in LCs have the characteristic long-range order in which the

molecules align themselves in layers (see Figure 2-4). A single layer of this structure re-

sembles the mesophase structure in Langmuir monolayers in that they both have some

positional correlation in two dimensions in addition to orientational ordering. Compari-

son between specific structures in monolayers and LC smectics is provided in Table 2-3.

The isotropic liquid expanded or L 1 phase is analogous to a smectic-A (SA ) where

the centers of gravity of the molecules are ordered at random in a liquid-like fashion. In

addition, they have considerable freedom of translation and of rotation around their prin-

cipal axis. Schwartz et al.
77

noted that low-density, inhomegenous films in the L2 and L2
’

78
show diffraction patterns similar to the tilted smectic-I (Si) and smectic-F (S» phases.

The LS phase is characterized by an untilted hexatic structure which may have rotator

phase properties and is similar to the hexatic LC smectic-BH (Sbh) phase.
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Figure 2-4. A bilayer of liquid crystal molecules represented by rigid rods in the smectic

phase. The molecules have an average molecular orientation that is normal to the pseudo-

surface dividing the layers. Adapted from Singh.
79

73 77
Table 2-3. Comparison between monolayer phases and LC smectic phases ’

Monolayer phase State Related LC phase

G Gas no eauivalent

L, Isotropic 2D liquid Sa

Li’ Mesophase Si.

l2 Mesophase s,

Li’ Mesophase SF

L2 Mesophase Sh

l2
”

Undetermined (Sk)

LS Mesophase Sbh

S Mesophase Se

cs True 2D Crystal no equivalent

The phase transition in docosaoic acid has been investigated and the resulting

phase diagram is shown in Figure 2-5 below.
80

Direct comparison with LC smectic

phases have been made based on x-ray studies.
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smectic phases. The figure also shows the local structure of the monolayer, viewed from

the top and the side, as deduced from x-ray studies. From Peterson.
80

Dependence on Environmental Effects and Molecular Structure of Phase Diagrams

The Principle of Corresponding States

Devaux initially showed that the phase transitions observed during compression

and decompression can also be induced by changing the temperature. Similar to 3-

dimensional materials, condensed and crystalline phases were observed at high pressures

and low temperature while low-density phases are observed at low pressures and high

temperature. Later, Stallberg-Stenhagen and Stenhagen found that the temperatures at

26
which the various transitions occur are raised by about 5°C for each added CH2 group.

Bibo and Peterson confirmed this observation in their studies of homologous series of

aliphatic acids.
81

Peterson later introduced the principle of corresponding states to ac-

count for the identical molecular packings in different monolayer materials, albeit at dif-

ferent surface pressures and temperature.
80

This idea was originally discussed in the con-
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text of the relevance of monolayer phase behavior to the structure of phopholipid bilayers

5 1 82
found in cell membranes. ’

In the work done by Bibo and Peterson, the C 14-C22 homologous fatty acid series

was investigated. To match the triple points into correspondence, the temperature axis

was offset by an amount depending on the chain length, Figure 2-6 shows the phase dia-

grams of the materials investigated. The variation in their triple points was found to be

about 6-10°C for every methylene group. Similar results were also observed in the case of

acetates
83

and acrylamides .

84
In effect, the addition of CH2 units is comparable to lower-

ing the temperature of the system, or similarly, causing the increase in the temperature at

which phase transitions occur.

81,85
Later, Peterson et al. attempted to quantitatively de-

scribe the principle of corresponding states in terms of the free-energy of the system con-

sisting of monolayers with the same head groups, kept at the same environmental condi-

tions (i.e, same temperature and subphase), and have the same local packing parameters

(i.e., tilt and lattice spacing).

86
The linear scaling of the phase transitions temperatures is

attributed to the fact that internal energy per molecule scales linearly with the chain

length and that the change in entropy during the transition is approximately chain inde-

pendent .

87

In the case of fatty acids and most amphiphiles with ionizable headgroups, nu-

merical simulations done by Polimeno et al. using coarse-grained models (i.e., each me-

thylene group in an alkyl chain is represented by a single atom and connected by a spring

to the next unit) pointed out that the extent of LE and LC regions are determined by at-

tractive interactions between the chains and the repulsive interactions between the

headgroups .

88
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Alkyl Chain Structure

The presence of “kinks” in the side chain caused by unsaturated double or triple

bonds also changes the characteristics of the phase diagrams. Essentially, unsaturated

bonds restrict the flexibility of the alkyl chain and disrupt ordering. In galactosylcera-

mides, the introduction of acyl chains that are short and saturated or that are long but con-

tain two cis double bonds causes the monolayer to display only LE behavior instead of

the LE to LC transition seen in the saturated analogs.
89

0 W 20 30
" °1B

o To To 30
C:‘

temperaturel'Cl
C(t

Figure 2-6. Corresponding states in the C 14-C 16 fatty acid homologous series. The temper-

tature scale has been displaced to roughly match the triple-points. From Bibo and Peter-
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The effect of the nature of the side chains to the phase behavior can be directly re-

lated to its stiffness. Schmid and coworkers noted that for flexible chains, conformational

entropy stabilizes the tilted phase and that it favors phases at lowed surface coverage.
90,91

For very stiff chains approaching rigid rods, the increase in the alkyl chain rigidity gives

rise to a single transition from the gaseous to the condensed phase. Schmid distinguished

different regimes of side chain stiffness and what kind of phase behavior can be expected

92
from them.

Q9
Table 2-4. Chain stiffness and predicted behavior. Adapted from Schmid.

Degree of Stiffness Behavior

Very stiff chains (rigid rod) single 1
st

order phase transition:

gas Ly untilted LC phase.

Stiff chains (short chain) gas LE followed by LE LC
Intermediate stiffness tilted phase can be stable; LE can co-

exist with tilted and untilted LC
Flexible chains (long chains) LE coexists with tilted LC phase;

tilted -> untilted transition upon com-

pression

Multiple Side Chains and Chain Branching

Several biologically relevant molecules having multiple alkyl chains such as

phospholipids and glycerides are routinely studied as Langmuir monolayers. A typical

phospholipid has two long-chain fatty ester groups connected to a single zwitterionic

headgroup. Glycerides on the other hand, are esters of fatty acids with glycerol and can

be mono-, di-, or tri-esterified. In addition, the fatty acid in monoglycerides and diglyc-

erides can be attached to the terminal (1 -monoglycerides) or to the middle carbon (2-

glycerides).



23

(a) phospholipid (b) diglyceride

Figure 2-7. Structures of typical phospholipids and glycerides.

The presence of multiple tailgroups in these molecules restricts both rotational

and translational degrees of freedom and the position of the headgroup can add to the

complexity of the ordering. Figure 2-8(a-c) shows all the possible arrangement in ordered

domains consisting of molecules that have two tailgroups. In the case of a phospholipid

which has identical tailgroups, three tail-head positional and orientational arrangements

are possible: (a) disorder in both tail and head positions and orientations; (b) the molecu-

lar centers are disordered but the molecules are orientated in a general direction; and (c)

• *71
complete positional and orientational ordering.
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ttm

(c)

Figure 2-8. Ordering of tailgroups and headgroups in molecules with two tailgroups. The

circles indicate the tails and are identified by the different shading. The hexagonal area

shows the lattice packing; the arrows indicate the mean orientational ordering. Adapted

from Kaganer et al.
71

The addition of branching (usually positioned as R’ in Figure 2-7a) imposes addi-

tional disruption on the ordering of the alkyl chain. Systematic studies of a series of

branched chain phospholipids showed that as the branching gets bigger, from a methyl to

a hexadecyl group, the molecular cross-sectional area increased from approximately

50 A2
to 60 A2

.

93
The latter represents the approximate cross-section area equivalent to

three alkyl chains. Isotherm measurements revealed that the degree of disruption varies in

direct relation to the length of the side chain. However, as the length of the branching ap-

proaches that of the main side chain, the disruption is lessened and an ordered lattice is

observed in grazing incidence x-ray diffraction. The packing of branched phospholipid

has also been found to be determined by the area requirement of the side chain. In the

case of straight-chain phospholipids, the size of the large head group is compensated for

in the lattice by the tilting of the alkyl chains.
94
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Langmuir Monolayers of Polymeric Materials

The behavior of polymers at the air-water interface is far more complex than that

of any molecules discussed earlier. Due to the high conformational entropy in the poly-

mer chain, these materials do not have sharp phase transition and their isotherms are usu-

ally featureless. In addition, the significance of mean molecular area measured from iso-

therms often cannot be straightforwardly attributed to some molecular length scale,

unlike in the case of small molecules. Qualitative assignment of phases has been at-

tempted
95 '96

based on the slope of the curve in the isotherm. Similar to earlier description

of isotherms of small-molecules, the low-coverage, lesser slope region was described as

“expanded”; and the high-coverage, steep region as “condensed.” Fowkes suggested that

the condensed region can also have ordered structures similar to that in small amphi-

philes.
97

Air

Water

(a) (b) (c)

Figure 2-9. Conformation of polymers at the air-water interface. Thin and thick lines in-

dicate the hydrophobic and hydrophilic moeties, respectively.

A telechelic polymer, or a short block copolymer where one segment differing in

hydrophobic character can be regarded as an amphiphilic molecule. At the air-water in-

terface, they can either be in a non-solvated state (Figure 2-9a) or in a solvated state (Fig-
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QO

ure 2-9b) depending on how the chains interact with the subphase. In the first case,

there is a strong interaction between individual chains and there is a finite concentration

of segments approaching bulk density. In the other case, the chains are highly interacting

98
with the subphase and so the concentration can be variable.

The conformation and structure of polymer chains tethered at the air-water inter-

face have also been investigated in more detail. A theoretical description describing the

variation in the surface pressure with the chain length has been developed. If the chains

assume Gaussian statistics, the surface pressure was predicted to vary with the chain

length to the third power at a given area per head group (A/n). In the case of non-

Gaussian statistics, the slope can be expressed as a polynomial of (A/n). Experimental

data obtained from polyisoprene monolayers confirmed the theoretical predictions."

Penetration of certain parts of the polymeric chain into the subphase (see Figure

2-9c) becomes important for linear polymers such as poly(ethylene oxide) (PEO) and

polystyrene (PS)-PEO copolymer.
100' 102

There have been reports of polymers forming self-assembled structures at the air-

water interface. Diblocks of polystyrene-poly(n-butyl methacrylate) and polystyrene-

poly(t- butylmethacrylate) were observed to form surface micelles with starfish, rod and

ini # t ,

planar morphologies. Monolayers of a polystyrene/poly-4-vinylpyridine AB diblock

ionomers, quatemized with decyl iodide have been shown to form circular surface mi-

celles. The distance between the micelles (measured from Langmuire-Blodgett films

transferred at low surface pressures) is consistent with fully extended decylated PVP, ex-

tending radially from a central core of PS coils.
104
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Dendrimers based on poly(propylene imine) has also been observed to form cy-

lindrical shaped self-assembled structures. In this configuration, all the chains are aligned

perpendicular to the water surface, and the dendritic polypropylene imine) core faces the

aqueous phase .

105

Applications of Langmuir and Langmuir-Blodgett Films

The primary application of Langmuir films has been the preparation of materials

for subsequent deposition on substrates, either as plain Langmuir-Blodgett (LB) films or

variations .

14
Langmuir-Blodgett films have found a number of applications and Langmuir

and Blodgett themselves have acquired several patents for these materials. These include

the use of LB films in image reproduction, as optical devices, as step gauges, and as ul-

trafine filters .

14
Both Roberts

14
and Ullman

15
provide an extensive discussion on this

topic.

The ability of monolayer films to modify interfacial properties has been found to

be important in several industrial processes. For example, one critical aspect in the pro-

duction of liquid-crystal displays is the alignment of the liquid crystal molecules on a

substrate. Treating the surface with lecithin
106

or alkylsiloxane
107

provides the necessary

physico-chemical interaction between the substrate and the liquid crystal.

As adsorbed monolayers at the liquid-vapor interface, Langmuir films also have

their own relevant applications. Studying monolayers at the air-water interface provides

ease of control of several important parameters including molecular conformation and

surface concentrations. In addition, a number of theoretical concepts can be directly

tested experimentally by virtue of the unique geometrical environment that monolayers

provide. The following section discusses some of the more recent interests in Langmuir

and Langmuir-Blodgett films.
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Molecular Electronics and Microdevices

As technology advances, devices have become smaller and smaller so much so

that current technology has approached control down to molecular level. Langmuir-

Blodgett technique, along with spin coating, solution casting and micro-printing, has been

used to prepare field-effect transistors from poly(3-alkylthiophene).
109,1 10

Langmuir-Blodgett films have also been used as photoresists. Barraud, et al.
11 1-1 13

have obtained negative fine resist patterns with 60 nm resolution using electron beam po-

lymerization of co-tricosenoic acid (TA). Lando, et al.
114

used a-octadecyl acrylate multi-

layers both as positive and negative electron resist with 80 nm and 50 nm resolution, re-

spectively.

Another area where LB technology has received recognition is in the field of mi-

croelectromechanical (MEMs) devices.
115

It is known that the presence of Langmuir-

Blodgett films can change the tribological properties of the surface on the nanoscale.
15,116

This attribute of monolayers has been exploited for their use as molecular lubricants and

glues in the fabrication of microdevices. The use of polymeric and dendritic su-

pramolecular films have received special attention because of their mechanical robust-

ness.
115

Langmuir and Langmuir-Blodgett Films as Model Systems

Monolayers at the air-water interface are interesting because the interface is struc-

turally well-defined. This was the basis for several studies of hydrophobic non glassy

polymers with ionic head groups as model systems to investigate thermodynamics of

"polymer melt brushes.”
98,99

Polymers at the air-water interface can be thought as being

similar to a chain tethered to the planar surface, and are free to assume a distorted 3-

dimensional conformation. The adaptation of this model system made it possible to give
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the polymer brushes a well-defined orientation and made them accessible to experimental

98
techniques not available in the bulk.

Other applications of Langmuir films as model systems were inspired from the

original work pursued by Kuhn and coworkers.
117,1 18

Langmuir-Blodgett technique pro-

vided a method for Kuhn and coworkers to prepare well-defined layers of molecules in

which they were able to measure intermolecular interactions involved in photophysical

processes.

Charych and coworkers described the fabrication of an artificial membrane from

LB films of polydiacetylenic lipid. Their results pointed to a possible molecular recogni-

tion at the surface of a membrane and that a concentration of 20 ppm of the analyte pro-

tein could be detected using the polymerized thin films.
119

Intermolecular interactions of biologically important molecules have also been

probed using Langmuir monolayer techniques. The penetration of the drugs chlorcycliz-

ine and ampicillin into phospholipids have been assessed by simple surface pressure and

surface potential measurements.
120

Summary

Amphiphilic molecules with a sufficient balance of hydrophobic and hydrophilic

character can adsorb at the air-water interface and form monomolecular-thick films.

These monolayer films can exhibit behavior very similar to that found in bulk materials.

Using modem analytical tools, several interesting phases have been found, especially in

the condensed phase of the films. These monolayer states are summarized in Table 2-5.
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Table 2-5. States of monolayers. Adapted from Gaines
10
and Kaganer et al.

71
Nomencla-

~
26 121 122

ture follows the Harkins-Stenhagen notation of phases. ’ ’

Increasing Density

Devaux, Langmuir G L S

Harkins, Adam,
Stallberg-Stenhagen

G L, I l
2

LS S cs

Dervichian mesomorphous

Lundquist L, l
2 LL LS S cs

Lin, Shih D C B RI-RII A’ A

Bibo, Knobler and

Peterson
L/L,

’

S’/L’ L
2

” LS S CS

Overbeck and Mobius,

Durbin,

Reviere

l
2

Ov L
2

‘ L
2

” LS S cs

Durbin L, I-W LS s

Kaganer and Loginov L» °v W L>” LS s cs
Note: G gaseous; L liquid; S solid; L, liquid expanded; I intermediate; L

2
liquid

condensed; LS super liquid; RI-RII rotator phases

Insight into the behavior of monolayers at the interface will contribute to a better

understanding of a variety of systems that are fundamentally similar to monolayer films.



CHAPTER 3

GENERAL EXPERIMENTAL TECHNIQUES

The study of monolayer materials is still fraught with challenges notwithstanding

the fact that this scientific area has been active for much of the 20
th

century. The prob-

lems arise principally due to the limited quantity of materials at hand and the lack of

available techniques that can be utilized, not to mention that most of the time the sample

has to be analyzed in situ at a liquid interface to get results that are relevant to the system

being studied. Most techniques that have been used to characterize these materials have

limitations that are usually associated with low instrumental signal-to-noise ratio and

high statistical sampling errors. The former have undergone tremendous improvement

over the years with the development of modem microelectronics and the improvement of

a diverse number of analytical tools. Unfortunately, the problem related to statistical

sampling cannot be resolved too easily except through careful experimentation. Better

understanding of the results can be attained by confirming them with complementary

techniques, including corroboration with theoretical methods.
15

Standard chemical analytical techniques such as uv-vis and infrared spectro-

scopies have been successfully modified to characterize amphiphiles both in situ at the

air-water interface and as LB films. Several techniques have been developed specific for

the study of Langmuir films. These include Brewster angle microscopy and several

rheological measurement techniques for 2-dimensional fluids. Elucidation of the structure

and phases of monolayers had remained qualitative and macroscopic until the introduc-

tion of synchrotron techniques by the groups of Dutta et al. and Kjaer et al. These and

31
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other recent developments such as the scanning probe techniques have ushered a new era

in the study of Langmuir and Langmuir-Blodgett fdms. Dynarowicz-Latka et al. covers

most of these advances in a recently published review article.
9

In this chapter, an overview of both classical and modem methods of physico-

chemical characterization of monolayers and related materials will be discussed. Empha-

sis will be given on techniques and methodologies that were principally used in this

study. These include the basic thermodynamics and kinetics measurements and several

techniques related to morphological and structural analysis.

The Langmuir Trough Setup

The Langmuir trough is the basis of all studies of Langmuir monolayers and the

main equipment used for the preparation of Langmuir-Blodgett films. Of course, the

original trough system was not called a Langmuir trough and it did not feature the kind of

automation found in most modem trough systems. In fact the very first “trough” was de-

••18
signed by Pockels out of a rectangular tin can she found in her kitchen!

In a typical trough system (see Figure 3-1), four components are essential to per-

form an experiment: (a) a container (or trough) to hold the liquid subphase; (b) a barrier

used to limit the area of confinement of the monolayer; (c) a surface balance to measure

the surface tension or surface pressure; and the (d) control electronics. Optional compo-

nents may include a dipper to hold the substrate during the preparation of LB films and a

system to control the temperature in the trough.

Troughs and Barriers

The trough is usually constructed out of inert materials and needs to be mechani-

cally rigid or can be mounted on a rigid support. It is designed to hold a large volume of

liquid and have a large area of the liquid exposed for manipulation. The typical surface
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geometry is rectangular with depths that can range from 1-10 cm and can contain vol-

umes anywhere from 200 mL to several liters. Other trough geometries such as cir-

cular
123 ' 125

and constant perimeter barrier
126

have also been designed.

Another requirement which is of utmost practical importance is that the trough

and barriers have to be easy to clean and simple to operate. To obtain high stability and

precision in the measurement, the whole trough assembly is usually mounted on top of a

vibration isolation table or a heavy granite slab.

Dipper

Figure 3-1. Basic components of a modem Langmuir trough system which include a dip-

per control to transfer films to a solid substrate.

The edge of the trough where the barriers rest has to be smooth so that the fric-

tional force between the trough and the barrier is minimized. It is also important that the

trough edge is non-wettable so that the subphase liquid forms a nice meniscus on the

edges and does not spill out.

Most modem trough systems are constructed out of plastic materials such as

polytetrafluoroethylene (PTFE) or nylon. PTFE has an advantage of being hydrophobic

and oleophobic making it possible to use both aqueous- and organic-based subphases.
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• 127

Being hydrophobic also eliminates the need to apply coatings such as feme stearate,

and paraffin wax ,

10
avoiding possible contamination that might result from leachates.

Moreover, PTFE, unlike nylon, is chemically resistant and stable over a wide range of

pH.

An additional feature of a Langmuir trough is a well, where a substrate can be

lowered and coated with the monolayer materials to obtain a Langmuir-Blodgett film.

There can also be a provision for temperature regulation via heat exchange coils located

underneath the Teflon trough.

The materials used for barriers are similar to those used in the construction of

troughs. Similar restrictions also exist with regards to chemical stability and mechanical

rigidity.

Surface Balance

One of the most fundamental quantities measured from a monolayer is its surface

pressure n, which is related to surface tension by

n = Y - Y 0
3-1

In Pockels’ work, the surface tension was measured as the amount of force neces-

sary to lift a small disk off the water surface .

18
Current systems work from the same prin-

ciples but use fundamentally different techniques.

There are at least two best-known techniques that have been commonly adapted

for continuous monitoring of surface pressure. One of these systems was originally de-

signed by Langmuir himself and uses a differential technique .

17
The other is based on an

absolute technique developed by Wilhelmy
128

and exploited extensibly by Dervi-

chian
129,130

and by Harkins and Anderson .

131
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Langmuir balance

Langmuir balance (see Figure 3-2) works by measuring the force acting on a

piece of waxed paper (B) that separates the area containing the monolayer (between A

and D) to the clean water surface (H). The float is coupled via two rods (

R

and R ’) to a

conventional balance (assembly consists of S, K, G, K\ and P) that measures the force

directly. One inherent problem in this design is that the float is made narrower than the

width of the trough to allow the float to easily slide thru. As a result, monolayer has a

chance to leak out between the gaps especially at high surface pressures. The initial solu-

tion used by Langmuir was to blow air jets between the gaps. This presents a significant

experimental problem since it disturbs the float. In recent designs, the gap is blocked with

132
the use of thin flexible PTFE ribbon as introduced by Adam and Jessop.

The force transduction mechanism in Langmuir balances has also been modified.

Instead of a mechanical balance, the typical approach uses a linear variable differential

transformer (LVDT) which provides very sensitive displacement measurement in the or-

der of 10 pm.
133

Designs involving optical lever mechanism have also been explored re-

sulting in the development of a novel system for low surface pressure measurements.
134
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Wilhelmy technique

The method introduced by Wilhelmy,
128

subsequently developed by Dervichian
129

and Harkins, has been widely adopted thus far. It involves the use of a wettable thin

plate that is partially submerged in the subphase and suspended on a balance. The force

acting on the plate is defined by the surface tension of the liquid, the gravitational pull

and the buoyant effect due to the displaced liquid. The net force F acting on a thin plate

with dimensions shown in Figure 3-3 is expressed by

F = pp
glwt + 2y(t + w)cos 0 - p,gtwh 3-2

where pp and pi are the densities of the thin plate material and of the liquid, respectively;

g is the gravitational constant; and ^is the surface tension of the liquid. The angle #is the

contact angle made by the liquid to the surface of the plate, which is generally 0° for a

completely wetted surface.

(a) (b)

Figure 3-3. A diagram of a Wilhemy plate immersed in a water subphase, (a) front view,

(b) side view
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There are two methods of performing surface pressure measurements using the

Wilhelmy technique: either (a) by measuring the change in F for a stationary plate; or b)

measuring the change in h for a constant applied force. In the former case, Equation 3-2

reduces to

AF = 2Ay(t + w) 3-3

or

fl = -Ay =
AF

2(t + w)

where n is defined by Equation 3-1.

In the other case where the force is constant.

3-4

II = -Ay - - P,gtW
Ah

2(t + w)
3-5

If the plate is thin enough so that t is negligibly small compared to w.

n = -
p,gt

2
Ah, if t« w 3-6

The values of pi, g, and t are usually evaluated during the calibration procedure thus only

the vertical displacement of the Wilhelmy plate needs to be measured to get the value of

the surface pressure.

Miscellaneous methods of measuring surface pressure

Reports were made in reference to the use of “piston oils” or indicator oils as rela-

tive surface pressure indicators. Langmuir and coworkers,
127

in particular, made exten-

sive use of piston oils. The have also been used to investigate the phase behavior of am-

phiphilic alcohols.
135 ' 137

Piston oils are materials that spread quickly and reversibly, at-

taining a fixed surface pressure almost instantaneously. They are added at the surface,
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separated from the rest of the film being investigated by a movable boundary. The

boundary usually consists of silk thread or any thin and flexible partition.

Indicator oils, on the other hand, are used by observing the interference pattern

produced from a tiny droplet place on the water surface. The extent of spreading of the

tiny droplet of indicator oil is dependent on the surface tension. Upon addition of a

monolayer material and with compression, its thickness will vary correspondingly result-

ing in the appearance of interference color that changes with the pressure.
10

Recently, a new design for measuring surface pressure has been introduced and a

diagram of such design is shown in Figure 3-4 below. The design was intended to provide

a local probe (< 250 pm) of film inhomogeneity which is crucial in the development of

optical and molecular devices prepared from Langmuir-Blodgett films.

Figure 3-4. Schematic of an optical-fiber sensor for surface pressure measurement.

Adapted from Zhu.
138

Photodiode

Light

emitting

diode

A graded-index optical fiber is bent obliquely and introduced into the subphase.

When the monolayer is compressed, surface tension upon the end of the optical fiber will
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decrease and consequently, the bending state of the optical fiber will thus change.
138

The

bending state is measured from the displacement of the light reflected off the mirror un-

der the trough. The signal coming from a fixed photodiode positioned on top of the

trough and opposite to the mirror provides a convenient measure of the displacement. By

treating the optical fiber as an elastic cantilever beam, the surface tension can be de-

rived.
138

Control Systems and Electronics

Modem setups of Langmuir troughs use microprocessors, are programmable and

equipped for digital data acquisition for automated operation.
133,139

The degree of auto-

mation can range from very simple, to one where surface cleaning and sample addition is

controlled.
140

Figure 3-5 shows a general configuration of a Langmuir trough system

linked to a PC via RS-232 communication protocol. The PC mns dedicated software that

provides convenient means of controlling the devices attached to the system. Including

the surface balance, other devices may include:

1 . display devices to show current system status such as surface pressure, current

dipping arm position, etc;

2. deposition system to facilitate dipping of substrate during Langmuir-Blodgett film

preparation;

3. positioning elevator that control both vertical and horizontal positions of the bal-

ance or the dipping arm.

4. the barrier driving system consisting ofDC motor and related components to con-

trol the movement of the barrier.

5. manual control system to allow control of the barriers, deposition arm and eleva-

tors without software control; and

6. optional analog-to-digital (A/D) and digital-to-analog (D/A) converters for cus-

tom application such as temperature control.
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Figure 3-5. General configuration of a Langmuir trough system. Adapted from the

LB5000 manual by KSV Instruments Ltd.
141

All these individual devices are connected to a common data bus in the interface

card that, in turn, is connected to the serial port of the PC. Feedback loops between de-

vices allow convenient and simultaneous control of several parameters in the experiment.

For example, Figure 3-6 below shows a simple feedback loop that controls both the bar-

rier speed and surface pressure. In this diagram, both the target pressure and barrier

speeds are set via the software. Input voltages measured from the speed transducer (con-

sisting of a position encoder and a timer) and the electrobalance are compared to the de-

sired values. The differential signal originating from the comparators then drives the bar-

rier motor either in the compression or expansion mode to compensate for the input volt-

ages. Similar feedback loops can be set up, for instance, to maintain the level of the water

in the trough during extended experiments where subphase evaporation might be substan-

tial.
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Figure 3-6. Basic feedback loop to control surface pressure and barrier speed.

The barrier motors that are used to drive the barriers are generally of DC types,

which are characterized by smooth and fine movement required for Langmuir trough ap-

plication. For better precision, stepping motors are used with some modification in driv-

ing circuitry to improve their resolution.
142

Pressure-Area Isotherm

The pressure-area (TI-,4) isotherm is the most fundamental characteristic indicator

of monolayer properties. It provides direct information on the monolayer purity, molecu-

lar area, intermolecular interaction, conformation, compressibility, collapse behavior,

chemical reaction, crystallization and the thermodynamics of mixing.

General Technique

The usual approach in conducting a pressure-area isotherm is to spread a known

amount of material unto the surface then vary the area by moving the barriers. The mate-
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rial of interest is dissolved in a volatile solvent such as chloroform or methylene chloride.

Once the solvent has evaporated, the material is left floating at the surface and compres-

sion can be initiated by reducing the area between the barriers. The mean molecular area

(shown in the equation as AM but commonly known as MMA) that is shown in a typical

Yl-A curve is calculated from

am =
A'M w

c-V-N t

3-7

where A is the area of the trough; Mw is the molecular weight of the materials; c is its

concentration in the spread solution in units of mg/mL or other similar units; V is the vol-

ume; and Na is the Avogadro’s constant.

Spreading Solvent

The selection of the solvent is very important. The main requirement is that it has

to be highly volatile and that that the solvent must have very limited solubility in water to

avoid dissolution of the material into the aqueous subphase.
143 Of course, for amphiphiles

with short alkyl chains (12 carbon atoms or less) dissolution is a paramount problem re-

gardless of what solvent is used.
144

It is also important that the solvent is suitable for the material and that it does not

react or complex with the monolayer material. This is especially a concern for macro-

molecules containing large polar groups. Collins and coworkers studied the effect of

spreading solvents on the monolayer properties of poly(methyl methacrylate) (PMMA).

The association of a polar solvent with the polymer causes local structural changes in the

ester backbone, and this was manifested by the variations in the isotherms obtained from

different spreading solvents.
145
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In certain cases, the use of a mixed solvent system is necessary. The addition of a

mere 25 parts per million of n-pentanol, or n-hexanol, to chloroform as the spreading sol-

vent was shown to improve the spreading behavior of certain organometallic nickel com-

persing the molecules in the water surface by evaporation. As a demonstration, unsubsti-

Sources of Errors in Isotherm Experiments

There are several areas in which possible errors can arise in Yl-A measurements.

The most obvious sources of error are inaccuracies in the measurements of the trough

area and uncertainty in the concentration and volume of the solution that is spread.

One aspect that is not given much importance, but is non-negligible in certain

cases is the error in trough area measurements due to surface curvature and Wilhelmy

plate effect. Welzel and coworkers investigated these possible sources of errors and con-

firmed that theses effects are only significant for small troughs. Welzel et al. showed that

for a small trough area of 22 cm
,
the area increment could be as high as 7% and 26% for

errors due to meniscus curvature and Wilhelmy plate, respectively.
148

This is in agree-

ment with the earlier estimates made by Gaines
10

.

The increase in area due to meniscus curvature can be calculated
149

as

where / and w are the length and width of the trough. In addition to geometrical factors,

the extension in the area is also dependent on the surface tension y, the difference in the

plexes as monolayers.
146

For highly insoluble materials, Hasegawa et al. suggested dis-

tuted quinacridone LB films have been prepared using this method.
147

3-8

density between the gas and the condensed phase Ap ,
the gravitational acceleration g,
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and the height meniscus edge y0 ,
measured with respect to the free liquid level away from

the trough edge.

With the use of large troughs, both of the abovementioned sources of errors can

easily be corrected and considered insignificant.

There has also been concern about surface pressure gradient brought about by the

lack of fluidity in the monolayer. This is especially important in polymeric films .

150
and

becomes a real problem in the preparation of oriented LB films .

151
Usually, when a

monolayer is compressed in a conventional trough, a pressure gradient occurs as the sec-

tion of the film close to the edge moves slower relative to the section in the middle. In

addition, the forward motion of the barriers induces a compression gradient near the edge

of the moving barrier. Consequently, surface pressure measurement is dependent on

where the Wilhelmy plate is positioned relative to the barriers in the trough and how it is

oriented relative to the direction of compression. Malcolm resolved this problem by con-

structing a trough where compression at a uniform shear can be done. In most in-

stances, this problem is neglected and can be assumed part of experimental error of

indeterminate uncertainty.

Surface Film Rheology

The rheological characteristics of a Langmuir monolayer describe its resistance to

tangential motion. It is important in the studies of foam stability
153

and lateral interactions

in protein monolayers
,

154
to cite a few examples. It has been described in the litera-

ture
10,1 1,155,156

and Goodrich
157

provides a good analysis of the hydrodynamics involved in

the various techniques.

The interpretation of measurements is usually complex and in most cases not well

defined .

10
Hiihnerfuss suggested that viscosity measurements are only meaningful for the
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particular technique that was used, and any reported surface viscosity value has to include

the description of the status of the systems, i.e., whether the value refers to the dynamic

part of the measurement or to the equilibrium part, the spreading solvent, canal width,

158
surface pressure gradient, and temperature.

In most cases, the methods are adaptations of techniques for three-dimensional

bulk viscosity measurements. Several methods will be described here but emphasis will

be on the two most common techniques.

Canal viscometry

This technique is the classic adaptation of the Ostwald viscometer for bulk liq-

uids. The surface viscosity of a floating monolayer can be calculated analogous to the

Poiseuille formula for the flow of liquids in capillary channel.
159

Figure 3-7. Top view of a Langmuir trough configured for canal viscometry. The block

arrows indicate the direction of motion of the barriers.
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Figure 3-7 shows a Langmuir trough configured for viscosity measurement. The

trough is divided into two sections which are joined together by a canal with length / and

width w. Monolayer solution is spread in the high-pressure area and a constant surface

pressure difference All is maintained between the two sections to force a constant flow of

material. This is done by controlling the movement of barriers so that the pressure differ-

ence is maintained during the experiment. The surface viscosity is calculated from

=
An^_ MV,

3.9

12Q1 n

where Q is the area flow rate, r| 0 is the subphase viscosity and n takes the usual value.

The second term is the correction factor that accounts for the drag due to the subphase

viscosity, introduced by Harkins and Kirkwood.
160

Goodrich pointed out that the model adapted by Harkins and Kirkwood
157

is only

applicable to incompressible surface films, hence the surface pressure difference between

the two sections of the trough should be as low as possible.

Damping methods

The second commonly used technique relates the damping of a body moving on

the surface. There are several geometries possible for this measurement but the most

popular configuration uses a Couette-type setup where a knife-edge ring rest at the inter-

face and the dish containing the subphase is made to rotate it at a constant speed. A varia-

tion of this technique uses a double rotating ring as shown in Figure 3-8. The hydrody-

namic considerations for this class of techniques have been described in detail by both

Gaines
10
and Goodrich.

157

In general, the shear viscosity is calculated from the force F applied on the inner

ring to keep it from moving is related to the shear viscosity by the equation
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Vs =
F dv

r

2m dr
3-10

where 2nr represents the circumference of the outer ring and dvrldr is the velocity gradi-

ent of the interface in the gap between the rings.

Turntable

Figure 3-8. Schematic for torsion method viscometry using a Couette-type apparatus.

Adapted from Davies and Rideal.
11

The main advantage of the canal viscometer is its sensitivity. Goodrich
157

cited

that a canal with width w = 0.15 mm the technique should be sensitive for r\ < 10" sur-

1 i

face poise (sP, g sec' ). In contrast, damping methods are insensitive for q s < 1(T sP. On

the other hand, damping techniques can provide information on the surface shear

modulus in addition to surface viscosity.
10

Morphology and Structure

Microscopic studies of Langmuir films allowed the direct investigations of their

phase behavior and the kinetics of phase transformations.
75
The original epifluorescence

technique
49,50

has now been superseded by Brewster angle microscopy (BAM). 53,54
The

latter avoids the use of probe molecules that might otherwise show experimental artifacts.
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Information obtained from BAM has proved to be of great value and stimulate an effort

to reevaluate the understanding of the phase behavior in Langmuir monolayers.

Of equal importance in this area is x-ray diffraction. This technique has become

complementary to optical techniques in studying morphologies and structures of Lang-

muir films and was responsible for elucidating the molecular packing in the different

27 28
condensed phases.

’

Brewster Angle Microscopy

At the Brewster angle of incidence, p-polarized light has zero reflectance. This is

the angle that meets the criterion

tan a = ^^- 3-11

«air

where n is the refractive index of the corresponding phases.

Figure 3-9. A schematic diagram of a Brewster angle microscope setup.

The basic setup is shown in Figure 3-9 and consists of a polarized laser source in-

cident at the Brewster angle and a detector opposite to it. In the presence of a thin film at
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the interface with a refractive index different from the bulk liquid, the Brewster angle cri-

terion is modified and the laser beam is reflected. The reflection is typically detected us-

ing a charge-coupled device (CCD) camera. Subsequently, an image is captured and digi-

tally processed.

The presence of phase separation due to difference in molecular tilts and orienta-

tion
55

or demixing in monolayer mixtures
161

are conveniently observed using this tech-

nique.

Scanning Probe Microscopy

Scanning probe microscopy (SPM) has so far proven to be one of the most useful

and convenient ways of characterizing structure and morphology of transferred films

down to the molecular level.

Scanning probe microscopy is a collection of techniques that include atomic force

microscopy, scanning tunneling microscopy and an assortment of other related methods.

Over the span of two decades since the techniques have been developed
,

162 ' 164
they have

had remarkable impacts in the fields of material science, physics, chemistry, and in the

biological sciences .

165
Studies in the area of polymer thin films, wear and lubrication,

sensor development, biomaterials, microelectronics, and in many other areas have experi-

enced tremendous impetus in a very short period due to the rapid progress in SPM tech-

niques.
166,167

The main advantage of SPM over other microscopy techniques is the ease at

which measurement at an unprecedented resolution can be done at a dynamic length

scale. This scale can range from sub-nanometer to micrometer scale. Moreover, a three-

dimensional digital profile is obtainable, available for digital signal processing and quan-

titative analysis. This is one feature that even the most advanced scanning electron micro-
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scope does not have. In addition, the technique is exceptionally non-destructive at the

macroscopic scale.

The interest in the use of SPM to characterize thin fdms is both of practical and

fundamental reasons. Essentially, the technique is rapid and can be operated in ambient

1 68
conditions yet it can provide information that can be as fundamental as lattice order,

adhesion and friction at the molecular scale.
116

Among the various SPM techniques, atomic force microscopy and scanning tun-

neling microscopy stand out as the most basic and important in the study of Langmuir-

Blodgett films. Atomic force microscopy (AFM), in particular, is useful since the tech-

nique does not require a conducting sample, unlike scanning tunneling microscopy.

The basic AFM setup (see Figure 3-10) consists of a scanner, a probe, and the

feedback electronics. The scanner usually consists of a tube mounted with several inde-

pendently controllable piezo elements. By applying the appropriate polarity and voltage,

the unit can move in the three Cartesian directions. The feedback electronics is designed

to maintain the interaction of tip and the surface at a certain value. To do the imaging, the

sample is moved under the tip by a rastering motion and the image is constructed by cor-

relating point-by-point the output signal of the feedback loop that is necessary to main-

tain the setpoint.
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Figure 3-10. Scheme for detection of tip-surface interaction in an atomic force

microscope. Adapted from the Digital Instrument SPM Manual
169

The tip is mounted under a cantilever that provides support and means of detect-

ing the movement of the tip. It can be made from silicon-based materials or other materi-

als that permit microfabrication. They can also be functionalized to allow imaging of

chemical and electrostatic forces on the surface.
170

Probes are available in a wide variety

of sizes and spring constants. Probes having smaller spring constants are suitable in imag-

ing soft and delicate surfaces such as Langmuir-Blodgett films. These probes are very

sensitive but unfortunately prone to entrapment by surface tension and electrostatic forces

on the sample surface. Stiffer probes can easily breakout from surface but they are less

sensitive. For surface mechanical analysis, a stiff probe consisting of a diamond chip

mounted on a stainless steel wire is used.

Tip-surface interaction is measured by detecting the position of the laser beam

bouncing off the cantilever to the four quadrants of the position-sensitive detector. The
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three basic tip movements that can be detected are oscillation in the z-direction, bending

along the cantilever main axis, and twisting perpendicular to the same axis. These are

correlated to normal, buckling, and lateral forces measured by the system, the latter being

equivalent to frictional force between the tip and the sample.

X-ray Diffraction

X-ray diffraction studies have provided much of the current understanding of the

n i
1 *7 1 1 70

structure and phases in Langmuir monolayers and Langmuir-Blodgett films.
’

While the classical x-ray diffraction technique is suitable to analyze the inter-

lamellar structures and molecular packing in transferred films, it is not appropriate for

Langmuir monolayers at the air-water interface. The main shortcoming is the low radia-

tion intensity available in the conventional systems. The experiment time would run into

long hours which is expectedly impractical and experimentally challenging. The tech-

nique essentially had to wait until synchrotron sources were developed in the early 1980s.

Synchrotron source

Conventional sources of X-ray radiation
173

such as filament tube and the rotating

anode types provide inadequate intensities for the study of surfaces. Various other tech-

niques have been used to study surface structures but technical problems limit their appli-

cations.
174

The introduction of grazing incidence x-ray scattering technique using high-

brightness x-ray synchrotron in 1979
175

and the subsequent demonstration of its surface

sensitivity in 1984,
176

ushered a new era in surface science. Introduction to the theory and

applications of synchrotron radiation (SR) can be found in several books, like that of

Koch
177

and review article.
178

The energy spectrum produced in a synchrotron facility can range from the infra-

red band up to the hard x-ray region of several hundreds keV.
177

In addition, the intensi-
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ties of SR are the highest known to the scientific field. Figure 3-11 below shows a com-

parison of several synchrotron facilities and the spectral intensities of the radiation they

are capable of producing. Note that in comparison to conventional sources, synchrotron

radiation is at least two orders of magnitude more intense.

10.97

Figure 3-11. Spectral intensity of various x-ray sources. Courtesy of the Advanced Pho-

ton Source, Argonne National Laboratory. (ALS =Advanced Light Source; Lawrence

Berkeley National Labs; NSLS= National Synchrotron Light Source, Brookhaven Na-
tional Laboratory; APS = Advanced Photon Source, Argonne National Laboratory;

SSRL=Stanford Synchrotron Radiation Laboratory, Stanford University)
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Figure 3-12. Layout of the APS facility. Particles are produced by an electron gun (A) in

the linear accelerator. It is then transported towards the booster ring (B), then injected to

the storage ring (C) where undulators and bending magnets inserted and produce x-ray

emissions tangential to the ring. Courtesy of the Advanced Photon Source, Argonne Na-

tional Laboratory.

Synchrotron radiation originates from the electromagnetic wave emitted by

highly-relativistic (E» m0c
2

) particles moving around a circular path. At the Advanced

Photon Source (APS) in Argonne National Laboratory, Chicago, IL, the circular path (or

“storage ring”) is about 1104 m in circumference (see Figure 3-12). It is configured as a

set of curves connected by straight sections. In each of these straight sections, an inser-

tion device (ID) made of north-south permanent magnets with alternating polarity is in-

serted. X-ray emission results as the particles pass trough these alternating fields and their

trajectories or speeds are altered.
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Figure 3-13 shows the basic configuration of an insertion device. Depending on

the strength and periodicity of the alternating magnetic fields, the particles can either

wiggle (in high magnetic field, long periods) or undulate (in low magnetic field, short

periods). The characteristics of the resulting x-ray differ dramatically in these two con-

figurations. Wiggler IDs yield very intense radiation over a wide spectrum while undula-

tor IDs yield narrow and intense bands that can be tuned to the demand of the experi-

ment.

Figure 3-13. Diagram of a Type-A insertion device at the APS. Courtesy of the Advanced
Photon Source, Argonne National Laboratory.

Principles of x-ray diffraction

The following discussion is taken mainly from the review papers by Kuzmenko et

al. and Als-Nielsen et al.
1 79,1 80

In both 3-D and 2-D crystal systems, diffraction from an array of crystal planes

INSERTION DEVICE (WIGGLER OR UNDULATOR)
pCDMAMCKIT A K A Kl ETTI /"* IIATCDIAI

f

occurs when the Bragg condition is satisfied, i.e.,
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X = 2d sin 20 3-12

where X is the x-ray wavelength; d is interplanar spacing; and 0 is the angle between the

plane and reflected beam. In terms of kinematics, this condition is equivalent to having

the length of scattering vector k (given by (47t/A,)sin0 =|kout - kin
\ ) equal to 2nd* where d*

is the reciprocal of the interplanar spacing. The vector d* drawn from an arbitrary origin

of the reciprocal lattice to any point in it is related to the Miller indices hkl of the plane

by the relation d* = ha* + kb* + lc* where a*, b*, c* are the reciprocal vectors of the

unit-cell. In the case of the 2D system, the vector c* is of course non-existent.

Figure 3-14. Scattering geometry in 2-D system where the lattice elements are shown as

rods (“Bragg rods”). The incoming and outgoing wave vectors are defined by ki„ and kout .

The corresponding angles are ajn and aout . The scattering wave vector k has components

kxy parallel to the monolayer plane and kz normal to it. Adapted from J. Als-Nielson, et

al.
0

The components of the scattering vector k given by k^ and kz define the inplane

ordering of the 2D crystal. All diffraction patterns that have been measured so far showed

that the monolayer is a mosaic of randomly ordered domains (a 2D “powder”). Conse-

quently, a crystalline region of the right orientation would always be in the path of the

incident beam and result in a diffraction pattern in the direction of the horizontal compo-
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nents kxy. The component kz is determined by the vertical electron density distribution in

the molecules.

In grazing incidence x-ray diffraction, the angle ajn is held below the total exter-

nal reflection to maximize sensitivity and minimize scattering from the subphase. Snell’s

law allows the calculation of the critical angle (see Figure 3-15):

nj cos ajn = n2 cos ar 3-13

For air which has n\ - 1 and «2 < 1 for hard x-rays, the critical angle for external reflec-

tions is

ac = cos" (« 2 )

The refractive index m can be then be calculated from
181

3-14

n
2
=1 -

2 71

3-15

where X is the wavelength, p is the electron density, and ro=2.83xl0"
13 cm is the classical

electron radius. For the air-water interface at X = 1.24 A (10 keV) and the knowing that

the electron density in the water phase is 0.335 A'
3

,
the critical angle for total external

reflection ac « 2.1 mrad. The refractive index for x-ray radiations at X ~ 1 A can be ap-

proximated directly from the real component only (as seen in Eqn. 3-15) since the com-

plex component is small and can be neglected for practical purposes.
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Figure 3-15. Diagram showing the incident beam impinging the surface at an angle ain

(where aou t
= ajn) and the beam being refracted at an angle ar . The refractive index of the

material is n \
while the medium about it has a refractive index of n2 .

For the incident angle (Xjn < ac ,
an evanescent wave will be the transmitted and

propagate along the surface. This propagating plane wave will have an exponentially

damped amplitude in the inward direction normal to the surface. The wave is also charac-

terized by a penetration length that is independent of a as long as a < <ac . In addition,

the penetration length at ain/ac « 1 is independent of the wavelength X and is only a

function of the inherent property of the material.
179

At the water surface, Als-Nielsen
180

estimated that the penetration length is in the order of 50A for ajn < 0.5ac ,
making it

highly surface sensitive. This evanescent wave is responsible for the diffraction of crys-

talline materials at the water surface and forms the basis for grazing incidence x-ray dif-

fraction.

X-ray reflectivity technique

Specular x-ray reflectivity is another scattering technique that is relevant to the

characterization of Langmuir and Langmuir-Blodgett films. As in x-ray diffraction and

other scattering techniques, specular reflectivity consists of measuring x-ray intensity re-

flected off a surface. However, unlike in x-ray diffraction, the incident and reflected an-

gles are equal so that k is directed normal to the surface and is therefore sensitive to
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structures that are parallel to the surface. A good introduction in this area can be found in

1 R9
a paper by Chason and Mayer.

Most applications of x-ray reflectivity have been on the characterization of

Langmuir-Blodgett films such as that by Lvov and coworkers
183 who investigated the su-

perlattice structure of a complex multilayer film of polyelectrolytes. Li et al .,

184
on the

other hand, performed x-ray reflectivity studies of diblock copolymers in an attempt to

relate the structures of their surface micelles in Langmuir films and as LB films. Detailed

discussions of more applications and the practice of x-ray reflectivity can be found else-

where .

185 ' 188

Other Techniques

Several other analytical tools are used to characterize monolayer and transferred

multilayer films. These techniques include surface electrical measurements and

Surface Potential Measurements

One of the basic electrical measurements that can be done to characterize

monolayers at the interface is surface potential measurement. By assuming that the dipole

moments of n molecules at the interface are additive, Davies and Rideal
11

applied the

Hemholtz equation to obtain the surface potential AV for any interface

AV= 47l«p total 3-16

where gtotai is the net dipole contribution. Measuring the surface potential AV (using tech-

niques discussed in Gaines
,

10 Adamson
,

189
and Davis

11

) can provide a good insight into

the changes in the dipole moments at the interface and hence the orientation of the mole-

cules. In addition, by holding the monolayers at constant surface pressure to maintain the
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same molecular orientation, the surface potential can be used to measure the kinetics of a

reaction in monolayers.

UV-Vis, Infrared and other Spectroscopic Techniques

Like in any other techniques for monolayer characterization, the main problem

limiting the application of various spectroscopic techniques is the very weak signal origi-

nating from the monolayer material. Thus, for example, UV-Vis spectroscopy is limited

to materials which have strongly absorbing chromophores such as porphyrins
' 90,191

Use-

ful information that can be obtained includes molecular aggregation and complexa-

tion,
191

’
192

,
level of mixing in the monolayer,

193
photoisomerization

,

194
and phase transi-

tions
195

Phase behavior in Langmuir films is most often studied by infrared spectros-

copy.

196
Reflection mode is preferred

62,197
rather than the more conventional transmission

mode where the intense absorption signal of water makes it impractical. Using this tech-

nique, Baekmark
63,64

studied the phase transitions in polymeric Langmuir films.

Fluorescence spectroscopy coupled with near-field scanning optical microscopy

(FL-NSOM) was also used to probe the nanoscale structure. In stained phospholipid

monolayers deposited on glass substrates at moderate surface pressures, the FL-NSOM

images revealed the phase separations and phase transitions in the monolayer as it is

compressed .

198

Summary

This chapter gave an overview the various experimental techniques used to char-

acterize Langmuir films. The discussions were not intended to be comprehensive but just

enough to cover techniques that are relevant to this work.
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The classical technique of pressure-area isotherm measurement still serves as the

core of most analytical tools. It is simple and convenient to perform and gives fundamen-

tal insight into the phase behavior of monolayers. Various other techniques such as

rheological measurements are important in studying the flow behavior of monolayers as

well as their mechanical stability. The importance of understanding these and other

monolayer properties have fundamental and practical significance



CHAPTER 4

THE CHEMISTY AND INTERFACIAL BEHAVIOR OF ALKOXYSILANES

Introduction

Monomolecular-thin films prepared at an aqueous interface continue to provide an

attractive means to form well-defined molecular assemblies for surface modification and

ultrathin-film applications. For these purposes, high molecular weight, polymeric Lang-

muir-Blodgett films
199

have the potential of being more robust materials compared to

their low-molecular weight analogs. Of course, the same entanglement of polymer back-

bones which gives rise to the transient network formation and attractive mechanical prop-

erties in bulk polymeric materials is less effective in a quasi-two dimensional LB layer.

Several groups have considered cross-linking monolayers as a means of enhancing prop-

erties of these materials .

200 '205

Kloeppner recently demonstrated that an extended network formed from polym-

erization of bolaform alkylaniline monolayers results in a sufficiently stable and flexible

material in which individual self-supporting monolayers could be drawn from the water

surface as thin films and fibers of macroscopic size .

206
Can the chemical transformations

in these types of reactions be more quantitatively correlated to the resulting physical

properties?

The results of this study will show some insight on the network formation of am-

phiphilic n-octadecyltrimethoxysilane (OTMS, CH3(CH2)nSi(OCH3)3) at air/water inter-

faces by measuring changes in surface rheology of the reacting system in real time. Such

measurements should be broadly applicable to other reactive amphiphiles.

62
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Background

The sol-gel route towards the preparation of advanced materials has been pursued

with great rigor in recent years. ' Applications of materials derived from sol-gel

process ranges from mechanical stabilization
210

,
interlayer dielectrics

211

,
catalysis,

212’214

and photonics.
215 216

Typically, alkoxides of silanes (Si(0R)3 where R=Me, Et) are the

primary precursor materials although SiE^
217

and SiC^
218

have also been used. One of the

advantages of the silane chemistry is the stability of the Si-C bond against hydrolysis and

the thermal treatment that usually accompany sol-gel processing.

The chemistry of silane alkoxides and related compounds is well understood and

numerous NMR studies have been done to study the kinetics and mechanism of this reac-

tion in solution.
219,220

In bulk solutions, alkoxysilanes are well-known to undergo acid or base catalyzed

hydrolysis and form siliceous materials.
221

Polysilsesquioxanes, RSiC>3 /2 ,
offer intriguing

models to examine this; as in this work, the R group can be strongly hydrophobic. Such

materials form oligomeric cage, polymeric ladder, and three dimensional network struc-

tures depending upon reaction conditions and the nature of the R group.
209

Equations 4-1

to 4-4 shows the hydrolysis and condensation reactions in alkoxysilanes.

o/ow
°'R

R'

h
2
o R-

CX
OH + ROH + H

R

+ ROH

4-1

4-2

4-3
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+ H
2
0 4-4

The above equations are actually an oversimplication of the reactions occurring in

alkoxysilanes. Figure 4-1 below shows a complete reaction map for an alkyltrialkoxysi-

lane. The set of (x , y, z) numbers represent the species of alkoxysilane where x indicates

the number of-OR substitutions, y the number of-OH substitutions, and z the number of

-O-Si substitutions. The figure also depicts vertical reactions (e.g., (0,3,0) -> (0,2,0))

as water-producing reactions and diagonal reactions (e.g., (3,0,0)->(2,0,l)) as alcohol-

producing reactions.

water-producing

condensation

,
1

,

vh

( 0 , 0 , 3 )^

Figure 4-1. A map of the various hydrolysis and condensation reaction paths in a trialko-

sysilane. From Britt and Hlady.
222

Langmuir monolayers ofOTMS at the air/water interface have been reported
222,223

to form a condensation product. The chemical composition of the various products have

been confirmed by electron spectroscopy for chemical analysis (ESCA)224
and by inelas-

tic electron tunneling spectroscopy.
225

While the molecular weight and architecture of the

product have not been reported, some have suggested that OTMS and similar materials

should form linear
223,224

rather than network polymers due to the 2D restrictions in the

environment around the silane head group.
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Experimental Method

General

All monolayer and polymerization studies were conducted on KSV LB5000

(KSV, Finland) equipment at 25°C using a trough and barriers made of PTFE. The trough

measured 150 x 675 mm2
. The surface pressure (IT) measurements were obtained using

the Wilhelmy plate technique. High-purity water passed through a 4-cartridge Milli-Q

(Millipore) filter system was used (resistivity >18MQ-cm). The pH of the subphase was

adjusted with HC1. n-Octadecyltrimethoxy silane (OTMS) (>95%, Gelest. Inc.) was used

as received. To prepare the spreading solution, a small amount of OTMS was added in a

volumetric flask containing chloroform (ACS Grade, Fisher) to make up a solution with

an approximate concentration of 1 mg mL"
1

. During the preparation of the solution, ut-

most care was taken so that the exposure of OTMS to the atmosphere is minimized. The

spreading solutions were placed in cold storage until needed.

Surface Viscosity Measurement

Surface viscosity experiments were done on an alternating trough system de-

signed by KSV. This is configured to have dual control system so that the two barriers

can be controlled by two independent feedback systems.

Figure 4-2 shows a drawing of the Teflon canal. The canal edges were angled at

72° to compensate for PTFE/water contact angle. Width and length were 1.35 and 93.78

mm, respectively. In the experiments, the surface pressure in which the amphiphile is ini-

tially spread was set at 8 mN m'
1

. A piece of PTFE block was placed at the entrance of

the canal to prevent the monolayer from flowing to the other side. Once the experiment is

started, that PTFE piece is removed and the pressure gradient was maintained at

1.0 mN m'
1

.
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Figure 4-2. Teflon canal used in the surface viscometry measurement. The knife-edges

are angled at 72°.

For an insoluble monolayer flowing under a pressure gradient ATI though a canal

of width w and length L, the surface viscosity can be related to the flow rate by the

equation

ti,W=
Aflw 3

wr\
o

12LQ(t) ~nT
4-5

where r| 0 is the bulk viscosity of the subphase. Equation 4-5 is the 2D analog of the

Poiseuille formula and derived from Navier-Stokes approximation for laminar flow.
157

For monolayer films of significant surface viscosity such as a cross-linking sys-

tem, Eqn. 4-5 can be approximated as

n,(0=
Aflvv

3

1210(0
4-6

since the value of the second term is less than 0.4 smP (surface milliPoise) at 25 °C and

for canal width w~1.3 mm. A similar approximation was used by Rolandi et al.
226

to cal-

culate the surface viscosity of polymerized films.

The area flow rate Q(t) is calculated from Q(t) = AA/At where At is the time in-

terval of measurement and A4/is the change in area in the high-pressure side of the canal.
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The change in area was calculated indirectly from the known width w, of the trough and

the barrier displacement As, i.e., AA/= wt
x As.

Since the measurement involves a reacting system, the area change due to the re-

action should be deconvoluted from the area change due to the actual flow of material

across the canal, i.e.,

A
f = (MMA\

(MMAl
4

(mma\
4-7

where A0/(MMA)0 is the original number of molecules and A t/(MMA) t is the remaining

number of molecules at time t in the high-pressure side. The mean molecular area at time

t, (MMA),, was obtained independently in a parallel isobaric area relaxation experiment

of OTMS at identical conditions and no flow. The difference is then multiplied by the

mean molecular area at that point of the reaction to obtain the amount of material that has

flowed across the canal.

Brewster Angle Microscopy

Studies using Brewster angle microscopy (BAM) were done using a NanoFilm

Technologie BAM-1 system (NFT, Germany) with a 10 mW HeNe laser (A,=632.8 nm).

The incident angle of the laser beam was carefully adjusted to where the intensity of the

reflected beam off a clean water surface is zero. The polarization of the laser beam was

also adjusted to where the reflection is at the minimum (p-polarized). Directly underneath

where the beam is incident to the subphase, an optical filter was placed to absorb any

parasitic scattering.
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Image/Video Acquisition Workstation

Figure 4-3. Schematic of the Brewster angle microscopy setup.

The schematic of the setup is shown in Figure 4-3. For image acquisition, the out-

put of the BAM CCD camera was connected to a PC workstation which has a high-

accuracy and low-noise monochrome frame grabber card (DT3155, Data Translations).

The original setup involved a VCR and video monitor attached directly to the CCD out-

put. Images were later captured from the VCR using Snappy® (Play, Inc.) device that is

attached to the parallel port of a PC. Not only that the acquisition is slow in this case but

the process of recording to a VCR degrades the fidelity of the images that are acquired.

The fully digital image acquisition setup proves to be a significant improvement.

ImageTool (Ver. 2.00, University of Texas Health Science Center) was used as the

image acquisition software. All images shown here are raw and unfiltered except for

some contrast and brightness adjustments. In very few instances, a “jitter correction” fil-

tering was used to fix alignment problems between the odd and even row pixels.
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Data acquisition and control of the LB5000 system is done using a separate work-

station running MS-DOS.

Results and Discussion

Isotherms

The behavior of OTMS and related amphiphiles was investigated as they are

spread at the air-water. Typically, 70-80 pL of a 1 mg mL'
1

solution is required to cover a

trough with an area of 1000 cm*. Once the solution is spread, compression is commenced

within two minutes to minimize any reaction that might occur prior to the start of the ex-

periment.

The chemical structures of the amphiphiles used in this study are presented in

Figure 4-4 and the resulting surface pressure-area (IT-A) isotherms in Figure 4-5.

The IT-A curve of OTMS exhibited an onset of an LE phase between 75-80 A2

which continues until around 40 A2
where an apparent plateau follows. The break in the

curve towards the plateau region was observed to be highly dependent on the compres-

sion rate. On average, this break is manifested at surface pressures between

10-12 mN m'
1

. On further compression, a less compressible region starts to appear just

below 30 A2
. At much smaller mean molecular area (MMA) another plateau appears

where the methoxy groups are assumed to be in staggered positions to minimized the mo-

lecular area. This feature is then followed by slowly sloping region which can only be

attributed to the final collapse of the monolayer.
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Figure 4-4. Chemical structures and molecular models of amphiphiles used in this study,

(a) n-Octadecyltrimethoxysilane (OTMS); (b) n-Octadecylmethyldiethoxysilane (OM-
DES); (c) n-Octadecyldimethylmethoxysilane (ODMS); and (d) Stearic Acid (SA).

The first plateau region is ideally a first-order phase transition and should be a

sharp discontinuity in the Tl-A curve. In the case of OTMS, this phase transition only be-

comes sharp at low compression rates. Vidon and Leblanc
223

have suggested that because

of the hydrophobicity of the alkoxy headgroup, only a minimal amount of work is re-

quired for the LE phase to collapse and should result in a clear first-order transition.

However, its long alkyl chain enhances its hydrophobicity such that the monolayer can

become unstable at room temperature. These two factors both contribute to yield the in-

distinct phase transition between the LE-LC regions. Furthermore, the formation of the

weak LC phase has been suggested to be due to the van der Waals interaction of the alkyl
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groups being counteracted by the tendency of the large and hydrophobic alkoxy

headgroups to form a liquid phase.
223

This becomes apparent when the isotherm of

OTMS is taken at pH 3.5 (see Figure 4-6). Here, the methoxy headgroups have been hy-

drolyzed to a more hydrophilic silanol groups and the isotherm shows a more distin-

guishable LC phase. Also, the monolayer does not collapse even at n = 60 mNm' 1

.

Stearic acid (SA) shows similar feature because of the more hydrophilic and smaller car-

boxyl headgroup.

Figure 4-5. Isotherms of obtained from the amphiphiles in Figure 4-4.

Pressure-area isotherms of two other alkoxysilanes are shown for comparison.

These silanes differ from OTMS in the alkoxy substitution at the silicon.

n-Octadecylmethyldiethoxysilane (OMDES) with a relatively large headgroup exhibits a

wide LE phase between 60-30 A2
. On further compression, only a single transition is
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noted and this probably continues towards the collapse of the monolayer altogether. The

large headgroup apparently prevents the alkyl chain from close-packing hence the ab-

sence of any hint of a LC phase. This is in great contrast of the isotherm exhibited by n-

octadecyldimethylmethoxysilane (ODMS). The LE of ODMS is apparent between 45-

27 hr, followed by the LC phase at around 25 A2
. A phase transition appearing at

n = 20 mN m'
1

leads to a highly incompressible phase which is almost certainly the solid

phase made of closely-packed ODMS molecules. Of the three silanes studied, only

ODMS showed a distinct solid phase and exhibited the highest collapse pressure at ap-

proximately 34 mN m'
1

.

Kinetics of Monolayer Reaction

The pH-dependence of the reaction kinetics of OTMS is very apparent from the

two isotherms shown in Figure 4-6. These two isotherms were obtained in the same

Langmuir trough and compressed at the same rate of 5 mm min'
1

. At this compression

rate, a mean molecular area of 25 A2
is reached after approximately 46 min. In the case of

OTMS spread over a pH 3.5 subphase, enough hydrolysis must have occurred while the

barriers are compressing to result in the reduction of the onset of the LE phase to 32 A2
.

This becomes obvious when OTMS is compressed at 100 mm min'
1

at the same sub-

phase. At this rate, it takes less than 3 mins to get to 25 A2
and results in a negligible dif-

ference in the isotherm.
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Figure 4-6. Pressure-area isotherms ofOTMS at pH 5.5 and 3.5.

The kinetics of reactions in 2D is conveniently measured in a Langmuir trough ei-

ther by monitoring the change in the surface pressure at constant area (“isochoric”) or the

change in mean molecular area at constant pressure (“isobaric”) experiments. Both of

these methods have their own advantages and disadvantages. In an isochoric approach, an

ideal condition is accomplished in which the molecules have the same molecular area as

the reaction progresses thus they would have the same collision rate regardless of the ex-

tent of the reaction. Linden et al.
228

found this technique suitable to investigate the reac-

tion of OTMS since extensive hydrolysis/condensation is assumed to have taken place

before reaching the target pressure if an isobaric experiment is instead preferred. On the

other hand, isobaric technique becomes ineffective when significant molecular area re-

duction occurs. When such condition takes place the surface pressures drops close to zero

surface pressure and any possibility of measuring the kinetics of the reaction becomes
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difficult. This is where isobaric technique will do extremely well and is actually preferred

in most cases.
229

In addition, isobaric technique provides a measurable quantity, i.e.,

MMA that can be correlated with results from complementary techniques such as x-ray

diffraction.

Packing density and reactivity

A series of A(t) isobars at pH 3.5 subphase are shown in Figure 4-7a. These iso-

bars were obtained at surface pressures of 2, 8, 15, 20 and 25 mN m'
1

representing differ-

ent surface concentrations corresponding to increasing packing densities, respectively.

Reactions made at the LE phase (n = 2 and 8 mN m'
1

) and to some extent reac-

tions done at the LC phase (n = 15 and 20 mN m'
1

) showed the expected area reduction

consistent with the hydrolysis of the methoxy groups. However, the extent of area reduc-

tion as it approaches the asymptote differs significantly between the different isobars with

the least dense monolayer showing the greatest area reduction. Figure 4-7b illustrates the

relationship of surface density to the degree of area reduction which was calculated from

AA =
A

‘ 4-8

A

where A t
is the initial MMA and Ax is the known ultimate MMA of 2 1 A2

,
determined

from later experiments conducted at more extended reaction times.

The apparent linear relationship between the decrease in the MMA to the surface

density of the monolayers agrees with the idea that during the hydrolysis/condensation

reactions, OTMS remains as a stable monolayer and that insignificant amount is lost ei-

ther by dissolution to the subphase or by other mechanisms.
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Figure 4-7. (a) A(t) isobars of a reacting OTMS at various surface pressures and at pH

3.5; (b) Area reduction relative to the surface density of the monolayers.

The monolayer prepared at n = 25 mN m'
1

exhibited an isobar in which the mo-

lecular area appears to increase with time. This is also exhibited to a lesser degree by the

monolayer compressed at n = 15 mN m'
1

. Two possible factors can account for the ex-

panding MMA. Since the monolayers are highly compressed initially in these conditions,

the expansion might indicate a dynamic relaxation of the monolayer in an attempt to

reach the equilibrium molecular packing. Another reason for the expansion can be specu-
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lated by recognizing the reaction mechanism involved. The initial protonation (see Eqn.

4-1) of the alkoxide group to form the oxonium ion intermediate brings about electro-

static repulsion between the headgroups resulting in the initial expansion. This was ear-

lier noted by Britt and Hlady.
230

Eventually, a net area reduction will prevail as the alkox-

ide groups are converted to silanols or Si-O-Si covalent bonds.

Kinetics of hydrolysis in OTMS monolayer

The hydrolysis and condensation reaction of alkoxysilanes in an acidic medium

can proceed in a variety of routes. The complexity of the possible reaction paths is de-

picted in Figure 4-1 which shows at least 10 species are involved in 18 reactions. The

diagram does not include protonation equilibria and the statistics on the formation of oli-

gomeric species which can further complicate any attempt to study this system quantita-

tively. Experimental techniques based on Si nuclear magnetic resonance is the most

popular analytical method to study the kinetics of this system in solution.
2 19,23 1,232

The

interest in
29
Si NMR is made possible by the high sensitivity of the Si nucleus towards

changes in its chemical environment. Also, the availability ofNMR methods such as IN-

EPT (insensitive nuclei enhanced by polarization transfer) and DEPT (distortionless en-

hancement by polarization transfer) have allowed quantitative determination of the com-

9 1 Q 990
position of the reaction product.

'

In situ investigations of kinetics of simple reactions (e.g., one step reactant

product reaction) at the air-water interface on the other hand can be as quantitative as

other techniques. However, in a complicated reacting system in which several species and

reactions are involved, there exists a difficulty in establishing the actual reaction kinetics

and mechanism involved because there is no information about speciation of reactants

and products. This is clearly shown in this system involving in situ study of the reaction
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in OTMS monolayer where the experimental data is only limited to MMA in the

monolayer. This is not adequate to completely describe the kinetics of the reaction since

some of the products have very similar MMA values. For example, the MMA of the ul-

timate hydrolysis product, silanetriol, is not much different from the monomeric unit of

the polysiloxane condensation product.
233

While the importance of obtaining the overall

kinetics of the reactions is recognized, it might only be prudent, given the situation, to

limit the discussion to the hydrolysis stage at the early stages of the reaction where it is

the predominant reaction. The attribution that the initial process is due to hydrolysis alone

is valid since for the condensation reaction to start, a significant concentration of silanol

must be present.

Figure 4-8. A(t) isobars ofOTMS at various subphase pH. n = 8 mN m'
1

, T = 25°C.

Figure 4-8 shows a series of isobars corresponding to the area relaxation of

OTMS at different subphase pH values and n = 8 mN m'
1

. As expected, the area of the

monolayer decreases with time and the apparent rate of area reduction is inversely related
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to the subphase pH. The isobar at pH 5.5 shows two distinct segments in the curve start-

ing with a lower-sloped segment followed by a segment at a steeper slope. The point of

inflection was estimated at t = 13 x 10
3
sec in pH 5.5 subphase and appears to occur at

earlier times as the pH of subphase is varied to lower values, disappearing eventually at

much lower pH. It is apparent from the curves at higher pH that the change in MMA ap-

pears to be slower initially then gradually accelerate with time. This “induction” period

can be accounted for by two factors related to the initial protonation of the OTMS

monolayer. First, the protonation step would take time before an equilibrium concentra-

tion of oxonium ions is reached. This process would be significantly slower at higher pH.

The other contributing factor is the expansion of the MMA due to electrostatic interaction

between oxonium ions which offsets the area reduction caused by hydrolysis. Eventually,

as the equilibrium condition is reached, a net reduction of MMA is observed. In subse-

quent analysis, the rate of hydrolysis was then calculated from the steeper-sloped seg-

ment of A(t) curves.

To simplify the analysis, it is assumed that the hydrolysis reactions for the three

alkoxy groups have equal rates. Also, OTMS and the related silanols and siloxanes are

assumed to stay at the interface and that the hydrolysis product CH 3OH diffuses into the

subphase. In addition, it is assumed that the resulting products consisting of silanols and

siloxanes form an ideal mixture with the original monolayer so that the areas are additive.

In this case, 2;, the fraction of reactant that has reacted can be shown to be :

10,189

n _ A-

A

00

n n A -A
4-9

where n0 and n are the original and remaining moles of reactant at time /, respectively; A,

A°, A are the mean molecular areas at time t, at the start, and at the end of the reaction.
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With these assumptions, the kinetics of the hydrolysis reaction can now be exam-

ined. The reactions involved are Eqns. 4-1 and 4-2:

R’-Si(OR) 3+H
+

R’-Si(OR)2ORH
+

4-1

R’-Si(OR) 2ORH
+
+ H20 -> R’-Si(OR) 2OH + ROH + H+

4-2

By assuming that Eqn. 4-1 is fast, the overall net equation can be shown to be

R’-Si(OR) 3 + H20 R’-Si(OR) 2OH + ROH 4-10

The rate equation can then be expressed as a pseudo-first order since H 20 is in

excess. Hence,

J[SiOR]
= _^[SiQR

j
4-li

dt

where k is the rate constant and [SiOR] is the concentration of the alkoxysilane. Integra-

tion yields

[SiOR]

[SiOR]
0

exp(-^t) 4-12

In £ = -kt 4-13

The curves of In £ vs. t (see Figure 4-9) were examined and the initial linear seg-

ment was assumed to be a direct result of the hydrolysis reaction occurring. Ideally, the

linear regression resulting from the use of Eqn. 4- 1 3 should yield a zero intercept on the

ordinate (In £) axis. However, significant deviation was observed especially at low pH.

This was seen as an indication of the extent of hydrolysis that has already occurred before

the experiment was actually started.
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Figure 4-9. Plots of In £, against time for reactions at various subphase pH values.

Table 4-1. Result of linear regression of the A(t) data using Eqn. 4-13; A: is the calculated

slope; a is the intercept; R is the correlation coefficient; and t is the approximate time in-

terval at which the linear regression was calculated.

pH k x 10‘4
, sec'

1

log k In a R t

1.5 27.2 -2.58 -1.71 -0.99 0-600 sec

2.1 7.4 -3.13 -1.46 -1.00 0-1400 sec

3.0 12.6 -2.90 0.06 -1.00 0-2000 sec

3.5 3.4 -3.47 0.05 -1.00 1000-5000 sec

4.0 2.4 -3.62 0.43 -1.00 2000-13000 sec

4.1 2.3 -3.64 0.60 -0.99 2000-14000 sec

5.5 0.71 -4.15 0.53 -1.00 10000-20000 sec

Since most kinetic studies of alkoxysilane hydrolysis in the bulk are done in the

presence of very small amount of water, there are very few similar studies in which these

results can be compared with. Recently, Beari et a/.
234

studied a series of organofunc-

tional alkoxysilanes in dilute aqueous solution using H and Si NMR. Their results for
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the hydrolysis of 3-methacryloxypropyltrimethoxysilane (2% in solution) revealed an

agreement and yields a rate constant that is in the same order of magnitude as the one ob-

tained from the isobaric A(t) curves.

Having obtained the various rate constants at different pH, it is now possible to

obtain a direct relationship between rate of reaction and the pH of the subphase to illus-

trate the catalytic effect of the hydronium ion.

Assuming a general acid-base catalysis

where ka is the rate constant for the uncatalyzed reaction; k is the rate constant for ca-

talysis by hydrogen ions with a bulk concentration of the hydronium ions; and k is the

rate constant for catalysis by hydroxide ions with a bulk concentration of hydroxide ions.

A first-order rate constant can be defined as

over-all first-order kinetics with a rate constant of 2.8 x 10'4 sec'
1

at pH 6. This result is in

Rate = £c
[SiOR] + *

H+
[SiOR][H

+

]
+ k

QH
_ [SiOR][OH“

]
4-14

Rate
4-15

[SiOR]

and therefore,

k = k
0 + [H

+

]
+ &

0H - [OH] 4-16

For reactions in an aqueous environment, Eqn. 4-16 can be written as

4-17

where kw = [H
+
][OH']. In the acidic subphases in which the system that was studied, the

third term of Eqn. 4-16 can be neglected and so in the low-pH region, the rate constant k

is essentially equal to k . [H
+

] . Therefore,
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log ft = logft
H , + log[H

+

]
4-18

or

logft = logft
H+
-pH 4-19

From the linear regression analysis of the data in Table 4-1, the actual hydrolysis

rate constant, ft„+ ,
was calculated to be 8.1 x 10

3
mol"

1

L sec"
1

.H

The slope, denoted by p, was also calculated to be 0.37 indicating a likely differ-

ence in the bulk pH and the actual pH near the interface. The difference between bulk and

surface concentration of ions is actually well established and the gradient can be ex-

pressed in terms of the Boltzman distribution of the ions:
236
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[H
+

] s = [H
+

] 6
exp

f evj/^
*"

kT
4-20

where the hydronium concentration [H
+

]
at the surface and in the bulk is denoted by the

subscripts s and b, respectively; e is the electronic charge; \\i is the interfacial potential; k

is the Boltzman constant; and T is the absolute temperature. In logarithmic terms,

pH, = pH, +
e\\i

23kT
4-21

Referring back to the interfacial reaction of OTMS, it is likely that immediately

upon spreading the interface takes up a potential vj; different from that of the bulk sub-

phase, similar to what Peters has noted.
237

In this case, the vj/ is negative
223

and will result

in the hydronium ion being attracted towards the electronegative oxygen. The result

would be that the surface would have a slightly lower pH compared to the bulk of the

subphase. With this argument, it is possible that

pH,= ppH, 4-22

Dynamic Surface Rheology

Experiments involving isobaric area relaxation that were discussed in the kinetics

section gave an insight on the progress of hydrolysis reaction. However, very little infor-

mation can be extracted from them regarding the structure formation resulting from sub-

sequent condensation reactions. Two fundamental properties that probe such transforma-

tion will be discussed here.

Surface compressional modulus

The surface compressional modulus of a quasi-two dimensional monolayer is a

measure of the film stiffness and generally should scale proportionately to the molecular

weight increase similar to three-dimensional materials. The modulus was obtained by
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applying brief mechanical stimuli in situ during the course of the hydrolysis and conden-

sation reactions. This was accomplished by introducing a series of periodic compression-

expansion cycles as shown schematically in Figure 4-11. Each compression-expansion

cycle gave rise to two isotherm curves; Figure 4-13 is a plot of the resulting series of sur-

face pressure/area/reaction time curves describing the compression cycles. Each curve is

an instantaneous record of mechanical properties at a defined point in the chemical reac-

tion.

The Gibbs compressional modulus is defined as

K s =
dn

d In A
4-23

where n is the surface pressure and A is the molecular area in the film.
10

In the work, fC

was calculated directly from the slope of the condensed region of the corresponding iso-

therm, at n ~ 20 mN m'
1

and area centered at A ~ 25 A2
. Between each compression-

expansion cycles (-80% of total reaction time) the monolayer was maintained at isobaric

conditions of n = 8 mN m"
1

. Control experiments at isobaric conditions determined that

the mechanical stimulus did not measurably change the reaction kinetics and that the

monolayer follows a similar area relaxation curve.
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Figure 4-1 1 . A diagram showing two cycles of the oscillatory compressive stimuli ap-

plied to the reacting monolayer; the bottom curve represents the measured surface

pressure response. From Carino et al.

Figure 4-12. A diagram showing the section of the isotherm where Xs
were derived.
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Figure 4-13. A typical set of Tl-A isotherms at pH 3.5 subphase from which the plot in

Fig. 4-14 was calculated; obtained between 0-25 mN m"
1

at 25°C. From Carino et al.
238

As shown in Figure 4-14, Xs
for the reacting monolayer increases about tenfold

with polymerization time in a non-linear manner. At the start of the reaction, Xs
has a

value of 30 mN m'
1

,
increasing to a plateau at about 70 mN m"

1

from 20 - 60 mins. The

modulus then increased exponentially and eventually became more constant at a value of

about 280 mN m’
1

. The sharp jump in the modulus near the end of the reaction suggests

that a threshold degree of reaction is required to attain a critical concentration where pos-

sible entanglements or network links appear.

Additional chemical insight is obtained by plotting Xs
vs the mean molecular area

as shown in Figure 4-15. The initial modulus increase observed in Figure 4-14 can now

be attributed to an approximately 50% decrease in surface area, consistent with the meth-

oxy-alcohol transformation expected from the hydrolysis reaction. The magnitude of the



87

Figure 4-14. Surface compressional modulus ofOTMS during reaction on a pH 3.5 sub-

phase and at n = 8 mN m"
1

. From Carino et al .

238

modulus may also be meaningful; for example, compressed monomolecular films of

other common simple surfactants like stearic acid (C 17H35COOH) and 1-decanol

(CioH 2iOH)have surface compressional moduli of 1000 ± 200 and 2500 ± 500 mN m'
1

,

239

respectively. Table 4-2 shows the relative compressional modulus at different phases of

the monolayer.

1

1

Table 4-2. Relative compressional modulus of different substances and states of the film.

Adapted from Davies and Rideal”

Monolayer Compressional Modulus, IC

Clean Surface 0

Ideal n
Protein (A«l m /mg) 1 to 20

Liquid Expanded 12.5 to 50

Liquid Condensed 100 to 250

Solid Condensed 1000 to 2000
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Figure 4-15. The surface compressional modulus fC vs mean molecular area of the react-

ing system calculated from data in Figure 4-14. Surface area is expressed as area per Si

atom in the monolayer.

This dynamic transformation in the reacting OTMS monolayers can be explained

in several ways. One of these is the fact that the during the time frame of the experiment,

the system is still in a highly inhomogeneous state and that domains of close-packed and

polymerized areas coexist with the LE phase. It is very likely that the compressional

modulus measured here is limited by the compressibility of the LE phase rather than that

of the close-packed domains. As the reaction progresses, the LE phase is continuously

transformed into the close-packed domains, hence the increase in the modulus.

Another explanation is based on the percolation nature of the network formation

and scaling behavior as proposed by de Gennes
240

and Stauffer
241
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Percolation theory describes in detail the phenomenon of gelation and is suitably

applicable to explain the time dependence of various rheological properties of a reacting

monolayer film. In the context of percolation theory, the monomers are assumed to oc-

cupy fixed sites in a periodic lattice. As the reaction progresses, bonds along the edges

joining the fixed sites are formed and the conversion factor p increases correspondingly.

The gel point p =pc is identified as the point in which an infinite network or cluster starts

to form. At this point, the material exhibits viscoelastic behavior
242 '243

Figure 4-16 illus-

trates this dynamic process occurring in a reacting two-dimensional system, depicted with

a hexagonal lattice structure to make it appropriate for comparison with the tri-functional

OTMS. At the initial stage, molecular self-assembly and hydrolysis occurs (Frame 1).

This is followed by the formation of individual small clusters made out of oligomeric

structures resulting from the polycondensation reaction (Frame 2). As the reaction con-

tinues, further polycondensation reaction yields larger clusters characterized by a broad

size distribution (Frame 3). At p = pc +Ap (Frame 4) where Ap is positive and small, an

infinite cluster is formed mixed with small amounts of finite clusters. This transition from

p < pc to p > pc characterizes a sol-gel transition: atp<pc only a sol exists while atp>pc

both sol and gel coexist in the matrix.
244
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Figure 4-16. Evolution of structures in a network-forming material as the conversion in-

creases. The monomers are considered to be fixed at the lattice points. The conversion

factorp is the probability that neighboring molecules can react together and form a bond

(dark lines). At p -pc ,
half of the total number of reactive groups are expected to have

reacted.

At the point just above the threshold pc ,
the material is believed to have a self-

similar structure (i.e., fractal)
245

and properties such as radius of gyration, gel fraction,

weight average degree of polymerization scale predictably as a function of |p-pc |.

241

For two-dimensional materials, it is known that the elastic moduli E scales analo-

gous to

\P-PC
\

X ~E 4-24

where x is in the order of about 1.2- 1.4.
240,241 246

This scaling behavior is a universal rela-

tionship and should be independent of the type of network. This has been experimentally

confirmed from surface rheology studies of 2D network materials by Veyssie and co-

workers,
200,247

and more recently by Rehage.
248,249

Miyano and Veysie
200

assumed that close to pc ,
the number of connected bonds is

proportional to the total irradiation time so that the shear modulus p is related to time t by

a relationship similar to Eqn. 4-24
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n ~ (/ - tcf 4-25

where tc is the observed onset of gelation.

A similar argument is used in the case of the compressibility modulus of OTMS.

The log-log plot in Figure 4-17 indicates that Xs
follows a scaling behavior similar to a

percolating network. At tc = 3600 sec, the average slope of plots obtained over several

trials was found to be 0.37 ± 0.04.

Figure 4-17. Typical scaling behavior of the compressional modulus Xs
against t-tc for

OTMS at pH 3.5 and T = 25°C.

The low magnitude of the scaling factor compared to the expected value of 1.2-

1.3 can be caused by several factors. Rehage
249

cited several of these factors, including

relaxation phenomena and the formation of ring structures. There is also the possibility

that the “lattice” assumption may not accurately describe the reaction in OTMS since re-
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duction of the molecular area during the hydrolysis process can allow lateral mobility,

hence, diffusion effects will be significant.

However, in the case of OTMS, the most important factor could be perhaps that p

is not proportional to t and that at the gel point a good fraction of the monomers are asso-

ciated with dangling chains. These dangling chains contribute to the gel fraction but not

to the elastic modulus. This is the same argument that de Gennes applied in justifying

how the scaling factor of the gel fraction does not vary in the same magnitude as the scal-

ing factor for the elastic modulus, which intuitively should be proportional to the for-

240
mer.

The probability of dangling chains in the OTMS network is not improbable. In

fact, because of the tetrahedral geometry at the Si atom it would be impossible for all the

three functional groups to be in the same plane with the methylene groups in the alkyl

chain in an all-trans configuration. This will result in only two of the functional groups to

react, the other one being inaccessible and directed towards the subphase (see Figure 4-

1 8a). The final product would then be expected to be a linear polymer, as suggest by Vi-

don
223

and Sjoblom
224

However, in the presence of a gauche defect in the alkyl chain, the

silane headgroup can reorient and all three functional groups may get exposed to react

(see Figure 4- 1 8b). This possibility can exist at large values of MMA or at low surface

pressures where the alkyl chain can have unrestricted movement and can possess gauche

defects. For these reasons, it is likely that polycondensation reactions leading to the

formation of the network occur while the monolayer exists in the LE or mesophase. Near

the end of the reaction, polycondensation reaction only results in the formation of linear

chains.
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Figure 4-18. Conformation of octadecyltrisilanol at the air-water interface with the alkyl

chain in (a) all-trans configuration; (b) gauche defect in the C2 position.

Overall, the value of the ultimate modulus for the polymerized system is

consistent with a soft, flexible monolayer material
96

rather than 3D crosslinked silica,

which should give a more rigid material. The magnitude of the modulus might be de-

pendent on how defect-free the resulting film is and might be kinetics dependent. Fur-

thermore, it is likely that coagulation of small cross-linked domains may also have a sig-

nificant contribution

Surface viscosity

Real-time surface viscometry was performed using a flow-trough canal similar to

the ones described by Harkins and Kirkwood
160

and Sacchetti
250

. It is the two-

dimensional analog the conventional Ostwald viscometer used for bulk fluids.
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Figure 4-19. Surface viscosity and area relaxation ofOTMS in a pH 3.5 subphase during

reaction (units of surface viscosity is surface milliPoise, smP = g s'
1

). The ordinate scales
• TOO

at the right side correspond to the isobaric area relaxation curve. From Carino et al.

The surface viscosity profde of the reacting system is shown above in Figure 4-19

overlaid against an isobaric area relaxation curve to show the progress of the reaction as

it relates to the viscosity profde.

The initial surface viscosity is consistent with that of small amphiphilic molecules

such as stearic acid which was measured at 0.34 smP (see Table 4-3). After the initial

compression, a slight initial viscosity drop was reproducibly noted starting at t~200 sec

and may be evidence of the hydrolysis that occurs resulting in replacing methoxy with

hydroxy groups.

As the reaction proceeds, viscosity slowly increases and then rapidly diverges.

Extrapolation of this vertical segment to the horizontal time axis yields the gelation point,

approximately 4.5±0.5 x 10
3
sec after the reaction was started. This point corresponds to
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the same time at which the compressional modulus is increasing. The divergence of the

surface viscosity is a manifestation of a possible cross-linking reaction and not just the

9 S

1

formation of a linear polymer.

Additional chemical insight is provided assuming that the area change per chemi-

cal reaction is constant; the resulting inset scale then gives an approximation of the extent

of reaction as monomer converts to products, even though the exact chemical nature of

the product is not completely known. The extrapolation of the gel point line corresponds

to about 85% of the extent of reaction. The fact that this is significantly above a random

2D percolation threshold and that an initial slow increase precedes the gelation point may

indicate that a substantial fraction of the network is made of linear, ladder-like segments

with occasional cross-linking.

Table 4-3. Surface viscosity of various monolayer materials.

Monolayer Surface Viscos-

ity (smP)

Reference

Stearic acid, n = 1 0 mN/m 0.15 Sacchetti
251

Stearic acid 0.34 This work

n-octadecyltrimethoxysilane, pH 5.6 0.24 This work

1-octadecanol, n- 2 mN/m 1.95 Sacchetti
250

Polyvinyl acetate (DP 16000) 5.3 Leblanc
252

Polyvinyl stearate 19.0 Leblanc
252

Morphology of monolayer film

Brewster angle microscopy offers direct information regarding the morphology of

the monolayer at the air-water interface. Here a description of the morphological changes

in the monolayer as a function of time will be presented.

Figure 4-21 shows a series ofBAM images obtained at various time intervals dur-

ing an isobaric area relaxation experiment at n = 8 mN m'
1

and pH 3.5. These images

were picked from an original series obtained at 5 min intervals. The bright features in the
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images indicate the presence of monolayer. These images are unfiltered and the apparent

curvature in the images is due to the spherical beam profile of the laser.

Although it is not shown in the series, the very first image captured at t = 0 min

actually shows a dark field with no features at all. As the reaction proceeds, small bright

spots begin to appear. The first frame in Figure 4-21 was taken at t
= 17 mins and shows

the already discernible morphological features of the monolayer with sizes estimated to

be less than 10 pm. These bright spots continue to grow into larger spots and form multi-

arm irregular domains. The presence of irregular structures (see Figure 4-20) that appear

to be incipient dendrites is an indication of anisotropic growth pattern
253

brought about by

non-random aggregation.

At approximately t = 80 mins, the spots appear to coalesce and form a continuous

film. Beyond the point of coalescence, another morphological transition occurs. This time

dark spots are observed to form within the film matrix. The first transition occurring at

t = 80 mins can be an indication of the sol-gel transition in the film. This is in reasonable

agreement with the result from surface viscosity and compressional modulus measure-

ments. The transition was observed to occur within a period of 10 mins as could be seen

from the sequence of images in Figure 4-22
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Figure 4-20. A magnified view of the growing domains.
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Figure 4-22. Gelation of the OTMS monolayer as observed from BAM images.
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hole

Figure 4-23. A depiction of the formation of holes in the OTMS matrix. The light-colored

circles are unreacted monomers trapped within a loose matrix ofOTMS network.

Noting that at t = 80 mins the MMA is about 85% of the ultimate MMA, the holes

appearing in the OTMS matrix can be due to the presence of fully or partially unhydro-

lyzed OTMS. This is illustrated in Figure 4-23. The top cartoon next to the BAM image

at t =80 mins shows monomers trapped within a network of OTMS. These monomers,

which are occupying larger molecular areas compared to the final product, are laterally

constrained and confined within these 2D cages. As the molecules react further, either by

condensation or by hydrolysis, the molecular area they occupy shrinks resulting in the

emergence of holes. It is also possible that these holes are manifestation of disordered
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phase in the monolayer. The transformation from the ordered to disordered phase during

the reaction can be brought about by the disruption of the ordered lattice due to the po-

lymerization that occurs.

Figure 4-24. BAM image of the resulting product after 3 hrs of reaction time.

After three hrs of reaction time, the monolayer was allowed to expand to

n = 0 mN m'
1

. Figure 4-24 above shows an image captured approximately 30 mins after

the pressure has dropped to zero. This shows that indeed a network has formed but be-

cause of overall low cross-linking density, the material appears to separate into linear

segments. If the density of junctions is high, it can be expected that an expansion of the

film will yield islands ofOTMS rather that the dendritic structure shown in the figure.

Conclusions

Monolayer characterization of OTMS showed that it forms a stable monolayer at

the air-water interface. The use of acidic subphase initiates a cross-linking reaction which

can be followed by monitoring the surface viscosity and compressional modulus of the

film. Due to the complexity of the reaction involved, analysis of the A(t) isobars was lim-

ited to the hydrolysis stage only although a full description of the overall kinetics is
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greatly desired. The analysis yields a first-order hydrolysis kinetics that shows typical

acid-catalysis.

The products of reactions have been shown by both surface viscosity and com-

pressional modulus measurements to be a network material. The products also exhibit

scaling behavior typical of network material albeit the density of junctions might be low

due to restricted geometry in the silane headgroup. The 2D gelation of OTMS was also

followed using Brewster angle microscopy. The observed morphological transition in

BAM seems to agree reasonably with results from rheological measurements. Brewster

angle microscopy also revealed that the resulting material forms a very loose network.



CHAPTER 5

STRUCTURAL TRANSFORMATIONS IN POLYMERIZING MONOLAYERS

Introduction

Alkylsilanes are widely used as components in hybrid materials
254,255

and to mod-

ify surface properties. For example, Finnie et al.
1

imprinted hydrophobic alkylsilane pat-

terns on silicon oxide surfaces. Similarly, Zheng et al. have utilized alkoxysilanes as a

passivating layer for subsequent patterned assembling of gold nanoparticles. Numerous

other groups
256

have studied the formation of alkylsilane thin films on silicon and metal

oxide surfaces. Fundamental questions regarding the growth mechanism of these materi-

als persist, in particular, the effect of the cross-linking reaction between individual silane

molecules on the quality and molecular architecture of the resulting film. Dutta et al.
3
and

several others,
4'6

have observed that silane on SiC>2 undergoes island growth as mani-

fested by the invariant film thickness over the duration of deposition. However, several

other spectroscopic studies ' indicated homogeneous growth modes, where the film

thickness was observed to increase with deposition time. Carraro et al.
7
have shown that

these two conflicting mechanisms are actually temperature dependent and may be a con-

sequence of a phase transition taking place in the transient Langmuir monolayer film at

the substrate-solution interface. Another possibility, as originally proposed by Sagiv and

corroborated by Silberzan et al., is the hydrolysis and possible cross-linking of the si-

lane while still physisorbed as a Langmuir monolayer onto the hydration layer of the ox-

ide surface. This process is assumed to precede the actual chemical anchoring of the si-

lane functional group to the substrate.
260,261

103
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The main focus in the study is the dynamics of formation of polyalkylsiloxane

from n-octadecyltrimethoxysilane [OTMS, CH3(CH2)i7Si(OCH3 )3] monolayers at the air-

water interface. The primary motivation is to show the feasibility of real-time grazing in-

cidence x-ray diffraction (GIXD) studies with sufficient time-resolution to follow struc-

tural changes induced by a moderately fast polymerization reaction. Such investigations

should be of relevance to understanding the underlying chemical changes involved. To

our knowledge, this is the first time structural evolution and polymerization of a self-

assembled monolayer at the air/water interface has been investigated in situ. Advances in

synchrotron science and beamline instrumentation at third generation synchrotron sources

should make this kind of investigation feasible on a wide variety of surface reactions.

Due to the formation of siloxane bonds from the reactive methoxy substituents,

adsorbed OTMS molecules can be laterally constrained from moving at the surface. This

assertion was supported by atomic force microscopy studies of self-assembled monolay-

ers which showed a larger degree of disorder at higher temperatures, where the chemical

reactivity is enhanced .

262
In such cases, the resulting molecular ordering is more glass-

like than crystalline as cross-linking interferes with the in-plane reorganization of the

monolayer following deposition.

As a Langmuir monolayer, polymerization of the OTMS monolayer can be read-

ily controlled by pH and surface concentration. ’ Since the water interface is amor-

phous and lacks surface groups capable of forming directional chemical bonds, no sub-

strate-induced in-plane positional ordering should occur. In this case, positional order is

totally dependent on the intrinsic molecular packing induced by non-covalent interaction

between the aliphatic chains and the polymerization of the headgroups of OTMS.



105

Experimental

General

Monolayers were spread from solutions containing approximately 1 mg/mL of

OTMS (95%, Gelest) dissolved in chloroform (Fisher). The OTMS sample was kept in a

cold storage and was used as purchased. The deionized water (Fisherbrand, Fisher) was

further purified using an Ultrapure MilliQ system with a resulting resistivity of >18

MQ-cm. The pH was adjusted using HC1 (Fisherbrand, Fisher) and measured using a

glass-electrode attached to a Accumet pH meter (Fisher). Between each experiment, the

trough was drained of the subphase and wiped with cleaning tissues soaked in 95% etha-

nol (ACS Grade). The trough was then rinsed twice with purified water before use. The

surface pressure of the monolayer was determined using a Wilhelmy plate technique.

Compounds used for powder x-ray diffractions were prepared from silane com-

pounds obtained from Gelest and used without further purification. About 1 ml of the si-

lanes was added drop by drop to a 0. 1 M HC1 solution. The resulting whitish suspension

was left overnight to react. The next day, the suspension was filtered and the precipitate

was washed with ethanol and then with copious amounts of purified water to remove any

residual acid. The precipitate was then placed in vacuum and left to dry. To prepare sam-

ples for x-ray diffraction, a small amount of the dry powder was placed in between two

adhesive tapes. This “taped” sample was then mounted in front of the x-ray source. This

was found to be convenient as well as effective sample preparation for transmission x-ray

diffraction. Subsequent background subtraction removes the broad scattering caused by

the adhesive tape.

Grazing incidence x-ray diffraction experiments were performed at the surface of

a Langmuir trough aligned to a high-brilliance x-ray beam of the MRCAT undulator at
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the Advanced Photon Source (APS) synchrotron at Argonne National Laboratories (Ar-

gonne, IL). The incident x-ray beam was tuned either at 11.0 keV (A. = 1.13 A) or 10.0

keV (A, = 1 .24 A). To achieve surface sensitivity, the angle of incidence was kept below

the critical angle of total external reflection which can be calculated from Eqns. 3-14 and

3-15:

a = cos 1
-

2n
5-1

This yields the angles of 2.0 at and 2.2 at 1 1 keV and 10 keV, respectively

Beamline Instrumentations

The beamline at the Materials Research Collaborative Team (MRCAT) is de-

signed for a variety of experiments ranging from transmission and fluorescence X-ray

absorption fine structure (XAFS) to scattering and diffraction in liquids, powders and

bulk solids. The beamline consists of two main sections (see Figure 5-1). The first section

(the “A” hutch) located about 20 m from the source houses filters, a collimator, the

monochromator systems and shutter/beamstop assemblies. The second section located

about 30 m further downstream is the experimental station (the “B” hutch), connected to

the “A” hutch by a 24 m long flight path maintained under high vacuum.

In the first section, the X-ray beam coming off the 10-ID undulator beamline is

passed through a Bremsstahlung collimator and then reflected to a double Si(lll) crystal

monochromator.
263

The monochromator system was designed and constructed by a group

from the Illinois Institute of Technology. It has a cryo-cooled first crystal and a second

crystal maintained in thermal equilibrium with the enclosure. The second crystal is con-

nected to servomotors that allow the crystal to rotate, as well as allowing Bragg-normal

translation. The second crystal is also attached to piezoelectric actuator controlled by an
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AC feedback circuit to maintain the peak intensity. The feedback circuit gets its input

from an ion-chamber detector located close to the beryllium window where the beam ex-

its in the “B” hutch.

In the “B” hutch section (or Experimental Section), is the 60-cm flat, vertically

deflecting harmonic rejection mirror. The mirror has a maximum surface roughness of

3 A and has platinum and rhodium stripes running parallel along its principal axis. The

stripes have been deposited on a quartz slab and are used depending on the energy desired

for the experiment. Usually, GIXD experiments were done at or below 11 KeV and the

platinum stripe is therefore used since platinum has an absorption edge at 1 1.56 KeV. The

rhodium stripe can allow higher energy, up to its absorption edge at about 23 KeV. The

mirror is enclosed in an inert atmosphere of helium and mounted on a platform that al-

lows it to be translated vertically and horizontally with respect to the beam. A pin on a

servo motor mounted at the downstream end of the mirror controls its tilt.
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Figure 5-2. The 8-circle goniometer at the Materials Research Collaborative Access Team
at the Argonne National Laboratory. Courtesy of MRCAT.

Figure 5-2 above shows the 8-circle Huber goniometer (Huber Diffraktionstech-

nik GmbH, Germany) located three meters downstream from the mirror. It is mounted on

a heavy translation and lift table that can move the goniometer on top of it in the three

Cartesian coordinates. All optical components are supported on a standardized X95 rail

system for high rigidity and stability.

Grazing Incidence X-ray Diffraction

To achieve surface sensitivity of the x-ray diffraction, the incoming angle was

kept below the critical angle for total external reflection (~2.0 mrad for air-water at this

energy). In this “grazing incidence” mode, x-rays do not penetrate into the bulk sample

but propagate as evanescent waves along the surface with a penetration depth of few na-

1 OA

nometers at most. This drastically improves the ratio of surface scattering to bulk

background scattering originating from the subphase.
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The schematic diagram in Figure 5-5 shows the set-up of the x-ray diffraction ex-

periment performed at the 10-ID beamline, operated by the Materials Research Collabo-

rative Access Team (MRCAT).

The most important components of the x-ray diffraction setup are described as

follows. Inside the experimental station, a mirror Ml with a Pt stripe provides harmonic

rejection. A second Pt mirror, M2, deflects the beam further downward to tune the angle

of incidence suitable for grazing reflection, approximately 1.5 mrad. A series of motor-

ized slits were used to define the beam and eliminate background scattering. The intensity

of the incident beam, IQ ,
was monitored using an ion chamber detector Dl. The diffracted

beam, normalized to I0 ,
was measured by a Nal scintilation detector. The detector resolu-

tion is defined by a set of vertical Sober slits and was calculated to be 0.15 nm'
1

,
suffi-

cient to resolve the peaks observed in this study that have a typical FWHM of approxi-

mately 0.5 nm'
1

. One particular problem with the use of a Sober slit array is that it should

be perfectly aligned to the beam to be able to obtain maximum intensity. This difficulty

led to a decision to change the optical design and use a pair of conventional slits of com-

parable resolution instead.

Beam Alignment

Alignment procedure discussed here only applies for the optics in the Experimen-

tal hutch. Prior to the alignment of the GIXD optics, it is assumed that the x-ray beam

had been adjusted to the optimized setting. This is done by adjusting the optics in the “A”

hutch. In addition, mirror Ml is also assumed to have been moved so that the incoming

beam is incident on the Pt strip to reject the higher harmonic emissions.

The alignment of the x-ray optics is excruciatingly difficult especially for inexpe-

rienced users. What makes the whole process difficult is the fact that the beamline can be
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configured for several different experiments with different optical system requirements.

Grazing incidence x-ray diffraction itself demands unparalleled precision in the align-

ment process relative to other x-ray scattering techniques.

Figure 5-3. Locations of the mirrors upstream of the Huber goniometer inside the

Experimental Station.

The process ofbeam alignment starts sequentially upstream at the first mirror then

down to the detector that is mounted on one of the arms of the goniometer. Without the

second mirror M2(see Figure 5-5) mounted on the rail, the beam coming off from the

flight path from Hutch “A” is deflected downward on one of the reflective metal strips on

mirror Ml. The mirror is spring loaded on one end so that moving a pin up and down (us-

ing motor Mirror 1
,
see Table A-l for the motor nomenclatures) on the other end can

change the inclination of the mirror with respect to the horizontal. It might also be neces-

sary to move the mirror upward or downward so that it is aligned vertically with the

beam.
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Following a brief exposure of a piece of bum paper to the x-ray beam, the angle

of the deflected beam to the incident beam can be determined by measuring the distance

between two bum spots, i.e.

a « — radians for l«d 5-2
d

where / is the distance between the bum spots of the deflected beam and the incident

beam; and d is the distance from the end of the mirror to the position where the bum was

taken (see Figure 5-4). To achieve adequate accuracy of the angle measurement, the bum

paper should be at least a meter away from Ml. This usually results in the bum spots to

be about 1 cm apart. At this point the deflected beam should have an angle am i approxi-

mately 11-14 mrad off the horizontal.

Figure 5 -4.Measurement of angle between the incident beam and the reflected beam.
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Using the appropriate motors, the blades of the slit SI are adjusted so that the spill

over of the main beam coming off the Ml is blocked and only the deflected beam is al-

lowed. All along, measurements of beam intensity are done by an ion-chamber detector.

To confirm for the beam position at any point during the alignment procedure, a bum is

taken using the bum paper. Alternatively, the x-ray beam can be located by a watching

the glow off a fluorescent screen using several cameras that are strategically located in-

side the hutch and that are hooked up to a TV monitor at the control station.

The next step is then to mount the mirror M2 on the stage located about 1 m

downstream from Ml. The stage is similarly designed to be translated across the beam

and in the vertical direction to get it aligned to the beam. To align the mirror parallel to

the beam the following procedure is followed. First, the mirror is adjusted to be roughly

on the horizontal and vertically offset off the beam path. The intensity of the 1
st

reflected

beam is then measured and recorded. The mirror is then moved vertically so that the

beam is completely blocked. Then the mirror is rocked using motor Mirror3 until the

intensity is half of the intensity of the unblocked beam. When this is done, the mirror is

now parallel to the beam. By adjusting the tilt of this mirror, the angle of incidence can be

set to the desired value which should be about 85% of the critical angle for total external

reflection. The x-ray incident angle measurement follows the same procedure as the

alignment in Ml. However, in this case the measurement has to be more accurate since

this will determine the actual grazing angle off the water surface. Accuracy can be

achieved by placing the bum paper further downstream.

Once the two mirrors have been aligned and the slits adjusted to block any spill

over of the primary beam, the Huber diffractometer can now be aligned so that it is cen-
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tered to the beam. Shibata
265

has outlined the procedure and is summarized as follows. A

mini-goniometer with a needle is mounted on the phi motor of the diffractometer. The

crosswire on the telescope is then centered on the tip of the needle by translating and ro-

tating the stage of the mini-goniometer. At the end of this exercise, the tip of the needle

would be at the crosswire and at the center of rotation of the Huber. To center the beam to

the center of rotation of the Huber, a piece ofbum paper is placed at the tip of the needle

and the spot where the bum spot appear is observed. If the bum spot does not coincide

with the tip of the needle, the whole goniometer is moved by translating the Huber table

vertically and horizontally.

The alignment of the detector arm to coincide with k*y = 0, a horizontal scan of

the arm coupled to the motor hnu is done. The value of hnu at which the intensity is

maximum is set as kxy = 0. A similar procedure is done on the arm that moves in the ver-

tical direction: the value of hdelta at maximum intensity is set as kz = 0.

Table 5-1. Positions of the first 10 diffraction peaks from SRM 660a using x-ray radia-

tion equivalent to Cu Ka (A, = 0.1 541 nm) and the calculated k From NIST SRM 660a

certification.
266

Peak No. hkl 20, Cu Ka _kx^_

1 100 21.3578 18.78

2 110 30.3847 26.56

3 111 37.4417 32.53

4 200 43.5064 37.56

5 210 48.9573 41.99

6 211 53.9886 46.00

7 220 63.2182 53.12

8 300 67.5474 56.34

9 310 71.7452 59.39

10 311 75.8438 62.29

At this point, the goniometer is now fully aligned and ready for calibration. The

standard used for calibration was NIST Standard Reference Material (SRM) 660a (Na-
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tional Institute of Standards and Technology). Certified SRM 660a is lanthanum hexabor-

ide (LaB6) powder intended for use as line position and line shape standard for diffrac-

tion. If the goniometer is properly aligned, the peaks found in Table 5-1 can be ob-

tained.

Langmuir Trough System

The Langmuir trough system was jointly designed by the Florida group.
267

and

KSV Inc., Finland, to fit in the center of the 8-circle Huber goniometer of the MRCAT

beamline. The trough measures 7.36 cm x 42.55 cm and about 1 cm in depth. A remote

controlled integrated vertical actuator allows the alignment of the liquid surface with the

x-ray beam, such that maximizing the intensity of the reflected beam was conveniently

achieved. The trough also features an adjustable barrier lateral tilt angle, symmetric

compression geometry, and barrier drive components well beneath the water surface to

maximize usefully available interfacial surface for scattering spectroscopy and diffraction

studies. The entire instrument is mounted within the chi circle (see Figure 5-6) of the go-

niometer and fixed to an active vibration isolation table (MOD-1, Halcyonics, Germany).

Later experiments would require that the trough be mounted in front of the chi circle (see

Figure 5-7) instead of mounting it on the top to do away taking out the phi motor.

To prevent possible x-ray-induced damage on the monolayer and to minimize the

background scattering from air, the trough and all of its mechanical components were en-

closed in a plexiglass box with Kapton-covered windows. Also, a continuous stream of

helium gas is flushed through the plexiglass enclosure.
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Figure 5-6. The Langmuir trough is mounted on top of the chi circle. The phi motor was

taken out from its mount to let the beam pass through.

Figure 5-7. Modified Langmuir trough setup used in later experiments.

Data Collection and Analysis

Control and data acquisition at the MRCAT are done using MX, a customized

beamline control software running under Debian Linux and designed by Lavender. MX



118

controls all the motors, including those in the 8-circle goniometer, X-Y translation stage,

mirrors, and sets of slits. In addition, it acquires the data from all the scalers attached to

the various detectors being used. The software is highly configurable and allowed quick

modification of data acquisition routines. Thus, for example, a quickscan routine de-

scriber later was successfully implemented to enable real-time diffraction at the MRCAT.

Data obtained from diffraction experiments are obtained as text-formatted files.

These data files can easily be imported in scientific data analysis software such as Ori-

gin
8
(OriginLab Corp). For convenience, however, the files are first converted to a for-

mat where the detector angle position is converted to appropriate values of k. Once the

data is imported into Origin®, the background signal is manually subtracted then pure

Lorentzian function fitting is done.

For kinetics datasets, the time stamp of the file was used as the reference time

frame. This would mean that the time t in the kinetics run would be actually be the time

at which the scan was completed.

X-ray Powder Diffraction

Wide-angle x-ray diffraction was obtained from a Siemens Platform diffractome-

ter with a Hi-Star GADDS (General Area Diffraction System) using a Cu Ka source

(X = 1.542 A). The detector was positioned at around 60 cm from the sample. The cali-

bration of the angle and detector distance was done using a fine corundum powder placed

in a capillary or sandwiched between transparent adhesive tapes. The generator was oper-

ated at 50 kV and 40 mA and data was collected for at least 1 hour. After the data acquisi-

tion, the image was unwarped and the plot of 20 against intensity were obtained by inte-

gration along the chi (x) direction.
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Results and Discussion

Grazing Incidence Diffraction of Reacted OTMS Monolayer

Solution of OTMS monolayer was spread on the water surface and compressed to

8 mN m'
1

. At this surface pressure, the monolayer has an initial average molecular area of

43.5 ± 0.7 A2
and corresponds to the liquid expanded phase. With time, the average mo-

lecular area has decreased (see Figure 5-18) to 21 ±2 A2

, a value that is close to within

experimental error to the final average molecular area of 20 A2
reported by Fontaine et

al.
269

At pFI 1.5, OTMS rapidly undergoes hydrolysis and condensation such that the re-

269
actions are essentially complete in 1.5 hour.

For the initial GIXD measurement, OTMS was spread on a pH 1.5 subphase and

allowed to react. Approximately 2 hrs later, a diffraction measurement was done. A peak

was detected with a full width at half maximum (FWHM) of 0.51 ± 0.12 nm'
1

centered at

kxy
= 15.48 ±0.04 nm'

1

(see Figure 5-9), determined after background subtraction and

fitting a Lorentzian function by nonlinear least squares algorithm to the data. If this peak

is assigned to reflection {10}, the second-order diffraction peak corresponding to {11}

should appear at V3 k^ or 27 nm'
1

. Further scans toward higher A^did not yield any other

peaks that can be assigned to higher reflection orders. It is however possible that instru-

mental limitation is responsible for the non-detection of higher-order peaks since they are

expected to be considerably less intense in the first place.

A peak appearing around 16.7 nm'
1

has such a low intensity, barely rising above

the background noise that it can be considered as insignificant.

If the single diffraction peak is assigned as the triply degenerate {10} + {01} +

{11} peak for hexagonally packed lattice, the Bragg ^-spacing can be calculated using
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d =
2k

5-3

and the lattice spacing a from

MO

r h
2 +hk + k

2 ^

a =
'_2_'

v.V3 j

Mo

5-4

5-5

yielding 4.06 ± 0.02 A and 4.69 ± 0.03 A, respectively. These values are characteristic for

close-packing of alkyl chains
270

albeit deviating a small amount from the previously re-

ported value of 4.76 ± 0.02 A2
for this system.

269

Figure 5-8. (a) Periodicity and Bragg spacing in a distorted 2D hexagonal lattice. In the

ideal, non-distorted hexagonal lattice, all the spacings are equivalent, hence the {10} +

{01} + {1 1 }
reflections are degenerate; (b) alternative equivalent lattice indexation using

27

1

a centered rectangular cell. From Daillant

Assuming exponential decay of positional correlation with increasing separation,

i.e., e
r

, the positional correlation length £, can be estimated from



121

? FWHM(k
xy )

which yields 3.9 ±0.1 nm for the uncorrected FWHM. In comparison, small amphiphiles

m ' # fin jnf) 979
such as fatty acids are known to have correlation length in the range of 10 nm '

’ and

500 nm, in the case of phospholipids.
273

k
xy
=(47t/^)sine (nm'

1

)

Figure 5-9. First order peak detected from an OTMS Langmuir monolayer.

Comparison with Bulk Silanes

Wide-angle x-ray powder diffraction curves of reacted and dried silanes are shown in

Figure 5-10. Table 5-2 shows a summary of the data obtained primarily by fitting a Lor-

entzian fit to the data. These silanes all have the same number of methylene groups in the

alkyl chain with the exception of compound B which contains quaternary amine and an

extra propyl moiety in the alkyl chain. Compounds A, C and D only differ in the number

of methyl substitution in the silane head group having three, two and one methyl groups,
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respectively. Compound C is diethoxy substituted but it should not influence the ultimate

packing of the molecules since the ethoxy group is eliminated during the hydrolysis reac-

tion.

Table 5-2. Data obtained from Lorentzian function on the diffraction curves in Figure 5-

10. The peaks are described as weak(w), medium(m), strong(s), and very strong(vs)

based from their relative intensities.

Silane
26

A,=1.542 A
k

nm'
1

d-spacing

A
(A) n-octadecyltrimethoxysilane 3.28(w) 2.33 26.97

5.11(w) 3.63 17.30

21.28(vs) 15.05 4.17

(B) octadecyl-(3-trimethoxysilypropyl)- 2.45(vs) 1.74 36.11

ammonium chloride 4.97(m) 3.53 17.80

21.38(s) 15.12 4.16

(C) n-octadecylmethyldiethoxysilane 21.44(vs) 15.16 4.14

(D) n-octadecyldimethylmethoxysilane 18.1 6(vs) 12.86 4.89

21.68(vs) 15.33 4.10

23.20(vs) 16.39 3.83

The bulk OTMS shows a strong peak at 21.28° and minor peaks at 5.11° and

3.28°. Applying Braggs’ law, these 20 values correspond to d spacings of 4.17 A,

17.30 A and 26.97 A, respectively. The former agrees with the chain-chain packing meas-

ured from GIXD of OTMS monolayer in this study and those reported by Tippman-

Krayer
270

. The other peaks close to the small-angle region indicate the tendency of this

compound to self-assembly and form lamellar structures, although weak judging from the

intensity of the peak. The peak corresponding to d = 26.97 A matches with the expected

length of 26-27 A obtained from molecular models of a fully-extended OTMS molecule.

The af-spacing of 17.30 A is difficult to assign in the absence of other supporting data.

However, Parikh reported a head-to-head bilayer structure of this compound, which

yields a



Intensity

Intensity

123

Figure 5-10. X-ray diffraction spectra of selected alkoxysilanes.
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primary reflection with d = 52.4 A. In this case, the ^-spacing corresponding the third-

order or (003) peak should appear at around the location of the second peak in Figure 5-

10A. The only other silane that showed lamellar structure is Compound B. It exhibited a

strong peak located at 2.45° and a minor peak at 4.97°. Judging from resulting ^-spacing,

the second peak is apparently a second-order reflection originating from the same struc-

ture feature that yields the peak at 2.45°. This strong manifestation of a lamellar structure

is most likely due to the strong hydrophilic character of the quaternary amine moiety.

Compound C did not show evidence of any lamellar structure

In general, all these silanes showed the typical alkane chain closed-packing with d

spacings around 4.14 - 4.17. Even compound C which has a methyl substitution at the

headgroup surprisingly exhibited chain-chain packing very close to that of OTMS. Ap-

parently, the presence of the methyl group at the silane headgroup does not distort the

crystal lattice very much. The presence of two methyl groups in Compound D, however,

ruins the hexagonal lattice observed in the other silanes. It now appears to be a triclinic

with the alkyl chains tilted at an arbitrary direction.

Compression-Induced Ordering in Unreacted Monomer

A solution of OTMS was spread on neutral water (pH ~5.5) at 25°C and a com-

pression of the monolayer was initiated in a step-wise manner. Each step was made to

correspond to surface pressures along the isotherm shown in Figure 5- 11 a. Diffraction

was initiated when the surface pressure was IT = 9 mN m'
1

and every 1 mN nT
1

thereafter.

Resulting diffraction curves are shown in Figure 5-1 lb with Lorentzian fits and the back-

ground already subtracted.
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As shown in Figure 5- lib, the region with mean molecular area (MMA) ranging

from 80 A" to 40 A' is an isotropic liquid phase with no detectable structure. The first

evidence of an emerging structure was detected at 11=15 mN irf
1

with MMA in the range

° 9

ol 30 A“. On further compression towards smaller MMA, the peak grows steadily against

the applied surface pressure then rising steeply as TI = 21 mN rn
1

(see Figures 5-12 and

5-13).

Figure 5-11. (a) Fl-A isotherm of OTMS on pH 5.5 subphase at 25°C; (b) Diffraction

spectra obtained at various pressures along the isotherm in (A). Diffraction curves for

fl < 10 mN m'
1

are not shown.
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Surface Pressure (mN rrf
1

)

Figure 5-12. Diffraction intensities of peak at about kxy = 15 nm'
1

plotted against surface

pressure.

Figure 5-13. Diffraction intensities plotted against mean molecular area.
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The increase in scattering intensity with rising surface pressure is usually attrib-

uted to the favorable increase in population of molecules in the trans conformation. This

conformational transformation of amphiphiles has been suggested by previous x-ray stud-

ies
274

and confirmed by reflection-absorption Fourier transform infrared spectroscopy

(RAFTIR) experiments done on pentadecanoic acid."
7

' In the latter study, a disordered

conformation with a large number of gauche bands was proposed for the monolayer in

the liquid expanded (LE) region, while in the condensed phases (C and S) chains were

highly ordered with trans bonds mostly. This information was obtained mainly from the

analysis of the C-FI stretching vibrations. A similar experiment using polarized modu-

lated external infrared reflection absorption spectroscopy (PM-IRRAS )

276
also showed a

similar transformation from gauche -> trans as the monolayer undergoes liquid -> solid

phase transformation as the temperature is reduced.
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Figure 5-14. Peak center of the first order peak (Top) and the corresponding peak widths

as determined from the Lorentzian fit (Bottom). At the right y-axes of both graphs are the

calculated Bragg ^-spacing (Top) and the positional correlation length (Bottom).

Figure 5-14 shows the calculated FWHM and location of the peak, two distinct at-

tributes relevant to molecular organization and packing. At the lowest pressure where the

first diffraction peak was observed, the molecules have a wider J-spacing and low posi-

tional correlation. As the pressure is increased, the J-spacing is reduced and the posi-

tional correlation has increased. This observation would imply that the molecules initially

form loose organized domains that are squeezed together as the pressure is increased. In
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the same process of compression, these domains increase in size as reflected from the in-

crease in the positional correlation. One interesting observation regarding the positional

correlation of the molecules is that once the condensed phase has formed, it appears that

the organized domain size becomes limited to some finite value and that further compres-

sion does not alter their size.

At n - 21 mN m'
1

, a scan towards higher was done and the resulting diffrac-

tion curve is shown in Figure 5-15. Unlike the one obtained for OTMS spread over pH

1.5 subphase, the monolayer in this case showed a broad peak at around 26 nm'
1

(see in-

set in Figure 5-15). This would actually closely match the second-order {11} peak ex-

pected for a structure with a first order {10} at kxy
= 15.24 nm'

1

.

14 16 18 24 26 28 30 32

k
xy
=(47i/A.)sin0 (nm'

1

)

Figure 5-15. GIX diffraction spectra ofOTMS at Ft = 21 mN m'
1

. Inset is an expanded

view of the 23-29 nm'
1

region. The intensities are not corrected for Lorentzian polariza-

tion.
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The appearance of an additional peak at kxy = 26 nm'
1

implies the lifting of the de-

generacy of the first order peak and that the lattice is actually distorted from the ideal

hexagonal structure. This is not at all unexpected since the OTMS hydrolysis reaction at

pH 5.5 is slow and that the monolayer is predominantly consists of alkyltrialkoxysilanes

with the headgroup occupying a larger cross-sectional area than the tailgroup (see Figure

5-i6). To compensate for the large headgroup, the molecules are tilted since the packing

is now determined by the space requirements of the headgroup rather than the alkyl

chain. This has been similarly observed in fatty acids with chain branching at the 2-

. . 277
position.

Figure 5-16. Space-filling molecular model of an OTMS molecule showing the relative

cross sections of the tail and headgroup.

Insights on the Kinetics of Self-Organization and Film Formation

Since the first reported GIXD at the air-water interface by Dutta et al. and Kjaer

et al.
28

,
the focus of most synchrotron studies of monolayers have been generally about in

situ investigations of the effect of compression and temperature on the structures and

phases. Very little has been cited in the literature regarding x-ray studies of time-

dependent effects in floating monolayers. Obviously, the main problem is the weakness

of the scattered signal and the demand for high-intensity sources so that the data acquisi-

tion can be done in the required time and at an adequate resolution.
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Dynamics in Langmuir-Blodgett films, on the other hand, are studied more rou-

tinely since these are usually prepared as multilayers and so the scattering cross-section

would be several times greater. For example, Rapp investigated the multilayer spacing

and total film thickness of a 28-monolayer thick film of magnesium stearate as it is

heated with a time resolution of 10 seconds. Using a multiple imaging-plate (IP) detec-

tor system and focusing monochromator, Foran was able to achieve signal-to-noise ratio

far higher than the conventional scanning method. ’ Their instrumental innovation

allowed them to do a time-resolved grazing-incidence diffraction studies of metal fatty

acids at a shorter time.
281

In the case of Langmuir films, the scattering cross-section from the monolayer-

thick film is reduced drastically such that a typical scan usually lasts anywhere from 20

mins to 1 hr, depending on the desired resolution. This limits significantly the type of

time-resolved studies to dynamic systems that take hours to complete or reach equilib-

rium. Fortunately, certain reactions in monolayers have this characteristic kinetics. For

instance, the photoisomerization in certain azobenzene surfactants can take up to 1000

sec (at If = 14 mN m"
1

) to reach completion.
282

Similarly, the UV-induced condensation

9RT
reaction in dilinoleoylphosphatidylethanolamine monolayers occurs equally slowly.

These systems are good candidates where real-time GIXD can be used to investigate the

structural transformations occurring during the reaction.

Dynamics in monolayers can also involve other processes. Previously, Lin et al.

investigated the time-dependent effects that are observed as amphiphiles are compressed.

They have identified for the first time that a microscopic relaxation mechanism occurs as
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the monolayer reorganizes from a pseudohexagonal structure, formed upon compression,

284
to an undistorted hexagonal structure.

Real-time Grazing Incidence X-ray Diffraction

The series of experiments that will be discussed hereafter was designed to exploit

and further improve the GIXD technique as a method of investigating the structural trans-

formation in real-time. The alkoxysilane system provides an excellent platform in which

these goals can be achieved since its chemistry is very easily controlled by subphase pH

and surface concentration.

Initial experiments were done at constant pressure of n = 8 mN m'
1

,
T=27°C and

subphase pH=4.0 where the reaction is sufficiently slow to be followed by conventional

diffraction scans. Unlike the earlier described GIXD experiments, scanning of the detec-

tor was commenced as soon as the monolayer was spread. The “dead time” between

monolayer formation to getting the hutch evacuated and having the controls started is

about two minutes. This is appropriately accounted for in the calculation of the scan time.

Once the first scan was done, the subsequent scans were started automatically and

repeated until intensity reached an asymptotic value. This was easily achieved by running

a command script at the control workstation. For each complete scan, a file is generated

and its time stamp is used as the reference time frame for that run. This might appear an

imperfect approach especially for kinetic runs in which single scans takes time to com-

plete. This, however, is the best systematic approach applicable in this case.

Initially, there is no evidence of order, as represented by the absence of x-ray scat-

tering peaks in the first 100 mins. The onset of ordering is manifested by the appearance

of a fairly symmetrical peak observed at = 15.24 nnf ’, becoming resolvable at an av-
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erage macroscopic molecular area of 32.6 ± 2.3 A2
as shown in the isobaric area relaxa

tion curve in Figure 5-18. This peak grows in intensity, leveling off at reaction times con

sistent with the end of the reaction as measured by isobaric area change.

100

Figure 5-17. Real-time x-ray diffraction peaks of the reacting OTMS system at pH 4.0

subphase. From Carino et al.
264
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T = 25°C. Arrow A points to the onset of the diffraction peak; arrow B indicates the win-

dow of gelation time from 2D viscometry. From Carino et al.
264

The chemically interesting feature of the data is that the position of the peak does

not change substantially with time, indicating that the spacing between the alkyl chains in

the organized regions is constant. It is reasonable to assume that in the beginning of the

reaction small domains of ordered alkyl chains form, giving rise to a weak scattering

peak. Interestingly, the onset of a detectable diffraction peak occurs at surface areas

significantly larger than the MMA attributed to the alkyl chain as reported by Fontaine et

al.
269

In fact, at such surface areas (corresponding to about 50% conversion), one would

anticipate that the alkyl chains would be liquid-like and not ordered. Arrow A in Figure

5-18 also illustrates that diffraction also occurs prior to the gel point indicated by Arrow

B, whose measurement is described in the earlier chapter. The appearance of the single
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peak so early in the reaction, corresponding to such a large MMA, supports the notion of

a formation of organized domains. Such results clearly demonstrate the value of obtaining

direct structural data by GIXD to elucidate the mechanism of film formation on a

molecular level.

These ordered domains most probably consist of fully hydrolyzed and partially

condensed silane molecules dispersed in primarily disordered and partially reacted

OTMS, consistent with the results obtained by Rondelez, et al.
261

Clearly, the appearance of a diffraction peak indicates that OTMS undergoes a

phase transition as the methoxy groups are hydrolyzed and the headgroups become

smaller. At an MMA of 32.6 A2
(point A in Figure 5-18) the monolayer exists in a phase

analogous to the condensed phase C in the unreacted OTMS as shown in Figure 5-1 la.

Interestingly, the initial appearance of order also occurred around the same MMA (~28

A2
, see Figure 5-13) as when the unreacted monomer is being compressed.

The diffraction peak close to the onset of the condensed phase is commonly

treated as due to hexatic order.
71

Unlike in truly crystalline structures, the molecular

backbones in a structure possessing hexatic order are randomly oriented although there

exist a long-range orientational order normal to the interface exists. This difference in

molecular packing is depicted in Figure 5-19. In addition, hexatic structures have a short-

285
range positional order in the range of few lattice units.

Although there have been doubts regarding the assignment of certain phases as

possessing hexatic order,
70 some indirect evidence has been brought out. Reviere

286
has

shown that this phase is optically isotropic and possesses one first-order diffraction peak

in the powder pattern. This would suggest that the structure could be a 2D liquid analo-
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gous to a smectic liquid crystal, a hexagonal crystal or a hexatic. The fact that the usual

peak width exceeds the resolution limit, i.e., broad diffraction peak, with positional corre-

lation larger than that expected for liquid make the hexatic order as the most plausible

structure in this phase.
71

Figure 5-19. Molecular packing in (a) crystalline lattice and (b) hexatic lattice as seen

normal to the interface. The shaded oval and circles indicates the average molecular ori-

entation in the domain. Adapted from Kaganer and Loginov.

For the hexatic order to arise, the molecular area must be larger than that that of

close-packed alkyl chain to allow for the large degrees of freedom inherent in these struc-

tures. An indication of this possibility is shown in Figure 5-20 which illustrates that the

molecular area is larger at the onset of the diffraction and shrinks by about 2% after 300

mins. This is comparable to the decrease in molecular area observed by Kaganer and co-

workers in octadecanol monolayer as it undergoes LS -> S transition.
285

At this point, results have indicated that both unreacted OTMS and its product ex-

hibit ordering at the air-water interface. While the unreacted OTMS shows evidence of a
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distorted hexagonal lattice, the products seems to exhibit packing characteristic of hexag-

onally packed alkyl chains.

In the following section, it will be shown that the molecular packing at the onset

of the diffraction is less densely packed than the final structure, further supporting the

notion of hexatic order at least in the early part of the film-formation.

Figure 5-20. Variation in the peak center (left axis) and lattice parameter a (right axis)

with reaction time.

“Rapid” Grazing Incidence X-ray Diffraction

The experiments described in the previous section were performed on a fairly

slowly reacting system. As the pH is lowered, the rate of hydrolysis and condensation

reactions can change drastically such that at pH 1.5 the reaction is complete after one

hour.
269

This is supported by the results of area relaxation experiments discussed in the

earlier Chapter. To be able to monitor the transformation in these systems, a modification

of the scanning technique was made.
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In the absence a wide area detector such as a CCD or an imaging plate, experi-

ments were limited to the use of a scintillation counter point detectors. The conventional

method of scanning a point detector at a predetermined angular step is painfully time

consuming. In addition to the time required to move the detector arm and acquire the

data, extra time is needed to allow the water surface to settle down after the detector arm

has finished moving to the desired angle. This additional wait period can account for

about 5-10 secs per step and slow down the complete scan for as much as 5 mins. The

alternative approach is to sweep the detector arm continuously (“quickscan”) at a prede-

termined scan rate.

The implementation of the quickscan scheme involves an alteration in the in-

put/output controller (IOC) routines during data acquisition. In the conventional step-scan

technique, the control software sets up the scaler (Joerger) hardware so that the IOC stops

and resets the data acquisition after a certain number of counts are detected. In the quick-

scan scheme, the 10 Mhz internal clock of the scaler is used as the time base that defines

an acquisition gate. The IOC then comes in to fetch the data for the duration of the preset

acquisition time. This usually results to a decrease in the detected intensity by a factor of

10-100. However, this is inconsequential since the incident beam has sufficient intensity

required for the experiment.

Using quickscan routines the reaction of OTMS monolayers at pH 1.5, 2.0, 3.0,

and 3.5 were investigated. The fastest scan rate that was attained using this new scanning

scheme was approximately 56 sec, a considerable improvement compared to the best

scan rate of 16 mins for the conventional scanning.
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Figure 5-21 shows typical peak intensity vs. time plot acquired for about an hour

from a reacting OTMS system at pH 1.5. Similar to the observation described earlier, the

peak intensity grows as the reaction time progress, up to a certain asymptotic value.

However, in this case the ordering occurs very rapidly indicated by the early onset of dif-

fraction at 100 sec.

Time/10
3
(sec)

Figure 5-21. Intensity of the peak around kxy
= 15 nm"

1

plotted against reaction time at

subphase pH=1.5. Superimposed is the area relaxation curve ofOTMS spread on the

same subphase.

Also shown in Figure 5-21 is the result of an independent area relaxation experi-

ment similar to ones described in the previous Chapter. Since the reaction is very rapid at

this condition, the MMA rapidly decreases even before the desired surface pressure is

attained. In this case, the initial value that was measured is already around 25 A2
. The

remarkable observation apparent here is that there seems to be a complete correspon-

dence between the two curves although they characterize different length scales. While
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the intensity data represents a microscopic description of the system, the mean molecular

area curve is a representation of a gross macroscopic trend.

At higher pH, however, it was noted that the two datasets hardly coincide. As

shown in Figure 5-22, the diffraction peak did not start to appear until more than 2000

sec has elapsed for a system at pH 3.5. At this point the monolayer has a MMA of ~30

A2

,
a value very close the onset of diffraction observed at pH 4.0 (see Figure 5-18). At t

=

7 x 10
3
sec, the diffraction peak height started to reach a plateau but the MMA curve has

not reached its asymptote of 21 A2
. This observation indicates that the hydrolysis occurs

in random sites and that a significant amount of hydrolysis needs to occur before the

molecules can self-assemble into ordered domains. The observation made at pH 1.5 was

simply a consequence of the fast hydrolysis occurring in that system.

Figure 5-22. Intensity of the peak around kxy= 15 nm'
1

plotted against reaction time at

subphase pH=3.5. Superimposed is the area relaxation curve ofOTMS spread on the

same subphase.
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Time (secs)

Figure 5-23. Variation in the peak centers and calculated FWHM for the reacting OTMS
at pH 1.5 subphase.

The data shown in Figure 5-23 also mirrors the results obtained from slower ki-

netics at pH 4.0. The only difference is that the peak center was detected at kxy- 14.6 nm"
1

which is equivalent to a molecular area that is larger than that initially measured previ-

ously. The correlation length was noted to generally increase with time consistent with

the idea that the domains are growing in size with time. The initial increase in the FWHM

is most likely an artifact, a consequence of poor peak resolution in the early stage of the

reaction which results to abnormally narrow fits. This suspected artifact was also ob-
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served but to a lesser extent in reactions at other pH values (see Figure 5-24, for exam-

ple).

Figure 5-24. FWHM of diffraction peaks for OTMS reacting at pH 3.0.
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Figure 5-25. Intensity of diffraction plotted against {t-ta) where t0 is the onset of diffrac-

tion.

Figure 5-25 shows plots of normalized intensity of diffraction against t-t0 where t0

is the time at which a diffraction peak first appeared (see Table 5-3). The pH dependence

of the rate at which the peak grows has very strong resemblance to the hydrolysis rate

seen in the previous chapter. This clearly suggests that indeed the formation of silanols

has a strong influence in the monolayer ordering.

Table 5-3. Onset of diffraction vs. pH

pH t0 ,
sec

1.5 176

2.0 916

3.0 1522

3.5 2224

4.0 7140

To be able to have a better understanding of this evolution of peak height against

time, it is necessary to look into scattering phenomena at the fundamental level.
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For any set of scattering atoms, the intensity of diffraction is proportional to the

square of the structure factor which can be expressed as

where K is the scattering vector equal to the difference of the incident wave vector kjn

and the scattered wave vector koUt ; Jj{K) is the scattering factor of the /'th atom located at

case where it is non-zero, the increase in the diffraction intensity would be proportional to

the density of scattering elements. This would mean that in the case of this reacting

monolayer system, the increasing intensity would be a result of either an increase in the

number of nuclei of ordered domains or the continuous growth of the existing ones. In the

former case, one would observe the correlation length of the domains to stay the same. If

it were the latter case, on the other hand, one would observe some initial process that

would eventually lead to an increase in the correlation length. This last hypothesis is par-

tially confirmed in Figure 5-23.

If the abscissa in Figure 5-25 is transformed to In(t-to) instead, an interesting re-

sult is obtained. Not only that the monolayers seem to grow in a discontinuous manner

but the curves seem to mirror each other. These curves might actually suggest that some

universality in the manner in which the film grows. Looking at the time tj at which the

discontinuity occurs, it appears to correlate within reasonable experimental error with ge-

lation time tg determined from surface viscometry experiments. Unfortunately, surface

viscosity determinations were only possible to be measured in two subphase pHs.

5-7

285
rj. Depending on the crystal system, the structure factor can be a simple sum ofj] or

zero, in certain combinations of hkl indices where the selection does not apply.
173

In any
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Table 5-4. Correspondence between the gelation time tg as determined from surface

viscometry and the point of discontinuity, tj.

Subphase pH tj10
3
sec tj 10

3

3.5 4.5 ±0.5 4.0

4.0 8.7 ±0.8 10.7

Figure 5-26. Plot of diffraction intensity against In

The plots in Figure 5-26 indicate some sort of power scaling law similar to what

was observed from compressibility modulus measurements. In fact, a distinctly similar

scaling law has been found to govern the kinetics of cluster growth. At least two cases of

aggregations have been considered: one in which the clustering process is controlled by

diffusion and one in which no diffusion occurs. In the latter case, the clusters are static

and exhibit growth pattern that scales similar to the properties of a percolating network.

According to Ernst and Hendriks
287

,
the cluster size distribution c*(0 near the gel point tc

behaves as
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c*(f)~r To(4~'
c f

/a

)
5-8

where k is the number of units in the cluster. The observation that the slope of the curves

are very similar points to the universality predicted by Eqn. 5-8.

Irradiation Damage

Another remarkable result of this measurement is the exceptional chemical stabil-

ity of the OTMS system to x-ray irradiation. As an illustration, the inset in Figure 5-27

shows a diffraction scan recorded at pH = 4 and n = 8 mN/m after more than 5 hours of

reaction and irradiation; the second curve was obtained 15 minutes later from the same

monolayer, but with the beam laterally displaced by about 1.5 cm, exposing a "fresh" area

which had not previously been irradiated. These results indicate that the immense (~10
13

photons/sec incident to the hutch) flux of 11 keV photons on the film did not break sig-

nificant numbers of Si-0 or Si-C bonds, or that any cleaved bonds reform almost quanti-

tatively.
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ure 5-17 after cross-linking and 5 hours of X-ray irradiation is compared to an unirradi-

ated surface ~15 minutes later, revealed by lateral displacement of trough surface.

Conclusions

The studies discussed here have shown that high-brilliance synchrotron radiation

can be used to take comparatively fast in-plane diffraction scans to follow a surface reac-

tion in situ. The alkyl chains in OTMS spread on a clean water subphase self-assemble in

small domains showing a characteristic in-plane spacing. Such a mechanism appears pos-

sible at fluid interfaces and thus in the absence of any anchoring to a solid substrate. The

short-range positional order between the alkyl chains does not significantly change dur-

ing the course of the reaction. The increase in intensity of the diffraction peaks with time

can be interpreted either as an increase in the number of such ordered domains or the
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transformation of the smaller domains into larger organized assemblies as the polymeri-

zation progresses.

Overall, these kinetics experiments have shown the potential of fast GIXD scans

to study the surface dynamics of a variety of reactive amphiphile systems. It should be

noted that the experimental setup described for these initial measurements is not yet op-

timized for highest brilliance and overall experimental speed. Further optical and detec-

tion enhancements such as the use of an area detector being currently planned should eas-

ily allow the scan time required for similar quality diffraction data to be reduced signifi-

cantly.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Monolayer studies of OTMS showed that it forms a stable monolayer at the air-

water interface. The use of an acidic subphase initiates cross-linking reaction which can

be followed by monitoring the instantaneous surface compressional modulus and surface

viscosity. Both techniques indicated that the product is potentially a network material.

Brewster angle microscopy provided an insight into the film morphology at the early part

of the reaction and around the gel point.

Comparison with a theoretical model based on percolation theory did not yield the

exact behavior as predicted although the product exhibits the general behavior for a per-

colating network, with a well-defined sol-gel transition observed from both compres-

sional modulus and viscosity measurements. Percolation theory alone may not be ade-

quate to describe the network formation in these types of materials because of several

considerations, foremost of which is the frustration of network linkage due to the geomet-

rical restriction around the silane headgroup. Other factor may include the shortcoming of

the “lattice” assumption and the formation of cyclic oligomers. The former is most likely

true since OTMS molecules, once hydrolyzed and occupy a smaller molecular area, may

not entirely be restricted to static lattice points and may actually possess some freedom to

move laterally such that diffusion might be a significant factor.

Although a full account of the reaction kinetics can not be derived because of the

complexity of the reaction, analysis of the A{t) relaxation curves has shown that the early

part of the reaction can be analytically described by assuming that only hydrolysis reac-

149
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tions occur and that the polycondensation reactions are insignificant at this stage. Results

of this analysis indicate that the hydrolysis proceeds as a typical acid-catalyzed reaction

with a first-order rate constant that reasonably compares to a reaction in bulk solution.

Grazing incidence x-ray diffraction studies were done to look into the kinetics of

film formation in reacting OTMS monolayers. Initial results done at neutral pH subphase

have shown that unreacted OTMS monolayer self-assembles into ordered domains. The

domains show the characteristic in-plane ordering of a close-packed distorted hexagonal

lattice. The product of reacted OTMS, on the other hand, was observed to be close-

packed hexagonal with no molecular tilting detected.

To study the film formation at lower pH values where the kinetics is expected to

be faster, a modification of the scanning routine was implemented. Preliminary investiga-

tion indicated that the technique is capable of reducing signal acquisition from tens of

minutes down to less than a minute for scans of of sufficient spatial and temporal

resolution. One of the disadvantages of this scanning technique is the reduction of the

detected intensity by at least an order of magnitude compared to the conventional scan-

ning technique. However, this is of no serious consequence since the synchrotron source

can yield photon flux ~10 13
photons/sec. Assuming proper alignment of the optics has

been achieved, this intense radiation should consequently yield diffraction intensities that

are sufficiently intense to be detected.

Using the modified technique, the reaction ofOTMS at pH 1.5 subphase was suc-

cessfully monitored with scans being completed at less than one minute interval. The re-

sults showed that the short-range positional ordering between the alkyl chains does not

significantly change during the course of the reaction. However, the correlation length,
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which indicates the extent of ordering, generally increases with time. This suggests that

during the course of the reaction, the early nucleation sites grow in size to form larger

clusters of ordered domains. This increase in cluster size can be brought about by the hy-

drolysis of OTMS molecules that are within the vicinity of the growing cluster or by the

reaction of the silanol products with OTMS molecules at the periphery of the clusters to

form condensation products. Eventually at the point of gelation, smaller clusters aggre-

gate with other smaller clusters to yield larger clusters.

Figure 6-1. A depiction of the possible network morphology of the reaction product of

OTMS. The inset shows the possible structure inside the ordered domains of hexagon-

ally-packed lattice.

GIXD ofOTMS at different pH values gave insight to the kinetics of film growth.

Although the analysis is yet to be completed for this part of the study, the initial examina-

tion of the results pointed to some type of universality in the dynamics of film growth.
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Overall, the results from both x-ray structural studies and interfacial measure-

ments indicate possible network morphology similar to what is depicted in Figure 6-1. In

this model, the origin of x-ray scattering is possibly from domains consist of hydrolyzed

OTMS and linear polycondensation product. Separating these domains are regions of

amorphous materials where possible network junctions are present. This model is in

agreement with views presented in the literature, such as those suggested by Sjoblom
224

and Vidon. It is also consistent with the observation regarding the precedence of onset

of diffraction to the actual gel point as determined from viscometry.

In general, the current description of the network architecture in OTMS monolay-

ers is still sketchy. Several additional investigations need to be pursued. Most important

of these is molecular weight characterization, possibly during and after the reaction. If a

real-time MW profile can be obtained, a direct correlation of \t-tc
\

and \p-pc
\

can be estab-

lished and will contribute immensely to a better understanding of the network formation

in OTMS.

Future studies should be also focused in investigating further the kinetics of film

growth in these types of monolayers. Since the techniques presented here are broadly ap-

plicable to other monolayer systems, it would be also be interesting to investigate other

similar systems. To achieve efficiency and convenience in future x-ray studies, a charge-

couple device (CCD) detector is needed. It should allow for faster data acquisition and

increased spatial resolution.

A series of related results that was not presented here concerning the preparation

of hybrid thin films and core-shell particles should also be pursued. This area, which is a
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direct offshoot of this study, can yield materials with interesting properties and novel ap-

plications.



APPENDIX
MOTOR NOMENCLATURE AT THE MRCAT BEAMLINE 10-ID

Table A-l. Goniometer and mirror motors designation as used in the MX software.

Adapted from a manuscript provided by MRCAT.

Motor MX Designation “+”moves it

outboard table height tab out AT
inboard table height tab in at
upstream table height tab upst AT
horizontal table tab tran towards wall (as opposed

to door side)

vertical table tab vert UP

Huber phi circle hphi clw

Huber chi circle hchi clw

Huber theta(vertical) htheta cclw

Huber 2theta(vertical) hdelta cclw

Huber theta(horizontal) hmu clw

Huber 2theta(horizontal) hnu cclw

Harmonic rejection mir-

ror vertical

mirror l_vert up

Harmonic rejection mir-

ror angle

mirror 1 tilt up

Mirror 2 mount hsmx towards wall

Mirror 2 mount hsmy AT
Mirror 2 tilt mirror3 tilt up

Table A-2. Slit motors designation used in the MX software
1

MX designation Motor “+” moves

a top top horizontal towards center

a bottom bottom horizontal blade towards center

a in left vertical blade towards center

a out right vertical blade towards center

Table A-3. Pseudo Motors on a Slit

MX designation motor “+” moves

ah_center coupled movement of a top and

a bottom blades, moving at constant ver-

tical separation

up (depending on the ori-

entation of the motors)

ah_size coupled movement of a top and

ajbottom blades to adjust their separa-

tion from ah center

towards larger separation

av center coupled movement of ajn and a_out

blades, moving at constant horizontal

separation

away from the base

154
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av_size coupled movement of ajn and a out

blades to adjust their separation from

towards larger separation

av center

Legend:

clw: clockwise

cclw: counter clockwise.

Note:

'XIA slits are controlled by id2 and powered by a separate power sup-

ply; Up to four slits can be daisy-chained onto one power supply and

one signal cable.
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