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ABSTRACT

Carbon dioxide holds considerable potential as an environmentally and chemically

benign alternative to the potentially hazardous conventional industrial solvents. In

spite of its promise, one of the reasons that CO2 has so far failed to achieve its full

potential is that few "C02-philic" surfactant molecules are known at present that

form stable reversed micelles in carbon dioxide. The aqueous or polymeric cores of

these surfactant aggregates provide a medium for solubilizing substances (hydrophiles,

polar molecule, proteins) that are otherwise insoluble in CO2.

As a step in this direction, molecular dynamics simulation of a dichain (or hy

brid) surfactant -f water + carbon dioxide (solvent) ternary system is presented in

this work to gain valuable insight into the aggregation behavior of these surfactant

molecules. Two different system sizes were investigated using detailed and quite real

istic molecular models for all the three chemical species involved. One of the system

sizes investigated mimicked the overall composition studied in a recent experimental

(SANS) work, while the other provided valuable insight into the effect of surfactant

chemistry and architecture on surfactant aggregation. The simulations for the two

system sizes used different solvent conditions (supercritical CO2 and high temperature

liquid CO2) to provide information into the effect of solvent condition on surfactant

aggregation.

The surfactant system showed a rapid and spontaneous propensity for aggregation

of surfactant and water molecules into aggregates that resemble reversed micellar

aggregates i.e. the aggregates consisted of an aqueous core surrounded by a layer

of surfactant molecules with their head groups immersed in the core and the tails

forming a corona. The aggregation mechanism observed in these simulations was

a two-step mechanism involving rapid ion-hydration followed by gradual surfactant

IV



aggregation via hydrogen bond formation. The aggregation process was found to be

diffusion-controlled i.e. dependent on the size of aggregates and the solvent density.

Another factor influencing the aggregation process was the steric resistances off'ered

by the surfactant tails. The structural properties of the aggregates were dependent

on the water-to-surfactant molar ratio of the system. The size and shape of the

aggregates predicted by these simulations were in reasonably good agreement with

prior experimental results.
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Chapter 1

Introduction

A well known and fundamentally important property of surfactant molecules (also

known as surface-active agents) is their ability to undergo, under certain conditions,

spontaneous self-association into a variety of molecular aggregates when dissolved in

various polar (or non-polar) solvents. This phenomenon of self-association is often

characterized (especially in polar/aqueous solvents) by drastic changes in the various

bulk physical properties (e.g. surface tension, turbidity, electrical conductance, os

motic pressure etc.) of the surfactant solution [1]. In fact, it is the sudden changes

in these properties that characterizes the critical concentration (called critical micelle

concentration) of the surfactant molecules that marks the onset of surfactant aggre

gation. Although surfactant aggregates of various morphologies (globular, rod-like,

or disc-like micelles, monolayers and bilayers, vesicles) have been experimentally ob

served, as shown in Figure 1.1, these aggregates are commonly referred to as micelles

and the phenomenon of surfactant aggregation is called micellization. Properties such

as size, shape, and polydispersity of these aggregates are found to be quite sensitive

not only to the molecular architecture of the surfactant molecule but to factors such as

solvent temperature and pH, presence of co-solvents [2, 3]. A detailed understanding

of the various aspects of surfactant self-aggregation and the morphology of surfactant

aggregates is of fundamental importance as they find numerous applications in a wide
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Figure 1.1: Amphiphiles can self-associate into a variety of aggregates with distinct
structural characteristics. These structures can transform from one into another by
changing the solution conditions, such as electrolyte concentration, pH, or temper
ature [Source: J. N. Israelachvilli, Physics of Amphiphiles: Micelle, Vesicles and
Microemulsions, 1985].



variety of fields, such as detergency, emulsification, lubrication, catalysis, and tertiary

oil recovery, to name a few.

The characteristic structural feature of the surfactant molecules responsible for

their surface activity and micellization is the presence of two different moieties within

the same molecule. One of these has a strong affinity for the solvent (known as

lyophilic), while the other has little or no affinity for the solvent and hence called

lyophobic. This dualistic character of the surfactant molecules is called amphipathy,

and hence surfactant molecules are also referred to as amphiphilic molecules or simply

amphiphiles. It should be pointed out that quite often terms like hydrophilic and

hydrophobic are used to denote solvent affinity and phobicity respectively, because the

term micelle is most commonly used in context of aqueous surfactant solutions. The

chemical structure of the groupings suitable as the lyophilic and lyophobic portions

of the surfactant molecule varies with the nature of the solvent medium and the

conditions of use. Thus, for surface activity in a particular solvent the chemical

structure of the surfactant molecule must be amphiphilic in that solvent under the

desired operating conditions.

The classification of surfactant molecules is based on the nature of their hy

drophilic part (commonly known as the head group) that is either ionic (anionic,

cationic, or zwitterionic) or polar (polyxyethylene chain, amine oxide etc). The hy

drophobic part (known as the tail or chain) is usually composed of long-chain hy

drocarbons, often one or two linear (or branched) chains that sometimes contain

unsaturated portions or aromatic moieties. The different (often opposite) solvation

characteristics of the head group and the tail are responsible for the formation of

a micellar phase in the surfactant solution. For instance, in aqueous solvents the

hydrophobic tails behave as if they want to avoid contact with the solvent while the

hydrophilic head groups behave as if they like the aqueous environment surround-



ing them. As a result of this contrasting behavior, the tails of surfactant molecules

aggregate to form a hydrophobic core with the head groups lying at the surface of

the aggregate thereby effectively shielding the hydrophobic core from the aqueous

solvent. By achieving this arrangement the surfactant molecules can exist as a sol

uble entity in an aqueous solvent at fairly high concentrations. Since the cores of

these aggregates are hydrophobic, surfactant aggregates in aqueous solutions are also

known as oil-in-water (o/u;) micelles. On the other hand, the roles of the hydrophilic

and hydrophobic parts of the amphiphile are reversed in the presence of a non-polar

solvent medium i.e. the hydrophilic head groups form the core of the aggregate while

the hydrophobic tails extend into the solvent forming a corona around the core. Since

this arrangement of surfactant molecules simply involves a reversal in their orientation

compared to that in aqueous/polar solvents, these aggregates are called water-in-oil

{w/o) or inverted or reversed micelles (RMs). Figure 1.2 shows the typical structure of

a reversed micellar aggregate. Quite often the formation of RMs in non-polar solvents

requires the addition of small quantities of water to the surfactant solution that acts

to facilitate aggregation of the head groups of various surfactant molecules together.

Thus, these aggregates often contain well-defined aqueous cores that provide a unique

environment for the solubilization, often in significant quantities, of substances (such

as hydrophiles, polar solutes, and proteins) that are otherwise insoluble in the non-

polar solvent. Because of this unique property of solubilization, RMs find numerous

applications such as lubricants, catalytic environments for chemical reactions, and

capsules for drug delivery.

Following the pioneering work of Hartley [4] in the early part of this century on

o/w micelles and aqueous surfactant solutions in general, such systems have been

an area of active research because of their widespread applications in diverse fields.

These applications range from the simple household cleaning to complex phenomenon.
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Figure 1.2: Typical structure of a reversed micellar (RM) aggregate. The aggregate
has a polar core that is quite often aqueous. The surfactant molecules form a coating
over the core with their head groups lying at the surface and the tails forming the
corona.



such as molecular transport through a cell membrane. Theoretical/structural mod

els [5, 6, 7, 8], experimental investigations [9, 10, 11, 12, 13] and lately molecular

simulation studies [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]

have investigated and analyzed numerous aspects of micellization in aqueous solvents,

such as thermodynamics and kinetics of surfactant self-aggregation, critical micelle

concentration (CMC), structural properties of the hydrophobic core, and extent of

solvent penetration into the hydrophobic core. These studies have often comple

mented each other and together have been quite successful in generating a wealth

of information that can now be used to enhance the effectiveness of presently used

surfactant molecules or to design new ones tailored for specific applications.

In contrast, as pointed out by Eicke and others [31, 32] little attention has been

devoted to understand the various physico-chemical properties of RMs and surfactant

aggregation in non-polar solvents. Earliest attempts [31, 32, 34] to understand the

phenomenon of micellization in non-polar solvents were based on the reasoning that

these aggregates have properties very Similar to those observed for o/w micelles, since

the structure of RMs is simply a "reversed version" of their aqueous counterparts.

Moreover, it was argued that since the building blocks (hydrophilic and hydrophobic

moieties within the same molecule) of the two types of aggregates are quite similar,

their thermodynamic properties should be quite similar. However, in reality RMs

exhibit strikingly different physico-chemical properties than their aqueous surfactant

aggregates. For instance, the driving force for aggregation in non-polar solvents and

the forces responsible for holding surfactant molecules together in a RM are due to

electrostatic interactions between the polar head groups, dipole-dipole interaction, or

hydrogen bonding interactions. The unrestricted growth of the aggregate is prevented

by the dominance of steric repulsion between surfactant molecules, particularly sur

factant tails. In contrast, the hydrophobic effect [35] is responsible for providing the



driving force for aggregation in aqueous surfactant solutions. Another remarkable

feature of RMs is their low to moderate aggregation numbers. The aggregation num

ber of most of the surfactants that form RMs are ~ 5 - 50 amphiphiles per aggregate

[31], while for o/w micelles the aggregation numbers are normally ~ 200 - 1000 am

phiphiles per aggregate [36]. A direct consequence of the low aggregation number in

RMs is that the CMC (surfactant concentration that marks the onset of micellization)

in such systems is quite low. The CMC for most surfactant molecules in non-polar

solvents varies from 10"^ - 10"^ M to as low as 10"^ M in some systems [31], whereas

for surfactant aggregation in aqueous systems CMCs are normally in the range of

10"^ - 10"^ M [36, 37]. As a result, experimental data on the CMC of surfactants

in non-polar solvents have often been found conflicting and sources of considerable

confusion. Moreover, most of the experimental methodologies used to study aque

ous surfactant systems depend on the electrical conductivity of the solvent medium

and hence are unsuitable for studying aggregation in non-polar solvents. In light of

this, molecular simulation techniques can play an important role in understanding

the behavior of these less known yet highly important surfactant systems.

Traditionally, the various non-polar solvents commonly used as a medium for sup

porting RMs have been linear aliphatic, cycloaliphatic and aromatic hydrocarbons

such as benzene, toulene, cyclohexane, carbon tetrachloride etc. However, these sol

vents not only offer limited flexibility in controlling the dynamics of self-aggregation

and morphology of aggregates, they are less than desirable solvents because of their

high costs, difficult processibility, and environmental risks. Recently, numerous ex

perimental studies [38, 39, 40, 41] have shown the formation of RMs in supercritical

alkanes and inert gases that offer numerous interesting advantages over the conven

tional industrial solvents. Supercritical solvents i.e. solvents above their critical

temperature and pressure are unique in the sense that their properties, such as vis-



cosity, density, solvating power etc., can be easily varied from gas-like to the near

liquid-like phase limits by simply changing the system pressure and/or temperature

[42, 43]. This ability to control solvent properties offers novel control on surfactant

aggregation in such systems.

In an effort to cut down toxic emissions and wastes and reduce processing costs, the

chemical industry over the last few years has been aggressively seeking environmen

tally benign and low cost alternatives to conventional industrial solvents. Amongst

the likely candidates, carbon dioxide (CO2) is has received considerable attention

because of its numerous attractive properties. Carbon dioxide is a non-polar com

pound that is a chemically inert (non-toxic, non-flammable) and environmentally safe

alternative to potentially hazardous industrial solvents currently used. Also, its easy

availability and low cost make it a cheap raw material. In addition, its relatively low

critical constants (Tc = 31 °C, Pc = 73.8 bar) allows its use as a supercritical solvent

at reasonable industrial operating conditions. Formation of surfactant aggregates in

CO2 offers numerous possibilities of carrying out a wide range of industrial operations,

such as emulsion polymerization, micro-particle and fiber formation, spray painting

etc. in a medium with minimum emissions. Unfortunately, as shown by Consani and

Smith [44], most of the industrially available surfactants are incapable of forming RMs

in CO2 because of their negligible solubility. This is attributed to the fact that most

of these surfactants are suited for aqueous solvents while CO2 is relatively non-polar

(CO2 has a weak quadrapole) because of its low polarizibility and dielectric constant.

This has motivated numerous research efforts [45, 46, 47, 48, 49, 50, 51, 52, 53], over

the last decade or so, to discover and/or design suitable surfactants. These surfac

tants are termed as "C02-philic" surfactants because they should exhibit favorable

interactions with CO2 to enable dispersion of the aggregates.

As mentioned earlier, molecular simulation techniques have significantly con-

8



tributed towards understanding the structure, dynamics, and rheology of aqueous

surfactant systems and how these properties relate to surfactant self-assembly, mi

celles, amphiphilic monolayers and bilayers, and oil solubilization. Based on precisely

defined molecular models of amphiphilic aggregates, these techniques provide a de

tailed quantitative description of the size, shape, surface roughness, and internal

structure of these aggregates. These descriptions can help clarify interpretation of

experimental results and establish the significance of assumptions made in theories

devised for predicting those structures. In certain conditions where experiments are

impractical or impossible (e.g. high temperatures and pressures), molecular simula

tion techniques can be successfully applied to obtain the much-needed information.

The unique advantage of molecular simulation techniques lies in the fact that they

provide a direct route from the microscopic details of the system (mass of atoms,

intermolecular interaction potential, molecular geometry etc.) to the macroscopic

properties of experimental and fundamental interest. With efficient algorithms and

increased computational resources, the scope and capability of these techniques have

increased significantly over the last few years and are projected to increase in future.

In this work, we have chosen to study the self-aggregation behavior of a dichain (or

hybrid) surfactant [(C7Fi5)(C7Hi5)CHS04~Na+] and water in the presence of carbon

dioxide as a non-polar solvent. As shown in Figure 1.3, the dichain surfactant molecule

is characterized by the presence of two seven-carbon tails attached to an (anionic)

sulfate head group. One of the tails is a n-perfiuoroalkane tail, while the other is a n-

alkane tail. The n-perfluoroalkane provides the necessary C02-philic behavior. This

particular surfactant molecule was chosen for two main reasons. Firstly, in terms

of the molecular complexity this is a relatively small molecule compared to other

known C02-philic surfactant molecules. Thus, from a computational perspective, it

is relatively easy to model this surfactant to a sufficient degree of detail and study



alkane tail

^4^

>

<

perfluoroalkane tail

sulfate head group

sodium ion

Figure 1.3: Molecular structure of the hybrid (dichain) surfactant molecule used in
this simulation study. The surfactant has two distinct seven-member long tails, an
alkane tail and a perfluoroalkane tail. Sulfate forms the anionic head group and
sodium is the counter-ion.
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the aggregation behavior for a relatively large system size. Secondly, the structural

features of RMs formed in dichain surfactant + water + carbon dioxide ternary

system were recently reported by Eastoe and co-workers [54] using small-angle neutron

scattering (SANS). Thus, quantitative comparisons with their results can be made.

It is expected that the results of this work will motivate further experimental or

simulation investigations of surfactant aggregation in CO2. The objectives of this

work are to obtain a molecular level insight into the dynamics of aggregation in

this system and to obtain structural properties of the aggregates formed. Effects of

surfactant architecture, surfactant chemistry, and solvent properties on aggregation

are studied. The ultimate objective would be to develop a much-needed knowledge

base that will be helpful in designing new and improved C02-philic surfactants viable

for industrial applications.
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Chapter 2

Literature Review

As mentioned in the previous chapter, supercritical fluids (SCFs) are a desired sol

vent medium for the formation and stable existence of reversed micellar aggregates

because of their many advantages (variable solvating power, high diffusivity, low den

sity etc.) as a process fluid. Use of low molecular weight supercritical alkanes, such

as ethane aind propane as a solvent medium for supporting surfactant aggregates is

quite well studied and extensively reported in literature [38, 39, 40]. These studies

have not only demonstrated the feasibility of using supercritical solvents in surfactant

solutions but also explained the thermodynamic behavior of such systems. For ex

ample, Smith and co-workers [39, 40] performed solubility, conductivity, and density

measurements to characterize the effects of temperature and pressure on the phase

behavior of AOT/water/supercritical ethane or propane ternary mixtures. AOT is a

common commercially available surfactant that is quite similar to the dichain surfac

tant investigated in this work. The results of these studies indicated the formation of

surfactant aggregates that have structural properties quite similar to those of a typ

ical RM (Figure 1.2). Subsequent dynamic light scattering and spectroscopic probe

studies [55] showed the effect of solvent density on the size and solubilization capacity

of surfactant aggregates formed in the system.
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2.1 Experiments

Over the last few years, supercritical carbon dioxide has received considerable atten

tion for various industrial applications, including use as a non-polar solvent medium

for solubilizing various polar or polymeric solutes. The early excitement concerning

CO2 as a viable solvent medium was due to its solubility parameter at pressures

above 200 bar, which resembles those of normal alkanes. This implied that many

of the conventional organic solvents could simply be replaced by 002- Consani and

Smith [44] performed solubility studies of ~ 130 industrially available surfactants in

CO2 and observed that most of the surfactant molecules tested were either completely

insoluble or only very slightly soluble at temperatures and pressures up to 50 °C and

100 - 500 bar, respectively. Also, the partially soluble surfactants did not solubilize

appreciable amounts of water. This clearly indicated the need to identify new surfac

tant molecules suitable for CO2 applications. This was later explained by Johnston

and co-workers [47] on the basis of the quadrupole moment of CO2, which tends to

inflate its solubility parameter by as rhuch as 20 %, thereby making CO2 an analogous

solvent to normal alkanes. Interestingly, Consani and Smith [44] also observed that

partially fluorinated and silicon-based surfactants showed higher solubility in CO2

than other surfactants. Also, surfactants containing fluorine-carbon bonds invariably

dissolved at much lower temperatures and pressures than their hydrogenated counter

parts. These results clearly indicated the apparent compatibility between fluorinated

hydrocarbons and CO2 (known as C02-philicity). These solubility results attributed

to the low polarizibility or electron donor capability of these compounds, since CO2

also has a low polarizibility and is a weak Lewis acid.

Hoefling and, co-workers [45] reported some of the first direct evidence of the

formation of RMs in near-critical and supercritical CO2 using surfactants such as flu-
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orinated AOT analogues, fluoroalkyl and fluoroether carboxylate salts, and hydroxya-

luminum surfactants. These surfactant molecules were designed on the premise that

the hydrophobic tails of a C02-philic surfactant molecule should possess functional

groups with low solubility parameters (silicones and fluoroethers) and low polarizibil-

ity (fluorinated alkanes) or which act as Lewis bases (tertiary amines). In essence,

these model surfactants should exhibit favorable thermodynamic interactions with

CO2 to allow for the formation of CO2 solutions with high surfactant concentrations

at moderate temperatures and pressures. As expected, the phase behavior of these

surfactant systems showed a considerably high solubility of all these surfactants in

CO2. Also, the surfactant systems showed the capability to solubilize thymol blue, a

hydrophilic dye that is completely insoluble in pure CO2 at pressures up to 10000 psi

at 40 °C, thereby successfully demonstrating the feasibility of the formation of RMs

in CO2.

DeSimone et al. [50] observed that high molecular weight homopolymers of vari

ous fluorinated acrylic monomers are soluble in CO2, up to ~ 25 % (w/v) depending

on the solution temperature and pressure. These exceedingly high solubilities facili

tated the homopolymerization studies of 1,1 -dihydroperfluorooctyl acrylate (FOA) in

CO2 and synthesis of block copolymers of FOA with ethylene, styrene, butyl acrylate,

and methyl methacrylate that are essentially insoluble in CO2. The reaction kinetics

revealed a high degree (~ 83 %) of initiator efficiency (homopolymerization of FOA

is a free radical polymerization reaction with the overall rate of polymerization and

the molecular weight of the resulting polymer depending strongly on the initiator ef

ficiency) indicating the effectiveness of the polymerization reaction. Gel permeation

chromatography (GPC) on the polymer made in CO2 indicated a reasonably high

molecular weight polymer product ~ 270000 g/mol). FTIR and NMR spectro-

scopic analysis on the resulting polymer showed that the polymer synthesized in CO2
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had identical properties as that formed in CFC's, which is the conventional reaction

medium for homopolymerization of FOA.

Johnston and co-workers [49] used low molecular weight perfluoropolyether (PFPE)

carboxylate surfactant {My; = 740 g/mol) to form RMs and microemulsions in CO2.

The PFPE surfactant molecule was chosen because of its reasonably high solubility in

CO2 at pressures below 300 bar. Moreover, the biological inertness of PFPE surfac

tant complements the non-toxic nature of 002- The cloud point data at 116 bar and

35 °C, indicated the presence of aggregated water domains in the system. The authors

argued that this indicated the presence of surfactant aggregates (with the molar water

to surfactant ratio of ~ 10) in the system, since a single surfactant molecule would

not be hydrated by so many water molecules. The FTIR spectroscopy, ultra-violet

visible absorbence, fluorescence, and EPR experiments demonstrated the existence

of an aqueous domain in CO2 with a polarity approaching that of bulk-water. The

solubilization study of a model protein (acrylodan-labeled BSA) indicated that the

BSA-Ac present in these aqueous domains was quite similar to that observed in na

tive BSA-Ac at a pH of 7. This implied that the conformation of BSA-Ac protein is

unaltered when solubilized in the aqueous core of surfactant aggregates. Later, Heitz

et al. [53] investigated the structural properties of PFPE based microemulsions using

X-band EPR studies and time resolved anisotropy measurements. They observed

that at a fixed temperature, increasing the CO2 pressure increases the capacity for

water intake, i.e. increases the size of the aggregates. To obtain information regarding

micellar motion and polarity in the aqueous core, an EPR-active probe, 4-hydroxy-

TEMPO (a nitroxide that is soluble in water but only sparingly soluble in CO2) was

used with PFPE ammonium carboxylate and Mn(PFPE)2 surfactant. These studies

showed the formation of non-spherical aggregates in the system.

McFann et al. [47] studied the feasibility of using non-ionic surfactants for the
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formation of RMs in supercritical CO2, since non-ionic surfactants are generally more

soluble than ionic surfactants in non-polar solvents. They chose penta-ethylene-glycol

n-octyl ether (CgEs), a polyethylene glycol, as the surfactant molecule because the

partition coefficients of polyethylene glycols (PEG) in supercritical CO2 indicated

appreciable solubility of low molecular weight PEGs in CO2. Also, the presence of

five ethylene oxide groups in the surfactant molecule should be capable of solubi-

lizing significant amounts of water. The results of the study showed that although

CsEs was quite soluble in CO2 at normal experimental conditions, the tendency for

self-aggregation was quite low. The observed aggregation number of surfactants was

about four surfactants per aggregate. Further addition of water resulted in a phase

separation, which was attributed to micelle-micelle interactions and subsequent coa

lescence. Addition of n-pentanol (co-surfactant) increased the water intake by about

2-5 fold but required a high concentration of co-surfactant in the system, thereby

significantly altering the system composition. The FTIR spectra indicated that some

of the water is associated with surfactarit and co-surfactant, which is distinguishable

from water in bulk CO2. Dye solubilization and solvatochromic probe data showed

significant changes near the phase boundary as the size and structure of the aggregates

changes with system pressure.

In an effort to identify new C02-philic surfactants, Johnston et al. [51] studied

the phase behavior of the dichain surfactant mixture (which is the subject of this sim

ulation study) in CO2 and water. They observed that this surfactant does not exhibit

any aggregation in the absence of water, thereby implying that "dry" RMs are not

formed in this system. The surfactant was found to be insoluble in CO2 over a tem

perature range of 20 - 60 °C and pressure up to 345 bar for a concentration of ~ 1.9

wt%. However, addition of a small amount of water (~ 0.48 wt%) caused the surfac

tant to be dissolve in CO2, thereby indicating the formation of surfactant aggregates
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Table 2.1: Structural properties of RMs of dichain surfactant observed by Eastoe et
al. [54] in a SANS investigation (T = 29SK). The uncertainties for Rcore are ± 1 A

P (bar) Psolvent (s/cc) -Rcore (A)

500 1.03 25.0

400 1.01 24.6

260 0.95 23.0

120 0.85 20.5

in the system. Thus, the driving force for aggregation was attributed to the hydrogen

bonding property of the water. It was suggested that the water molecules formed hy

drogen bonds with the sulfate head group of the surfactant molecule thereby resulting

in surfactant aggregation. They observed up to ~ 1.98 wt% water was soluble in the

surfactant solution. This indicated the formation of micellar aggregates with signif

icantly high water-to-surfactant molar ratio {Wo ~ 32). Subsequently, Eastoe et al.

[54] performed small angle neutron scattering (SANS) studies on this ternary system

to study the structural properties (size, shape, and size distribution) of the surfactant

aggregates formed. The SANS results revealed the formation of spherical aggregates

with a narrow size distribution. However, in contrast to the findings of Smith et

al. [39, 40] for RMs in supercritical alkanes, Eastoe et al. [54] observed an increase

in the size of aggregates with increase in pressure. Table 2.1 lists the experimental

observations of Eastoe et al. [54] showing the pressure dependence of the aggregate

size. They also observed a significantly higher (~ 140 A^) interfacial area per sur

factant molecule, which is about a factor of two greater than that observed for AOT

surfactants. Thus, the dichain surfactant does indeed show the formation of micellar

aggregates in CO2, with water being the necessary component for aggregation.
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McClain et al. [48] performed a small angle neutron scattering (SANS) investi

gation of the self-assembly of polystyrene-b-poly(l,l-dihydroperfluorooctyl acrylate)

(PS-b-PFOA) copolymers in supercritical CO2 to study the morphology of surfactant

aggregates formed and the ability of these aggregates in solubilizing C02-insoluble

hydrocarbons in CO2. The scattering data was fitted to a spherical "core plus shell"

structural model based on a solid PS core surrounded by a uniform thickness shell

containing PFOA chains swollen by solvent molecules. Based on this analysis, the ag

gregates formed had near spherical geometry. Increasing the solvent density resulted

in the formation of smaller surfactant aggregates with low aggregation numbers. This

was attributed to increased solvation of both segments (PS and PFOA) of the copoly-

mer with the surrounding solvent. The solubilization capability of PS-b-PFOA micel-

lar solution was demonstrated by addition of model hydrocarbon oligomers into the

system. SANS characterization of the resulting solution showed stabilization of more

than 99 % of added oligomers into the cores of the aggregates.

Fulton et al. [52] used small angle X-ray scattering (SAXS) measurements to char

acterize the aggregation of three different surfactants in CO2. The three surfactant

molecules included, a high graft copolymer consisting PFOA backbone with PEG

grafts, asemi-fiuorinated nonionic surfactant [F(CF2)6-ioCH2CH20(CH2CH20)3-8H],

and a semi-fiuorinated alkane di-block molecule [F(CF2)io(CH2)ioH]. The general

strategy adopted for the synthesis of these compounds was to incorporate C02-philic

segments in the desired surfactant molecules to enhance their solubility in CO2. The

PFOA-g-PEG surfactants formed RMs with a PEG rich core domain and were able

to solubilize small amounts of water. A small decrease in pressure resulted in a small

increase in the aggregate size due to an increase in the interfacial tension at lower

pressures. The non-ionic surfactant completely dissolved in CG2 at relatively high

pressures at 65 °C. The system yielded a roughly bi-nodal distribution of larger mi-
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celles in equilibrium with small oligomers iucludiug monomers, dimers, and trimer

species. The semi-fluoriuated di-block surfactant formed only small aggregates with

no larger than about four monomers per aggregate.

2.2 Simulations

As mentioned earlier, over the last decade or so, molecular simulation techniques have

played an increasingly important role in understanding the structural properties, dy

namics and rheology of surfactant aggregates. Although most of these studies apply

these techniques on aqueous micellar aggregates, these techniques can be equally use

ful in studying reversed micellar aggregates because the simulation strategy involved

in these two types of surfactant aggregates are quite similar. Thus, a review of the

various simulation studies of aqueous micellar aggregates is relevant to the present

work.

2.2.1 Oil-in-water micelles

Haan and Pratt [14] reported the first molecular simulation study of micelle structure

using a highly simplified molecular model for the surfactant molecule. Using the

Monte Carlo (MC) technique on a simple lattice-based representation of a micelle

with 20, 30, or 50 chain (surfactant) molecules, the authors attempted to study the

microscopic structural characteristics of the surfactant aggregate. In their simplified

model, each surfactant molecule consisted of a chain of atoms strung on a 3-d lattice.

For each chain, one of the end groups was designated as the head group, while the

remaining constituted the tail. All the remaining vacant lattice sites represented

solvent molecules. The potential energy {U) of the system was simply estimated as a

sum of the various interactions energies and given by the expression

U = + ̂hh'IT'hh + ̂th'IT'th + 'iJg9
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where, eap and VgQ are energy parameters, and Uap denotes the total number oi a — P

group pairs which are nearest neighbors on the lattice. The parameters a, /? can be h

(head) or t (tails) while g is the total number of gauche bonds in the aggregate. The

values of the energy parameters were fixed {eu — —3kbT for tail-tail attraction, Shh =

2ki)T for head-head repulsion, Cth = 0, and Vg — —1.5kt,T) to enable the formation

of stable surfactant aggregates. Based on these parameters, the results indicated

the formation of a rather loose and highly non-spherical aggregate with a non-zero

probability of head groups at the center of the aggregate. Also, approximately half

of the micellar surface was exposed to the surrounding solvent. Thus, the simplified

surfactant model (Equation 2.1) does predict the formation of micellar aggregates

but with properties quite different than those observed experimentally. However, the

study showed that the relative mean-square length of the surfactant molecules in

the aggregates is ~ 3 % larger than those in an isolated surfactant molecule. This

is in general agreement with prior experimental findings. Subsequently, Owenson

and Pratt [15] extended this work further to investigate the effect of eth (head-tail

interaction) on the morphology of the aggregate, and made comparisons between the

structural properties of the surfactant aggregate and a liquid hydrocarbon droplet.

The simulations revealed that the magnitude of eth had a negligible effect on the

structural properties of the surfactant aggregates. This was attributed to the fact that

strong tail-tail attraction forces essentially squeezed out the head groups to the outer

surface of the micelle, and thus these head groups rarely encounter any interactions

with the tail groups. Comparisons with the simulation of a liquid hydrocarbon droplet

revealed a much sharper interface for the hydrocarbon droplet. This was attributed to

two possible causes. Firstly, the micelle had head groups sticking out on the surface

giving rise to fluctuations and thereby resulting in a less sharper interface. Secondly,

the restoring force for surface fluctuations were expected to be much smaller for the
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micelle, since the chains are more ordered near the surface of the micelle than near

the surface of the liquid droplet.

Haile and O'Connell [16] reported the first MD simulation study of a model micelle

to investigate the internal structure of surfactant aggregates. Their model micelle con

sisted of skeletal alkane chains, each composed of 13 soft spheres mimicking a dodecyl

surfactant. The intermolecular forces were accounted by the 6-9 Lennard-Jones (LJ)

pair potential, while the intra-molecular interactions included harmonic potentials for

bond vibration and bond bending. The model micelle was a constrained aggregate in

the sense that the surfactants were enclosed within a spherical shell with their head

groups fixed at points within segments of equal areas distributed over the spherical

surface. The aqueous solvent medium around the aggregate was modeled as a con

tinuum by a repulsive spherical potential surrounding the aggregate. Thus, the

methylene functional groups of the surfactant molecules experience strong solvapho-

bic repulsion thereby forcing them to lie within the aggregate. Since the head groups

were fixed, no explicit head-head and head-solvent interactions were used. The results

of the simulation indicated that only a very small fraction (~ 2 %) of chains were

in an all-trans (fully extended) conformation, and even those were not aligned along

the radial direction, in disagreement with some prior experimental studies. Also, the

tail conformation revealed an average of ~ 29 % gauche conformation at equilibrium

which was slightly lower than in vacuovalue (~ 34 %) indicating straightening of

chains in surfactant aggregates. In the following paper, O'Connell and co-workers

[17] modified the model of the micelle by relaxing the fixed constraint on the head

groups and including explicit head-head and head-solvent interactions. Thus, the

head groups were free to skate on a spherical shell representing the micelle surface.

The head-solvent interaction was modeled by a harmonic potential acting normal to

the surface of the shell to which the head groups were attached while the head-head
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interactions were modeled by a purely repulsive potential that included contribution

from dipole-like repulsion and excluded volume effects. The head-head repulsion was

given by the expression

Uhh = ̂hh{r~^ + r~^^) (2-2)

where r is the distance (in reduced units) between the head group and the surround

ing spherical shell. The results of this simulation showed that relaxing the constraint

of fixed head groups does not significantly alter the overall structural characteristics

of the model micelle. Although the micelle with unconstrained head groups promotes

the de-localization of two or three tail groups nearest to the head group, other char

acteristics such as the distribution of other tail groups, the overall density, and the

gauche bond distribution were only marginally affected. Also, no preferential loca

tions of the gauche bonds on the surfactant tails were observed. In a further extension

of this study, Karaborni and O'Connell [18, 19, 20] performed a series of MD simu

lations of the model micelle described earlier [17], to study the effect of tail length,

head group size, and micelle-solvent interactions on the micelle shape, core density,

and tail conformation within the aggregate. In their first paper [18] they studied

two different model octyl surfactants, viz. surfactants with "polar methyl" heads,

and surfactants with nonionic sulfate head groups, to investigate the effect of head

group size on micellar structure. Two different potential models for chain-solvent (cs)

interactions used in this study were given by

It?:

" \l + P(rlTc.r\

where k is the height of the energy barrier on the hydrocarbon chains and is of

the same value as the energy of solubilization of the hydrocarbon segment in water.
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Equation 2.3 represents the solvent as an impenetrable continuum while Equation

2.4 models the solvent more realistically as a penetrable continuum, in which the

tail groups can dissolve once they overcome a finite energy barrier. Similarly, for the

head-solvent {hs) interaction also both harmonic and finite energy potentials were

used

Uhs = liThs - rf (2.5)

= I '■ < p gj
(0 r > 2rhs

where 7 controls the interfacial thickness by constraining the head groups, and (5

represents the height of the finite energy barrier for the dissolution of head groups

in the hydrophobic core. The authors also performed a hydrocarbon droplet simu

lation for comparison of the hydrocarbon core density. The results showed that the

hydrocarbon distribution within the micelle core was essentially the same as that in

the hydrocarbon droplet. The hydrocarbon distribution for the case of finite bar

rier potential for chain-solvent interaction (Equation 2.4) and for the head-solvent

interactions (Equation 2.6) were found to be in excellent agreement with other sim

ulation studies. The average position of the segments in the micelle was found to be

independent of the head group size and the chain length. The overall shape of the

micelle was found to be slightly non-spherical. In their subsequent papers [19, 20],

the authors investigated the effect of tail length on aggregate structure. The results

showed that the microscopic structure of the micelle is largely unaflFected by the tail

length. However, considerable infiuence on the micellar shape was observed.

Smit et al. [21, 22] performed a series of MD simulation studies of oil -I- water

-|- surfactant system to study the structural characteristics of the surfactant system.

The authors modeled all the three components present in the system by two kinds

of particles viz. 0 (oil) and w (water). Each oil molecule was represented by a single
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0 particle, while a single w particle represented each water molecule. The surfac

tant molecule was a chain of two w particles (hydrophilic part) followed by five o

particles (hydrophobic part), each bound to its neighbor by a harmonic potential.

The intermolecular potential between all the particles was represented via a 12-6 LJ

interaction potential. The o — w interaction was truncated at 2^/^(7 and shifted to

make these interactions completely repulsive. The simulation results showed that the

many surfactant molecules were preferentially adsorbed at the oil-water interface as

a monolayer. In the water-rich phase, formation of o/w micelles was observed, while

some aggregation was noticeable in the oil-rich phase also. However, no discernable

reversed micellar aggregates were observed. An interesting result of these simulations

was the prediction of a surfactant depletion layer in the water-rich phase next to the

monolayer. As the name suggests, this depletion layer was characterized by the ab

sence of surfactant molecules in this layer. This was attributed to the solvation forces

that resulted in the short-ranged repulsion between the micelles and the surfactant

monolayer in the water-rich phase. In another study [23] with the same molecu

lar model for the surfactant molecule, Smit and co-workers studied the dynamics of

surfactant self-assembly. The equilibrium micellar size distribution of the surfactant

system was in excellent agreement with prior experimental predictions. The authors

also successfully quantified various dynamic processes such as, monomer assimilation

into a micelle, fusion of small micelles to form larger micelles, and break-up of large

unstable aggregates. Using a similar model for the surfactant molecule, Karaborni et

al. [24] studied the solubilization of oil in aqueous surfactant solutions. The authors

observed spontaneous transfer of oil molecules from an oil-rich phase to the micelle-

rich phase. The results also indicated that molecules with smaller molecular volumes

were preferentially solubilized by micellar aggregates, given identical flexibility and

polarity of molecules.
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Karaborni and co-workers [25] also studied the self-assembly of gemini (dimeric)

surfactant molecules in aqueous solvent using a surfactant model quite similar to the

one used earlier by Smit et al. [23]. A gemini surfactant molecule essentially con

sists of two surfactant molecules connected via a hydrophobic spacer between the

head groups. The length of the spacer can be as long as the tails of the surfactant

molecules. The simulation results revealed that at low surfactant concentrations,

gemini surfactants with single spacer formed linear thread-like micelles, while surfac

tants with two or more spacers formed a mixture of spheroids and tree-like micelles.

The formation of a specific aggregate shape for a certain gemini surfactant depended

on the equilibrium separation between head groups due to repulsion, the degree of

hydrophobicity of the spacer, and the fiexibility of the spacer.

Some recent molecular simulation studies of oil-in-water micelles have used real

istic, detailed models for the surfactant molecule. To study the effect of specific tail

chemistry, Jonsson et al. [27] performed MD simulation of a model sodium octanoate

micelle in aqueous solution using explicit representation of the solvent molecules. The

intermolecular interactions included the 12-6 Lennard-Jones potential for non-bonded

interactions and Coulombic interactions between partial charges for electrostatic inter

actions. Intra-molecular interactions included bond stretching, bond angle vibration,

and torsional angle potentials. Water (solvent) molecules were modeled using the

Simple Point Charge (SPG) model [56]. Two different sets of interaction potentials, a

full charge (FC) model and a reduced charge (RC) model for the surfactant molecule

were investigated, since it was believed that SPC water model was inadequate in

screening the ionic interactions between the surfactant molecules. Interestingly, the

simulation results were found to be quite sensitive to the choice of the interaction

potential. The FC model resulted in a loosely organized, highly non-spherical micelle

with considerable water penetration into the core, while the RC model resulted in a
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more compact and nearly spherical aggregate. However, both FC and RC models gave

relatively broad radial distribution for the carboxyl carbon (head group) indicating a

rough micellar surface (large surface fluctuations). Also, the dynamics of the water

molecules close to the micellar surface revealed a water structure quite similar to bulk

water. Using the similar potential model for the surfactant molecules, Watanabe and

co-workers [26] also performed MD simulation of a sodium octanoate micelle using

explicit water molecules. The differences between this work and that of Jonsson et

al. [27], was a different torsional potential for the surfactant tail, and use of Ewald

summation for evaluation of long-range electrostatic interactions (Jonsson et al. used

simple truncation of Coulombic interactions after a distance of 10 A). The results of

this study also showed a highly diffuse and non-spherical micellar structure. However,

the simulations revealed the formation of an ionic micelle with a net charge of — 8.7e,

in close agreement with previous neutron scattering studies.

Shelley and co-workers [28] also performed MD simulation study of aqueous sodium

octanoate micelle, but with a polarizable model (POL) for the surfactant molecule.

This particular surfactant model was based on a scheme initially developed to study

water and ionic solutions using an extended Lagrangian technique. In this approach,

additional charge sites are added to the desired molecule and the magnitudes of these

charges are treated as classical dynamical variables, which evolve in response to the

local electric field. Thus, the value of polarization at any given instant is determined

from regular second order equations of motion derived from the extended Lagrangian.

In essence, in the POL model the basic structure of the octanoate anion was not

changed except that each atom (or pseudoatom) was provided with a polarizable

center. The SPC/E potential model [57] was used to represent the water molecules.

Other potentials were similar to the simulation studies of Watanabe et al. [26]. The

results of this study showed that switching from a non-polarizable surfactant model
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to the POL model resulted in the dissociation of all contact ion pairs between the

Na""" counter-ion and the head group, in agreement with experimental data. However,

the overall character of the micellar aggregate, its geometry, and the dynamics of the

monomers was relatively unaffected by the inclusion of the induction sites.

2.2.2 Water-in-oil micelles

Brown and Clarke [58] reported the first MD simulation of a water-containing model

reversed micelle in a non-polar solvent (mimicking n-octane). The system consisted

of 36 surfactant, 792 water and 1079 solvent molecules contained in a spherical cav

ity. The environment outside the spherical cavity represented the solvent contin

uum. The surfactant molecule consisted of two LJ interaction sites attached to each

other via a harmonic bond, one representing the cationic head group and the other

representing the hydrophobic tail. The SPG model [56] was used to represent the

water molecules, and single site LJ interaction centers were used to model the non-

polar solvent molecules. Since no periodic boundary conditions were used, the mean

field potential representing the interactions of different molecules with static solvent

molecules outside the spherical cavity, was given by

(2.7)
3  . .

$ = —e-
2  iij) ) Vj'ito -|-

where is the distance of a particular molecule of species from the wall of radius

. The results of the simulation showed that although the solvent showed liquid-like

behavior, the micelle components showed very little diffusion. Not only did the whole

micelle exhibited very low diffusion as a whole, there was little mobility within the

micelle itself. The energetics of the system showed that the dominant contribution

to the binding energy of micelle assembly was due to ion-ion interactions. Anion

hydration provided the remaining substantial contribution. The structural proper

ties of the RM showed an extensive overlap between the water and tail distributions,
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implying considerable penetration of water molecules into the hydrophobic region of

the micelle. The similar profiles of the anions and head group imply a high degree

of ion pairing. The mean shape and fiuctuations showed a non-spherical aggregate

with substantial surface roughness. However, despite surface roughness the surfac

tant molecules in the interface had a high degree of orientation along the aggregate

radius. The authors also observed specific orientation of the water molecules in the

"hydrophobic region" of the aggregate (region near the solvent continuum). This was

due to the characteristic bonding structure of the water molecules at the extremities

of the micelle with the water directly hydrogen bonded to the ionic species.

Linse [59] performed a molecular dynamics study of the aqueous core of a reversed

ionic micelle to investigate the nature of the aqueous core. The system consisted of

sodium ions and water molecules, spherically enclosed by a hydrophobic interface

carrying carboxylate head groups. The interactions among water molecules, sodium

ions, and carboxylate oxygens were evaluated explicitly assuming pairwise additivity.

The radial distribution functions for sodium ions showed a high degree of counter-ion

association close to the charged surface of the system, quite similar to the surface

charge densities shown by experiments. The radial distribution of water molecules

showed rather uniform distribution of water, with slight oscillations near the charged

surface. The water dipoles were strongly ordered by the presence of ions and the

hydrogen-bonded network was partially broken.

In the only prior study of RM using realistic and detailed models, Tobias and

Klein [60] performed a MD simulation of calcium carbonate/calcium sulfonate re

versed micelle in non-polar solvents (carbon tetrachloride, octane, and vacuum). The

potential model of the surfactant consisted of intra- and intermolecular van der Waals

and Coulombic interaction. Harmonic bond stretching, bond angle bending, and di

hedral angle potentials were used for intra-molecular interactions. The parameter
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values used in the simulation were from the CHARMM PARAM19 parameter set.

Water molecules were modeled via SPC/E model of Berendsen et al. [57]. The aver

age structure of the reverse micelle was nearly spherical with a large degree of ionic

core exposed to the solvent, except for case with vacuum. In vacuum, the surfactant

hydrocarbon chains had collapsed onto the surface of the core, greatly reducing its

exposure. The radial density profiles of water revealed that the structure of water in

the core is largely unaffected by the non-polar solvent. The structure of the solvent

shows significant ordering, especially close to the surface of the reverse micelle.
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Chapter 3

Molecular Models

The general approach used in most of the prior simulation studies [16, 17, 18, 19,

20, 21, 22, 23] of micellar aggregates is to use a highly simplified and coarse-grained

bead-spring model for the surfactant molecule. In the bead-spring model, the sur

factant molecule essentially consists of oil-like and water-like particles attached via

harmonic springs. Depending on the nature of intermolecular interactions, the inter

actions were mimicked by simply truncating the potential at varying distances. For

instance, Smit and co-workers [21, 22, 23] used Lennard-Jones (LJ) interaction poten

tial with Rc — 2.5(7 for attractive interactions, while Rc — for purely repulsive

interactions. Further simplifications of the simulation system involved lattice based

simulations [29, 30] or a constrained aggregate [16, 17, 18, 19, 20] where the solvent is

not modeled explicitly but instead represented by a spherical potential around the ag

gregate. Since the dominant interactions in o/w micellar aggregates are short-ranged

hydrophobic interactions, the bead-spring model described above may be suitable to

adequately represent these interactions. In contrast, the interactions responsible for

holding the surfactant molecules together in a non-polar solvent are primarily long-

ranged electrostatic interactions. Although these interactions can be represented by

adding partial charges to the bead-spring model, some degree of detail and realism

is desirable in the surfactant model for such systems to accurately represent all the
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intermolecular interactions of an actual surfactant molecule. Since the objective of

the present work is to make quantitative comparisons with the experimental work of

Eastoe et al. [54], an attempt has been made to use a detailed molecular model for the

dichain surfactant molecule. The simulations presented in this work involve detailed

and realistic molecular models for all the three chemical species (dichain surfactant,

water, and carbon dioxide) present in the system. Although, this makes the system

computationally complex and demanding, it minimizes any artificiality that might

be included in the system and affect the dynamics of surfactant aggregation and/or

the morphology of the aggregates formed. With these factors in consideration, the

potential model for the hybrid surfactant molecule used in this simulation study was

constructed by assembling existing potential models for each of the four functionally

distinct parts of the molecule i.e. the alkane tail, perfluoroalkane tail, sulfate head

group, and the sodium counter-ion. This allows the surfactant model to capture most

of the essential characteristics of the real dichain surfactant molecule (Figure 1.3).

3.1 Alkane tail

The potential model for the alkane tail of the surfactant molecule is the united atom

model for alkanes proposed by Siepmann and co-workers [61] (SKS model). This

model accurately predicts the vapor-liquid phase envelope of n-alkanes that agrees

well with the experimentally reported values. More importantly, the SKS model

predicts the solubility of n-alkanes in CO2 that is also consistent with experimentally

determined values [62]. In this potential model, each of the methylene (CH2) and

methyl (CH3) functional group is represented as a single spherical interaction site

(united atom) with its interaction center located at the center of the carbon atom.

The interaction sites are connected via rigid bonds of length 1.54 A. Interaction sites
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on different surfactant molecules and those on the same molecule separated by more

than three bonds interact via the well known 12-6 Lennard-Jones (LJ) potential given

by

12
/ /T-j \

Uuirij) = 4eij
^ij \

'̂

I ̂ ij

ij J \ ̂ij ,
(3.1)

where is the well depth and cr^ is the zero point of the potential between site

i and site j, as shown in Figure 3.1. The LJ size parameters for the methyl and

methylene functional groups are same {acHs — (^ch2 — 3-93 A) while the well-depth

energy parameters are ecHs/k = llAK and ~ 47K, respectively. The intra

molecular interactions include the bond-angle bending potential to account for the

bond vibrational motion, and torsional angle potential to account for the spatial

orientation of the tails. The bond angle bending potential is described by a harmonic

function of the form

Ubending{0i) = lk0{ei-eegf (3-2)
where 9eq is the equilibrium angle between successive bonds and kg is the force con

stant and is a measure of the rigidity of the bond angle. The torsional angle potential

for the alkane tail is given by [63]

3

Utorsion{(i>) = ̂aiCos{i(l)) (3.3)
i=0

where (j) is the torsional angle that is defined as the angle between the normal to the

two planes, each of which is formed by three successive interaction sites.

3.2 Perfluoroalkane tail

The potential model for the perfluoroalkane tail used in this study is that proposed

by Cui et al. [64] and is quite similar to that of the alkane tail described above.

32



I  I I I I I 1 I I II I '  ' ' I

1 -

CO

0 -

•0.5 -

1 -

_1 5 r I I I I I I I I I I I
0  0.5 1

1—1 I I I I I I I L.

1.5

r/a

2.5

Figure 3.1: Lennard-Jones (LJ) potential for the non-bonded intra-molecular and
intermolecular interactions.
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This model was chosen beca-use it is fitted to the vapor-liquid phase envelope of n-

perfiuroralkanes and also does good de novo prediction of pefluoroalkane/C02 phase

equilibrium [62]. United atoms with effective LJ well-depth and size parameters are

used to represent the CF2 and CT3 functional groups of the tail (ctcfs = (Jcf2 = 4.6

K ̂CFs/k — 79K, ecFi/k = 30K). The bond length between the united atoms is

assumed fixed at 1.54 A. The non-bonded interactions are described via a 12-6 LJ

potential (Equation 3.1) while the bond-angle bending and torsional angle potential

account for the intra-molecular interactions. The bond angle potential is similar to

that of the alkane tail (Equation 3.2) with the only difference being the slightly larger

(114.6°) equilibrium bond angle. The torsional angle potential for the perfluoroalkane

tail is given by

7

Utorsion(<i^) — <^0 ^ ] (li{cOS(j)) , (^-4)
1=1

where (j) is the dihedral angle. The important features of the torsional potential for

perfluoroalkane are that it has a twisted trans minimum at an approximate dihedral

angle of 17°, a gauche minimum at ~ 125° and a second gauche minimum at around

at around ~ 83°. Figure 3.2 shows the torsional potentials for the two tail groups.

The important differences between the potentials for the two tails is the presence of

trans conformation at non-zero dihedral angle for the perfluoroalkane tail. Also, there

are two gauche minima for perfluoroalkane tail compared to just one for the alkane

tail. Table 3.1 summarizes the potential parameters for the two tails groups.

3.3 Sulfate head group and sodium counter-ion

The potential model for the sulfate head group of the surfactant molecule is a fully

atomistic (each interaction site represents an individual atom) model proposed by

Cannon and co-workers [65]. Figure 3.3 shows the geometry of model of the sulfate
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Table 3.1: Potential parameters for the intra-molecular and inter-molecular interac
tions for the alkane tail and perfluoroalkane tail

Type of interaction Alkane tail Perfluoroalkane tail

LJ interaction = (^ch2 = 3.93 A (^CFs — <^CF2 = 4.6 A
= llAK ecFjk = l^K

^ch2/^ — 47^^ €-cH2/k — SOX

Bond bending kt = 62500A'/rad^ h = 62500K/ra(f

Oeg = 114.0° ■= 114.6°

Torsional ao = 1078.16A: oo = 959.4A:

Gi = 355.03A: Oi = -282.7K

02 = —GB.IQA" 02 = 1355.2/^

03 = 791.32ir OS = 6800.0A:
a3 = -7875.3a:

03 - —14168.OA"

03 = 9213.7A

03 = 4123.7A
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1.489 A

109.4°

Figure 3.3: Molecular geometry of the sulfate head group.



Table 3.2; Potential parameters for the sulfur and oxygen atoms of the head group
and the sodium ion

Atom type a (A) t/k (K) 9 (e)

sulfur 3.55 126 +2

oxygen 3.15 126 -1

sodium 2.667 37.65 +1

head group used in this study. It has a rigid tetrahedral structure (O-S-0 bond

angle of 109.4°) with the sulfur atom at the axis and the oxygen atoms at the four

apexes. The bond between sulfur and oxygen atoms is fixed at 1.489 A. To account

for electrostatic interactions, the sulfur atom carries a charge of +2e while three

oxygen atoms carry a charge of —le. The fourth oxygen atom does not carry any

negative charge as it is attached to the CH group, which in turn is attached to the

two tails. A sum of Coulombic (for electrostatic interactions) and LJ terms describes

the intermolecular interactions

12 / \ 6'
mj i

^  3

 _ / ̂

^  / \ ,

(3.5)

where q represents the Coulombic charge on the atoms, Aij and are the constants

for the LJ interaction and are functions of and Oij. A single LJ sphere with a unit

positive charge represents each sodium ion. Table 3.2 lists the potential parameters

for sulfur and oxygen atoms and sodium ion used in this study. Figure 3.4 shows

the schematic of the complete molecular model for the dichain surfactant molecule

assembled by combining all the potential models described above. According to this

molecular model, each surfactant molecule consists of 21 interaction sites including

one for the Na"'" ion.
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sulfate head group
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Figure 3.4: Molecular model for the dichain surfactant molecule used in this study.



3.4 Carbon dioxide

The carbon dioxide (solvent) molecules are represented by a simple site-based po

tential model proposed by Harris and Yung [66], that has been shown to accurately

reproduce the experimental vapor-liquid co-existence curve and critical point of pure

CO2. As shown in Figure 3.5, the model consists of three LJ interaction sites with

a Coulombic charge centered on each atom. The molecule has a rigid linear (O-C-0

bond angle = 180°) geometry with the C-0 bond length of 1.149 A. The carbon atom

carries a charge of -f0.6512e while the two oxygen atoms carry a charge of —0.3256e

each to make the molecule electrically neutral. Table 3.3 lists the potential parameters

of the potential model.

180°

i

1.149 A

Figure 3.5: Molecular model for the carbon dioxide molecule.



Table 3.3: Potential parameters for the carbon dioxide potential model

Atom type cr (A) e/k (K) Q (e)

carbon 2.757 28.129 +0.6512

oxygen 3.033 80.507 -0.3256
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3.5 Water

For water molecules, the extended simple point charge (SPC/E) potential model of

Berendsen et al. [57] is used in this study. The model has a single LJ site for

the oxygen atom that also carries a charge of —0.8476e. The two hydrogen atoms

are simply represented by point charges, each carrying a charge of —0.4238e. Rigid

molecular geometry is assumed with the 0-H bond length of unity and H-O-H bond

angle equal to the tetrahedral angle (109.4"). Figure 3.6 shows the schematic of the

SPC/E model. Table 3.4 lists the potential parameters for this model.

1.0 A

109.4°

Figure 3.6: Molecular geometry of the water molecule.



Table 3.4: Potential parameters for the SPC/E potential model for water

Atom type cr (A) e/A: (K) 9 (e)

hydrogen 0.0 0.0 +0.4238

oxygen 3.166 78.23 -0.8476

43



Chapter 4

Methodology

The two simulation techniques that have been used for investigating surfactant sys

tems are Molecular Dynamics (MD) and Monte Carlo (MC). Although both of these

techniques take the intermolecular potentials as the input and provide structural and

thermodynamic properties as output, the MD technique also allows one to investi

gate the dynamic behavior as well. Thus, the MD technique has been chosen for this

work. As the name suggests, the MD simulation technique is based on tracking the

system trajectory through the phase space from a single initial starting phase point.

The method involves numerical solution of Newtonian equations of motion for all the

particles (interaction sites) present in the system. The results are then estimated by

sampling equilibrium (or non-equilibrium) averages that are tied to the natural time

evolution of the interacting particles.

Based on the molecular models of the surfactant molecule used in this study,

complete interactions between various sites require calculation of LJ and Coulom-

bic interactions. The LJ interactions can be calculated in a straightforward manner,

since they are short-ranged and thus the interactions can be simply truncated at a

distance of few angstroms from the reference interaction site. However, Coulombic

interactions are long-ranged and thus require special treatment for accurate estima

tion. In this study, the site-site reaction field method [67, 68] is used to account for
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Coulombic interactions. This method was chosen for its relative simplicity in im

plementation and low computational requirement. The method essentially involves

splitting the electrostatic interactions experienced by a reference particle into a direct

and an indirect contribution. The direct contribution is due to other particles within

a spherical cavity centered at the reference particle, while the indirect contribution

is due to the surrounding continuum that is polarized by the spherical cavity and in

turn produces an addition electric field in the cavity. This additional electric field is

called the reaction field. Thus, the total electrostatic energy (Ue) acting on a particle

is given by

Ue^Ud + Ur (4.1)

where, Ud is the direct contribution and Ur is the contribution due to the reaction

field. The details of this method are provided in Appendix A.

4.1 System composition

The simulations performed in this work can be broadly divided into two main cate

gories based on the size of the system studied:

• Small system

• Large system

The small system, as the name suggests, is a reasonably small system (~ 8300

total interaction sites) and was initially chosen for exploratory calculations. The

molar ratio of surfactant to water molecules used in the small system was essentially

governed by computational simplicity. On the other hand, the large system (~ 42000

total interaction sites) corresponds to the size of a single "average-sized" reversed

micellar aggregate at the overall composition studied by Eastoe et al. [54] via neutron
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scattering. The difference in the composition of the two systems, as described in the

following sub-sections, reflects the effect of factors such as, surfactant concentration,

water-to-surfactant molar ratio, and solvent properties on surfactant aggregation.

4.1.1 Small System

The small system consists of 30 dichain surfactant, 132 water, and 2452 carbon dioxide

molecules within a cubic simulation box of length 71.8 A. Thus based on the molecular

models of the three chemical species present described in the previous chapter, this

system consists of 8382 interaction sites. As mentioned before, the concentration of

the dichain surfactant (0.135 mol/liter) and water (0.594 mol/liter) molecules used

in this system do not correspond to any particular experimental system but were

chosen simply to limit the size of the simulations for exploratory calculations. Since

the critical micelle concentration of most surfactants that form RMs lies in the range

of 10"^ to 10"^ mol/liter [31], the few orders of magnitude higher concentration

of surfactants in this simulation study apparently manifests itself primarily in the

increased rate of aggregation, as discussed in Section 5.2. The structural properties

of the aggregates and their aggregation number are predominantly determined by the

architecture of surfactant molecule and water-to-surfactant ratio, and thus should

be largely unaffected by high surfactant concentration in this system. Also, the

relatively high concentration of surfactant and water molecules in this system could

result in bulk-phase separation instead of forming micellar aggregates. This aspect is

addressed in Section 5.1 of the following chapter. To limit the system size as small

as possible, a relatively low water-to-surfactant molar ratio {Wo ~ 4) is used in this

system. Thus, the results pertaining to the structural characteristics of aggregates

cannot be assumed to be valid for values of Wo greater than the low Wo value used

in this system. The solvent conditions used in this system correspond to T = 310 K
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and Psoivent = 0.484 g/cc. At these state conditions CO2 is in the near supercritical

state which should also enhances the surfactant aggregation process. These solvent

conditions were chosen to facilitate the study of self-aggregation within a reasonable

computer time.

4.1.2 Large System

The large system has a composition of 33 dichain surfactant, 1175 water, and 12800

carbon dioxide molecules within a simulation box of length 103.5 A. This corresponds

to 42618 total interaction sites, which represents one of the largest system sizes used

to study surfactant self-assembly via molecular simulation [69]. The concentration

of the surfactant (0.05 mol/liter) and water (1.75 mol/liter) in this system exactly

mimics the concentrations used by Eastoe et al. [54] in their SANS study of this

ternary system. As mentioned before, the number of surfactant and water molecules

used in this simulation study corresponds to one "average-sized" surfactant aggregate

observed in the experimental work. Besides the low concentration of the dichain

surfactant molecules in this system, an important difference between this system and

the small system is the relatively high water-to-surfactant ratio (Wo ~ 35) in this

system. As mentioned earlier, the high value of Wo in this system might manifest itself

as some discernable difference in the dynamics and/or morphology of the aggregates

formed in this system compared to those formed in the small system. The solvent

conditions used in this system correspond to T = 298 AT and psoivent = 0.848 g/cc. At

these conditions, CO2 is in a high temperature liquid state, which should also affect

the diffusion-limited aggregation process (as described later), observed in this three

component system. Table 4.1 summarizes the composition and state conditions for

the two systems described above.
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Table 4.1: Composition and the state condition of the two system sizes studied

Small system Large system

Surfactant 30 33

Water 132 1175

Carbon dioxide (solvent) 2452 12800

4.4 35.6

Temperature (K) 310 298

Solvent density (g/cc) 0.482 0.848

4.2 Starting configurations

The simulations were performed with two independent starting configurations, viz.

the aggregated starting configuration and the scattered starting configuration, for the

two different system sizes. Figures 4.1(a)-(b) and 4.2(a)-(b) show both the starting

configurations for the small system and the large system, respectively. The two start

ing configurations were chosen to test if different starting configurations had any effect

on the dynamics of aggregation and/or morphology of the aggregates. It should be

pointed out that these initial configurations are just two of the infinite possible con

figurations that can be used and were chosen solely because they were simple and less

time consuming to generate. As shown in Figures 4.1(a) and 4.2(a), in the aggregated

starting configuration, all the water molecules were placed within a spherical core at

the center of the simulation box. The surfactant molecules with fully extended tails

were placed on the surface of the core with their head groups pointing towards the

center. Structurally, this configuration resembles a reversed micellar aggregate and

hence the name aggregated starting configuration. In the scattered starting configu-
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ration (Figures 4.1(b) and 4.2(b)) all the water molecules were scattered within the

simulation box and the distance between the surfactant molecules was also increased.

In a sense, the two starting configurations represent the two extremes of the system

configurations. The scattered starting configuration is a more realistic starting state,

while the aggregated starting configuration (especially for the large system) is closer

to the desired final state characterized by the presence of a single surfactant aggre

gate. It is important to mention that the similar starting configurations for the two

system sizes are somewhat different (due to different water-to-surfactant ratio) and

their effect on the aggregation dynamics and aggregate morphology will be discussed

in the following chapter.

4.3 Rattle Algorithm

As described in the previous section, the molecular models for all the three chemical

species present in the system involve fixed bond lengths between atoms or pseudo-

atoms. Clearly, a special technique is heeded to handle the dynamics of this molecu

lar system where certain selected degrees of freedom (bond lengths) are constrained

while others (bond angles, torsional angles) remain free to evolve under the influence

of inter-molecular and intra-molecular forces. The constrained MD is an approach

that in effect uses a set of undetermined multipliers to represent the forces directed

along the rigid bonds (called constraint forces) required to maintain the bond lengths

constant. The general technique is to solve the equations of motion for one time step

in the absence of the constraint forces, and subsequently determine their magnitude

and correct the atomic positions accordingly.

Amongst the various techniques proposed in literature [70, 71] to perform con

strained MD, this study used the Rattle algorithm [72] because it guarantees that
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the constraints are satisfied at each time step. This implies that the constraint forces

themselves are only correct to the same order of accuracy as the integration algo

rithm, resulting in computational stability. The Rattle algorithm is based on the

Verlet algorithm [71] for integrating the equations of motion and retains the simplic

ity of using Cartesian co-ordinates for each of the atoms to describe the configuration

of molecule with internal constraints. It calculates the atomic positions and velocities

at the next time step from the atomic positions and velocities at the present time

step without requiring information about the past trajectory of the molecule.

For a constrained molecular system, the equation of constrained dynamics for an

atom is given by

rriiTi = Fj -I- Gi (4.2)

where Fj are the physical forces of inter-molecular and intra-molecular interactions not

associated with constraints, Gj represents the constraint forces, is the acceleration

(second derivative of position) and rrii is the mass of atom i. The functional form of

Gj is given by

=  (4.3)
j

where are the time-dependent Lagrange multipliers associated with the intra

molecular forces of the constraints, are the constraints (Note that 0"^ = aji and

Ajj = Xji) and the summation is over only those atoms j that are connected to atom

i by a constraint. For fixed bond lengths, the constraint equation is given by

({■■(<)}) = Iri(t) - r,(t)|^ - d./ = 0 (4.4)

where r is the position vector of atom i, and dij is the fixed distance between atoms

i and j. The time derivative of the constraint equation gives the constraint on the
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velocities, namely

liiC) -r,W|.|rj(«) -r,(t)| =0 (4.5)

The Rattle algorithm involves making approximation for the Lagrange multipliers.

Since the Rattle algorithm is based on the velocity version of the Verlet algorithm,

the formulation of the equations of motion for the constrained dynamics would be of

the form

h?
[FTi{t + h) — Ti{t) + hii{t) +

= Ti{t) + hii{t) +
. 2m,;;

i{t) + Gi(t)]

(4.6)

and

Ti{t + h) = fj(t) +
2mi^

Fi{t) - 2^Aii/t,.(t)ry(t)

+ Fi{t + h) - ^RVij{t + h)rij{t + h) (4.7)

where Tij{t) — Ti{t) — Tj{t). The quantity is chosen so that the constraint

equation (Equation 4.4) are satisfied at time t+h, and XnVij (t+h) is chosen to satisfy

the time derivative of the constraint equation (Equation 4.5) at time t + h. Equations

4.6 and 4.7 are solved for Xrr^. (t) and Xrv-j {t+h) using the iterative method proposed

by Ryckaert et al. [73]. Appendix B gives the details of the iterative procedure for

Rattle algorithm.

4.4 Replicated Data Algorithm

Considering the fact that the simulations performed in this study are computationally

intensive, parallelization of the simulation code is employed to speed up the integra

tion of the equations of motion. The parallelization strategy used in this study, shown

53



in Figure 4.3, is called the replicated data technique. As the name suggests, this tech

nique involves replication of all the position variables for every atom or site at every

processor, even though each processor performs integration on only a specified set of

atoms or sites. Since all the processors have information for all the atoms or sites,

the number of communications between the processors is greatly reduced compared

to domain decomposition. This technique was chosen for its simplicity and effective

ness in parallelization of an existing serial code that has been tested previously for

accuracy. This technique is essentially the "atomic decomposition" method described

by Plimpton [74].

Figure 4.4 shows the flowsheet of the parallel version of the simulation code used

in this study. As shown in the figure, there are basically two force calculations in this

system viz. inter-molecular interactions and intra-molecular interactions. Since, the

forces due to intra-molecular interactions are calculated prior to the calculation of

forces due to inter-molecular interactions and only require information regarding the

particle position of a single molecule, these calculations are done for all sites at all

processors. Thus, in essence, no parallelization is used for the calculation of forces due

to intra-molecular interactions. One can use parallelization for calculation of intra

molecular forces, especially for large molecules, but a balance has to be established

between the cost of force calculation and the communication between the proces

sors. In this study, the surfactant molecule is relatively small (only 21 interaction

sites) and thus it is more beneficial to avoid parallelization for calculation of intra

molecular forces. On the other hand, the forces due to inter-molecular interactions

are evaluated within a double loop that compares uniquely every interaction within a

cut-off distance from the given atom or site. This is the most computationally inten

sive part of the simulation and the speed with which these forces can be calculated

determines the overall performance of the simulation code. According to the simple
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Figure 4.3: Replicated data parallelization strategy.
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For every timestep:

Intra-molecular

force calculations

Global collect:

Positions

Velocities

Inter-molecular

force calculations

do i = timestep
doj = molecules

bond bending
torsion

Update position and velocity by integration
enddo

enddo

' Force evaluation

Load balancing

Global sum:

Forces

Update atomic velocities
by integration

Figure 4.4: Sequence of events for the replicated data parallelization of the simulation
code.
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parallelization scheme described above, the computational work is divided (as equally

as possible) amongst processors by assigning a range of outer loop iterations to each

processor. These processors can then work in parallel, thereby significantly increasing

the computational speed..

At least some form of load balancing is still required because of the fact that

the quantity of computational work in the double loop structure is not uniformly

distributed by simply dividing the outer loop iterations equally into the total number

of processors. This is due to the structure of the double loop which when represented

as a matrix, is a triangular matrix. Thus, simply dividing the outer loop iterations

result in the earlier processors performing much more computational work than the

later ones. To effectively counter this imbalance, a simple approach is adopted in

this study i.e. to divide the computational work for a set of N processors, in such a

way as if 2N processors are available. Then iterations from opposite end of the outer

loop are assigned to each processor, thereby giving each processor a large and a small

chunk to work with. This method has the obvious advantage that it is fairly easy to

implement and permits quite effective parallelization. Further parallelization can be

realized if the computational work of the inner loop is divided as well, but this is not

quite advantageous for the simulation code used in this study.

Hence in the parallelization strategy implement in this study, two communications

between processors are required to ensure an accurate calculation of inter-molecular

and intra-molecular forces (Figure 4.4). One of these communications is done af

ter the integration step following the calculation of intra-molecular forces, while the

other follows the estimation of inter-molecular forces. Both of these communications

involve a so-called "global sum" which basically gathers relevant data from each pro

cessor and then distributes the data for all atoms or sites to all processors. The

first communication step collects and distributes (scatters) the position vectors for
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all the particles to all the processors, for the calculation of inter-molecular forces

using the parallelization technique. The inter-molecular forces are then calculated

and the atomic forces are then "globally summed", so that all the processors have

sufficient information to update the system, and subsequently commence the next

step of integration.

Figure 4.5 shows results pertaining to the scaling of the simulation code, with

respect to the number of processors {Np), used in this study. The figure plots the

simulation time required to perform a single iteration step versus the inverse of the

number of processor (l/Np). In an ideal case, this dependence should be inversely

proportional, as shown by the dotted line in the figure. However, the figure shows

that simulation code does not scale linearly with the number of processors. As the

number of processors increases, the simulation time does not reduce proportionally.

This is because as the number of processors increases {1/Np decreases), the actual

time for integration decreases (inversely proportional to Np), while the time for com

munication between processors increases (proportional to Np). It is the increase in

the communication time that results in the deviation from the ideal curve, thereby

resulting in the behavior shown in Figure 4.5. Most of the simulations reported in this

work were performed on 8 processors {Np — 8) on the Cray T3E at NERSC. This par

ticular value of Np provided the optimum utilization of the allocated computational

time for the real time needed to needed to perform these simulations.
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Chapter 5

Results and Discussion

As mentioned earlier, most of the prior simulation studies [58, 59, 60] of surfactant

systems that form reversed micellar aggregates or w/o micro emulsions have primar

ily focussed on understanding the general structural properties of these aggregates.

Areas of investigation have mainly included aggregate shape and fluctuations, tail

conformation and packing, solvent penetration into the core, extent of counter-ion

coupling with the head group, and behavior of solutes. Although these studies took

explicit account of all the forces between component molecules, only Tobias and Klein

[60] attempted to reproduce the detailed characteristics of a speciflc surfactant sys

tem. As suggested by DeGennes and Taupin [75], steric packing effects that are very

speciflc to a particular surfactant molecule play an essential role in determining the

stability and size distribution of surfactant aggregates in non-polar solvents. Thus,

detailed and surfactant-specific studies of RMs are needed to fully understand the

reasons for their spontaneous formation in non-polar solvents, especially solvents like

supercritical carbon dioxide.

As an initial step in this direction, the focus of this research work is to obtain a

comprehensive molecular level description of self-aggregation in a dichain surfactant

-1- water + carbon dioxide (solvent) ternary system. Besides investigating the various

structural properties mentioned previously and making direct comparisons with the
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SANS results of Eastoe et al. [54], one of the main objectives of this work is to obtain

a molecular level insight into the dynamic processes involved in the aggregation of

dichain surfactant molecules in supercritical CO2. Thus, for this purpose a detailed

and realistic molecular model of the dichain surfactant molecule as well as explicit

representation of solvent molecules is used in this simulation study. In this work,

numerous simulations were performed to study the effect of surfactant tail length and

chemistry, water-to-surfactant molar ratio (Wo), solvent conditions etc. on the dy

namics of aggregation and the morphology of the aggregates formed. The results were

analyzed mainly to explain the suitability and effectiveness of the dichain surfactant

molecule as a C02-philic surfactant.

The results presented in this chapter are organized as follows: Sections 5.1 and 5.2

describe results pertaining to the dynamics of aggregation (mechanism and time-scales

of self-aggregation, rate of aggregation etc.). This is followed by the discussion of the

general structural properties (size, shape, tail conformation etc.) of the surfactant

aggregates formed, in Sections 5.3 and 5.4. The details of the microstructure of the

surfactant molecules are discussed in Sections 5.5 and 5.6. Finally, results pertaining

to the effect of surfactant chemistry and architecture on aggregation are presented in

Section 5.7 and 5.8.

5.1 Aggregation mechanism

An important aspect of the dynamics of surfactant self-aggregation is the mechanism

through which randomly dispersed surfactant molecules spontaneously form stable

and highly organized molecular aggregates or micelles. Understanding the mecha

nism of surfactant aggregation is also important in identifying the interactions be

tween component molecules that are responsible for holding the surfactant molecules
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together in an aggregate. The mechanism of the formation of o/it; micelles is quite

well understood (both theoretically and experimentally) and has been used to develop

mathematical models that provide an estimate of the CMC of these systems [36, 37].

On the other hand, even standard experimental methods such as temperature and

pressure jump and stopped flow techniques that have been quite successful for aque

ous surfactant systems, are not useful for surfactant aggregates in non-polar solvents

because these techniques are strongly dependent on the electrical conductivity of

the solvent medium. The MD simulation technique is able to follow the molecular

trajectory directly and thus can be quite useful in understanding the mechanism of

surfactant aggregation in non-polar solvents.

Figures 5.1(a)-(d) show the snapshots of the small system (with aggregated start

ing configuration) at the various important stages of the aggregation process highlight

ing the mechanism of surfactant self-assembly. Although these snapshots correspond

to the system evolution from the aggregated starting configuration (Figure 4.1(a)),

as shown later, a similar mechanism was observed for the system evolution from the

scattered starting configuration of this system as well. In all these snapshots the sol

vent molecules are intentionally not shown for reasons of visual clarity. Figure 5.1(a)

shows the system configuration at 5.5 ps, which is quite early in the aggregation

process. All the dichain surfactant and water molecules appear somewhat randomly

dispersed within the simulation box with no evidence of surfactant aggregation. The

only noticeable fact is that the Na+ ions and the anionic surfactant molecules exist as

contact ion-pairs. As shown by Shelley and co-workers [28] for an aqueous surfactant

system, it is possible that the contact ion-pairs shown in Figure 5.1(a) could exhibit

dissociation of some (or all) ion-pairs between the Na"*" ions and sulfate head group.

Further simulations with a polarizable surfactant model are needed to address this

issue. Also, the system configuration at this instant appears to have little correlation
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Figure 5.1: Snapshots of the simulation taken at (a) 5.5 ps, (b) 44.6 ps, (c) 148.3
ps, and (d) 1036.0 ps showing the mechanism of surfactant aggregation for the small
system with aggregated starting configuration. The color scheme of the various species
is as follows: light blue for perfiuoroalkane tail, dark blue for alkane tail, yellow for
sulfur, red for oxygen, white for hydrogen, and grey for sodium. CO2 molecule are
not shown for visual clarity.
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with the aggregated starting configuration, suggesting that perhaps the starting con

figuration has little effect on the long-time dynamics of this system. Figure 5.1(b)

shows the system configuration at 44.6 ps. At this stage a significant number of water

molecules have associated themselves with the ionic species present in the system, i.e.

the water molecules tend to hydrate the anionic head group and Na+ counter-ion of

the surfactant molecules. Although preliminary evidence of surfactant aggregation is

noticeable by the presence of small clusters of hydrated surfactant molecules, still no

appreciable aggregation is evident in the system. The system configuration in Figure

5.1(c) corresponds to 148.3 ps and shows that nearly all the water molecules have

directly or indirectly associated with the surfactant molecules. Also, small surfactant

aggregates have developed in the system indicating the beginning of surfactant aggre

gation. However, no reversed micelle-like (an aqueous core surrounded by surfactant

molecules with their head groups immersed in the aqueous core and the tails form

ing a corona) aggregates are noticeable in the system. However, after a sufficiently

long time (1036.0 ps) the system consists of three roughly similar-sized surfactant

aggregates that have the appearance of RMs, as shown in Figure 5.1(d). The water

molecules in these aggregates appear to form an aqueous core that is well shielded

from the surrounding solvent by a layer of surfactant molecules with their head groups

pointing towards the aqueous core and tails extending into the solvent. This morphol

ogy of the aggregates formed closely resembles that of RMs (as shown in Figure 1.2)

thereby indicating the formation of reversed micelle-like aggregates in this system.

The aggregation process described above can be further clarified by following the

energetics of the system. Figure 5.2 shows the time evolution of surfactant-surfactant

(Uss) and surfactant-water {Ugw) interaction energies observed in the small system.

The term surfactant here denotes contributions from the anionic surfactant molecule

as well as the sodium counter-ion (cation). The figure shows two distinct steps in
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Figure 5.2: Time evolution of the surfactant-surfactnt (Uss) and surfactant-water
{Usw) interaction energies in the small system with aggregated starting configuration.
Arrows indicate the times corresponding to the snapshots in Figure 5.1.
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the evolution of Ugs and Ugw The first step, which corresponds to the time interval

Ti = 1.7 < ln{t) < 5.0 (5.5 < t < 148.3ps), shows a decrease in Ugw from a value

of -20 kcal/mole to about -50 kcal/mole while Uss remains nearly constant. This

decrease in Usw is attributed to hydration of anionic surfactant - Na"*" ion-pair by

the water molecules present in the system, as shown in Figures 5.1(b)-(c). The Uss

remains constant because there is no appreciable surfactant aggregation during this

step. The time interval preceding Ti (To = ln{t) < 1.7 ̂  t < 5.5 ps) simply

involves the formation of ion-pair (Figure 5.1(a)) from the starting configuration

and does not contribute to the aggregation process. During the second step of the

aggregation process (T2 = ln{t) > 5.0 =4> t > 148.3 ps), the trends in the evolution

of Uss and Usw change with the Uss showing a gradual decrease (considering the fact

that the horizontal axis in Figure 5.2 is logarithmic time) while Usw remains nearly

constant. The gradual decrease in Uss is due to the inter-molecular interaction of

hydrated surfactant molecules resulting in the formation of surfactant aggregates.

As the hydrated surfactant molecules assemble to form RM-like aggregates with their

head groups forming the core, their tail groups experience strong steric packing effects.

As a result the surfactant molecules within the aggregate re-arrange to achieve steric

stabilization. Thus Uss decreases gradually until it reaches a minimum where the

interaction energy simply oscillates around a constant value. The interaction between

water and surfactant molecules remains unchanged during this step of the aggregation

process since there is negligible change in the hydration characteristics due to the low

Wo in this system.

Thus, the aggregation process in the small system (with aggregated starting con

figuration) described above appears to follow a two-step aggregation mechanism. The

first step (Ti) involves a rapid (within the first 150 ps) of hydration of anionic head

groups and the sodium counter-ions that exist as ion-pairs prior to hydration. There
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is no appreciable surfactant aggregation during this step. Figure 5.3, which shows

a plot of the fraction of total water molecules associated with surfactant molecules

versus time for this system, clearly depicts that the first step primarily involved ion-

hydration. The figure shows that almost all the water molecules present in the system

become associated with the sodium ion - anionic surfactant ion-pair during the first

step and remain associated subsequently. In contrast, the second step (r2) of the ag

gregation process is a much slower step involving gradual aggregation of the hydrated

surfactant molecules via hydrogen bond formation (shown later) into stable RM-like

aggregates.

For the small system with scattered starting configuration. Figure 5.4 shows the

energy profiles of Uss and Usw The figure clearly shows two distinct steps (Ti and T2)

in the aggregation process quite similar to those observed for the small system with

aggregated starting configuration. The first step (Ti) involves a decrease in Ugw while

Uss remains nearly constant, while the second step (T2) involves a gradual decrease

in Uss while Usw remains nearly constant. Thus, as stated earlier, this system also

exhibits the two-step aggregation mechanism (ion-hydration followed by surfactant

aggregation) described earlier. Figure 5.5 shows the plot of the fraction of total water

molecules associated with surfactant molecules versus time for this system (small

system with scattered starting configuration). The figure shows that the fraction of

water molecules associated with surfactant molecules approaches unity within a time

step of ~ 150 ps. Again, this is similar to that observed for the small system with

aggregated starting configuration (Figure 5.3). Thus, it can be concluded that both

the starting configurations for the small system exhibit similar aggregation mechanism

leading to the formation of RM-like aggregates.

As shown in Table 4.1, the composition of the large system is significantly different

from that of the small system, such as low surfactant concentration, high water-to-
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Figure 5.3: Time evolution of the fraction of water molecules present in the small
system (aggregated starting configuration) that are associated with the surfactant
molecules. Arrows indicate the times corresponding to the snapshots in Figure 5.1.
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molecules.
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surfactant molar ratio, and high solvent density. It should be insightful to investigate

if these factors play any role in the aggregation process for this system. Figures

5.6(a)-(d) and 5.7(a)-(d) show the snapshots of the evolution of the large system

with aggregated and scattered starting configurations, respectively. Figures 5.6(a)-(d)

shows the aggregation process observed in the large system with aggregated starting

configuration at 5, 20, 100, and 1000 ps, respectively. Figure 5.6(a) shows that

the starting configuration expands almost instantaneously (~ 5 ps). However, in

contrast to the small system (Figure 5.1(a)), the high water-to-surfactant molar ratio

in this system (Wo ~ 35) prevents dispersion of surfactant and water molecules as

monomers and dimers. Most of the surfactant molecules appear to be connected to

each other via water bridges. The system then rapidly re-aggregates (within ~ 100

ps) to form four surfactant aggregates (one large aggregate consisting of most of the

surfactant and water molecules while the remaining surfactant and water molecules

distributed between the remaining three aggregates) as shown in Figure 5.6(c). No

further aggregation is observed in this system even up to ~ 1.0 ns, as shown in Figure

5.6(d).

For the large system with scattered starting configuration. Figures 5.7(a)-(d) show

the snapshots of the system at 100, 200, 500, and 2000 ps, respectively. During

the first 200 ps (Figures 5.7(a)-(b)), most of the surfactant molecules appear to be

randomly distributed with their anionic head groups (and Na"*" counter-ions) hydrated

by the water molecules present in the system. Nearly, all the water molecules present

in the system appear to be directly or indirectly associated with surfactant molecules

within this time step. No appreciable surfactant aggregation is evident in the system

at this stage. Figure 5.7(c) shows the presence of small surfactant aggregates (mostly

consisting of 2 - 3 surfactant molecules per aggregate) indicating the propensity of

the system for surfactant aggregation. Finally, Figure 5.7(d) shows the presence of
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Figure 5.6: Snapshots of the simulation taken at (a) 5 ps, (b) 20 ps, (c) 100 p s, and
(d) 1000 ps showing the mechanism of surfactant aggregation for the large system
with aggregated starting configuration. The color scheme of the various species is as
follows: light blue for perfluoroalkane tail, dark blue for alkane tail, yellow for sulfur,
red for oxygen, white for hydrogen, and grey for sodium. CO2 molecule are not shown
for visual clarity.
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Figure 5.7; Snapshots of the simulation taken at (a) 100 ps, (b) 200 ps, (c) 500 p
s, and (d) 2000 ps showing the mechanism of surfactant aggregation for the large
system with scattered starting configuration. The color scheme of the various species
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sulfur, red for oxygen, white for hydrogen, and grey for sodium. CO2 molecule are
not shown for visual clarity.
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five surfactant aggregates in the system at 2000 ps.

Figure 5.8 shows the plot of fraction of water molecules associated with surfactant

molecules for the large system with both the starting configurations. The curve for

the large system with scattered starting configuration shows an almost linear increase

in the fraction of water molecules associated during the interval Ti = ln{t) < 6.0

{t < 403.4 ps). This behavior is quite similar to those observed for the small system

(Figures 5.3 and 5.5), implying that this system follows the two-step aggregation

mechanism (ion-hydration followed by surfactant aggregation). A further evidence of

this is shown in Figure 5.9, which shows the energetics of this system. As expected, the

evolution of Uss and Usw shows two distinct steps indicating the two-step aggregation

process.

In contrast, the large system with aggregated starting configuration shows that

the fraction of water molecules associated initially decreases, reaches a minimum of

~ 0.8 at ln{t) = 1.5 {t = 4.5 ps), and finally increases gradually as time increases.

This behavior is not only different from the large system with scattered starting

configuration but also different from the small systems. Clearly, this system does

not follow the two-step aggregation mechanism, instead the evolution of this system

is influenced by the aggregated starting configuration. This can be explained as

follows: in the large system, the aggregated starting configuration has a spherical

core in the center of the simulation box (Figure 4.2(a)) with a water density of ~

0.97 g/cc compared to ~ 0.11 g/cc in the small system (Figure 4.1(a)). Thus, all the

surfactant molecules in the large system are associated with the water molecules to

begin with. As a result, the ion-hydration step of aggregation process is not observed

in this system. The second aggregation step is also significantly absent due to the

incomplete dispersion of surfactant and water molecules. As will be shown later,

the structural properties of the aggregate formed in this system (Figure 5.6(d)) are
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in reasonably good agreement with the experimental results of Eastoe et al. [54].

This suggests that, although the system fails to exhibit the expected aggregation

mechanism, the aggregate formed in this system is in agreement with the experimental

results. Thus, it can be argued that aggregated starting configuration in the large

system simply hastens the approach to the expected final state while the scattered

starting configuration follows a more realistic trajectory.

Based on the above description, it can be concluded that the aggregation of dichain

surfactant and water molecules in CO2 essentially follows a two-step mechanism.

The first step of this mechanism involves hydration of anionic surfactant and Na"'"

counter-ions, while the second step involves aggregation of hydrated ions to form

stable surfactant aggregates. This two-step mechanism (hydration interaction and

subsequent hydrogen bond formation linking the surfactant molecules) of surfactant

aggregation has been previously reported by Eicke and co-workers [76] based on the

dielectric increment measurements for the system consisting of AOT surfactants in

benzene. As mentioned earlier, AOT is an anionic surfactant molecule with two

tails, which is structurally quite similar to the dichain surfactant molecule studied

in this work. Thus, it can be concluded that aggregation of dichain surfactant in

CO2 is similar to that of other ionic surfactants (namely AOT) and is essentially

governed by the electrostatic interactions between the surfactant head groups and

water molecules.

Based on the description of the aggregation mechanism presented, an estimate of

the time-scales of the two steps of surfactant aggregation can also be obtained. The

first step which involves ion-hydration occurs over ~ sec while the aggregation

of surfactant molecules into RM-like aggregates occurs over a time scale of ~ 10~®

- 10~® sec depending on the system size. As evident from Figures 5.3, 5.5, and 5.8,

the ion-hydration step for the small system is ~ 150 ps compared to ~ 300 ps for
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the large system. This may be attributed to the high concentration of the surfactant

molecules (0.135 mol/liter) in the small system. Another factor that also appears to

play a role, is the difference in the solvent condition of the two systems. Figure 5.10

shows the mean-squared displacement (MSD) of surfactant molecules during the first

80.0 ps (during which most of the surfactant molecules are in the dispersed state) for

the small system (aggregated starting configuration) and the large system (scattered

starting configuration). The slope of the MSD versus time curve is a measure of

the diffusivity (mobility) of the surfactant molecules [71]. As expected, the curve for

the small system has a higher slope than that for the large system, implying that

the surfactant molecules in the small system have higher diffusivity than in the large

system. This clearly suggests that solvent conditions also play an important role in

the dynamics of surfactant aggregation in C02- The simulations also showed that for

the second step of the aggregation process, the small system exhibits much shorter

time scales (about an order of magnitude or more) compared to the large system. This

can also be attributed to the supercritical state of the solvent in the small system (it

will be shown in the next section that surfactant aggregation in this ternary system

is diffusion-limited).

In general, these time scales are a few orders of magnitude smaller than those

observed for surfactant aggregation in aqueous media which occurs over a time scale

of ~ 10~® - 10~® sec [77]. This may be attributed to the difference in the driving

forces for aggregation in two solvent media. As mentioned earlier, the driving forces

for aggregation in the non-polar solvents are electrostatic (ion-ion and ion-dipole) in

nature, which are much stronger and long-ranged compared to the weak and short-

ranged hydrophobic interactions responsible for aggregation in aqueous surfactant

systems [35]. As a result, the surfactant and water molecules dispersed in a non-

polar solvent experience more stronger aggregation forces, even at low concentrations.
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Figure 5.10: Mean-squared displacement (MSB) of the Cy-tailed hybrid surfactant
during the first 80 ps of the aggregation process for the small system (aggregated
starting configuration) and the large system (scattered starting configuration).
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Therefore, surfactants in non-polar solvents exhibit much rapid aggregation dynamics

compared to those observed in aqueous surfactant systems. Another consequence of

stronger aggregation forces in non-polar solvents is the low CMC values observed in

these systems compared to their aqueous counterparts.

An important question that arises from the simulations described above is whether

the system will form RMs or will result in bulk-phase separation. This is especially

important for the small system since this system has a high concentration of surfac

tant molecules, which might represent a supersaturated solution thereby precipitating

the surfactant as a bulk phase. Since the surfactant concentration in the large system

mimics the experimental values of Eastoe et al. [54], it is more likely that aggregates

formed in this system are indeed RMs. Although the visualization of these simu

lations showed exchange of water molecules between surfactant aggregates, thereby

suggesting some level of equilibration with respect to mass transfer, it is not suffi

cient to verify the formation of equilibrium micellar aggregates. Unfortunately, one of

the limitations of the MD simulation technique is its inability to distinguish between

micelle formation and phase separation. One of the approaches that can be used to

investigate this aspect is to perform a Grand Canonical Monte Carlo (CCMC) sim

ulation on this system [70]. This, however, is beyond the scope of the present study

and will be a topic of future investigations.

A direct consequence of the aggregation process is the reduced mobility of the

surfactant molecules as they form RM-like aggregates. Figure 5.11 shows the MSB

of the surfactant molecules during the first 80.0 ps and after ~ 1.0 ns (during which

stable RM-like aggregates are present in the system) of the aggregation process for

the small system. As expected, the MSB curve has a significantly higher slope in the

dispersed state, as the molecules are free to move about randomly in the simulation

box; however, their mobility reduces drastically (reduced slope) as these surfactant
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Figure 5.11: Mean-squared displacement (MSD) of the Cy-tailed hybrid surfactant
during two different time periods of the aggregation process for the small system with
aggregated starting configuration.
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molecules are gradually incorporated into surfactant aggregates. Similar results have

been observed by Brown et al. [58] for a model reversed micellar aggregate.

Another important feature observed in these simulations is the fact that the surfac

tant aggregates formed in the system scavenge almost all the water from the solvent

into their cores, as shown in Figure 5.1(d), 5.6(d) and 5.7(d). Although the large

system does show some water molecules dispersed in the non-polar solvent, this rep

resents a very small fraction (less than 1%) of the total water molecules in the CO2

phase. Similar observations regarding the scavenging of water by RMs, have been

previously reported [78, 79] for AOT in decane and dinonylnaphthalene sulfonate in

benzene systems. This has been attributed to the high ionic concentration within the

aqueous cores that causes a substantial reduction in the chemical potential of the wa

ter in the core, thereby providing the driving force for the transfer of water molecules

from the solvent to the core of the aggregate. In a separate simulation of only water in

carbon dioxide (no surfactant present), water was found to have a solubility of about

0.3 ± 0.1 mol% in CO2 for this model system, which is in good agreement with the

saturation concentration of water in CO2 measured by Jackson et al. [80]. Thus, it

can be inferred that the addition of surfactant molecules to a water -I- carbon dioxide

system not only disperses water in the form of micro-droplets but also scavenges all

the water from the solvent into the cores of the surfactant aggregates.

5.2 Aggregation dynamics

To quantify the progress of self-aggregation in a surfactant system, the parameter

most often used is the rate of aggregation. In the present study, a measure of this

quantity is estimated by the slope of the plot of ln[N{t)] versus ln{t). Figure 5.12

shows the plot for the large system with both starting configurations. The quantity
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Figure 5.12: Time evolution of the number of aggregates during the simulation for
the C7-tailed dichain surfactant in the large system. The definition of an aggregate
is based on the cluster counting algorithm of Sevick and co-workers [81].
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N{t) represents the total number of surfactant aggregates present in the system at any

instant of time. In this work, N(t) is calculated based on an efficient cluster-counting

algorithm proposed by Sevick et al. [81] according to which any two particles are con

sidered members of the same cluster if they lie within a particular distance of each

other. In the present study, the atomic sites of the water molecules, surfactant head

groups, and Na""" (sites in the tail groups are not considered) are considered as part of

the same cluster if their center-of-center distance is 3.3 A. Also, according to the defi

nition of a surfactant aggregate adopted in this study, a cluster of molecules classifies

as an aggregate if it contains at least one surfactant molecule. Thus, clusters of only

water molecules are not counted in N{t). Strictly speaking, surfactant aggregates

with only one or two surfactant molecules are not really micellar aggregates. Instead,

they simply represent (pre-micellar) surfactant aggregates that may eventually aggre

gate to form stable RM-like aggregates in the system. It should be stated that this

definition of an aggregate is somewhat arbitrary and was chosen solely for the sake

of convenience. Figure 5.12 shows that ln[N{t)] has an inverse linear dependence on

ln{t) with a slope of -0.43 for the scattered starting configuration. If it is assumed

that the aggregation curve follows this slope for long times, then the figure suggests

that aggregation process in this system should result in the formation of a single sur

factant aggregate consistent with Eastoe et al. [54] in ~ 200 ns. Unfortunately, the

simulation time of ~ 200 ns is beyond the practical limits of this simulation study.

For the aggregated starting configuration, the shape of the aggregation curve in

Figure 5.12 shows a portion with positive slope followed by a portion with negative

slope and finally a portion where Zn[A''(t)] remains constant. By fitting a straight line

through the portion of the aggregation curve with the negative slope, a value of ~

-1.04 is obtained. The magnitude of this slope is significantly higher than that for

the scattered starting configuration (~ -0.43) and is consistent with the fact that the
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aggregated starting configuration is much closer to the expected final state (a single

surfactant aggregate as observed by Eastoe et al. [54]) compared to the scattered

starting configuration.

The inverse linear dependence over a limited range of time implies that the aggre

gation behavior can be well represented by a scaling relation of the form N{t) ~

over this range, where z is the absolute value of the slope of the aggregation curve.

This type of aggregation behavior is consistent with the Smolouchowski's theory of

diffusion-limited aggregation [82] according to which the rate of aggregation in a

system of interacting particles can be represented by a rate equation of the form

Rate of aggregation = KijUiUj (5.1)

where rii and rij are the number of aggregates of size i and j respectively, and Kij

is called the rate kernel, which is a function of aggregate diffusivity. The basic as

sumption involved in this theory is that the probability of aggregation upon collisions

between aggregates (or surfactants) is constant i.e.

[collisions contributing to aggregation] _ ^ ^
-  — COHStS/Ilb

[total collisions]

As shown in Equation 5.1, according to this theory the rate of aggregation depends

on two factors: the concentration of the aggregating particles and their diffusivity.

In essence, this implies that the rate is essentially governed by the frequency of

collisions between aggregating particles. The applicability of the Smolouchowski's

theory of aggregation to the system under consideration can be explained as follows.

During the early stages of aggregation most of the water and surfactant molecules

are present mainly as monomers. Thus, the concentration (uj) is high. The value of

the rate kernel {Kij) is also high because of higher diffusivity of dispersed surfactant

molecules (Figure 5.11). As a result the frequency of collisions is quite high in the
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early stages of the aggregation process resulting in high rate of aggregation. However,

as aggregation proceeds rij reduces since the concentration of aggregating particles

reduces and simultaneously Kij also reduces because the aggregating particles become

larger. Thus, as time proceeds the frequency of collisions reduces resulting in reduced

rates of aggregation. Figure 5.13 shows a plot of the diffusivity of aggregates {D)

versus ms, where m is the mass of the aggregate. The quantity is an approximate

measure of the diameter of the aggregate. The figure shows that for the large system

with both starting configurations the diffusivity versus ms shows a nearly linear

dependence with a negative slope. Thus, it can be implied that the Stokes-Einstein

relation {D = 3^, where T is the temperature, // is the viscosity of the solvent,

and d represents the diameter of the particle) is valid for the diffusivity of surfactant

aggregates formed in the system under investigation i.e the diffusivity of the surfactant

aggregates varies inversely with their size (diameter) under conditions of constant

solvent viscosity and constant temperature.

An important aspect of the aggregation behavior observed in this system, is the

effect of steric resistances on aggregation offered by the two tails of the dichain sur

factant molecule. The steric resistances arise because of the typical structure of the

aggregates formed in this system. As stated earlier, the RM-like aggregates formed

in this system are characterized by the presence of an aqueous core, which consists of

closely assembled surfactant head groups, while the tails surround this aqueous core

forming a corona. Since the aqueous cores of two colliding aggregates should come

in contact with each other to form a larger aggregate, successful aggregation involves

overcoming the steric resistances offered by the respective coronas. As a result only

a small fraction of aggregate collisions are expected to be successful in the formation
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of larger aggregates i.e.

[collisions contributing to aggregation] ̂  ̂
[total collisions]

This is shown in Figures 5.14(a)-(b), which plots the time evolution of Ncoii{t) and

N{t), respectively, where Ncoii{t) represents the number of "collision aggregates" at

any instant of time. As the name suggests, a "collision aggregate" is an aggregate

formed when any two parts of surfactant molecules or aggregates (tail groups in

cluded) satisfy the distance criteria (< 3.3 A) mentioned earlier. The figures show

that Ncoii{t) varies much more frequently with time than N{t) showing many instances

of Ncoii {t) decreasing by one or more units and then immediately returning to its pre

vious value (a collision that did not result in aggregation), indicating that numerous

collisions between surfactant molecules or aggregates are required before coalescence

occurs. To further investigate the eflfect of steric resistances, a simulation of the large

system (scattered starting configuration) without surfactant molecules (water in CO2

only) was performed. Figure 5.15 shows the aggregation curve for this system along

with that for the system with surfactants. The slope of the aggregation curve for the

system without surfactants has a slope of ~ -0.76, which is higher than that for the

system with surfactants (slope ~ -0.43). Clearly, the lack of steric resistances in the

system without surfactants results in an enhanced rate of aggregation, compared to

the system with surfactants.

Figure 5.16 shows the aggregation curve for the small system with aggregated

starting configuration. As expected, the shape of the curve is similar to that for

the large system with scattered starting configuration, however with a slope of -0.53.

The higher slope for the small system is consistent with the fact that the rate of

aggregation in the small system is enhanced due to high surfactant concentration and

the supercritical state of the solvent. A caveat to this conclusion is that the difference
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Figure 5.14: Time evolution of a) number of collision aggregates and (b) number
of surfactant aggregates during the simulation for the Cr-tailed hybrid surfactant in
the large system (scattered starting configuration). The definition of an aggregate is
based on the cluster counting algorithm of Sevick and co-workers [81].
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Figure 5.15: Time evolution of the number of aggregates during the simulation for
the Cr-tailed hybrid surfactant in the large system (scattered starting configuration)
with and without surfactant molecules. The definition of an aggregate is based on
the cluster counting algorithm of Sevick and co-workers [81].
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between the slopes is small and may be statistically insignificant. As shown by Ziff

et al. [82] and Meakin et al. [83], the quantitative estimates of the slopes can be

improved by carrying out numerous (~ 10^) independent simulations, but this would

be impractical in a study like the present one.

5.3 Aggregate structure

The general structural properties of the RM-like aggregates formed in the simulations

presented above, can be characterized by the shape and size of their aqueous cores.

A good measure of the size is the radius of gyration (Rg), which is a measure of the

distribution of the mass of atomic groups or molecules that constitute the aqueous core

relative to its center of mass. Since the core is essentially made up of water molecules,

sodium ions and anionic head groups, the mass of only these groups is considered in

the estiniation of Eg. Thus, the Eg of the aqueous core can be calculated by the

equation

El = "^Triiiri - rof (5.2)
i

where rrii is the mass of atom i located at a radial distance from the center of mass

of the aggregate core (ro). The shape of the aqueous core can be quantified using two

different parameters, namely the ratio of the largest to the smallest principal moments

of inertia {Imax/Imin) and the eccentricity (77). The eccentricity is calculated by the

equation

T  Imin /tr77 = 1 - (5.3)
•^avg

where lavg is the average of all the three components of the principal moment of

inertia. Both these parameters provide a measure of the deviation from a perfectly

spherical object {Imax/Iniin = 1) ̂ 7 = 0). The uncertainty in the values of these
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Table 5.1: Structural properties of the largest aggregate formed in the large simulation
system (aggregated starting configuration)

This work SANS experiments [54]

Water 916 ± 10 -

Surfactant 26 -

Wo 35.2 35.0

Rg 15.4 ± 0.2 20.5 ± 1.0

I max/ Imin 1.3 ± 0.1 -

n 0.12 ± 0.05 -

A. (A^) 115 ± 3 140

parameters reflects the effect of the spatial or temporal fluctuations in the shape of

the aqueous core. Together these two parameters can reveal details of the actual

shape (spherical, cylindrical, or disc-like) of the aggregates.

Table 5.1 provides the structural properties of the largest aggregate formed in the

large system with aggregated starting configuration (Figure 5.6(d)) along with the

experimentally measured values measured by Eastoe et al. [54] via SANS experiments

on the same surfactant system. As mentioned earlier, although the dynamics of

the large system with aggregated starting configuration are strongly influenced by

the starting configuration, the aggregates formed in this system may be close to

equilibrium configurations and can be quantitatively compared to the experimental

results. The radius of gyration (Rg) of the aggregate formed in this simulation study

is 15.4 ± 0.3 A. This is in a reasonable agreement with the experimentally reported

value of 20.5 ± 1.0 A [54], given that the time for which the simulation has been

carried may be considerably shorter than that required to achieve an equilibrium
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state. The shape parameters for the aggregate are Imax/Imin — 1-2 ± 0.1 and rj

= 0.1 ± 0.05 (no experimental data available), which indicates that the aggregate

is nearly spherical with small fluctuations. This is expected because of the high

water-to-surfactant ratio {Wo ~ 35) in this aggregate. The high value of Wo provides

the aggregate with an aqueous core of considerably large volume (and surface area)

which facilitates a reasonably low packing density of surfactant molecules around the

aqueous core. To characterize the shape of the aggregates formed in the experimental

investigation, Eastoe et al. [54] determined the surface area of the aqueous core per

surfactant molecules (A^,), given by the equation

AirRl
A = (5-^)

where Ng is the aggregation number (number of surfactant molecules in the aggre

gate) . In essence, this quantity is a measure of the packing density of the surfactant

molecules in the aggregate and thus, can be related to the shape of its aqueous core.

The value of Ag for the aggregate estimated from the simulation is 115 A^,'which is

in approximate agreement with the experimentally reported value of 140 [54].

For surfactant aggregates formed in the small system (Figure 5.1(d)), the struc

tural properties are influenced by the low water-to-surfactant ratio {Wo ~ 4) in this

system. Table 5.2 lists the Rg, Imax/Imin, and rj values for all three aggregates shown

in Figure 5.1(d). The Rg values for all the three aggregates lie within the range of

6.2 - 7.2 A indicating nearly equal sized aggregates. The Imax/Imin values for all the

three aggregates are signiflcantly greater than unity and the values are signiflcantly

greater than zero. Thus, the aggregates formed are highly non-spherical compared

to those formed in the large system. Clearly, the low Wo in this system results in

aggregates with much smaller aqueous cores (smaller Rg), thereby resulting in sig

niflcantly higher packing density of surfactant molecules. Another factor that may
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Table 5.2: Structural properties of surfactant aggregates formed in the small simula
tion system (aggrega ted starting configuration)

Aggregate #1 Aggregate #2 Aggregate #3

Water 26 57 49

Surfactant 10 9 11

Wg 2.6 6.3 4.4

(A) 6.2 ± 0.1 7.2 ± 0.2 6.9 ± 0.1

Imax/Imin 1.8 ± 0.1 1.7. ± 0.3 1.5 ± 0.1

V 0.28 ± 0.02 0.27 ± 0.08 0.13 ± 0.03

also contribute to the high non-sphericity in these aggregates is the ineffective dielec

tric screening of ionic head groups. The simulations showed that most of the water

molecules (~ 94 %) in the small system lie within the hydration shell of anionic head

groups and Na+ ions (in contrast to ~ 62 % for the large system) and thus very few

water molecules were available to provide the dielectric screening of ionic charges. As

a result the interactions between ionic charges leads to the distortion of the interface.

Similar results were obtained by Brown and Clarke [58] for a model reversed micelle

with a low water-to-surfactant ratio (Wg = 2). They also observed the formation of

highly non-spherical aggregates due to the ineffective dielectric screening of the ionic

head groups. Interestingly, the standard deviations in the values of Imax/Imin and

for these aggregates, as shown in Table 5.2, are quite low. As mentioned earlier, the

deviations are a measure of the fluctuations in the shape of the aggregates. The low

value of these deviations suggests that the shape of these aggregates is quite con

stant. Figures 5.17(a)-(b) show the time evolution of the Imax/Imin and rj for the

three aggregates. The deviations are more prominent in aggregate number 2 than in
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the other aggregates. This can be attributed to a slightly higher water-to-surfactant

ratio in this particular aggregate (Wq ~ 6) compared to the other two aggregates.

5.4 Aggregate Microstructure

Having established that the structure of the largest aggregate formed in the large

system with aggregated starting configuration is in reasonable agreement with the

experimental findings, it is logical to explore the microstructure of this aggregate.

Molecular simulations provide an effective tool to obtain this information. A primary

measure of the microscopic structure is the singlet distribution function (singlet radial

density) profiles of the various atomic groups or molecules constituting the aggregate.

As the name suggests, the singlet distribution function is a time-averaged measure

of the distribution of an atom or molecule from a reference point. It is calculated by

the equation

(5.5)
'  47rr2Ar ^ '

where {N{r)) is the time-average of the number of an atom or molecule that is found

in a shell of thickness Ar at a radial distance r from a reference point. The center of

mass of the aqueous core represents a suitable reference point.

Figures 5.18(a)-(b) show the microscopic details of the largest aggregate formed

in the large system with aggregated starting configuration. Figure 5.18(a) shows the

density profile of water and CO2 (solvent) molecules. The density of water in the

aqueous core is ~ 1.0 g/cc indicating the presence of bulk-like water. A considerably

broad (~ 10 - 15 A) interfacial region is observed, where the water density decreases

while the CO2 density increases as the distance from the center of mass of the in

creases. The solvent density approaches its bulk density of ~ 0.85 g/cc outside the

interfacial region. Negligible penetration of the solvent molecule into the aqueous core
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of the aggregate is observed. Figure 5.18(b) plots as a function of the radial distance

(r) for the various groups of the surfactant molecules. The distribution of the head

groups show a peak at ~ 17.2 A indicating the presence of head groups at the surface

of the aqueous core. The distribution for the Na+ ions is quite similar to that for

the head groups implying that the Na"*" ions also reside at the surface of the aqueous

core and are ion-paired to the anionic head groups. The high degree of ion pairing

in this aggregate will be more clearly evident in Section 5.6. The distribution of the

two tails suggests that the tails form the corona of the aggregate. The distribution

of the perfluoroalkane tail is shifted slightly away from the center of mass and is an

indication of its C02-philic behavior.

Figure 5.19 shows the singlet radial density curves for water, sodium ion, anionic

head group, and the two tails for the aggregates formed in the small system (Figure

5.1(d)). The figure shows that the core of the aggregates is essentially made up of

water molecules and the sodium ions. The head groups lie at the surface of the

aqueous cores while the tails form the corona surrounding the cores. The non-zero

radial density of the head groups within the core (r < 6.2 A) is not due to the

penetration of the head groups but simply an artifact of the highly non-spherical

shape of these aggregates (Table 5.2). Also, the presence of numerous peaks and

troughs in the radial density distribution of the sodium ions and anionic head groups

is a manifestation of the rigid structure of the aqueous core. The radial density

distributions of the two tails are quite similar except a slight shift away from the

center of mass observed for the perfluoroalkane tail. As mentioned earlier, this is due

to the C02-philic nature of this tail.
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5.5 Tail conformation

A good measure of the C02-philic behavior of the two different tail groups is the

degree to which these tails are fully extended. Figure 5.20 plots the fraction of

torsional angles in each tail that are in trans conformation (fully stretched) as a

function of time for the small system with aggregated starting configuration. Similar

results were obtained for the large system. The perfiuoroalkane tails have an average

of 90 ± 2 % trans conformation compared to 74 ± 5 % for the alkane tails. This

implies that the perfiuoroalkane tails are approximately 16 % more extended than

the alkane tails. Interestingly, the behavior of the two tails is quite opposite in vacuo.

The perfiuoroalkane tail has a trans conformation of 80 % in vacuo compared to 89

% for the alkane tail. Thus, in presence of carbon dioxide as a solvent medium, the

perfiuoroalkane tails assumes more extended conformations, which is an indication of

its C02-philic nature while the alkane tails are less extended indicating their CO2-

phobicity.

More detailed information on the spatial conformation of the two tails can be

obtained by calculating the distribution of the radial position of each segment (func

tional group) of the tails from the CH group, as shown in Figure 5.21. The common

feature of the two tails evident from the figure is the progressive broadening of the

distribution for groups farther away from the head group. The broadening is rela

tively larger for the alkane tail compared to that for the perfiuoroalkane tail because

of the relative stiffness of the perfiuoroalkane tail. Also, the distributions of the first

two segments are the same for the two tails. The broadening is attributed to the

fact that the farther away the segment is from the head group the more freedom it

has to move. This mobility is due to the ability of torsional angles associated with

these segments to switch back and forth between trans and gauche conformations.
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For the alkane tail the distribution of farther segments exhibit two distinct peaks

indicating near equal probability of gauche and trans conformation of the torsional

angles associated with these segments.

5.6 Structure of aqueous core

As shown earlier, the surfactant aggregates formed in this simulation study are char

acterized by the presence of an aqueous cores. These aqueous cores can provide a

medium for solubilizing polar and/or polymeric substances in CO2. Thus, under

standing the detailed structure of water in these aqueous cores is of fundamental im

portance in understanding the solubilization characteristics and behavior of solutes.

The aqueous environment in these cores is somewhat different from that encoun

tered in typical electrolyte solution because of the high ionic concentration and its

non-uniform distribution.

To get an insight into the detailed structural characteristics of the aqueous cores.

Figures 5.22(a)-(b) plot the radial distribution function (rdf) and running coordina

tion number (rcn) respectively, for Na-Na and Na-X pairs (X = anionic head group)

in the large aggregate shown in Figure 5.6(d). As discussed earlier, the structural

properties of this surfactant aggregate are closest to the RMs observed by Eastoe et

al. [54] via SANS experiments. The usual interpretation of rdf is not applicable here,

since the environment of the reference ion is anisotropic, even at small distances. As

a result, the rdf decays to zero with increasing radial distance instead of approaching

unity as observed for isotropic systems. However, the rcn has its normal interpreta

tion i.e. it represents the number of neighbors in the radial direction. Figure 5.22(a)

shows that Na-X rdf has a prominent first peak at 2.45 A and a minimum at 3.2 A.

The second peak in the rdf is due to the remaining two negatively charged oxygen's

104



(a)

12 -

V. 8

n Na - Na
' Na - head

I  \

t  \

I  n

r(A)

I  1 I—T 1 I I

(b)
2.5

Na - Na
Na - head

g  1-5

0.5

ij I

r(A)

Figure 5.22: Radial distribution function (rdf) and running co-ordination number
(rcn) for (a) Na-Na pair (b) Na-head group pair.

105



on the head group. As shown in Figure 5.22(b), the first maximum integrated up to

3.2 A involves ~ 0.75 head group. The Na-Na rdf shows a peak at 3.7 A, a broad

minimum at 5.0 A, and a second peak at 6.3 A, indicating a weaker ion-ion correla

tion, as expected. The presence of a prominent peak in Na-Na rdf is an indication of

the fact that the environment of the aqueous cores is highly ionic. Figures 5.23(a)-(b)

show the rdf and rcn for the Na-W (W = water) and X-W pairs. The rdf for the

Na-W (Figure 5.23(a)) shows a distinct hydration shell with a maximum at 2.5 A.

A second hydration peak exists at 4.4 A. Thus, there exist two distinct hydration

shells for the Na""" ion implying a stronger structuring of water molecules around the

reference ion. As shown in Figure 5.23(b), the average number of water molecules

in the first (primary) hydration ions is ~ 4.1, while the average number of water in

the secondary hydration shell is ~ 5.0. The rdf for the X-W shows a less prominent

first peak at 4.1 A and weak second peak at 6.0 A. The presence of a less prominent

first peak in the X-W rdf may be attributed to the "correlation hole elffect" [84] and

is related to the particular geometry of the surfactant head groups. Since each head

group has three negatively charged oxygen atoms at a fixed distance from each, a

number of possibilities exist in which a particular water molecule can exist around

the reference ion. As a result, the pair correlation function involves averaging over

distances that involve the van der Waal diameter (a) as well as the length scale cor

responding to fixed inter-atomic distances. Thus, the peak in the X-W rdf is broader

and lower. Clearly, additional simulations with different head geometry and charge

distribution are needed for further clarification. The rcn for the first hydration shell

of X-W shows an average number of water molecules to be ~ 9.0, implying higher

degree of hydration of the anionic head group compared to that of the Na+ ion.

An important characteristic of the water molecules in the aqueous core is the ex

tent of their hydrogen bonding. A hydrogen bond is defined to exist if any one of

106



T—I—I—I—I—r

(a)

2 -

1 -

' .

r(A)

• Na - water

head - water

I  I r-T-i T 1—I

Na - water
head - water

4 I  I I I I I I

r(A)

Figure 5.23: Radial distribution function (rdf) and running co-ordination number
(rcn) for (a) Na-water pair (b) head group-water pair.

107



the 0-H bonds of a particular water molecule is collinear with an oxygen atom of a

neighboring water molecule. Figure 5.24 shows the typical representation of a hydro

gen bond based on the geometric criteria defined above. To analyze the orientation

of the water molecules, angular distribution functions (adf) are used. Figure 5.25

shows the adfs of the interparticle-dipole vector for water molecules belonging to the

primary hydration shell of the Na"*" ion and sulfate head group. The adf for the Na"^

ion shows a monotonic decrease along the angular range indicating the alignment of

water in such a way that the dipole of water molecules is collinear with the Na"*" ions.

This is due to the strong electrostatic interaction between Na"*" ion and the negatively

charged oxygen atoms of water molecules. The adf for the head group shows a peak

at cos(f) ~ 0.6 53°) which is due to the fact that the anionic head group inter

acts with positively charged hydrogen atoms of the water molecules thereby aligning

the water dipole at the angle of ~ 53°. This clearly shows that the strong electric

fields from the Na"*" ion and the anionic head group tend to orient the water dipole

vectors in their primary hydration shells. As expected, the orientation effects are

relatively stronger for the Na""" ions than the head groups due to the delocalization

of negative charges on the anionic head group. Figure 5.26 shows the adfs for the

interparticle-bond vector angle for water molecules residing in the primary hydration,

again exhibiting strong orientation effects of the two ionic species. The adf for the

Na"*" ion shows a peak at coscf) -0.5 120°) while the adf for the anionic head

group shows a peak at coscf) ~ 1.0 ~ 0°). This is another indication that the water

molecules directly associated to the two ionic species are oriented in response to the

strong electric fields of the ions.

For water molecules lying outside the primary hydration shell, decreases in the

orientation effects are noted. Figure 5.27 shows the adf for the interparticle-dipole

vector angle for water molecules residing at varying distances from the reference
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Figure 5.24: Schematic representation of the definition of the hydrogen bond adopted
in this study.



——————V  ' ' I ' '

\  Na^orX
head group

\

\

sodium ion \

\

V

\

s

n  n n n I .  . I n . ̂  T-OL—4

-0.5-1

coscp

Figure 5.25: Interparticle-dipole vector angle angular distribution function (adf) for
water molecules lying within the primary hydration shell of the ions.
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Figure 5.27: Interparticle-dipole vector angular distribution function (adf) for water
molecules at varying distances from the sodium ion.
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Na"*" ion. The figure clearly shows that, as the distance of water molecules from the

ion increases, reduction in the orientation effects is observed. The water molecules

lying within the distance of 3.3 - 6.0 A (secondary hydration shell) show very little

orientation effects compared to those in the primary hydration shell. The water

molecules lying at distances larger than 6.0 A show negligible orientation effects.

Similar profiles are obtained for the adf of sulfate head group, as shown in Figure

5.28. Thus, based on this analysis the water molecules within the aggregate can be

divided into two distinct classes based on their orientation to the ionic environment

at the interface. The interfacial water which lies in the primary hydration shell show

significant orientation effects, while the bulk-like water which lies outside the primary

hydration shell are nearly unaffected. Figures 5.29-5.31 show the orientation of water

molecules present in the bulk-like region of the aqueous core. Figure 5.29 shows the

adf for the dipole-dipole vector angle for the water molecules. The figure shows most

of the water pairs have a dipole-dipole vector angle alignment less than (j) ~ 90°.

Thus, water molecules exhibit a tendency to form hydrogen bonds (a hydrogen bond

is defined if one of the OH bond of a water molecule is collinear with the oxygen

atom of a neighboring water molecule) in the bulk-like region, as expected. Figure

5.30 shows the adf for the interparticle-dipole vector angle. The adf shows a distinct

peak at coscj) ~ 0.6 {(f) ~ 53°). Figure 5.31 shows the adf for the interparticle-bond

vector angle and shows two peaks, one at cos^ ~ -0.3 {(j) ~ 107°) while the other at

coscj) ̂  1.0 {(j) ̂  0°). The two peaks correspond to the two bond vectors in a water

molecule. The positions of the two peaks clearly indicate the collinearity of OH bond

on the water molecules with the oxygen atom of the reference molecule.
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Figure 5.28: Interparticle-dipole vector angular distribution function (adf) for water
molecules at varying distances from the anionic head group.

114



^ 0.6 -
(/I

o
o

I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I I

0

l_II  n nI  I I 1

-0.5-1

cos ©

J  I I I I L

Figure 5.29: Dipole-dipole vector angle angular distribution function (adf) for water
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Figure 5.30: Interparticle-dipole vector angle angular distribution function (adf) for
water molecules within the bulk-like region of the aqueous core.
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117



5.7 Effect of tail chemistry

An important requirement of any surfactant molecule that is intended for use in CO2

is its C02-philic behavior i.e. its ability to dissolve in CO2 in low concentrations. As

shown earlier, for the dichain surfactant molecule used in this study, this behavior is

imparted by the presence of a perfluoroalkane tail. Since the formation of RMs re

quires that the surfactant tails be bulkier than the head group [85] i.e. v/aolc, where

V is the volume of the tail groups, Uo is the optimal area of the head group, and Ic

is the tail length, the function of the alkane tail is to provide the required architec

ture to the surfactant molecule thereby enabling the formation of RMs in non-polar

solvents. However, it is not known as to what surfactant chemistry provides the op

timum aggregation properties to the dichain surfactant. In other words, what should

be the balance between the perfluoroalkane and the alkane tails for an effective surfac

tant molecule. This is important in determining the solubility characteristics of the

surfactant molecule. To gain some insight into the role played by each of the two func

tionally distinct tails on surfactant self-aggregation and aggregate morphology, two

independent simulations of the small system (aggregated starting configuration) were

performed. Although the small system does not correspond to any experimental com

position, it was chosen for the sake of computational ease because the simulations of

the large system are computationally intensive and only a few such simulations can

be performed. As shown earlier, the results of the small system give a reasonably

good prediction of the aggregation dynamics, thus it is expected that these simula

tions can provide some useful qualitative insight. In one simulation, both the tails of

the dichain surfactant were made perfluoroalkane tails (referred to as fully-fluorinated

surfactant) while in the other case both the tails were made alkane tails (referred to

fully-hydrogenated surfactant). Thus, the fully-fluorinated surfactant had both tails
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C02-philic while the fully-hydrogenated surfactant molecule had none. Changing the

chemical characteristics of the dichain surfactant from hybrid to fully-fiuorinated (or

fully-hydrogenated) not only changes the C02-philic behavior but also changes the

molecular mass of the molecule quite significantly. Compared to the hybrid surfac

tant, the fully-fiuorinated surfactant is quite heavier {Myj = 870 g/mol) while the

fully-hydrogenated surfactant has much lower molecular weight {M^ = 330 g/mol).

As shown earlier (Section 5.2) the aggregation dynamics observed in the surfactant

system under investigation are diffusion-limited, so it is expected that the significant

difference in the molecular mass of fully-fiuorinated and fully-hydrogenated surfac

tants should have considerable influence in the rate of aggregation of these systems.

Figure 5.32 shows the MSD curves for the two type of surfactant molecules dur

ing the first 100 ps of the aggregation process. As expected, the MSD curve for

the fully-fiuorinated surfactant molecules has a significantly lower slope (indicating

slower diffusion) compared to fully-hydrogenated surfactant. This is consistent with

the higher molecular weight of the fully-fiuorinated surfactant.

Figure 5.33 shows the aggregation curves for the two surfactant molecules (fully-

fiuorinated and fully-hydrogenated) along with the aggregation curves for the hybrid

surfactant and for the system with no surfactant molecules (water and carbon diox

ide only). The aggregation curves for the fully-fiuorinated and fully-hydrogenated

surfactant molecules are quite similar and exhibit the diffusion-limited aggregation

mechanism. The only difference is that the aggregation curve for the fully-fiuorinated

surfactant is displaced ~ 1 ln{t) units to the right. This implies that after start

ing from the same initial configuration, the fully-hydrogenated surfactants exhibit

more rapid aggregation compared to fully-fiuorinated surfactants. This is consistent

with the fact that fully-fiuorinated surfactant molecules have larger mass and thereby

diffuse much slowly than fully-hydrogenated surfactants (Figure 5.32).
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Figure 5.32: Mean-squared displacement (MSB) of the Cy-tailed fully-fluorinated
and Cr-tailed fully-hydrogenated surfactants during the first 80 ps of the aggregation
process.
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The difference in surfactant chemistry of the two surfactants may also be re

sponsible for different packing characteristics of these surfactant molecules within an

aggregate. This is manifested as difference in the structural properties of aggregates

formed in the two simulations. Figures 5.34(a)-(b) show the snapshots (at ~ 1.2

ns) of the system configuration for the fully-fiuorinated and the fully-hydrogenated

surfactant molecules, respectively. It should be stressed that these configurations are

only valid for the value of Wg ~ 4 in these two simulations. Within the simulation

time of ~ i.2 ns, the fully-fiuorinated surfactant molecules form five aggregates while

the fully-hydrogenated surfactant molecules forms one aggregate. If formation of a

single surfactant aggregate is assumed to be the expected final state, then clearly

the system with fully-hydrogenated surfactants exhibits more rapid aggregation than

fully-fiuorinated surfactants. It may be also be argued that steric resistances may be

more dominant in the fully-fiuorinated surfactant molecules since the perfiuoroalkane

tails are not only bulkier but also more extended than alkane tails (Figures 5.20-5.21).

Thus, fully-fiuorinated surfactant molecules may experience stronger steric resistances

to aggregation than their fully-hydrogenated counterparts. However, the feasibility

of these two surfactant molecules as C02-philic surfactant molecules can be tested

via GCMC simulation or experiments.

5.8 Effect of tail length

Besides the effect of surfactant chemistry on self-aggregation, another factor that sig

nificantly affects aggregation in non-polar solvents is the length of the surfactant tail

groups. In fact, this has been a subject of numerous experimental studies [86, 87] on

different surfactant molecules. The general conclusion of these studies has been that

surfactant tails play a very important role (based on the type of surfactant molecule)
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123



in determining the size and shape of reversed micellar aggregates. However, little is

known regarding the effect of surfactant tail length on the dynamics of aggregation in

non-polar solvents. In the effort to design new C02-philic surfactants, it is important

to know as to what surfactant tail lengths provide optimum surfactant architecture.

Thus, to gain some basic insight into this aspect, two independent simulations of the

small system were performed. Again, the small systems were chosen because of their

computational simplicity. In one of these simulations, the length of the each tail of

the surfactant molecule was reduced by two functional groups i.e. a Cs-tailed hybrid

surfactant was used, while in the other a two units longer tail i.e. Cg-tailed surfactant

was used. Figure 5.35 shows the MSD of the surfactant molecules during the first

80 ps of the aggregation process during which most of the surfactant molecules are

in the dispersed state. The figure shows that the MSD curves for the two different

surfactant molecules differ but by less than that seen in Figure 5.32. This is not quite

surprising, since the molecular weights of the two surfactants are relatively close {M^

— 472 g/mol for Cs-tailed surfactant compared to = 728 g/mol for Cg-tailed

surfactant) to each other. Thus, it is expected that the dynamics of aggregation in

these two simulations should be quite similar. Figure 5.36 shows the aggregation

curves for both the surfactant molecules. As expected, the aggregation curves for the

two different surfactant molecules are quite similar. Both the surfactant molecules

exhibit diffusion-limited aggregation behavior with similar slopes. Thus, changing

the surfactant tail length appears to have little effect on the dynamics of aggregation

for the surfactant system under consideration.

Figures 5.37(a)-(b) show the snapshots of the system of Cs-tailed surfactant and

Cg-tailed surfactant respectively, at ~ 1.1 ns. Both systems show the formation of

a single surfactant aggregate within a nanosecond. The first observation of the two

systems is that the aggregates formed in both cases are highly non-spherical. However,
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Figure 5.35: Mean squared displacement (MSB) of the Cs-tailed dichain surfactant
and Cg-tailed dichain surfactant during the first 80 ps of the aggregation process.
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Figure 5.37: Snapshots of the system configuration for (a) Cg-tailed dichain surfac
tant, and (b) Cg-tailed hybrid surfactant. The snapshots are at ~ 1.1 ns.
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the extent of non-sphericity in the Cg-tailed surfactant appears to be much higher

than that in the Cs-tailed surfactant. The aggregate formed from Cs-tailed surfactant

has an eccentricity of 0.5 ± 0.1 compared to 0.9 ± 0.2 for the aggregate formed from

Cg-tailed surfactant. Although the eccentricity of the aggregates in both cases may

be due to the low water-to surfactant-ratio (Wo ~ 4), the exceptionally large non-

sphericity of the aggregate of Cg-tailed surfactant could be due to the longer tails

of this surfactant molecule. As mentioned earlier, steric effects (for a fixed Wo) play

an important role in determining the structural properties of surfactant aggregates.

Thus, the tails groups of the Cg-tailed surfactant experience stronger steric effects

thereby resulting in a packing geometry that is highly non-spherical especially for the

low Wo used in this system.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The focus of this research work was to study the self-aggregation of dichain (or hybrid)

surfactant molecules [(C7Fi5)(C7Hi5)CHS04"~Na+] in carbon dioxide (solvent) via

molecular dynamics simulation, with the objective of developing a molecular level

understanding the physico-chemical properties of an effective C02-philic surfactant

molecule. As mentioned earlier, the dichain surfactant molecule is one of the very few

C02-philic surfactant molecules that have exhibited [51, 54] the propensity to form

stable RMs capable of solubilizing polar and/or polymeric substances within their

aqueous cores. The knowledge of the underlying principles responsible for surfactant

aggregation is valuable to guide future efforts to design and develop new and/or

improved surfactant molecules suitable for widespread industrial applications of CO2.

The simulations reported in this work involve MD simulation of a dichain sur

factant -I- water -t- carbon dioxide for two different system sizes (small system and

large system). The composition of the small system was governed by computational

simplicity, while the composition and the solvent condition in the large system mim

icked the SANS study of Eastoe et al. [54], thereby enabling quantitative comparisons

with the experimental results. Thus, to ensure that the simulation system is a real-
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istic representation of an actual experimental system, detailed molecular models of

all the three chemical species were used. The potential models for water and carbon

dioxide were taken from literature, while the model for the surfactant molecule was

generated by assembling existing potential models for the four distinct parts of the

molecule (alkane tail, perfluoroalkane tail, sulfate head group, and sodium ion). Two

different starting configurations (aggregated state and scattered state) were used as

initial conditions for the simulations. The results focused on two aspects of surfactant

self-assembly, viz. the dynamics of aggregation and the structural characteristics of

surfactant aggregates. Specifically, the results presented in this study were related

to the aggregation mechanism, size and shape of surfactant aggregates, microscopic

details of the aqueous core, and effect of surfactant chemistry and architecture on

aggregation.

The results of the simulation revealed a rapid and spontaneous self-aggregation of

dichain surfactant and water molecules into aggregates that resemble RMs in appear

ance i.e. aggregates consisting of an aqueous core surrounded by surfactant molecules

with their an ionic head groups immersed in the core and the tails forming the corona.

The aggregation process followed a two-step mechanism, similar to those observed

experimentally for similar surfactants in other non-polar solvents [76]. The first step

involved rapid (~ 150 - 300 ps) hydration of anionic head groups and Na""" ions, while

the (slower) second step involved gradual (~ 1 - 2 ns) aggregation of hydrated sur

factant molecules into RM-like aggregates. For the small system, the two different

starting configurations had no influence on the aggregation mechanism. However, for

the large system, different aggregation mechanisms were observed for the two start

ing configurations. The scattered starting configuration of the large system (Figure

4.2(b)) followed the two-step mechanism similar to that observed for the small sys

tems, although with somewhat larger time scales because of liquid-like solvent density,
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while the evolution of aggregated starting configuration showed no evidence of the

two-step mechanism. In general, the time scales of the aggregation steps observed

in these simulations were a few orders of magnitude smaller than those normally

observed in aqueous surfactant systems, and are attributed to the stronger and long-

ranged electrostatic interactions (compared to hydrophobic interactions for aqueous

systems) responsible for aggregation in the system under investigation.

An important aspect of the surfactant aggregates formed in these simulations was

their tendency to scavenge almost all the water molecules from the solvent into the

aqueous cores. This has also been observed experimentally for AOT surfactant [78],

and is attributed to the presence of a driving force for transfer of water molecules

because of the high ionic concentration within the aqueous cores.

A measure of the progress of surfactant aggregation in these simulations was es

timated by the time evolution of the number of surfactant aggregates present in the

system, N{t). The results showed that when ln[N(t)] is plotted versus ln{t), an in

verse linear dependence over a limited range of time was observed, indicating that

the evolution of the number of aggregates over this time range is well-represented by

a power-law function of the form N{t) ~ where the magnitude of z is a measure

of the rate of aggregation. This behavior of consistent with the Smolouchowski's

aggregation theory, implying that the aggregation process is diffusion-limited. Thus,

larger aggregates exhibited much slower aggregation compared to smaller aggregates.

In fact, the simulations exhibited behavior consistent with the Stokes-Einstein rela

tionship for diffusivity versus size of the aggregates formed. This explains why the

time scales of aggregation in the large system were longer than the small system. The

simulations also revealed that in addition to the diffusional characteristics, steric re

sistances also played an important role in determining the rate of aggregation. These

resistances are due to the surfactant tails and come into play due to the typical
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structure of the aggregates formed. The simulations showed that for successful aggre

gation, the aqueous cores of two colliding aggregates should come into contact with

each other. Since, the aggregates had the aqueous cores surrounded by the corona

formed from the surfactant tail, colliding aggregates had to overcome steric resistances

to form larger aggregates. As a result, the frequency of successful collisions (collisions

that lead to aggregation) is significantly reduced. This was evident in a simulation

of water and CO2 only (no surfactant present), which exhibited considerably higher

aggregation rate compared to similar system with surfactants.

As mentioned earlier, the large system mimicked the experimental system of Eas-

toe et al. [54]. Thus, it was expected that the surfactant aggregates formed in this

system should be quantitatively similar to those observed experimentally. The simu

lation showed that the large system aggregated starting configuration rapidly evolved

into a state where most of the surfactant and water molecules formed an aggregate

resembling an "average-sized" aggregate observed by Eastoe et al. [54]. In contrast,

the aggregates in the large system with scattered starting configuration do not re

semble those found experimentally, because the estimated simulation time (~ 200 ns)

needed to reach that state is beyond the practically limits of this simulation study.

The simulation results showed that size and shape of the aggregate formed in the large

system with aggregated starting configuration wa-s in a reasonable agreement with the

properties of the "average-sized" aggregate observed experimentally. In contrast, the

properties of the aggregates formed in the small system were strongly influenced by

the low water-to-surfactant ratio (Wo ~ 4) in this system. The aggregates formed

were much smaller than the aggregate formed in the large system, and also consider

ably non-spherical. This was attributed to steric resistances to packing due to small

aqueous cores, and also due to ineffective dielectric screening. This is consistent with

the simulation results of Brown and Clarke [58] for a model reversed micelle.
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In the present study, advantage was taken of the MD simulation technique to

explore the microstructure of the aggregates formed. The radial density distribution

of the various molecules constituting the aggregate showed that the aqueous core

essentially consisted of water molecules and Na""" ions. The sulfate head groups were

primarily situated at the surface of the aqueous core. The radial density distribution

of the two tails indicated the presence of a corona surrounding the aqueous core and

thereby effectively shielding it from the solvent. Negligible penetration of the solvent

molecules into the aqueous core was observed. For the aggregate in the large system,

the density of the water near the center of the core was ~ 1.0 g/cc, indicating the

presence of bulk-like water. A fairly broad (10 - 15 A) interfacial region was observed

where the water density reduced to zero, while the solvent density increased and

finally reached bulk value outside the corona. The angular distribution functions

(adfs) of the water molecules in the aqueous core revealed that the water molecules

in the interfacial region were strongly oriented in response to the electric fields of the

anionic head groups and Na"*" ions. While those near the center of core exhibited a

hydrogen-bonded network. For the small system, the radial density distribution curve

showed numerous peaks and troughs, manifesting the rigid structure of the aggregate

because of low Wq. The tail conformations indicated that the perfiuoroalkane tails

were more extended than the alkane tails. Also, the tails in the surfactant system

showed an opposite behavior than that in vacua, indicating the different C02-philic

behavior of the two tails. As expected, the perfiuoroalkane tails were observed to be

C02-philic while the alkane tails were observed to be C02-phobic.

To investiage the effect of surfactant chemistry and architecture additional sim

ulations of the small system (small system was chosen for computational simplicity)

were performed. To study the effect of surfactant chemistry, independent simulations

were performed, one with Cy-tailed fully-fluorinated surfactants while the other with
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Cr-tailed fully-hydrogenated surfactant molecules. The results showed that, because

of significant difference in the molecular mass of the surfactant molecules, the fully-

fluorinated surfactants exhibited slower aggregation dynamics compared to those ob

served to fully-hydrogenated surfactant molecules. The difference in tails chemistry

also infiuenced the structural properties of the aggregates. During the same time

scale, the fully-fluorinated surfactants formed smaller aggregates compared to fully-

hydrogenated surfactants. This might be attributed to stronger steric resistances in

the fully-fiuorinated surfactants.

To study the effect of surfactant architecture also, two independent simulations

of the small system were performed: one with Cs-tailed dichain surfactant, the other

with Cg-tailed dichain surfactants. Since the molecular mass of these surfactants were

not much different, the dynamics of aggregation observed in the two cases were quite

similar. The only obervable difference was in the shape of the aggregates formed.

The Cg-tailed dichain surfactant molecules formed a more non-spherical aggregate

compared to the aggregate of Cs-tailed dichain surfactant molecules. This was directly

attributed to higher steric resistances in the Cg-tailed dichain surfactants.

6.2 Recommendations for Future work

As mentioned earlier, the simulations presented in this study are a first step in an

effort to use molecular simulation techniques as a tool to investigate surfactant ag

gregation in CO2, and in non-polar solvents in general. Thus, many possible future

directions are available following this work. An important question that arises from

these simulations is whether the surfactant aggregates formed in these systems rep

resent equilibrium structures or phase separation. This is particularly important for

the small system used in this study! Thus, one future direction is to perform Grand
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Canonical Monte Carlo (GCMC) simulation [70] on the RM-like structures formed in

these simulations to verify their equilibrium structure. Also, because of the lack of

experimental data on dichain surfactants and other C02-philic surfactants in general,

it would be instructive to perform additional simulations to provide quantitative esti

mates of properties such as CMC, phase separation regime, aggregate size distribution

etc., which could be the motivation for experimental studies.

It would be interesting to further examine the environment in the aqueous core

of the large system. It would be particularly valuable to determine the chemical

potential of water and various solutes as a function of position in the aqueous core

relative to that in the bulk fluid. Determination of the suitability of the aqueous core

to support polypeptides in their native conformations would be especially important.
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Appendix A

Site-site reaction field method

In the site-site reaction field technique [67, 68] applied to a system consisting of ionic

or polar molecules, the electrostatic potential consists of two parts. The first is a

short-range contribution from particles situated within a cut-off sphere or "cavity"

of radius Rc centered on the reference particle, while the second arises from particle

outside Rc that are considered polarized by the charge distribution within the cavity

and in turn produces an additional electric field in the cavity, known as the reaction

field Er. The magnitude of the reaction field acting on the reference particle i is

proportional to the moment of the spherical cavity surrounding it and is given by

where Hj represents the dipole moment of particle j within the spherical cavity and cr

is the (unknown) dielectric constant of the continuum. The summation in Equation

A.l extends over all particles in the cavity, including particle i. The contribution to

the total electrostatic energy from the reaction field of particle i is given by

Ur — --fJ.i.ER^
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where the factor 5 is used for polarization effects and accounts for the polarization

energy of the continuum. Thus the total contribution of reaction field electrostatic

energy (Ur) of the given by

where the double sum extends over all pairs of particles in the system which are

separated by a distance Rij smaller than Rc- The term i = j is not omitted, but

contributes a constant to the total potential energy. Thus the total electrostatic

energy (Ue) is given by

Ue = Ud + Ur (-^•^)

where Ud is the direct contribution to the electrostatic energy, and is given by the

equation

N ^ n n

Iri-'il

145



Appendix B

Iterative procedure for Rattle
algorithm

The Rattle algorithm [72] is a technique to perform constrained MD simulation on

a molecular system with certain selected degrees of freedom constrained. Since the

Rattle algorithm is based on the velocity version of the Verlet algorithm, the equations

of motion for the system are of the form

Ti{t + h) = Ti{t) + hTi{t) +

= Ti{t) + hTi{t) +

2m,:

2m,;

[Fi{t) + Gi(t)]

(B.l)

and

Ti{t + h) = Ti{t) +
2mi

Fi{t) -

+ Fi{t + h)-2j2 ̂RVij {t + h)vij{t + h) (B.2)

where rj(t) and Vj{t) are the positions of atoms i and j, respectively, and

rj(t) The quantities Xrr^^ (t) and XRVij {t+h) are chosen to satisfy the following

constraint equations, respectively

({rW}) = \ri{t) - rj(t)|^ - di/ = 0 (B.3)
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and

\h{t) - ij{t)\. Iri(t) - Tj{t)\ = 0 (B.4)

where dij is the fixed distance between atoms i and j. With positions, velocities, and

forces known at time t, the corresponding quantities at time t + h are calculated by

an iterative procedure given below [73]. Let

9ij = hXRR,. {t)

kij — hXjiVij

Then Equations B.l and B,2 can be expressed as

Ti{t + h) = Ti{t) + hqi (B.5)

Ti{t + h)^qi+ Fi{t + h)- ^ kijTij{t + h) (B.6)

First qi is solved by iteration. To start the iteration, let

+ (^)
for z = 1,2,..., A/". To begin the iterative loop, a constraint is picked. Suppose it

involves atoms i and j. Let

s = fi(t) + hqiit) - Tj{t) - hqj{t)

The quantity s represents the current approximation for the vector displacement of

atoms i and j. If |sp — d?- differs by an amount less than the acceptable tolerance,

the present constraint is satisfied. The control then goes back to the beginning of the
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iterative loop and a new constraint is picked. If not, then corrections for and q^

are made to satisfy the constraints within the acceptable limit. For this, let

rf = Ti{t) + h qi -
rrii

(B.8)

and

rj = rj{t) + h qj +
TUj

(B.9)

Equations B.7 and B.8 represent the new values Ti{t+h) and Tj{t+h), when corrections

proportional to g are made to q^ and q,-. The value of g is to be chosen such that

T  T
r. — r •

*-3 =4 (BIO)

Solving for g yields

(B.ll)

where quantities of order g^ are neglected. Thus, the corrected values of qj and q^

are given by the following expressions

qj- = TiW +

2mi)

( h '

rrii

F,(«) + mj(t)
TTlo

(B.12)

(B.13)

The procedure described above is continued till all the constraints are satisfied to

within the acceptable tolerance. The next step involves solving for rj(t + h) by an

iterative procedure, to start, let

h
F (BTi{t + h) -qi +

2mi
i{t + h) .14)

for i = 1,2,..., 77. For a constraint, the Equation B.4 is tested. If the result differs

by less than an acceptable tolerance, the constraint is satisfied and the control goes
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to the next constraint. However, if the constraint is not satisfied, then the velocities

of two atoms involved with the constraint need to be satisfied. For this, let

ff = r,(i + ft) - (B.15)
rrii

=  + + (B.16)

Equations B.15 and B.16 then represents the new values of fi(t + h) and Vj{t + h)

when corrections proportional to k are made. The value of k is chosen such that

rj — rj is perpendicular to Tij{t + h). Thus, the value of k is given by

k = Tij{t + h). |fi(t + h)- Tj{t + h)\/(fij (^ + —) (B-17)
Then Equation B.14 for atoms i and j is replaced by Equation B.15 and B.16, respec

tively, using the value of k given by Equation B.17. The control then goes to next

constraint. This iterative procedure is continued till all constraints are satisfied.
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Appendix C

SANS studies on polymers in
supercritical carbon dioxide

Small-angle neutron scattering (SANS) is an important experimental tools to inves

tigate the thermodynamic and/or dynamic behavior of polymers and surfactants in

a solvent medium. This technique can also elucidate information regarding the size

and shape of single polymer chains or supramolecular structure with a resolution of

~ 5 - 2000 A [88]. This studies were performed on the W. C. Koehler 30m SANS

facility at Oak Ridge National Laboratory (ORNL). The systems studied included

poly(dimethylsiloxane) (PDMS) and poly(styrene)(PS). The details of these experi

ments and the results are provided in the following four publications that resulted

from this work.
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2

SANS Studies of Polymers in Organic Solvents
and Supercritical Fluids in the Poor, Theta and

Good Solvent Domains

Y. B. Melnichenko\ E. KirW, K. Heath\ S. Salaniwal\ H. D. Cochran',
M. Stamm^, W. A. Van Hook'* and G. D. Wignalf

'Solid State Division, Oak Ridge National Laboratory*, Oak Ridge, TN 37831
Department of Chemical Engineering, University of Maine, Orono, ME 04468

^Max Pianck Institut fiir Polymerforschung, S5021 Mainz, Germany
Chemistry Department, University of Tennessee, Knoxville TN 37996

We demonstrate that semidilute polymer solutions in supercritical
fluids (SCFs) reproduce all main features of the polymer behavior in
organic solvents \vhich is indicative of the intrinsic similarity
between the thermodynamic properties of polymers in SCFs and in
the far sub-critical li(]uids. Using small-angle neutron scattering, we
smdied the effect of temperature and pressure on the phase behavior
of polystyrene (PS) in organic solvents as well as of
poly(dimethylsiloxane) (PDMS) in supercritical carbon dioxide (SC
CO2). The radius of gyration Rg of polymer chains in both organic
solvents and in SC CO2 is invariant during both temperature and
pressure quenches down to the critical point of demixing. The limit
of infinite polymer miscibility (the © condition) of PDMS - SC CO2
solutions may be reached by varying the pressure (Pe-.52±4 MPa at
the density of SC CO2 Pco2 "* 0.95 g/cm^) and or the temperature
(Te - 65±5 °C). A sharp crossover between the critical and mean
field behavior in PDMS - SC CO2 is similar to that in solutions of
PS in cyclohexane, and at T> Tq, P>Pe the solutions reach the good
solvent domain where Rg expands beyond the unperturbed
dimensions Rg(0) at the 0 condition.

* Managed by Lockheed Martin Energy Research Corporation under contract DE-
AC05-96OR-22464 for the U. S. Department of Energy.
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Introduction

In organic solvents, it is well known that the radius of gyration, Rg (i.e. the
r.m.s. distance of scattering elements from the center of gravity) of polymer molecules
depends on the sign and magnitude of the interactions between the chain segments and
the molecules of the surrounding liquid. In "good" solvents, the dominating repulsive
forces between the segments (excluded volume effects) work to expand the Rg, and the
second virial coefficient (A2) is positive. In less favorable solvents, the pairwise
attractive and repulsive segment interactions may compensate at the "Floiy" or "theta
temperature" (Te), where A2-O, and Rg corresponds to the dimension of a volume-less
polymer coils, "unperturbed" by the excluded volume effects. By defmition, Te is the
critical solution temperature (Tc) for a polymer with the molecular weight Mw = «
and thus corresponds to the threshold of unliimted polymer — solvent miscibility. One
of the first significant applications of SANS was to confirm Flory's prediction that
polymer chains would adopt such random-walk configurations in the condensed
(amorphous) state [1].

In the poor solvent regime (T<Te, A2<0), dominating attractive interactions
between the segments work to collapse polymer chains into compact polymer
globules. This phenomenon is well understood for dilute solutions of separated
polymers which collapse as the temperature approaches Tc [2]. SANS has recently
been used to extend the experimental observations to "semidilute" solutions of
strongly interacting macromolecules. In accord with the de Gennes' concept [3], in the
critical region T~Tc of the solutions polymer chains do not interpenetrate significantly
and thus should be collapsed [i.e. Rg(Tc)< Rg(Te)] as in dilute concentration regime.
However, experiments on PS in cyclohexane (CH) [4,5] and acetone (AC) [6] have
demonstrated that the predicted decrease in Rg is not observed as T=^Tc. Instead,
diverging concentration fluctuations near Tc lead to the formation of distinct
microdomains of strongly interpenetrating molecules, which prevent the expected
collapse [4-6]. Measurements have also been made in supercritical fluids to contrast
such systems with organic solvents and to test the prediction [7] that the molecules
will adopt the unperturbed dimensions at a critical "theta pressure'^Pe) as they do in
polymer solutions at the theta temperature. A direct comparison of the phase behavior
of PDMS in SC CO2 with that of PS in CH and in AC is indicative of the intrinsic
similarity between the structure and thermodynamic properties of polymers in SCFs
and in sub-critical organic liquids.

Experimental

The SANS data were collected on the W. C. Koehler 30m SANS facility [8]
at Oak Ridge National Laboratory (ORNL). The neutron wavelength was X - 4.75 A
(Ak/X ~ 5%) and the 64 x 64 cm^ area detector with cell size ~ 1 cm^ was placed at
various sample-detector distances to give an overall range of momentum transfer of
0.005 < Q - 4tc X."' sin 0 < 0.1 A"', where 29 is the angle of scattering. The data were
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corrected for instrumental backgrounds and detector efficiency on a cell-by-cell basis,
prior to radial (azimuthal) averaging and the net intensities were converted to an
absolute (± 3%) differential cross section per unit solid angle, per unit sample volume
[dl(Q)ldQ in units of cm"'] by comparison with pre-calibrated secondary standards
[9]. The experiments in supercritical COj were conducted in a high-pressure cell
similar to the one used previously for polymer synthesis [10] and the SANS studies of
block copolymer amphiphiles in supercritical CO2 [11]. The cell's stainless body was
fitted with sapphire windows with virtually no attenuation (cell transmission ~ 93%)
or parasitic scattering. The sample cross sections were obtained after subtracting the
intensities of the cell, and the signal from the CO2 amounted to a virtually flat
background (~ 0.04 cm"'), which formed only a minor correction to the scattering
from the homopolymer solutions.

To obtain Rg and the correlation length (|) of the concentration fluctuations
we make use of the SANS high concentration isotope labeling method [12-14], which
allows the determination of both parameters for semidilute polymer solutions. The
coherent scattering cross section {d^d.C2 in units of cm of an incompressible
mixture of identical protonated and deuterated polymer chains dissolved in a solvent
is given by [4,5,14]:

I{Q,x) = I,{.Q,x) + I^{Q,x) , (1)

Is(Q,x) = KnN^S,{Q) , (2)
It(Q'X) = LnN^S^(Q) . (3)

The subscripts "s" and "t" correspond to scattering from a single chain and total
scattering, respectively and thus S,(Q) is the single-chain structure factor, containing
information on the intramolecular correlations (and hence Rg). Similarly, the total
scattering structure factor, 5/Qj embodies information on the total (both intra- and
intermolecular) correlations between monomer units and is related to the correlation
length of the concentration fluctuations, |. The structure factors are normalized so that
Sj nn 1 at {Q " 0) and S, = S, at infimte dilution. Also, x is the mole fraction of
protonated chains in the solvent, and n and N are the number density of the polymer
molecules and the degree of polymerization, respectively. The prefactors KzndL are:

K = (bfi - bof x(l - x); L = [bfjx+fl - x)bD - b^']^ , (4)

where and bp are the scattering lengths of the protonated and deuterated monomers
and b^' is the scattering length of a solvent molecule, normalized to the ratio of
specific volumes of the monomer and the solvent molecule.

The prefactor, L, in equation (4) controls the "total" scattering contribution
and it has been shown [4] that for isotopic PS mixtures dissolved in fully deuterated
acetone (AC-d), L ~ 0 atx ~ 0.214. Similarly for PDMS in CO2, an isotopic ratio of x
- 0.512 gives L - 0 at the density of the solvent Pco2-0.95 g/cm^ Thus, the
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intramolecular scattering function may be obtained directly from the measured cross
section at all temperamres and equation (1) gives the Rg directly [6]. For PS in CH-d,
however, there is no isotopic ratio, 0 <x <1, which satisfies the condition L(x) - 0; and
d57dQ(Q,x) always contains a minor (< 10%) contribution from the total
(intermolecular) scattering, which must be subtracted to extract Rg [6].

If all chains are all protonated (x-1), the prefactor, /sT - 0, and dlVdQ ~ 5/2).
Thus, the size of the concentration fluctuations may be measured via the Omstein-

Zemike (0-Z) formalism [9]: dLI dQ{Q) = dZ,/ cK2(0)/(l + , where | is the
composition fluctuation correlation length, which may be obtained from the slope of
an 0-Z plot of [dSd^XO)]'' vs. (f.

Samples of PS-h, defined by their weight (w) and number (n) averaged
molecular weights (Mw - 10,200, 11,600 and 533,000 Dalton) and PS-d (Mw -
10,500,11,200, and 520,000 Dalton) of polydispersity Mw/Mn < 1.06 were purchased
from Polymer Laboratories. Deuterated solvents AC-d and CH-d (D/(H-i-D)-0.995)
were purchased from Sigma Chemical and were dried over a molecular sieve prior to
preparing solutions near the critical concentration C(PS/CH-d)-4.4 wt% [4] and
C(PS/AC-d)—20.3wt% [15]. Solutions of (h+d) PS in AC-d and CH-d were prepared
at x-0.214 and x-0.20, respectively. The latter condition provides a reasonably high
signal-to-noise ratio, which minimizes the contribution from the intermolecular "total
scattering" term in Eq.l.

Samples of protonated PDMS-h with Mw - 22,500 47,700, and 79,900 and
polydispersity Mw/Mn < 1.03 were synthesized and characterized at Max Planck
Institut fiir Polymerforschung, Germany, and PDMS-d (Mw - 27600 and 75600,
Mw/Mn < 1.11) was purchased from Polymer Standards Service GmbH, Mainz,
Germany. All solutions were prepared at the volume fraction of the polymer equal to
the concentration of polymer coil overlap ((])* - 0.1372, 0.0941, and 0.0727 for Mw -
22,500 47,700, and 79,900, respectively) which is practically indistinguishable from
the critical concentration of phase demixing [3].

Samples were either nm at atmospheric pressure in quartz cells as a function
of temperature (e.g. PS-h in CH-d [4,5] or in AC-d [6]) or were loaded into the
pressure cell with the appropriate isotopic ratio to eliminate (x - 0.512 for PDMS in
CO2) or minimize (e.g. x - 0.2 for PS-h in CH-d) the contribution of the total
scattering term [Eq.(l)]. The maximum area accessible to the neutron beam is ~ 2 cm^
and the path lengths of the quartz or pressure cells may be adjusted over the range, 0.1
to 2.0 cm. to optimize the transmission. The temperature was controlled by circulating
fluids (± 0.1 °K) and pressure was applied and measured using a screw-type pressure
generator and a precision digital pressure indicator, respectively.

Results and Discussion

Fig.l shows the temperature variation of the correlation length | for PS-h in
CH-d at the critical concentration of the polymer and it may be seen that die f.bains do
not collapse as T=>Tc as observed in dilute solutions [2]. Instead, they maintain their
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Figure 1. Rg(T) and §[T)for the solution of PS with Mw =115,000 in CH-d between
Tq = 40 °C and the critical temperature of phase demixing {Tq).

unperturbed dimensions in accordance with the theoretical predictions of Muthukumar
[16] and Raos and Alegra [17]. The size of the concentration fluctuations is very small
in the © region, but increases dramatically near the critical point where it exceeds the
chain dimensions [| » Rg(Te)]. These findings indicate that critical polymer
solutions can no longer be considered as an ensemble of collapsed, non-
interpenetrating chains. Instead, the diverging thermodynamic fluctuations in the
critical region lead to the formation of distinct microdomains, representing
unperturbed, strongly interpenetrating macromolecules.

Fig. 2 shows values of | and Rg over a wide range of pressure and
temperature extending from the 0 domain to the poor solvent condition near Tc. It
may be seen that all isobars for |(T) merge at the theta temperature, 0=40 °C, where
the average correlation length |(0) - 109 ±5 A. According to Fujita [18] and Des
Cloizeaux and Jannink [19], |{0)=Rg(0)/3"^ at the theta condition, so |(0) = 114 A
for Mw - 533000 which agrees well with the experimental value.

Unlike the PS-CH system, which may imdergo the transition from the poor
solvent to the theta solvent by adjusting the temperature, the solvent quality is much
poorer for PS - AC. Fig.3 shows the effect of pressure on the thermodynamic state of
PS/AC-d solutions and the chain dimensions [Rg a 29 A] are independent of pressure
and temperature and remain close to the imperturbed dimensions for Gaussian chains
with Mw "■ 11,600 [i.e. Rg — 0.27 Mw"^ ~ 29 A]. Conversely, the concentration
fluctuations as monitored by the correlation length, diverge near the critical point
and fall when P » Pc. However, they do not decay sufficiently to reach |(0) -
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Rg(0)/3"^ = 17 A, and thus, the system never leaves the poor solvent domain. Despite
this, the macromolecules always exhibit their unperturbed (theta) dimensions, even
though they never reach the theta domain. It is remarkable that the diverging
concentration fluctuations which prevent chain collapse in PS-CH, also operate in PS-
AC. So effective is this mechanism, that even for solutions which never leave the poor
solvent domain, the macromolecules are always "stabilized" to exhibit the Aeta
dimensions over wide ranges of pressure and temperature (Fig. (3).

The SANS experiments on PDMS in COj were designed to compare the
chain dimensions with those in organic solvents and to test the prediction [7] that they
will adopt "ideal" configurations, unperturbed by excluded volume effects, at a critical
"theta pressure"(Pe) as they do in polymer solutions at the theta temperamre. The
effect of temperature on the thermodynamic state of PDMS - CO2 solution is
illustrated in Fig. 4. The concentration fluctuations diverge as the temperature
approaches the phase boundaries, which are themselves a function of pressure. When
the correlation length decreases to the theoretical value |(0) - Rg(0)/3"^ = 41 A, the
0 condition is reached and this demonstrates that, unlike PS-AC, the solvent quality
may be changed from the "poor" to theta solvent by varying the temperature, as in PS-

125

100

°<

jjJi

75

50

25

1  '

•

>

T  1 1 1

Pcce- 3/cn?
•  0.95

¤ 0.87
0.84

Ra(e)>41 A

|(e]-24A

Te-65°C T -aooc

0  20 40 60 80 100

T.C

Figure 4. ̂ T) of PDMS in SC CO2 at different density of the supercritical solvent
shown in the inset. The value of the 0 temperature depends crucially on the density of
SC CO2, e.g. Tq = 65 ±5 at pcoi — 0.95 glcm^, however Tg — 80 ±5 "C at pco2 —
0.87 glcm\ The 0 temperature may hardly be reached at Pco2 ̂ 0.84 glcm\
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CH solutions. A typical variation of % vs. (T - Tc) in PDMS-SC CO2 solutions is
shown in Fig.5. As is seen, the critical index v in a scaling law for the correlation

length ̂  ~ (T exhibits a sharp crossover from the mean-field value (v-0.5)

in the © region to the Ising model value (v-1.24) in the critical region around Tc- The
crossover takes place when the correlation length becomes equal to the radius of
gyration of the polymer and thus reproduces the main features of the crossover of ̂
observed in solutions of PS in CH-d (see the inset in Fig.5) [4,5]. These observations
delineate an intrinsic analogy between the temperature behavior of polymers in SCFs
and in organic solvents [20] and show that polymer solutions in SCFs belong to the
universality class of Ising model.
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Figure 5. Variation of^as a Junction of(T-Tc)for solution ofPDMS (Myf =22500) in
SC COi. The slope gives the value of the critical index v. The inset shows f vs. (T-Tc)
for a solution of PS with Mw =28000 in CH-d [4^].
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Fig.6 shows that PDMS may also enter the "good solvent" domain at a
"theta" temperature Te - 65 ±5 °C, as observed in PS-CH solutions [21], However,
unlike organic solvents, this transition can also be made to occur at a critical "theta
pressure" (Pg - 52 ± 4 MPa) in CO2, as illustrated in the inset in Fig.6. To our
knowledge, this is the first time that the existence of a "theta pressure" has been
demonstrated experimentally and a more detailed description of this phenomenon is
given in reference [22].
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Figure 6. Expansion of PDMS chains in SC CO2 above the & temperature Tq - 65 °C.
Below Tq, diverging concentration fluctuations prevent the coil collapsing as
observed in organic solvents. The inset illustrates first observation of a @ pressure in
solutions of PDMS in SC CO2. As observed in organic solvents, the polymer chains
do not collapse below Pg.
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For P > Pe and T > Te, the system exhibits a "good solvent" domain, where
the polymer molecules expand beyond the unperturbed Rg, in a good agreement with
results of computer simulations [23]. However, for T < Te, and P < Pe, the chains do
not collapse and maintain their unperturbed dimensions, as observed in organic
solvents [4-6], where the size of the concentration fluctuations, ̂  diverges as T=>Tc.
Thus, the deterioration of the solvent quality again leads to the formation of
microdomains, consisting of interpenetrating polymer coils, as in organic solvents.
Near the critical point, the growth of the polymer concentration fluctuations brings
together the initially non-overlapping chains, and the macromolecules adopt the
unperturbed dimensions, as in highly concentrated systems and in the condensed state.
Thus, the stabilization of the molecular dimensions in the poor solvent domain by
diverging concentration fluctuations is a universal phenomenon, observed not only in
"classical" polymer solutions in organic solvents (e.g. PS in CH), but also in
supercritical fluids (e.g. PDMS in CO2).

A unique attribute of SCFs is that the solvent strength is easily tunable with
changes in the system density, offering exceptional control over the solubility. Thus,
for PDMS, CO2 becomes a "theta" solvent at Pe ~52 MPa and Te ~65°C, whereas it

behaves as a "good" solvent for P > Pe and T > Te- Below this transition, the chain
dimensions never fall below the "theta" Rg, as observed in organic solvents, though
for supercritical CO2, the system may be driven through this transition as a function of
pressure in addition to temperature. Understanding the solubility mechanisms is a
necessary condition for the development of C02-based technologies and SANS
promises to give the same level of insight into polymers in supercritical media that it
has provided in the condensed state, organic solvents and in aqueous systems.
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Supercritical fluids (SCFs) have great technological potential for minimizing

the organic wastes associated with polymer manufacturing and processing.

However, significant challenges remain for developing the same level of

understanding of the behavior of polymers in SCFs as has been reached for

polymers in traditional orgamc solvents. Small-angle neutron scattering was

used to study the effect of pressure and temperature on the phase behavior of

poly(dimethylsiloxane) (PDMS) in supercritical carbon dioxide (SC CO2). It
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was demonstrated that PDMS-SC CO2 solutions reproduce all main features

of the temperature-concentration phase diagram for polymers in organic

solvents. Moreover, because of their continuously adjustable solubility,

SCFs exhibit novel effects, such as a pressure-induced transition to the 0

point and to the good solvent domain, in addition to a polymer-solvent

demixing at a lower critical solution pressure.

* Managed by Lockheed Martin Energy Research Corporation under

contract DE-AC05-96OR-22464 for the U. S. Department of Energy.

A supercritical fluid (SCF) is a substance at a pressure and

temperature above the liquid-vapor critical point where the coexisting liquid

and vapor phases become indistinguishable. The physical properties of SCFs

are similar to those of dense gases, although when highly compressed, their

density may be comparable to that of the sub-critical liquids. SCFs in

general and supercritical carbon dioxide (SC CO2) in particular have

emerged as an attractive alternative to the organic solvents used for polymer

manufacturing and processing. One key advantage of SCFs is the possibility

of continuously tuning the solvent quality by varying the pressure (P) in
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addition to the temperature (T), which offers an unparalleled means for

controlling polymer solubility. Despite recent progress in many specific

areas of SCF science and technology (see e.g. [1,2] and references therein),

significant challenges remain for developing the same level of understanding

of the behavior of polymers in SCFs as has been reached for polymers in

traditional organic solvents. Here we address the effect of temperature and

pressure on the phase behavior of poly(dimethyl siloxane) (PDMS) in SC

CO2. We apply small-angle neutron scattering (SANS) to extract

information on the concentration fluctuations and the dimensions of polymer

chains at different conditions and fmd that the supercritical solutions

reproduce all salient features of the temperature-concentration phase

diagram for polymers in liquid solvents [3]. Moreover, because of their

continuously adjustable properties, SCFs exhibit novel effects, such as a

pressure-induced transition to the 0 point and to the good solvent domain, in

addition to a polymer-solvent demixing at a lower critical solution

pressure.

At the phenomenological level, Uquid solvents for polymers are

divided into three classes, namely poor, theta (0), and good solvents. The

solvent quaHty is directly related to the ability of the solvent molecules to

mediate the attractive intrachain forces responsible for the polymer - solvent
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dsmixing. Poor solvents C3n hflrdly impede the intmchsin interactions End

hence can dissolve only short chain (or low molecular weight Mw) polymers

with a limited number of contacts between the segments. The pairwise

a^ftxactive and repulsive interactions compensate at the Flory or the 0

temperature" (T©) which is defined as the upper critical solution temperature

(UCST) for a polymer with infinite molecular weight Mw = [4,5]. At

T=T0 the radius of gyration RgCT©) of polymer chains is unperturbed by

excluded volume effects and is also independent of the long-range critical

concentration flucmations. In the good solvent domain T > T© the repulsive

forces between the segments work to expand Rg above the unperturbed

dimensions at T=T©.

The dimension of polymer chains Rg and the correlation length of the

concentration fluctuations ̂  in polymer solutions may be determined at

different (P,T) using SANS combined with a high concentration isotope

labeling method [6]. The coherent scattering intensity, /, for a mixture of

identical hydrogenated and deuterated polymer chains in a solvent is:

l{Q,x) = K*S^{Q)+L*S^{Q) , (1)
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where Ss(Q) is the single-chain structure factor which contains information

on the dimensions (Rg) of the polymers. Similarly, S,(Q) is the total

scattering structure factor which contains information on the correlation

length of the concentration fluctuations, The scattering vector is given by

Q = 47tr^sin0, where 20 is the scattering angle and X is the neutron

wavelength. The prefactor K* - (bn-bof x(l-x) in Eq.(l) is a function of the

neutron scattering lengths of the hydrogenated (bn) and deuterated (bo)

monomers as well as on the mole fraction (x) of hydrogenated polymers. If

all chains are hydrogenated (x=l), and one can obtain ̂ (T,P) directly

from I(Q,x=l) - S:(Q) using the Omstein-Zemike formula

S^{a) = S{Q)l{l + Q\h • (2)

In addition to bn and bo, the prefactor L* ~ [bHX+(l-x)bb • bsf m Eq.(l)

depends on the scattering length bs' of a solvent normalized via the ratio of

the specific volumes of the monomer and the solvent molecule. For PDMS-

CO2 mixtures, bn =0.086 10"^' cm. bo = 6.33 10"^' cm, and bs' =1.47 10"^' to

3.76 10"^^ cm in the range between the critical (pco2=0.469 g/cm ) and the

Uquid state densities (pco2=1.2 g/cm'). For a given combination of the
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neutron scattering lengths {hn < i>s possible to make the pre-

factor L* zero at any density of SC CO2 by choosing an appropriate

concentration (x) of hydrogenated PDMS (e.g. L*=0 at x—0.512 and

Pco2=0.95 g/cm). In this case, Eq.(l) gives the single chain (intramolecular)

scattering directly and the Rg may be obtained by fitting /(Q) with the Debye

function [7,8]:

=(2/y'^){y-l + e , y = Q^Rj -
s

For solutions of non-overlapping polymer chains [9] under the 0 condition,

Eq.(3) yields in the limit of small Q [7,8]:

5(2): M , f(e) = R (0)/V3 . (4)
1+Q I (6)

Thus, the SANS measurements of | vs. T (or P) may be used to determine

the 0 temperature (or the 0 pressure) using Eq.(4) [10].

The experiments were performed on the 30-m SANS spectrometer at

the Oak Ridge National Laboratory over Q-range of 0.005<Q/A' <0.05
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(X,=4.75 A). The data were radially averaged and converted to an absolute

coherent cross section (in units of cm'^) using procedures described

elsewhere [11]. The structure factors S,(Q) and St{Q) were obtained from

Eq.(l) and used to calculate ̂  and Rg at different thermodynamic conditions

using Eqs. (2) and (3). Polymer samples of PDMS-h (Mw =22500, 47700,

and 79900 of polydispersity Mw/Mn ̂  1-03) and PDMS-d (Mw =27600,

Mw/Mn <1.11) were synthesized and characterized at the Max Planck

Institute for Polymer Research, Germany. PDMS-d (75600, Mw/Mn ̂  1.3)

was purchased from Polymer Standards Service GmbH, Mainz, Germany.

All solutions were prepared at the overlap concentration [9] (C*=0.1397,

0.0959, and 0.0741 g/ml for Mw 22500, 47700, and 79900, respectively). H-

PDMS or isotopic mixtures of (h+d) PDMS at x=0.512 were loaded into a

stainless steel cylindrical cell which was fitted with optically polished

sapphire windows virtually transparent to neutron radiation. The samples

were pressurized at T=50 to 45.7 MPa (i.e. at Pco2~0.95 g/cm ) with CO2

(SFC purity 99.99%, Matheson Gas products. Inc., USA) and stirred

thoroughly until a transparent homogeneous solution was obtained. After

completing the temperature scans ̂ (TJP) or Rg(T,P) at constant density

(Pco2=0.95 g/cm^), the variation of ̂( P,T=const) or Rg(P,T=const) was

measured with pressure at isothermal conditions.
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The temperature variation of ̂  in PDMS - SC CO2 solutions at

constant density Pco2=0.95 g/cm' is shown in Fig.l. As monitored by the

intermolecular correlation length, the concentration fluctuations diverge

(|=>oo) as T approaches the critical temperature of phase demixing Tc- The

intermolecular correlations decline rapidly with the temperature, become

comparable to the dimension of polymer chains at (T-Tc) - 12 - 16 °C and

reach the theoretical value ̂ (0) for each Mw (Eq.4) at 7=7© = 65±5 C. To

our knowledge, this is the first experimental observation of the temperature-

induced transition to the 0 point in polymer solutions in SCFs. In the inset

in Fig. 1 we compare the temperature variation of the concentration

fluctuations in supercritical CO2 and in organic solvents [i.e. polystyrene

(PS) in the 0 solvent cyclohexane-d (CH-d)]. The reduced correlation

lengths ̂ 1(7©) for both systems faU on the same master curve when plotted

T  T —T
vs. the reduced temperature t'= ^ which accounts for the

^0 c ^

temperature distance from both 7© and T©. A typical variation of | vs. (7 -

Tc) in PDMS-SC CO2 solutions is shown in Fig.2. As is seen, the critical

index v in a scaling law for the correlation length | - (7 -7^)"^ exhibits a

sharp crossover from the mean-field value (v=0.5) in the 0 region to the
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Ising model value (v=0.630+0.001 [12]) in the critical region around Tc-

Accordingly, the critical index 7=L23±0.02 for the susceptibility (i.e. the

osmotic compressibility) in ~ at T=^Tc for all solutions

studied agrees within experimental errors with the Ising model value

(1.239±0.002 [12]). The crossover takes place when | - Rg and thus

reproduces the main features of the crossover observed in solutions of PS in

CH-d (see the inset in Fig.2) [13,14]. These observations delineate an

intrinsic analogy between the temperature behavior of polymers in SCFs and

in liquid © solvents in the vicinity of the UCST and show that polymer

solutions in SCFs belong to the universality class of the Ising model.

The effect of pressure on the thermodynamic condition of PDMS -

SC CO2 solutions is illustrated in Fig.3. The concentration fluctuations

diverge as P approaches the upper critical solution pressure (UCSP) Pc

where the system exhibits pressure-induced phase demixing. The solvent

quality increases rapidly with P in the range (P-Pc) ̂  7 MPa and more

gradually after ̂  becomes comparable to the radius of gyration of polymer

chains Rg(0)=75 A. At Pq = 52±4 MPa the correlation length becomes equal

to the theoretical value |(0)s41 A (Eq.4) which indicates that the 0

condition has been reached. This is the first experimental observation of the

172



pressure-induced transition to the 0 point in polymer solutions in SCFs, the

existence of which was predicted earlier in [15]. It is interesting that the

effect of pressure may be quite opposite at less favorable thermodynamic

conditions. If the experiment is performed at a temperature close to a UCST,

|(P) goes through the minimum after which the lower critical solution

pressure (LCSP) is approached (see the inset in Fig.3). The best solvent

quality is reached close to the theta pressure P8=52 MPa, though the

correlation length |(P0)=74 A is still much larger than the dimension of

polymer chains in the solution Rj(0) =58 A. This indicates that pressure

alone may not always be capable of moving supercritical polymer solutions

out of the poor solvent domain. The situation is similar to polymer solutions

in poor organic solvents (e.g. PS in acetone) where the intermolecular

correlations never decrease below the dimension of the constituent polymer

[10]. We are not aware of previously published data on the pressure-induced
demixing upon an increase in pressure in supercritical polymer solutions and
believe this result to be the first experimental observation of the LCSP.

Fig.4 fflustrates the behavior of the radius of gyration of PDMS in SO

COi with P and T. As is seen, Rj of the polymer remains invariant during

both pressure and temperature quenches which extend to the immediate

vicinity of the (TT>) polymer-SCF demixing locus and agrees well with the
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dimension of unperturbed chains with (Rg - 0.267 Mw =40 A [16]). This

observation indicates the universality of the constancy of Rg in semidilute

polymer solutions below T© and P© which was previously demonstrated for

Uquid solvents [10,17] and has now been shown to extend to supercritical

fluids. At ?>?© and/ or T>T© the dimensions of polymer chains increase due

to the excluded volume effects, as was observed in PS- CH-d solutions at

T>T© [18], indicating that SC CO2 is becoming a good solvent for PDMS in

this range of the thermodynanuc parameters.

In conclusion, the experiments demonstrate universality between the

structure and thermodynamic properties of the liquid and supercritical

polymer solutions. In the latter case, the threshold of unlimited miscibility

(the © point) may be reached by varying either the pressure or the

temperature. The experimental data agree with the results of Monte Carlo

simulations which indicate that polymer chains may adopt unperturbed and

expanded conformations at high densities [19]. This provides a foundation ̂

for a better imderstanding the underlying physics of SCF - polymer

assemblies.
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LEGENDS:

Fig.l. ?(T) for h-PDMS with Mw=22500 D, 47700 (^), and 79900

( • ). Pco2=0.95 g/cm\ Dashed and solid arrows show the value of

Rg(©)=0.267 [16] and ̂ (0)=Rg(0)/V3 (Eq.4), respectively. The inset

shows the variation of the reduced correlation length vs. the reduced

temperature t'= for solutions of PS in CH-d [17] and PDMS
0  c

mSC CO2. In the latter case, the parameters used for calculations are; T© 65

°C, Tc = 12.2 °C (Mw=22500), T© = 31.8 °C (Mw=47700), and T© = 36.1

°C (Mw=79900).

Fig.2. Variation of | as a function of (T-Tc) for solution of PDMS

(Mw =22500) in SC CO2. Pco2=0.95 g/cml The slope gives the value of the

critical index v. The inset shows | vs. (T-Tc) for PS - CH-d solution with a

similar Mw =28000 of the polymer.

Fig.3. Variation of the correlation length | as a function of pressure

for PDMS (Mw =79900) m SC CO2 at T=50 °C. Dashed and solid arrows

show the value of Rg(0) and ̂ (0) (Eq.4), respectively. The inset shows |(P)

for solution of PDMS (Mw ==47700) in SC COi at T-32 °C close to the

UCST for this solution (Tc =31.8 °C). The extrapolation of to zero
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gives Pc = 32 MPa and Pc = 90 MPa for the UCSP and the LCSP,

respectively.

Fig.4. Variation of the radius of gyration for PDMS with Mw=22500

in solution of (h+d) PDMS in SC CO2 vs. pressure at T=70 C. The inset

shows Rg as a function of temperature at Pco2=0.95 g/cm^.
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3

INTRODUCTION

Critical phenomena are grouped into classes depending on the spatial dimensioti
(D) and the dimension of the order parameter (N). In the vicinity of the cnticd
temperature Tc. the properties of the systems with the same (DAO scale with the reduced
temnerature t-(T-Tc)/Tc with identical critical indices for each property. It has long been
appreciated that solutions of polymers in liquid organic solvents belong to the same
uSversality class as simple fluids and small molecule mixtures, and their behavior ne^
Tr is described by the critical t-indices of the three-dimensional Ising inodel {N-l) lU-
More recently it was found that the region where polymer solutions behave univereally
with temperature (5»Rg) terminates at T-Tx when the correlation lengfe I of the
concentration fluctuations becomes equal to the radius of gyration Rg of the polymer
[2,3]. At T>Tx (^<Rg) the solutions enter the 0 domain where their properties are
described by the mean field t-indices. , • . j

Recent experiments have demonstrated that the 0 condition may be also induced
in polymer solutions in supercritical fluids (SCFs) by varying the temperahire and/or
pressure [4]. A SCF is a substance at a pressure and temperature above the Equid-va^r
critical point where the coexisting liquid and vapor phases become indistm^ishable. The
physical properties of SCFs are sinular to those of dense gases, although when highly
compressed, their density may be comparable to "sub-cntical liquids. Despite rece

'Managed by Lockheed Martin Energy Research Corporation under contract DE-AC05-96OR-
22464 for the U. S. Department of Energy.
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nroeress in many areas of SCF science and technology (see e.g. [5] and referencestJS slific Jit challenges remain in developing the same level of understanding o
polymeWSCF solutions as has been reached for solutions of polymers "
orgSic solvents. This article will focus on small angle neutron scattenng (SANS) and
dynamic light scattering (DLS) studies of mixtures of strongly interacting (overlapping)
Tymcvs in liquid and supercritical solvents. We have observed an unexpected
universality in both thermodynamic and dynamic properties of these seemingly different
physical systems.

INTER- AND INTRAMOLECULAR CORRELATIONS

At the phenomenological level, liquid solvents for polymers are divided into three
classes namely poor, theta (0), and good solvents. The solvent quality is directly related
to the'ability of the solvent molecules to mediate the attractive intrachain forces
responsible for the polymer - solvent demixing. Poor solvents can scarcely "J^pede Ae
intrachain interactions and hence can dissolve only short chain (or low
Mw) polymers with a limited number of contacts between segments. The pmrwise
attractive and repulsive interactions compensate at the Hory (or 0) temperature which is
SS » a.e upper eritical soludou »mpenuure (UCSTI of a POl,mer w.a, .nfm...
molecular weight Mw - [H- The 0 condition corresponds to the threshold of unlimited
polymer - solvent miscibility in the sense that polymer of arbitrary Mw becomes miscible
in any proportion with the solvent [4]. At T=0 the radius of gyration Rg(0) o/ Polymer
chains is not perturbed by excluded volume effects and is also independent of the long-
range critical concentration fluctuations. In the good solvent domain T > 0 repulswe
forces between segments work to expand Rg above the unpe^rbed dimensions at 0 ̂e
expansion of polymer coils in semidilute solutions, i.e. solutions in which the volume
fraction, 6, of the polymer is equal to or larger than the concentration .])* at which coils
begin to overlap, is expected to be smaller dian in the semidilute regime due to screenmg
of the monomer — monomer interactions (Fig.l).

Semidilute polymer solutions are characterized by two distinct types of monomer
- monomer correlations [6]. Intramolecular correlations between monomers which
belone to the same coil are closely related to the conformation of the polymers in the
solution and occur on length scales of the order of Rg. Intermolecular correlations
defined by fluctuations in the total concentration with a correlation length The
dimension of polymer chains Rg and the correlation length | in polymer solutions may be
determined at different thermodynamic conditions using SANS combined wth the high
concentration isotope labeling method (see [2] and references therein). The coherent
scattering intensity, I, from an incompressible mixture of identical protonated and
deuterated polymer chains dissolved in a solvent is:

I{Q,x) = I^(.Q,x) + Ii(.Q,x) , (1)

I,(.Q,x) = KnN^S^iQ) , (2)

•  l^(Q,x) = LnN^S^(Q) . (3)

Subscripts "s" and "t" correspond to scattering from a single chain and total scattering,
respectively and thus Ss(Q) is the single-chain structure factor which cont^s informa^tion
on fee intramolecular correlations. Similarly, fee total scattering structure factor, S,(Q)
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polymer - solvent miscibility in the sense that polymer of arbitrary Mw becomes miscible
in ̂  proportion with the solvent [4]. At T-0 the radius o gyration R/®) f
chains I not perturbed by excluded volume effects and is also independent of the long-
range critical concentration fluctuations. In the good solvent domain T > 0 repulsive
forces between segments work to expand Rg above the unperturbed dimensions at 0 The
expansion of polder coils in semidilute solutions, i.e. solutions m which the volume
fraction .b of the polymer is equal to or larger than the concentration <t)* at which coils
begin to overlap, is expected to be smaller dian in the semidilute regime due to screening
of the monomer — monomer interactions (Fig. 1).

Semidilute polymer solutions are characterized by two distinct types of monomer
- monomer correlations [6]. Intramolecular coirelations between monomers which
belon- to the same coil are closely related to the conformation of the polyiners in the
solution and occur on length scales of the order of Rg. Intermolecular corre ations_^e
defined -by fluctuations in ±e total concentration with a correlation ength %. Th
dimension of polymer chains Rg and the correlation length | in polymer solutions may be
determined at different thermodynamic conditions using SANS combined wth ^gh

•  concentration isotope labeling method (see [2] and references therein). The coherent
scattering intensity. /, from an incompressible mixture of identical protonated an
deuterated polymer chains dissolved in a solvent is;

I{Q,x) = I^(Q.x) + I^{Q,x) , (1)

/^(Q.a:) = KnN'^S^l.Q) . (2)

n  I^(Q,x) = LnN^S/Q) . (3)

Subscripts "s" and "t" correspond to scattering from a single chain and total scattemg.
respectively and thus S,(Q) is the single-chain structure factor which cont^ information
onto intramolecular correlations. Similarly, the total scattenng structure factor, S,(Q)
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Figure 1. Generic phase diagram of polymer Figure 2. Variation of the parameter L inf . r- fiinction of x, the mole fraction of PDMS-h msolutions L/.5J. solutions of (PDMS-h+PDMS^) in CO2.

embodies information on the total (both intra- and intermolecular) correlations between
monomer units, and is related to the correlation length of the concentration fluctuations,
I The structure factors are normalized so that Ss(Q=0) =-1 and S, = S, at infinite dUution.
The scattering vector Q - 47a-'sin0, where 26 is the scattering angle and X=4.75 A is the
neutron wavelength. Also, x is the mole fraction of protonated chains in the solvent, and
« and iV are the number density of the polymer molecules and the degree of
polymerization, respectively. The prefactors KdndL are:

K^bH-bof x(l-x)-, L=[bHX+(l-x)bD-bs'f . (4)

where bn and bp are the scattering lengths of the protonated and deuterated monomers
and bs' is the scattering length of a solvent normalized via the ratio of the specific
volumes of the monomer and the solvent molecule.

For isotopic mixtures of poly(dimethyl siloxane) (PDMS) in carbon dioxide
(CO2). bH =0.086 10-'^ cm, bo = 6.33 lO"'^ cm, and fc,' =1.47 10"'^ to 3.76 lO"'^ cm in the
range between the critical (pco2-0.469 g/cm') and the liquid state densities (pco2"1.2
g/cm^). For a given combination (fcff < hj' < ̂d). it is possible to set L-0 (Eq.4) at any
density of SC CO2 (Fig.2) by adjusting the concentration (x) of hydrogenated PDMS (e.g.
L-0 at x=0.5i2 and pco2-0.95 g/cm) [9]. Sinmarly, for isotopic i^tures of polysmene
(PS) in deutero acetone (AC-d) (Ph =2.33 10"'^ cm, bn - 10.66 10" cm, and b^ =8.88 10
cm) or PDMS in deutero bromobenzene (BrBz-d) (fcj' -5.8 10"'^ cm) the pre-factor L

becomes zero at x-0.214 and 0.085, respectively. As follows from Eqs. (1-4), the
condition L-0 completely eliminates the contribution of "total scattering" and Eq.l gives
the single chain (intramolecular) scattering directly. For some solutions (e.g. PS in
deutero cyclohexane, CH-d), there is no isotopic ratio, 0<x<l, which satisfies the
condition L(x)=0, and I{Q,x) always contains a contribution from the total
(intermolecular) scattering which may be subtracted yia [2]:

hi^HQ,x = l,x)=KrN'^S{Q,T) (5)
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The value of the prefactor of the second term in Eq.(5) is on the order of several percent
and thus the effect of this correction to is negligible for T » Tc [2]- However, the
correction can become finite near Tc due to the divergence of 1,(0) - x ' [10], As soon
as deuteration of the part of the polymer leads to a shift of Tc of several degrees [11], the
subtraction in Eq.5 should be performed at the same values of x rather than at the same
values of the absolute temperature.

The radius of gyration Rg may be obtained by fitting Ss with the Debye function :

S^=(2/y2)(y-l + r^) , y^Q^Rl n (6)
s

For solutions of non-overlapping polymer'chains under 0 conditions, Eq.(6) in the limit
of small 2 [12,13] yields:

5(0) (7)
5(2) = -
^  1 + 2^ (©)

and the value of the correlation length (© conditions) is:

§(0) = R (0)/V3 . (8)
8

Thus, SANS measurements of | vs. temperature or pressure may be used to determine the
0 temperature or the 0 pressure using Eq.(8) [4,9]. If all chains are protonated (jc=1), the
prefactor and one obtains |(T,P) directly from - 5,(2) using the Omstein-
Zemike formula:

5^(2) = 5(0/(1 +2^§^) • - (9)

EXPERIMENTAL

Materials and Sample Preparation

Polymer samples of PS-h standards (Mw " 5700, 8300, 10200, 11600, 13000,
28000, 51500,115000,200000,257900, 515000, 533000) and and PS-d standards (Mw -
1050o' 11200, 119000, 205000, and 520000 of polydispersity generally Mw/Mn ̂  1.06
were obtained from Polymer Laboratories, USA. PS-h (Mw - 22200, 73000) was
obtained from Polymer Source, Canada. PDMS-h (Mw -22500, 47700, and 79900 of
polydispersity Mw/Mn < 1.03) and PDMS-d (Mw -27600, Mw/Mn < l.H and 49600,
Mw/Mn ̂  1.03) were synthesized and characterized at the Max Planck Institute for
Polymer Research, Germany. PDMS-d (75600, Mw/Mn < 1.3) was purchased from
Polymer Standards Service GmbH, Mainz, Germany. Protonated MCH-h and BrBz-h as
well as deutero substituted solvents CH-d, AC-d, MCM-d, and BrBz-d with
D/(H+D)-0.995 were obtained from Sigma Chemical and dried over molecular sieves
prior to preparing solutions. CO2 (SFC purity 99.99%) was obtained from Matheson Gas
products. Inc., USA.
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PS - MCH and PS - CH solutions were prepared at the critical volume fraction
(Dr of the polymer which was assigned in accordance with the empirical power law
(t)c-6 65(Mw)"°"' [14] and (t)c-7.69(Mw)"°'^®' [15], respectively. PS AC-d solutions were
prepared at near critical concentration C=20.3 wt%. Solutions of PDMS m SC CO2
in BrBz were prepared at the overlap concentration C*=0.1397 and 0.0959 g/ml for Mw
22500 and 47700, respectively calculated using C*-3Mw/4ii(Rg) N^, where Na is the
Avoeadro number. The overlap concentration is approximately the same as the cntical
concentration of a polymer solution [16]. The liquid solutions, PS-CH, PS-MCH, and
PDMS-BrBz, were filtered through Millipore filters (0.22 pm) and thoroughly
homogenized either in a 10 mm cylindrical optical cell (DLS) or in a 2 mm thick quartz
cells (SANS) - 10 degrees above the © temperature of PS-CH (40 C), PS-MCH (- 78
°C) PDMS-BrBz (~ 68 °C) [17]. In PDMS - SC CO2 experiments, the polymer was
loaded into a stainless steel cylindrical cell having three optically polished sapphire
windows one of which was located at the scattering angle 0-90 and used for the D^
measurements. The samples were pressurized with CO2 at T-50 C, stirred thoroughly
until a transparent homogeneous solutions was obtained after which the variation of the
static correlation length (SANS) or the dynamic correlation length (DLS) were measured
at various temperatures and/or pressures. The temperature of the samples was controlled
to better than ±0.1 K. The range of T covered in the experiment was from the 0
temperature down to Tc of each solution. The critical temperature of phase demixmg w^
identified as a sharp maximum in the integral neutron count rate as a function of T
(SANS) or as the appearance of the meniscus (DLS). This allowed an estimate of Tc to
better than ±0.2 K.

Small-Angle Neutron Scattering

Measurements were performed on the 30-m SANS spectrometer at the Oak Ridge
National Laboratory. The neutron wavelength was X.-4.75 A (AX/X.-0.06) and the range
of scattering vectors was 0.005<Q-4TtX-' sin0<O.O5 A"', where 20 is the scattering angle.
The data were corrected for scattering from the empty cells, detector sensitivity and
beam-blocked background and placed on an absolute scale using pre-calibrated secondary
standards after radial averaging to produce functions of the intensity / vs. Q. Procedures
for subtracting the incoherent background have been described previously [18]. The
functions Ss(Q,T) were obtained using Eqs.1,2 (PS-AC-d, PDMS-BrBz-d, PDMS-SC
CO2) and Eq.5 (PS-CH-d) and used to extract the (z-averaged) Rg(T) by fitting the Debye
form factor Eq.6. The functions S,(Q,T) were obtained using Eqs.1,3 and used to extract
the correlation length ̂ (T) using Eq.9.

Dynamic Light Scattering

DLS measurements were made in the self-beating (homodyne) mode using a
semp the details of which were described previously [19]. The cylindrical scattering cells
with liquid polymer solutions were sealed and immersed in a large-diameter thermostated
bath containing decalin placed at the axis of the goniometer. Measurements were^made at
different angles in the range 30 to 135° as a function of temperature (80 < T/ C < 0).
Analysis of the data was performed by fitting the experimentally measured g2(f), the
normalized intensity autocorrelation function, which is related to the electrical field
correlation function, gi(0 by the Siegert relation [20]:

g2(t)-l = ̂UiWp . (^0)
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where B is a factor accounting for deviation from ideal correlation. For polydisperse
samples, gi(r) can be written as the inverse Laplace transform (ILT) of the distnbution of
relaxation times, tA(t):

g^(t) = lrA(r)exp( -t/r)dlnr (11)

where t is the lag-time. The relaxation time distribution, xA(t), is obtained by performing
the inverse Laplace transform (ILT) with the aid of a constrained regularization algonthin
(REPES). The mean diffusion coefficient (D) is calculated from the second moments o
the peaks as Dc - T/Q^, where Q =■ (47Wo/)^)sin(0/2) is the magnitude of the scattering
vector and r - 1/x is the relaxation rate. Here © is the scattering angle, rio the refractiveindex of pure solvent and X the wavelength of the incident light.

The Stokes-Einstein equation relates the cooperative diffusion coefficient (Dc) to
the "bare" dynamic correlation length (1^*) defined in terms of the temperature-
dependent viscosity of the solvent (tJj) in Eq.l2;

= kTI{6m]Pc) , (12)

where k^T is the thermal energy factor. Another parameter of choice that may be used in
the Stokes-Einstein Eq.l2 is the macroscopic shear viscosity tj^. We define the "true
dynamic correlation length (§i) as:

^^=kT/{6mi^D,) . (13)

Viscometry

The viscosity of the blank solvents (MCH and BrBz) and polymer solutions was
measured over the temperature range 0 < T/°C < 80 using a Ubbelohde-type viscometer
which was sealed immediately after loading the liquids. The data for the blank solvents
were fit using the second order polynomial function:

7] =A+s(r,)+c(r )2 (14)
S

where Tis is in centipoises and the temperature Tr in Kelvins. The parameters thus
determined are: (A-9.3±0.9, B=-0.049±0.006, and C-(6.8±0.9)10- for MCH), and are:
(A-13±0 8 B—0.068±0.005, and C-(9.2±0.8)10"^ for BrBz). The viscosity of SC CO2
was calculated using an empirical relation given by Sovova and Prochaska [22] (200 <
T/K < 1500,0 < P/MPa < 100):

T7j =[(18.56-1-0.014r^)(p~^ -7.41x10""^ 4-3.3x10"^r^)]"^
where Tis is the viscosity of SC CO2 in [Pa s] and p is the density of SC CO2 in kg ml
The viscosity of PS-MCH and PDMS-BrBz solutions was fit to a function obtained from
mode coupling theory [23]:
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The product zv is predicted to be 0.034 and B is a constant of the order of unity.
The"background" viscosity Hb of PS-MCH solutions measured far from the cntical
demixing temperatures is well described with the values of the parameters T]o = (2.2 ±
0.3) 10"^ cP, and A = 2700 ± 400 over the range (5700 < Mw ̂ 115000).

RESULTS AND DISCUSSION

Structure and Thermodynamic Properties at 0 >T>Tc

The different theoretical approaches that have been applied to calculate Rg at the
critical demixing point (r,(t»°) have led to conflicting conclusions. Starting from de
Gennes- assumption that at the critical point polymer chains just begin to overlap and do
not interpenetrate significantly [16] it was shown that the polymer chains should be
partially collapsed at T=Tc and iy-dfc [24]. Conversely, the molecular theory [6,25] and
computer simulations [26] show that conformation of individual chains below the 0
temperature should remain unperturbed and collapse to the globular state should occur
only at T<Tc The temperature variation of the dimension of polymer chains at 0 > T>
Tc was first explored using SANS along with the high concentration isotope labeling in
[2] for solutions of PS in the 0 solvent CH-d. As is seen from Fig.3, Rg of interacting PS
coils does not decrease over the whole temperature range below the 0 temperamre. At
the same time, the correlation length of the concentration fluctuations I which is much
smaller than Rg at T~0 diverges in the vicinity of Tc. These findings indicate that the
deterioration of the quality of 0 solvents leads to the formation of microdomains of the
size I, representing clusters of unperturbed, strongly interpenetrating.polymer coils.
' The region ̂  > Rg is realized in the vicinity of the critical demixing temperamre

and is thus associated with the poor solvent domain. The solvent quality can be usually
improved by increasing the temperamre or pressure, to move the solution away from the
phase boundary. In 0 solvents (e.g. PS - CH) the solution is capable of reaching the 0
condition at some T and P whereas in poor solvents, e.g. PS - AC the condition cannot be
reached at any accessible T, P. The effect of pressure on the thermodynamic state of
PS/AC-d solutions is illustrated in Fig.4. Within experimental error, Rg remains
independent of pressure down to the critical demixing Pq. Although the 0 condition does
not exist for PS-AC solutions, the values for Rg remain close to the unperturbed
dimensions for Gaussian chains with Mw-11600 (i.e. Rg =0.27 Mw -29 A). The
correlation length, %, diverges as P falls to P-Pc where the system exhibits pressure-
induced phase demixing, but for solutions of PS in AC, the magnirnde of % remains
generally > Rg [9]. This delineates an important difference between the strucmre of the
liquid 0 md poor solvents. The size | of the concentration flucmations in polymer
solutions in 0 solvents can decrease below the dimension of the constiment chains and
reach the value of ?(0) defined by Eq.8 (Figs.3, 5) whereas the value of § in poor
solvents always, remains > ̂ (0) (Figs.4, 6) and levels off at some thermodynamic
distance from the critical point. • i u

Supercritical fluids in general and supercritical carbon dioxide in particular have
emerged as an attractive alternative to the organic solvents used for polymer
manufacrnring and processing. One key advantage of SCFs is the possibility of
continuously tuning the solvent quahty by varying the pressure (or density) in addition to
the temperature. Due to the high compressibility of SCF solvents the density may be
conveniently varied with pressure over a much wider range (factors of 2 to 10) than is
possible for organic liquid solvents where the range is at most a few percent. This
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Figure 3. R,(T) and ̂ (T) for PS-CH-d solution og^gj
(Mw-533000) at ambient condioons. measured (Mw-neOO) atT JO C lyj.
over the range of pressure 0.1^^50 MPa [9].

nroperty of SCF solvents should offer an unparalleled means of controlling polymer
solubility, but unfortunately, only two classes of polymeric matenals, Le_ fluoropolyiners
and silicones have been shown to exhibit appreciable solubility m SC CO2. The first
SANS measurements of the second virial coefficient A2 were performed in mixtures of
hexafluoropropylene oxide (HFPPO) and poly(l,l-dihydroperfluoro-octylacrylane)
(PFOA) with SC CO2 at T-65 °C and P=34.5 MPa (see [27] and references therein).
They have shown that A^O for the former and A2 > 0 for the latter systems and thus SC
CO2 is a 0 solvent and a good solvent for HFPPO and PFOA, respectively at these
particular values of (T,P). In a recent work [4] SANS was applied to investigate the
structure and thermodynamic properties of PDMS - SC CO2 solutions as a function of
pressure and temperamre. Fig.7 illustrates the (T,P) dependence of the radius of gyration
of PDMS in SC CO2. Rg of the polymer remains invariant during both pressure md
temperature quenches extending to the immediate vicinity of the (T,P) poljroer-SCF
dendxing locus and agrees well with the dimension of unperturbed chams
(R = 0 267Mw"^ =40 A). This observation indicates the universality of the constancy of
Rg'in semidilute polymer solutions below the 0 point previously demonstrated for liquid

Figure S. &|(0) (Eq-8) vs. T-0 for polymer Figure 6. |/|(0) (Eq.8) vs. T-0 for polymer
solutions in ©solvents specified in the inscL . solutions in poor solvents specified m the inset
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solvents (see Figs.3, 4) and now extended to supercritical fluids. The dimensions of
polymer chains increase when T and/or P exceed the appropriate values of the ©
parameters (0 = 65 ± 5 °C and Pq - 52 ± 4 MPa at pco2-0.95 g/cm^ [4]) due to excluded
volume effects, indicating that SC CO2 becomes a good solvent for PDMS. The
experimental data agree with the results of Monte Carlo simulations which suggest that
polymer chains may adopt unperturbed and expanded conformations at high densities
[28].

A typical variation of ̂  vs. t in PDMS-SC CO2 solutions is shown in Fig.8. As is
seen the critical index v exhibits a sharp crossover from the mean-field value (v-0.5) in
the 0 region to the Ising model value (v-0.630±0.001 [29]) in the region around Tc.
Accordingly, the critical index y-1.23±0.02 for the susceptibility (i.e. the osmotic
compressibility) agrees within experimental errors with the Ising model value
(1.239+0.002 [29]). The crossover takes place at ̂  - Rg and thus reproduces the main
features of the crossover observed in solutions of PS in CH-d [3]. The dimension of the
poor solvent domain may be made infinitely large (as in PS-AC) or small (as in PS-CH)
depending on the density of SC CO2. These observations certainly establish basic
similarities of behavior in solutions of polymers in SCFs and in sub-cntical solvents, and
show that SCF/polymer solutions belong to the Ising model universality class.

Dynamic Properties at 0 >T>Tc

Despite numerous efforts, the dynamic properties of semidilute polymer
solutions in organic solvents at T < 0 are poorly understood. To our knowledge, only one
DLS experiment has been performed so far in the poor solvent domain of supercritical
polymer solutions [4]. The most important issue which is yet to be resolved is whether
the viscosity of the solvent or that of the solution should be used to calculate the dynamic
correlation length from the Stokes-Einstein Eq.l2 [30].

In terms of a traditional description of critical phenomena, the temperature
variation of the dynamic and static correlation lengths may be represented as [31].

l = 5olX n

Figure 7. R, (P) of PDMS (Mw-22500) in SC CO2 Figure 8. |(r) of PDMS (Mw-22500) in SC CO2.
at T-70 °C. The inset shows R, (T) at pco2-0.95 pco2-0-95 g/cm'. The inset shows |(x) for the same

polymer in BrBz-d.
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A master plot for g<* as a function of x is shown in Fig.9. As is seen, the value of the
critical exponent v* in Eq.l6 for all solutions studied in the hydrodynamic regime q|«l
around the 0 temperature is v*=0.8±0.1 which value as yet has no theoretical
justification. At smaller x, generally at x - 0.01, the decay rate becomes independent of
temperature characterizing entry to the critical non-diffusive regime [32], There is a
consequent observed "flattening-out" of the bare dynamic correlation length, defined via
Eq.l2, as a function of x to a limiting value as Tc is approached. The variation of the
dynamic correlation length with x changes dramatically if Eq.(13) is used to define ̂  due
to significant difference in the temperature variation of t]s and Tjm described by Eq. 14 and
15, respectively. In the vicinity of the 0 temperature the temperamre variation of ̂  and
similarly that of the static correlation length, is described by the iiiean field critical mdex
■yfe-O 5 (Eq 17). At some "intermediate dynamic crossover temperature" Tx* the index
increases abruptly and the crossover to the critical non-diffusive regime is observed. We
note that in the "intermediate" region of x the critical index v-0.77 exceeds the
theoretical value of v-0.63 probably due to a complex interference between the dynamic
and static correlations of the order of ̂ (0) and/or Rg (see Eqs.7 and 8). At the same time,
the crossover to the critical non-diffusive regime occurs at about the same value of x -
0.01 for both Id and §1*. , . , . /c

The description of the temperature variation of the correlation lengths (tqs.lo,
17) does not take into account the existence of the tricritical 0 point in the phase
diagram of polymer solutions (Fig.l). A more general scaling description may be
achieved by using the scaling variable [16]:

T'=(r-r )/(0-r) (is)
^  C C

which accounts for the temperature distance from both the 0 temperature and Tc. In terms
of x', Eq.l7 may be represented as [12];

I =1 (0)(T')^ , (19)

where the amplitude |(0) is given by Eq.(8). In the case of the dynamic correlation
length no theoretical interpretation for §,*(0) has yet been developed. However, one may
suggest phenomenologically that |d* should follow the same scaling as Eq.l9, writing

Figure 9. The bare dynamic correlation length Figure 10. %i* , |d. and for solution PS
(Eq.l2) vs. X. The symbols are spelled out in the (Mw-5700) in CH-d. The solid and dashed arrows

show the static and dynamic crossovers.
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•  (20)
a  a

where g<*(0) is the experimental value of the dynamic correlation length at T=0
(Fig.ll). As is seen in Fig.l2, the reduced correlation lengths gi*/gi*(0) for various
polymers in different solvents fall on the same master curve when plotted vs. the reduced
temperature Tf. This is the first demonstration of the universality for the dynamic
behavior of solutions of polymers in organic liquids and supercritical fluids.

Figure 11. |d*(0) for several polymer solutions. Figure 12. Master plot for vs. de Getmes'
The symbols are spelled out in the insets. scaling variable (Eq.18).

CONCLUDING REMARKS

Small angle x-ray scattering and static light scattering have been applied since the
1940s to obtain structural information on polymer solutions, though the limit of zero
concentration was required to eliminate interchain interference. Thus, these methods
could not be applied to the solutions of interacting macromolecules, due to the difficulties
of separating the inter- and infra-chain contributions to the structure. However, SANS
has removed this limitation and due to a fortuitous combination of several factors: high
buUc penetrating power, the ability to manipulate local scattering amplitudes through
isotopic labeling or an appropriate choice of solvent (contrast variation), the technique
has developed into an extremely powerful tool for the study of polymers. By deuterating
a fraction of the polymer, it is possible to measure the single-chain structure factor and
thus the Rg of the individual polymer chains in strongly correlated systems. That
approach provides exceptional means for investigating the structure of various complex
fluids, e.g. solutions of synthetic and biological polyelectrolytes. Recent SANS and DLS
measurements demonstrate a striking universality between structure, thermodynamic and
dynamic properties of sub- and supercritical polymer solutions.
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Small-angle neutron scattering has been used to study the effect of
temperature and pressure on the phase behaviour of semidilute
solutions of polymers dissolved in organic and supercritical solvents.
Above the theta temperature (T9), these systems exhibit a "good
solvent" domain, where the molecules expand beyond the
unperturbed dimensions in both organic solvents and in CO2.
However, this transition can be made to occur at a critical "theta
pressure" (Pe) in COj and this represents a new concept m the
physics of polymer-solvent systems. For T < Te, and P < Pe, the
system enters the "poor solvent" domain, where diverging
concentration fluctuations prevent the chains from collapsing and
allow them to maintain their unperturbed dimensions.

1. Introductioo

In organic solvents, it is well known that the radius of gyration, Rg
(i.e. the r.m.s. distance of scattering eleihents from the center of
gravity) of polymer chains depends on the sign and magnitude of the
interactions between the chain segments and the molecules of the
surrounding liquid. In "good" solvents, the dominating repulsive
forces between the segments (excluded volume effects) work to
expand the Rg, and the second virial coefficient (A2) is positive. In
less favorable solvents, the pairwise attractive and repulsive segment
interactions may compensate at the "theta temperature" (Te), where
A2 = 0, and Rg corresponds to the dimension of a volume-less
polymer coils, "imperturbed" by the excluded volume effects. One
of the first applications of SANS was to confirm Flory's prediction
that polymer chains would adopt such random-walk configurations in
the amorphous state. By definition, Te is the critical solution
temperature (Tc) for a polymer with the molecular weight Mw = <»
and thus corresponds to the threshold of unlimited polymer-solvent
miscibility. In the poor solvent regime (T < Te . A2 < 0), attractive
interactions between the segments work to collapse polymer chains
into compact polymer globules. This phenomenon is well understood
for dilute solutions of widely separated polymer chains, which
collapse as T => Tc (Chu, Ying and Grosberg, 1995). SANS has
recently been used to extend the experimental observations to

semidilute solutions of strongly interacting macromolecules.
According to the de Gennes' concept, in the critical region (T ~ To),
the chains do not interpenetrate significantly and thus should be
collapsed [i.e. RgfTc) < Rg(Te)] as in dilute concentration regime.
However, experiments on PS in cyclohexane (CH) and acetone (AC)
have demonstrated that the predicted decrease in R, is not observed.
Instead, diverging concentration flucmations near Tc lead to the
formation of distinct microdomains of strongly interpenetrating
molecules, which prevents the expected collapse (Melnichenko et al.,
1997, 1998). Measurements have also been made in supercritical
fluids to test the prediction of Kiran and Sen (1993), that the
molecules will adopt the unperturbed dimensions at a critical "theta
pressure" (Pe) as they do in polymer solutions at the theta
temperature and to explore the similarity and differences between the
structure and thermodynamic properties of polymers in SCFs and in
sub-critical organic liquids.

2. Experimental

The SANS data were collected on the 30m SANS facility (Koehler,
1986) at Oak Ridge National Laboratory. The wavelength was X =
4.75 A (AX/X ~ 5%) and the 64 x 64 cm^ area detector with cell size
— 1 cm^ was placed at sample-detector distances of 12m and 5m to
give an overall range of momentum transfer of 0.005 < Q = dnX"
'sin9 < 0.1 A"', where 20 is the angle of scattering. The data were
corrected for instrumental backgrounds and detector efficiency on a
cell-by-cell basis, prior to radial (azimuthal) averaging and the net
intensities were converted to an absolute (± 3%) differential
scattering cross section per unit solid angle, per unit sample volume
[dS(Q)/<IG in units of cm"'] by comparison with precalibrated
secondary standards (Wignall and Bates, 1986). The experiments in
supercritical CC)2 were conducted in a cell sitnilar to the one used
previously for polymer synthesis and SANS studies of block
copolymer amphiphiles in supercritical CO2 (McClain et al., 1996).
The cell was fitted with sapphire windows which caused virtually no
attenuation of the neutron beam (cell transmission ~ 93%) or
parasitic scattering. The signal from the CO2 amounted to a virtually
flat background (~ 0.04 cm"'), which formed only a minor correction
to the scattering from the homopolymer solutions.

High concentration isotope labeling methods [Williams (1979),
Akcasu (1980), King (1985) and co-workers] were used to obtain the
Rg of the polymer molecules and the correlation length (^) of the
concentration fluctuations. The coherent scattering cross section
[dZ(Q)/dn] of an incompressible mixture of identical protonated and
deuterated polymer chains dissolved in a solvent is given by:

dS(Q, T.x)ldCl = l^(Q,T.x) + I^(Q,T,x)

ls(Q-T.x) = KnN^S^(Q.T)

I (Q.T.X)-.
t

LnN ■S/Q,T)

(1)

(2)

(3)

' Managed by Lockheed Martin Energy Research Cotpcration under contract
DB-AC05-96OR-22464 for the U. S. Department of Energy.

where the subscripts "s" and "t" correspond to scattering from a
single chain and total scattering, x is the mole fraction of protonated
chains and n and N are the number density and degrees of
polymerization. S/Q} is the single-chain structure factor, containing
information on the intramolecular Rg, and the total scattering
structure factor, Sf0 embodies both intra- and intermolecular
correlations between segments. The structure factors are normalized
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so that 5, = 1 at (2 = 0) and S, = S, at infinite dilution. The prefactors
K and L are:

K^(b„- ba)' x(I - X); L = [b^+(i -x)bn- b^f (4)

where bn and bo are the scattering lengths of the H'- and D^-labeled
segments and b^' is the scattering length of a solvent molecule,
normalized to the same specific volume.

The prefactor, L, in equation (4) controls the "total" scattering
contribution and it has been shown (Melnichenko et al., 1997) that
for isotopic polystyrene (PS) mixtures dissolved in deuterated
acetone (AC-d), L = Oatx = 0.214. Similarly for PDMS in COj, an
isotopic ratio of x = 0.512 gives f, = 0 at a solvent density of
Pco2~0.95 g/cm^. Thus, the intramolecular scattering function may
be obtained directly from the measured cross section at all
temperatures using the Debye formfactor for Gaussian chains:

y-Q^Rl (5)

3. Results and discussion

Fig. 1 shows the temperature variation of Rg for PS in CH-d at the
critical concentration and it may be seen that the chains do not
collapse as T => Tc, as observed in dilute solutions. Instead, they
maintain their unperturbed dimensions in accordance with the
theoretical predictions of Muthukumar (1986) and Raos and Alegra
(1996). The size of the concentration fluctuations is small in the ©-
region, but increases dramatically near the critical point where it
exceeds the chain dimensions [4 » RgfTe)]. These findings indicate
that critical polymer solutions can not be considered as an ensemble
of collapsed, non-interpenetrating chains, as was suggested by de
Gennes, 1979. Instead, the diverging thermodynamic fluctuations in
the critical region lead to the formation of distinct microdomains,
representing unperturbed, strongly interpenetrating macromolecules.
It is notable that at the theta temperature, Te s 313 K, the average
correlation length ̂ (Ta) = 109 ± 5 A. According to Fujita (1990) and
Des Cloizeaux and Jannink (1990)],

4(Ts) = Rg(©y3" (7)

For PS in CH-d, however, there is no isotopic ratio, 0 <c < 1, which
satisfies the condition L(x) = 0, and dZ/dQ always contains a minor
(-10%) contribution from the total (intermolecular) scattering, which
must be subtracted to extract Rg. If all chains are all protonated
(x=l), the prefactor, K = 0, and dZ/dQ — S,(Q). Thus, the size of the
concentration fluctuations may be measured via the Omstein-Zemike
(0-Z) formalism:

s (e,r)=5(e=o)/(i+Q2^2) (6)

where 4 b® obtained from the slope of an 0-Z plot of

[dZ(Q)/dn]-' vs.

Polymer samples of PS-h standards (Mw=5700, 533000) and PS-d
standards (Mw=10500, 520,000) of polydispersity generally MwTMn
^ 1,06 were obtained from Polymer Laboratories, USA and used to
prepare solutions at the critical concentration of the polymer.
Samples of protonated polydimethylsiloxane (PDMS-h) with Mw =
22,500 (Mw/M„ ̂ 1.03) and PDMS-d (M, = 27,600, MVM„ S 1.11)
were synthesized and characterized at the Max Planck Institut fUr
Polymer Forsehung, Germany. The PDMS - SC COj solutions were
prepared at the overlap concentration which is close to the critical
concentration of phase demixing (de Gennes, 1979). The
deuterosubstituted solvents (CH-d, AC-d with D/(H+D)=0.099S were
obtained from Sigma Chemical and dried over a molecular sieve
prior to preparing solutions. The CO2 (SFC purity 99.99 %) was
obtained from Matheson Gas Products, Inc. Samples were either run
at atmospheric pressure in quartz cells as a function of temperature
(e.g. PS-h in CH-d or in AC-d) or were loaded into the pressure cell
with the appropriate isotopic ratio to eliminate (x = 0.512 for PDMS
in CO2) or minimize (e.g. x = 0.2 for PS-h in CH-d) the contribution
of the total scattering term in equation (1). The temperature was
controlled by circulating fluids (± 0.1 K) and pressure was applied
using a screw-type pressure generator.

at the theta condition, so 4(Tq ) = 114 A for Mw = 533,000 which
agrees well with the experimental value.

500

400 -

300 -

PS-CH-d

b) 200 -
CC

100 -

R„(©)=198±15A

T=T.

01—
300 305 310 315 320

T,K

Figure 1
R,(T) and ̂ (T) for the solution of PS (Mw='533,000) in the © solvent CH-d.
Rg measured over the pressure range 0.1 ̂  ̂ SO MPa.

Unlike the PS-CH system, which may undergo the transition from
the poor solvent to the theta solvent by adjusting the temperature, the
solvent quality is much poorer for PS - AC. Nevertheless, the chain
dimensions of PS in this solvent remain close to the unperturbed
dimensions for appropriate Mw ̂  Rg 3 0.27 Mw"^ and arc
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independent of pressure and temperature and (Melnichenko et al.,
1998). Fig. 2 shows the effect of temperature on the thermodynamic
state of PS/AC-d. Away from the critical point (T » Tc), the
concentration fluctuations fall, though they do not decay sufficiently
to reach 4(Te) =■ Rg(©)/3"^ so the system never leaves the poor
solvent domain. The same effect is observed for solutions of PDMS
in SC CO2 at moderate densities of the supercritical solvent. As is
seen in Fig. 2, the temperature variation of 4 for PDMS-SC CO2
levels out at some temperature distance from Tc which means SC
CO2 remains a poor solvent for PDMS at density pcoj < 0.85 g cm"'.

■  dPS (10500)-AC
▼ PDMS (22500)-SC CO2
•  PS(5700)-dAC

20 40 60

T - T^. K

100

Figure 2
The correlation length ^ normalized to ^(Te) (Eq.7) vs. T -
of PS-AC and PDMS-SC COj (pcor = 0.84 g/ml).

Tc for solutions

SANS has also been used (Melnichenko et al., 1999) to test the
prediction of Kiran and Sen (1993) that the polymer coils may adopt
"ideal" configurations, unperturbed by excluded volume effects, at a
critical "theta pressure" (P9) as they do in polymer solutions at the
thetq temperature. Experiments on PDMS in CO2 (Figs. 3 and 4)
confirm that the 0 condition may be reached at a theta pressure, Pe
~52±4 MPa at T=343 K and a theta temperature T9 ~ 338 K at the
density of the supercritical solvent pco2 ^ 0.95 g/ml. It is notable that
the © temperature of PDMS depends crucially on the density of SC
CO2, e.g. it becomes 353 K at pcoi 0.87 g/ml and can hardly be
reached for pco2 < 0.85 ^ml when SC CO2 remains poor solvent at
all accessible temperatures (see Fig. 2). To the authors' knowledge,
this is the first time that the existence of both a "theta pressure" and a
"theta temperature" has been demonstrated and this effect constitutes
a new concept in the physics of polymer-

50

q: 40
R.(0)=41 A

30

20 30 40 50 60 70 80 90

P, MPa

Figure 3
Variation of the radius of gyration for PDMS (Mw=22,500) in solution (h+d)
PDMS in SC CO2 vs. pressure at T=343 K.

■

■< 40 ' R„(©)=41 A

30

280 300 320 340 360 380

T. K

Figure 4
Variation of the radius of gyration for PDMS (Mw='22,500) in solution (h-rd)
PDMS in SC COj vs. temperature at pcoi = 0.95 g/ral.
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Figure 5
Variation of the correlation length for PDMS (Mw=22,500) in SC COi vs.
temperature at two different densities of COj shown in the inset.

solvent systems. For P > Pe and T > Te, the system enters a "good
solvent" domain, where the polymer molecules expand beyond the
unperturbed Rg, the same way as they do in polymer solutions in
organic liquids (Cotton et al., 1976). However, for T < Te, and P <
Pe, the chains do not collapse (Figs. 3 and 4), as is observed in
organic solvents. Near Tc, the growth of the polymer concentration
fluctuations brings together the initially diluted chains, which retain
the unperturbed dimensions, as in highly concentrated systems and in
the condensed state. Thus, the stabilization of the molecular
dimensions in the poor solvent domam by diverging concentration
fluctuations is a universal phenomenon, observed not only in
"classical" polymer solutions in organic liquids, but also in
supercritical fluids. This reveals a close similarity between the
behavior of polymer molecules in organic solvents and in COj.
A unique attribute of SCFs is that the solvent strength is easily

tunable with changes in the system density, offering exceptional
control over the solubility. As it follows from Figs. 3 and 4,
supercritical polymer solutions may be driven through the ©
condition as a function of pressure in addition to temperature.
Understanding the solubility mechanisms is a necessary condition for
the development of COi-based technologies and SANS promises to
give the same level of insight into polymers and in supercritical
media that it has provided in the condensed state and organic
solvents.
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