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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Polymers are routinely used in many personal care and cosmetic products. The
applications take advantage of the various properties of these polymers to impart
unique benefits to their formulations. The range of properties is as varied as the
class of polymers that have been utilized. Using polymers, cosmetic chemists
can create high performance products. Broad spectrums of polymers — natural
polymers, synthetic polymers, organic polymers as well as silicones — are used in
a wide range of cosmetic and personal care products as film-formers, emulsifiers,
thickeners, modifiers, protective barriers, and aesthetic enhancers.

Development of leading edge products requires better chemical and physical
properties that cannot be provided by traditionally used, naturally-derived
raw ingredients such as fats, oils, and waxes. Many valuable, new cosmetic
ingredients come from broad polymer classes such as cellulosics, polyacrylates,
polyamides, polyurethanes, polyolefins, and silicones. Today, polymers can be
custom engineered to produce desired end objectives, and can be manufactured
economically on a commercial scale to deliver such performance on a consistent,
predictable, and reproducible basis. Molecular weights can be tailored to
formulation requirements. Thermal and mechanical properties can be “tuned
in” as needed. Classical chemical properties such as surface activity, solubility,
hydrolytic stability, oxidation resistance, and other characteristics can also be
designed in a precise and controlled manner.

This book is based on an international symposium on “Polymers for
Cosmetics and Personal Care” held at the 244th National ACS Meeting in
Philadelphia on August 22, 2012. The aim of this book is to cover the many facets
of polymers used in cosmetics and personal care products and to bring together
researchers from industries and academic disciplines from different countries.
To our knowledge, this is the first compilation of progress made in the use of
polymers in cosmetics and personal industry.

This book comprises a collection of papers presented in the symposium as
well as several review chapters. Topics in this book have been divided into three
sections as follows: Part 1 contains reviews focused on polymers described in
this book, polymers used in colored cosmetic products, and organo functional
silicones; Part 2 is dedicated to new synthetic methods and strategies; and Part
3 is focused on novel applications of synthetic polymers.

In the synthetic portion of the book (Part 2), there are seven chapters.
Some chapters discuss specific approaches to controlling molecular architecture
and other chapters prepare novel polymeric structures. For example, polymer
structures can be controlled using free radical methods in order to prepare unique
aqueous rheology modifiers or to create copolymers with unique properties.
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Additionally, novel materials prepared by combining poly(alphaolefins) with
diphenylamine and polymers, novel cationic latex materials, and polymers with
unique personal care attributes that are also biodegradable are discussed as well.
There are chapters on structure-property relationship as well as on non-penetrating
polymerized surfactants.

The third part of the book consists of seven chapters, too. It highlights
novel applications of materials that may not be typically associated with personal
care products. Such polymers include acetylene-based polymers, alkylacrylate
cross-polymers, styrene/acrylate copolymers, and silicones. There are also some
chapters that discuss other interesting applications of materials by utilizing
the enhanced performance they impart to personal care (e.g., ion permeable
microcapsules and a polymer adsorption model).

This book will be a good resource for those involved in the field of personal
care and cosmetics who want to learn of recent developments. Additionally, this
book will benefit the reader that would like to become acquainted with the variety
of polymeric systems that can be used in personal care products and cosmetics.

The editors thank the Division of Polymeric Materials: Science and
Engineering for their support of the symposium on which this book is based. We
wish to thank all of the authors for their cooperation and for their high quality
chapters. Finally, we thank Tim Marney, Arlene Furman and Rachel Deary from
the ACS books department for their help in keeping us on task.

Anjali Patil

Revlon Research Center
2121 Route 27

Edison, New Jersey 08818

Michael S. Ferritto

Dow Corning Corporation
2200 West Salzburg Road
Midland, Michigan 48686
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Chapter 1

Polymers for Personal Care and Cosmetics:
Overview

Anjali Patil*! and Michael S. Ferritto?

IRevlon Research Center, 2121 Route 27, Edison, New Jersey 08818
2Dow Corning Corporation, 2200 West Salzburg Road,
Midland, Michigan 48686
*E-mail: Anjali.patil@revlon.com.

Abstract

Polymers are routinely used in many personal care and
cosmetic products. The applications take advantage of the
various properties of these polymers to impart unique benefits
to their formulations. The range of properties is as varied as
the class of polymers that have been utilized. Using polymers,
cosmetic chemists can create high performance products. Broad
spectrums of polymers; natural polymers, synthetic polymers,
organic polymers as well as silicones are used in a wide
range of cosmetic and personal care products as film-formers,
emulsifiers, thickeners, modifiers, protective barriers, and as
aesthetic enhancers.

This book is based on an international symposium on
“Polymers for Cosmetics and Personal Care” held at the 244th
National ACS Meeting in Philadelphia on August 22, 2012.
The aim of this book is to cover the many facets of polymers
used in cosmetics and personal care products and to bring
together researchers from industries and academic disciplines
from different countries. This overview chapter provides a
brief description of each chapter presented in this book and
is meant to provide the reader with an insight to the exciting
developments described throughout.
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There is no denying that cosmetics and personal care products represent a very
large market for products that provide a wide range of properties to the consumer.
Personal care products can be used to enhance the appearance of an individual’s
skin, hair, nails or teeth. Makeup is generally used to even out skin tone, hide
blemishes, improve skin’s appearance, moisturize and protect from UV rays at the
same time. Sunscreen products protect from sun and also have anti-aging benefits.
Nail polish makes nails look pretty and protects them too.

Personal care products can carry out their function as a cleansing aid while
often providing an additional benefit that can last well after the cleansing has taken
place. They can also provide protection in the form of an antiperspirant/deodorant
and often include perfumes that impart a nice smell. These products can also
provide much more than just an aesthetic sensory effect. Cosmetics can be used to
help build the self-esteem for an individual that has a medical condition that can
be masked by using these products. It is quite obvious that this class of consumer
products can have a very large range of attributes. Consequently, a wide range of
components can be used as ingredients within this class of products.

Polymers represent one class of materials that have been used as ingredients
(1, 2). The types of polymers that have been used are as varied as the applications
which include them. Natural and synthetic materials have been utilized. The
synthetic polymers used are also quite vast ranging from organic polymers
based on alpha olefins to inorganic materials based on silicones. Even within a
certain class of polymers, the structural variations can also dictate what kinds
of properties are obtained. Features such as the degree of polymerization, the
amount of branching, and the ratio of the units within a copolymer can have
dramatic impact on the final performance attributes. If the copolymers are random
versus block or if they are ABA or (AB)n can influence the characteristics. The
chapters within this book represent some of the recent advances in how the
specific properties of polymers have been used to provide some unique benefits
in cosmetics and personal care products.

A large number of thickeners, mostly polymers, are used in the cosmetic
and personal care industry. They not only affect the rheological profile of the
formulation but also influence application of the product, water sensitivity of
the formulation, and delivery of the active ingredients. Natural and synthetic
ingredients are used as thickeners for a water-based system. Anhydrous systems
combine one or more fatty “structuring agents” (e.g. natural or synthetic waxes,
lanolin, long-chain fatty alcohols, triglycerides etc.) to impart structural rigidity
and to facilitate mold release by contracting slightly upon cooling. Synthetic
waxes are either mixtures of long chain hydrocarbons primarily derived from
petroleum or synthesized from monomers like ethylene, vinyl acetate, vinyl
pyrrolidone or organically modified dimethicones.

Polymers play a role of rheology modifier in cosmetics and personal care
products. Often these products are prepared using water based formulations,
and are typically low in viscosity. This is where the polymers are added
to thicken and in many cases gel the formulation. To increase viscosity
of water-based systems sometimes natural polymers are utilized such as
polysaccharides, starch, xanthan gum, guar gum, carrageenan, alginates, pectines,
gelatin, agar etc (3). Occasionally, natural polymers are modified for personal
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care use e.g. cellulose derivatives (hydroxyethylcellulose, methyl cellulose,
hydroxypropylcellulose). Commonly used synthetic polymers are acrylic acid
based polymers, polyacrylamides, and alkylene oxide based homopolymers and
copolymers. Alkali soluble emulsions (ASE) are synthesized from acid functional
and acrylate co-monomers. When the acid group is fully protonated, the polymer
exists as a collapsed random coil at low pH. Viscosity is low at acidic pH and
when acid groups are neutralized with alkali or organic amine, viscosity increases.
Polymers like acrylates copolymers thicken by charge induced chain extension,
chain entanglement and hydration.

Hydrophobically modified alkali soluble emulsions (HASE) are acid/acrylate
copolymers with ethoxylated hydrophobes (4). When the acid groups present
in the HASE polymer are neutralized with alkali, they become anionically
charged and thicken by the effect of charge induced chain extension and through
association of the hydrophobic groups. Polymers like acrylates/steareth-20
methacrylate copolymer build viscosity quickly, and can suspend pigments or
particulates. Another type of rheology modifiers are hydrophobically modified
ethoxylated urethanes (HEUR). Since these urethanes are nonionic polymers,
no neutralization is required. These polymers are stable in anionic, cationic and
non-ionic systems as well as in a broad pH range.

Acrylic acid based polymers are a workhorse of the industry. They can be
broadly classified into 2 classes: acrylic acid cross-linked with allyl ethers of
pentaerythritol or sucrose and acrylic acid cross-linked with Cio-30 alkyl acrylates.
All these acrylic acid based polymers have low electrolyte tolerance. The chapter
titled “Beyond Thickening: Use of Alkyl Acrylate Cross-polymer in Personal Care
Formulations” describes acrylates/Cio-30 alkyl acrylate cross-polymers that have
thickening synergy when salts and/or certai surfactants are used.

A class of polymers have been developed that can modify rheology of water
based products. They are typically a hydrophilic polymers that are water soluble
and have been modified by the addition of hydrophobic groups (5). Since there
is an obvious incompatibility between these two types of polymers, it has been
difficult to prepare these materials in an easy and cost efficient process.

Within the chapter titled: “Stars and Blocks: Tailoring Polymeric Rheology
with “Conflicting Properties” by RAFT for Personal Care Applications”, the
preparation of structural variants is described where such hydrophobic polymers
are easily added to water soluble cores in one step and two step processes.
There is no a need to further modify the polymers prepared with this technique.
Structure property relationships are developed for the block and star copolymers
that were prepared, and their performance in thickening aqueous mixtures is
investigated. Additionally, by the appropriate choice of the architecture and
structural components, thermally responsive systems are demonstrated.

A large number of natural and synthetic antioxidants are used in cosmetics
and personal care products. Some of the commonly used antioxidants are vitamin
C (ascorbic acid), butylated hydroxyanisole, butyl hydroxyl toluene, and large
number of natural antioxidants such as grape seed extract, horse chestnut extract,
celery extract, cucumber extract etc. Antioxidants are used to scavenge free
radicals, as free radicals are known to contribute to the aging process. Free
radicals contain unpaired electrons in the outer shell and these unpaired electrons
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try to snatch an electron from a nearby molecule to gain stability. When the
“attacked” molecule loses its electron, it becomes a free radical and this initiates a
chain reaction (6, 7). Ultraviolet rays also produce free radicals. Skin inhibits the
pressure of being oxidized by free radicals from the environmental pollution as
well as ultraviolet rays by using natural antioxidants in our bodies. Antioxidants
are added to cosmetic formulations to neutralize free radicals and to help skin
stay younger for a longer periods of time.

Hydrocarbons such as petrolatum, mineral oil, paraffin wax, microcrystalline
wax, and ceresin wax are used in cosmetic products. Poly a-olefin (PAO) is
also used in the personal care industry; one example of a PAO is hydrogenated
polydecene. Hydrocarbons are used in the personal care industry due to their
thermal and light stability (§). Due to non-greasy feel of PAO, they are used in
skin care, eye shadow, makeup, and lip products. “Bifunctional Synthetic Fluid:
Polyolefin-Diphenylamine” describes a novel synthesis of antioxidant bound
to polymer using ionic liquid catalyst, a new way to increase solubility of an
antioxidant, use of these polymers as lubricants, and a pressure DSC technique to
evaluate oxidative stability of polymers.

Antioxidants and oils are also used in hair care. Hair is damaged by
environmental factors as well as chemical treatments like bleaching, permanent
waving, straightening, or coloring. Environmental factors include wind, rain,
harsh weather, ultraviolet rays, and chlorinated swimming pool water. Grooming
practices like shampooing, brushing, blow drying, and combing can damage hair,
especially the cuticle. UV radiation can bleach natural melanin in the hair and
can cause photo-degradation of proteins such as cystine, tyrosine, and tryptophan.
This damage affects the hair color and the cuticle, which is reflected in wet and
dry combing forces (9).

A hair conditioner can improve hair luster or shine, enhance tactile properties
such as dry and wet combing, feel (soft, silky), reduce fly-away, increase volume,
and improve manageability by protecting it from environmental, mechanical, and
chemical damage. Hair conditioner is normally applied after shampooing the hair
and then rinsed off shortly after application; this is called “rinsed-off”” conditioner.
It also can be a “leave-on” conditioner: as the name suggests, it can be applied
as a spray, lotion, pomade, or a cream and left on the hair. The chapter entitled
“Hair Care Polymers for Styling and Conditioning” focuses on polymers used in
styling and conditioning applications. This chapter describes how the structure,
glass transition temperature, molecular weight and acidity of the polymer affect
performance of the polymer and the spray, gel, and mousse conditioning products.
This chapter also describes test methods used to evaluate polymer performance
and regulatory, health, and safety aspects related to manufacture and use of the
polymers.

Typically, cationic polymers are used in hair conditioning products. Hair
is negatively charged and therefore, cationic polymers show affinity towards
negatively charged keratin. Polymer molecular weight, charge density, and
hydrophobicity play a role in their interaction with hair. Natural polymers
such as polysaccharides (based on cellulose and its derivatives, such as starch),
hydrolyzed proteins, and gums (gum arabic, gum tragacanth) and synthetic
polymers (including polyvinyl pyrrolidone homo and copolymers, polyvinyl
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acetate, polyacrylates, polymethacrylates, polyvinylamides, polyurethanes, and
silicones) are often used. The chapter entitled “Styrene/Acrylates Copolymer
as Film Former for Improved Hair Surface Luster” describes the development
of a polymer and how it can impart both hold and shine to the hair. In this
chapter, a hairspray was developed using this polymer, and it was compared to
conventionally used polymers for hair styling. Different instruments such as gloss
meter, SEM, Dia-stron, and DMA are used for polymer property evaluation.

Opacifiers are used in personal care products such as face cleanser, liquid
soap, body wash, and shampoo. to impart a milky white or creamy appearance
or sometimes to hide unacceptable haziness. In general, an opacifier should
have a substantially different refractive index than the formulation for it to work.
There are two classes of opacifiers used in consumer products: glycol stearates or
emulsions. Glycol stearates not only act as opacifiers but also impart a pearlizing
effect to the formulation.

Emulsions used as opacifiers are generally styrene copolymers that are anionic
in nature. They work well in systems containing anionic surfactants. To impart
conditioning benefits to hair and skin formulations cationic polymers are used.
Anionic opacifiers are not compatible with these formulations. The chapter titled
“A Novel Cationic as an Opacifier for Cleansing Formulations” describes synthesis
and evaluation of a novel opacifier. Importance of particle size for opacifiers is
depicted and a method to evaluate opacity by measuring backlight scattering is
described.

Polyurethanes are extensively used in cosmetic and personal care products.
Both, solvent based and aqueous dispersions are used.  Solvent based
polyurethanes are used in nail products as secondary film-formers while aqueous
dispersions are seen in mascara and skin care formulations (/0-/2). Film
properties of polyurethanes depend on their structure. The chapter titled “Modern
Polyurethanes: Structure-Property Relationship” explains how molecular weight,
phase separation, and crosslinking density affect polymer properties. Role of soft
and hard segments in determining modulus and strength of polymer and what
determines stability and particle size of the dispersion are explained.

Many ingredients in cosmetics and personal care products include those
obtained from polymers prepared from ethylenically unsaturated monomers
(I). In many cases, free radical polymerization methods are employed to make
these polymers. As such, there are limitations to the types of copolymers that
can be prepared, and typically they will have a high polydispersity index (>2.0)
(13). Application of RAFT (Reversible Addition Fragmentation chain Transfer)
polymerization techniques have been employed to make unique copolymers that
can be used in personal care applications. These unique materials are described
in the chapter titled: “Controlled Synthesis of Multifunctional Polymers with
“Conflicting Properties” by RAFT for Personal Care Applications”.

The RAFT process was implemented using two distinct routes. The first
consists of modifying a hydrophilic polymer to add the required functional
group, followed by the addition of a second block using the RAFT mediated
polymerization. The second method simply uses typical RAFT conditions to
make block copolymers or ABA triblock copolymer architectures. This results
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in materials that have potential applications in hair conditioners, hair styling
formulations, lipsticks and mascaras.

There are several advantages to using active delivery systems in cosmetics and
personal care compositions. One of the biggest benefits is the increased shelf life
that typically accompanies the sequestering of a bioactive component, where it is
protected from the degrading effects of other formulation components and/or the
environment (/4). Typically, the desired component has been physically entrapped
within a polymeric matrix. There are several limitations to using this type of
delivery system, such as low level of active loading and the release rate from within
the matrix can be difficult to control. The materials that make up the polymer
matrix may also have detrimental interactions with the entrapped active, thereby
decreasing its efficacy (15). In the chapter titled “Biodegradable, Bioactive-Based
Poly(anhydride-esters) for Personal Care and Cosmetic Applications”, a novel
active delivery system is described. Instead of being held within the interior of
a delivery vehicle, the active ingredient is incorporated either into the polymer
chain or as a pendant group and can be released at a desired rate by the hydrolytic
degradation of the polymer. The hydrolysis releases the active to perform its
desired action. This results in several benefits when compared to previous delivery
systems, such as very high active loading levels and increased active stability.

The incorporation of several different types of actives is described. Salicylic
acid is incorporated into the main chain of a poly(anhydride-ester) and the
complete release within a short time is demonstrated. This active is a typical
component of skin care products having anti-acne and other benefits for skin
care. Antimicrobials another class of active compounds that can be incorporated
as a pendant group to the poly(anhydride-ester). This system can be designed
such that when the polymer degrades, not only is the antimicrobial released but
the polymer backbone can be broken down to another beneficial component such
as cthlyenediaminetetraacetic acid. A final example of bioactive components
that can be delivered using this method is antioxidants, with ferulic acid being
an example. It has been difficult to include this potent compound due to its
low stability. Use of this system could lead to new personal care products that
incorporate this compound.

A variety of dental issues result when the enamel is compromised. A major
component of enamel is hydroxyapatite which contains calcium and phosphate
ions and other constituents (/6). The loss of the calcium and phosphate causes the
enamel to erode, which is a process referred to as “demineralization” (/7). This
demineralization process can be reversed with treatments that provide calcium,
phosphate and fluoride ions (/8). The chapter titled “The Effect of Counterion,
Concentration and Temperature on the Release of Bioavailable Calcium and
Phosphate Ions from Ion Permeable Microcapsules for Remineralization” studies
the release of calcium and phosphate from these microcapsules as a function
of several controllable factors. These factors include the type of polymer used
to prepare the microcapsule, the form of the phosphate ion, the associated
counterion, the initial ion concentration inside the microcapsule and temperature.
These materials could have potential application as an oral decay preventative
treatment or as a tooth whitening product.
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Anhydride functional polymers represent a class of polymers that can be
soluble in water and as such are used in many personal care formulations (/9).
For example; anhydride polymers are suited for use in toothpaste, mouthwash
and other oral care products. The anhydrides will open to generate acid groups
and these will allow association with natural surfaces, since these are typically
charged (20). To improve the use of the anhydride polymers in such applications,
an understanding of the mechanism of adsorption onto the natural surfaces is
required. Once the adsorption can be measured, the impact of various conditions
can be determined.

In the chapter titled “Adsorption/Desorption Processes of pH-Responsive
Copolymers on Dental Surfaces via QCM and AFM Analysis”, the mechanism of
the adsorption of a maleic anhydride methyl vinyl ether copolymer is studied as a
function of the conditions. The copolymer is adsorbed onto a specially prepared
substrate coated with hydroxyapatite (the main component of dental surfaces) to
provide an ultra smooth model of a dental surface. Both pH and concentration
were varied and the mechanism and the form of the adsorbed copolymer varied
with these conditions. At low pH, the ionic copolymer strongly interacts with the
charged surface and results in the polymer being in a rigid conformation. The
information obtained could lead to new applications in oral care formulations.

The name “silicone” refers to the class of inorganic polymers based on a
silicon oxygen backbone. There is a variety of structural variants and many
different organic functional groups that are included with these materials. Also,
silicones have used extensively in cosmetics and personal care products. One of
the reason silicones are used is because of the unique attributes these materials
can impart to the formulations. For example, silicone surfactants can be found
that stabilize both oil-in-water and water-in-oil emulsions (27, 22). Silicone
resins add mechanical strength and long-lasting characteristics to lipsticks and
foundations (23). Low molecular weight linear silicone fluids and cyclosiloxanes
are volatile but also impart a unique feel once they have evaporated (24). The
linear silicones that have two methyl groups attached to each chain silicon atom
are commonly referred to as “polydimethylsiloxanes” or “PDMSs”. The unique
properties associated with siloxanes have been described in terms of the molecular
attributes of these materials that are very different from organic polymers.

In the chapter titled “Silicone Wettability and Its Significance in Beauty
Products”, some of the unique molecular properties are investigated using contact
angle measurements. The surface energy of different silicones are measured and
compared to organic oils and polymers. The different silicones include structural
variants of PDMS materials, such as linear PDMS, cyclic PDMS compounds and
networked structures, including gels and resins. Additionally, silicones that also
have been modified with various organic groups are included in the discussion.
Several personal care uses of silicones are described throughout the chapter.

A variety of synthetic and natural polymers have been used as additives in
personal care applications to act as rheology modifiers, stabilizers, emulsifiers or
as film formers. A method to screen the performance of the polymer additive
could be valuable in quickly identifying the appropriate material of choice for
the desired benefit. An important function of a polymer is as a film former for
a skin application and the viscoelastic properties of the polymer will determine
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how the polymer performs (25). In “Mechanical Characterization of Cosmetic
and Viscoelastic Effects of Firming Polymers”, a method is described to screen a
variety of synthetic and natural polymers for the firming effect on skin.

The screening of the mechanical performance of the polymers on a given
substrate and modeling indicated a correlation in firmness and elasticity. When
the applied polymer increased the firmness of the substrate, there was also an
increase in the elasticity. When the polymers that displayed this increase in
firmness and elasticity were then applied to skin, the same increase in these
mechanical properties was demonstrated. Although the range of polymers tested
was limited, this method shows the ability to quickly measure the performance of
a polymer for a given mechanical property.

One of the components commonly added to cosmetic and personal care
formulations is surfactants. These materials provide stability to these formulations
since they also typically include water. When small molecule surfactants are used,
they also have the ability to cause irritation if they penetrate into the skin (26,
27). 1t would be desirable to have a compound that would provide the benefits of
small molecule surfactants without this detrimental side effect.

In “Next Generation Mildness for Personal Care: Nonpenetrating
Polymerized Surfactants for Cleansing Applications”, a class of materials
described as polymerized surfactants was discussed and tested. These materials
can have a variety of chemical structures and they maintain the surface activity
required to stabilize aqueous formulations. In addition, since they are much larger
than their small molecule counterparts, it was demonstrated that they possess a
dramatically lower tendency to penetrate tissue. In addition to this mildness, the
materials were also able to maintain cleansing and foaming, which are critical
to performance and consumer perception. These polymerized surfactants could
also be used with the small molecule surfactants, and this combination resulted in
milder compositions compared to small molecule surfactants when used alone.
These materials represent a new class of surfactants that provide very mild
cleansers.

References

1. Gruber, J. V. Principles of Polymer Science and Technology in Cosmetics and
Personal Care. Cosmetic Science and Technology; Goddard, E. D., Gruber,
J. V., Eds.; Marcel Dekker Inc.: New York, 1999; Vol. 22; Chapter 6.

2. Lochhead, R. Y. ACS Symp. Ser. 2007, 961, 3-56.

3. Clarke, T. M. Rheological Properties of Cosmetics and Toiletries. Cosmetic
Science and Technology Series; Laba, D., Ed.; Marcel Dekker, Inc.: New
York, 1993; Vol. 13, pp 55—-152.

4. Jones, C. E 2002, /17, 49-60.
5. Winnik, M. A.; Yekta, A. . 1997, 2,

424-436.

6. Halliwell, B.; Gutteridge, M. C.; Cross, C. E. |l I NN 1992, /!9,
598-620.

7. Halliwell, B. Mol 1994, 52, 253-265.

10
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.


http://dx.doi.org/10.1021/bk-2013-1148.ch011
http://dx.doi.org/10.1021/bk-2013-1148.ch011
http://dx.doi.org/10.1021/bk-2013-1148.ch007
http://dx.doi.org/10.1021/bk-2013-1148.ch007

Publication Date (Web): December 12, 2013 | doi: 10.1021/bk-2013-1148.ch001

10.
11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

Butuc, G.; Morrison, D. S. Surfactants in Personal Care Products and
Decorative Cosmetics, 3rd ed.; Rhein, L. D, Olenick, A., Schlossman, M.,
Somasundaran, P., Eds.; Surfactant Science Series; CRC Press: Boca Raton,
FL, 2007; Vol. 135, pp 341-355.

Krummel, K.; Chiron, S.; Jachowicz, J. The Chemistry and Manufacture of
Cosmetics, 4th ed.; Schlossman, M. L., Ed.; Allured books: Carol Stream,
IL, 2009; Vol. 2, pp 123—163.

Nail Lacquer Technology; Patil, A. A., Sandewicz, R. W., Eds.; Monograph
No. 6; Society of Cosmetic Chemists: New York, 1997.

de la Poterie, V. U.S. Patent 6,238,679, 2001.

Collin, N. U.S. Patent 6,482,400, 2002.

Cowie, J. M. G.; Arrighi, V. Polymers: Chemistry and Physics of Modern
Materials, 3rd ed.; CRC Press: Scotland, 2008.

Gebelein, C. G.; Cheng, T. C.; Yang, V. C. In

I Picnum Press: New York, 1991.

Gupta, S HAPPI 2003January, 49-59.

Mathew, M.; Takagi, S. Structures of biological minerals in dental research.
I 2001, /05, 10351044

Dawes, C. What is the critical pH and why does a tooth dissolve in acid? J.
. 2003, 69 (11), 722-724.

Garcia-Godoy, F.; Hicks, J. M. Maintaining the integrity of the enamel
surface: the role of dental biofilm, saliva, and preventive agents in enamel
demineralization and remineralization. J. Am. Dent. Assoc., JADA 2008,
139, 25S5-348.

Singhal, R.; Mishra, A.; Nagpal, A. K.; Mathur, G. N. sy 2009,
26, 239.

Ellis, J.; Jackson, A. M.; Scott, B. P.; Wilson, A. D. itisisissds 1990, //,
379.

Hill, R. M. Silicone Surfactants; Surfactant Science Series; Marcel Dekker:
New York, 1999; Vol. 86.

Petroff, L. J.; Snow, S. A. In Silicone Surface Science; Owen, M. J., Dvornic,
P. R., Eds.; Springer: New York, 2012; Chapter 9.

Garaud, J. L. In Inorganic Polymers; De Jaeger, R., Gleria, M., Eds.; Nova
Sciences Publisher: New York, 2007; Chapter 16.

Brand, H. M.; Brand-Garnys, E. E. Cosmet. Toiletries 1992, 107, 93.
Jachowicz, J.; McMullen, R.; Prettypaul, D. Alteration of skin mechanics by
thin polymer films. IS 2008, /4, 312-319.

Jongh, C. M. d.; Jakasa, I.; Verberk, M. M.; Kezic, S. Binimidsi 2005, /54
(4), 651-657.

Jongh, C. M. d.; Verberk, M. M.; Spiekstra, S. W.; Gibbs, S.; Kezic, S. Skin
Eeesiesieeal 2007, /3 (4), 390-398.

11
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.



Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch002

Chapter 2

Cosmetic Science and Polymer Chemistry:
Perfect Together

Anjali Patil* and Robert W. Sandewicz

Revlon Research Center, 2121 Rote 27, Edison, New Jersey 08818
“E-mail: Anjali.patil@revlon.com.

Cosmetic science has evolved significantly during the past
thirty years. One of the principal drivers of such advancement
has been the development of new color cosmetic formulations
that deliver a combination of drastically improved functional
performance and outstanding aesthetic properties. The key
element enabling the creation of such high performance
products is the increasingly widespread use of a broad spectrum
of polymers in a wide range of color cosmetic formulations.
The primary reasons for this trend are rooted in intrinsic
attributes of polymers. Polymers typically are more substantive
to biological substrates than are many of the fatty-based
raw ingredients historically used in cosmetic formulations.
Polymers also can be customized readily to meet very specific
performance requirements. In some formulations, polymers
have supplemented fatty-based raw ingredients as a means
of improving product performance. In other formulations,
advanced technology polymers have completely replaced
traditional cosmetic chemicals in order to create products having
superior skin adhesion and wear attributes. Polymer scientists
should be aware of the safety and regulatory requirements
peculiar to the cosmetic industry so as to engage cosmetic
chemists in a productive way.
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Introduction

American industrialist Henry Kaiser is credited with having coined the
adage, “Find a need and fill it.” This advice typically is cited within a marketing
context, yet it appropriately describes the ongoing relationship between cosmetic
science and polymer chemistry. Classical polymer chemistry understandably
might be viewed as part of a larger “smokestack industry”, conversely, the
term cosmetic science at first glance might seem to be an oxymoron. How can
aesthetics be reconciled with organic chemistry? What common ground could
possibly exist between lipsticks and elastomers? Are the names Ziegler and
Natta as synonymous with beauty as the names Revson and Lauder? Despite
what might appear to be a glaring lack of similarity, both areas truly are more
alike than might be imagined. Both fields are highly scientific in nature, are
quite adept at harnessing new technologies to reconcile some challenging
puzzles, and financially are very profitable. In short, both cosmetic scientists and
polymer chemists make high performance, high value products through skillful
implementation of advanced technologies or, as Mr. Kaiser would have said, by
finding needs and filling them.

The common ground shared by cosmetic scientists and polymer chemists
can be summarized by one word: performance. During the first three decades of
the 20th Century, cosmetic manufacturers sought to transform their businesses
from small, artisanal “cottage industries” into modern enterprises. They did so
not only by use of clever and aggressive marketing strategies, but also by use
of increasingly sophisticated chemical technologies. The net result: products
characterized by outstanding aesthetics and performance-driven benefits. During
that era, cosmetic chemists had the unenviable task of attempting to create such
products using the relatively unsophisticated raw ingredients available to them.
Chemists relied almost exclusively on time-honored, naturally derived raw
materials such as fats, oils and waxes. Given the inherent variability of biological
systems, the chemical and physical properties of natural ingredients sometimes
varied considerably from lot to lot. Not surprisingly products intended to be both
aesthetically pleasing and functional did not always perform consistently. The
fact that early cosmetic products enjoyed any commercial success pays tribute
to skillful formulators who were able to comprehend and manage the variability
of a relatively small “chemistry set” comprised mainly of naturally derived raw
ingredients.

During the years leading up to World War II, consumers demanded
increasingly more sophisticated cosmetic products. Synthetic pigments became
available on a regular basis, enabling formulators of staple cosmetic products
such as nail lacquers and lipsticks to broaden their shade palettes significantly.
Performance attributes such as ease of application, high gloss and improved
adhesion to human skin and nails became more important. Fortunately, during
this same timeframe, polymer chemists were busy creating synthetic organic
polymers such as polyacrylates, nylon, polyethylene and polyesters. Considered
rudimentary materials today, these revolutionary new polymers represented
breakthrough technologies at the time. As with cosmetic chemists, dye and
textile chemists had long grappled with the inherent performance shortcomings of
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“biopolymers” such as cotton and wool prior to the advent of synthetic polymers
capable of producing “engineered fibers” having more uniform and predictable
chemical and mechanical properties.

The fruits of technical labor did not go unnoticed by the cosmetic industry.
Founded at New York City in 1945, the Society of Cosmetic Chemists (SCC)
became the cornerstone professional organization on which the discipline of
“cosmetic science” was firmly established (/). Then as now, the scholarly
journal of SCC served as the primary tool to communicate new raw ingredient
technologies, formulation techniques, manufacturing advice, and product testing
methodologies. Not surprisingly, new polymeric ingredients potentially useful
to cosmetic formulators began appearing in SCC literature with increasing
frequency.

Creators of advanced new beauty care products took note of such
technical advances and began experimenting with new polymeric ingredients in
formulations previously dominated by animal- and plant-derived raw materials
(2). Due to aggressive competition, new formulations were required to attract
increasingly savvy consumers who demanded constant innovation and ever
more added value. New polymeric materials clearly would benefit formulators
of such complex new cosmetic products. As with their counterparts in many
other industries, cosmetic chemists realized that high performance products
could be achieved only by selecting raw ingredients truly capable of sustaining
such performance characteristics on a predictable basis. Leading edge products
required far better chemical and physical properties than could be provided by
most naturally-derived raw ingredients.

Many valuable new cosmetic ingredients came from such broad polymer
classes as cellulosics, polyacrylates, polyamides and hydrocarbons (3—6). Why
this hunger for polymers in cosmetics? Once again, the word performance
enters the equation. Clearly, very many non-polymeric synthetic raw ingredients
are readily available to cosmetic chemists today. There are many formulations
having performance requirements that are met adequately without the use
of polymeric materials. Nevertheless, polymeric cosmetic ingredients help
make higher performance attributes possible in ways that their “monomeric”
counterparts cannot achieve. Polymers have structure/activity relationships
that can be custom engineered to produce desired end objectives, and can be
manufactured economically on a commercial scale to deliver such performance
on a consistent, predictable and reproducible basis. Molecular weights can be
tailored to formulation requirements. Thermal and mechanical properties can
be “tuned in” as needed. Classical chemical properties such as surface activity,
solubility, hydrolytic stability, oxidation resistance and other characteristics also
can be designed in a precise and controlled manner. Clearly, cosmetic chemists
have come to recognize and appreciate what polymer chemists have known for
many years: the potential benefits of polymers in beauty care products are limited
mainly by the imaginations of those who synthesize polymers and those who
determine how best to use these materials in end products.

One of the many technological step-changes that have occurred in cosmetic
science during the past 50 years involves the large class of polymers collectively
known as silicones. Very many unique and important performance benefits highly
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relevant to the cosmetic industry have been made possible through the use of
these materials. As cosmetic chemists became familiar with the solubility and
compatibility profiles of various silicones used in combination with traditional
organic raw ingredients, the very real benefits of silicones became apparent.

Early silicones frequently used in cosmetic applications were homopolymers
of dimethyl siloxane. Known as dimethicones, these liquid polymers were
employed in many of the same applications as organic oils, to impart
hydrophobicity and lubricity on the skin (7). Manufacturers also began offering
various organically-modified silicones that were more readily compatible with
traditional cosmetic raw ingredients, and that offered a broader range of visual
and tactile properties. Silicone emulsifiers were developed to enable formulation
of stable creams and lotions. Perhaps the most revolutionary silicone polymers
used in cosmetic applications are silicone resins. Produced in various forms,
materials such as trimethylsiloxysilicate (called MQ resins in silicone chemistry
parlance) help produce cosmetic formulations having very tenacious adhesion to
skin, thus enabling creation of entirely new classes of “transfer-resistant” lip and
face makeup products (5§—10).

Up to this point, polymers have been discussed solely within the context
of cosmetic formulation technology. A meaningful analysis of the engineering
applications of polymers used in modern cosmetic packaging applications
warrants more than a cursory discussion, and is far beyond the scope of this
document. Manufacturers of sustainable cosmetic packaging materials have
struggled to achieve all the protective and aesthetic properties of conventional
polymeric materials, but significant advances undoubtedly will be made in the
development of bio-degradable, sustainable packages exhibiting chemical and
mechanical robustness equal to that of conventional packages.

Another important but less obvious application of polymeric materials in
cosmetic science is process engineering. Materials storage and shipping vessels
used in the cosmetic industry historically were constructed of metal. In response
to a wide variety of contemporary factors (i.e. enhanced corrosion protection,
energy conservation, sustainability initiatives, ease of recycling, cost control
programs, reduction of tare weight to mitigate shipping costs etc.) storage and
transportation equipment built with polymeric materials have become more
common in the industrial environment. Intermediate bulk containers (sometimes
called IBC's or totes) can be constructed of polypropylene instead of stainless
steel. As with an analysis of polymeric packaging materials, a discussion of the
use of engineering polymers in chemical processing industries is a subject worthy
of a separate discussion and is beyond the scope of this chapter.

Table 1 lists the functional properties of cosmetic ingredients alongside
their expected consumer benefits, then to provide examples of polymers that
have been utilized commercially to meet these requirements. Examination of
this table reveals that appropriately selected polymers can provide nearly every
functional property needed to achieve meaningful consumer benefits in all types
of cosmetic formulations. Whether the final product form is solid (e.g. lipstick,
deodorant), liquid (e.g. nail lacquer, foundation makeup, shampoo) or gaseous
(e.g. perfume, aerosol hair spray) one or more polymeric raw ingredients may be

16
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.



Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch002

used in combination with multiple other cosmetic chemicals to deliver the level
of performance required to meet consumer needs.

Table 1. Cosmetic Ingredient Functional Properties and Consumer Benefits

Functional Property

Consumer Benefits

Polymeric Examples

Film formation

Extended product wear;
enhanced skin protection;
improved product aesthetics

Nitrocellulose, polybutene,
polyester resins, acrylates
copolymers, silicone acrylate
copolymers, polyurethanes

Transfer resistance

Tenacious product adhesion;
enhanced skin protection;

Trimethylsiloxysilicate
(MQ resins), silicone

improved product aesthetics; | elastomers
reduction in number of
product application cycles
Tack Enhanced product adhesion Polycyclopentadiene,
polybutene
Emolliency Enhanced comfort & Dimethicone
protection
Moisturization, Improved skin condition; Hydrogenated polydecene,

chapping prevention

more youthful skin
appearance

polybutene

Surface activity

Ease of application; enhanced
product shelf life

PEG/PPG block copolymers

Structure
development

Ease of application in stick
products

Polyethylene, EVOAc

Rheological control

Ease of application; enhanced
product shelf life

Hydroxypropylmethylcellu-
lose, hydroxyethyl cellulose,
polyacrylic acid, polyamides

Wrinkle effacement

Mitigation of appearance
of undesirable skin surface
defects; more youthful skin
appearance

Nylon, PMMA, polyurethane
crosspolymers

Gloss reduction

Mitigation of appearance
of undesirable skin surface
defects; more youthful skin
appearance

Polyurethane crosspolymers

Pigment surface
treatment

Ease of application; novel
visual aesthetics

Reactive silanes

Continued on next page.
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Table 1. (Continued). Cosmetic Ingredient Functional Properties and

Consumer Benefits

Functional Property

Consumer Benefits

Polymeric Examples

Ingredient
encapsulation

Reduction in number of
product application cycles,

Acrylates copolymers,
cyclodextrins

prevention of ingredient
degradation, prolonged
release of fragrance oils and
active ingredients;

Color development Products having novel visual | Metal oxides and mica

aesthetics

Gloss enhancement High shine appearance on lips | Hydrogenated polyisobutene,
or nails Hydrogenated polydecene,

phenyl silicones

Odor/flavor control Fragrance/flavor longevity,

elimination of malodors

Cyclodextrins

Technologies such as dendritic polymers might offer tremendous benefits in
beauty care products once cosmetic chemists begin to understand how to best
use these materials. The concept of “smart polymers” is equally intriguing, as
is the field of composite polymers. In recent years, numerous smaller cosmetics
brands have decided to market products identified as natural, organic, mineral-
based and/or bio-botanical, largely in the hope of increasing market share among
groups of consumers with whom such terms resonate positively. Conversely, larger
cosmetic brands have chosen to market products based primarily on consumer-
perceived performance benefits. It is interesting to observe that polymers either
of natural or synthetic origin can provide important benefits regardless of specific
market positioning. Driven by overarching “mega-trends” such as sustainability,
environmental sensitivity, conservation of energy and natural resources, makers
and users of polymers across all industries will discover creative new ways to
exploit the great utility of these “compounds with many parts.” Cosmetic chemists
have come to recognize and appreciate that potential benefits of polymers in beauty
care products are limited mainly by the imaginations of those who synthesize
polymers and those who determine how best to use these materials in end products.
Equipped with high-tech polymers “in the toolbox”, successive generations of
cosmetic chemists and polymer scientists undoubtedly will be more than able to
support continuous efforts to “find a need and fill it.”

Film Formation

In the cosmetic industry, a “film-forming polymer” does not necessarily
form a self-standing film. It can be a fluid film that enhances the wear of the
product, extends sunscreen protection, imparts water or oil resistance, or improves
product aesthetics. A large variety of polymers are used as film formers, such as
hydrocarbons, cellulosics, polyesters, polyurethanes, and acrylics.
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Hydrocarbons: Commonly used hydrocarbon polymers are polybutene,
polyisobutene, polycyclopentadiene, and poly(alpha olefins), frequently
abbreviated as PAO (6). They are made by polymerizing o-olefins
(a-olefin is an alkene with terminal double bond, e.g. 1-decene).
An example of a PAO commonly used in cosmetic formulations is
hydrogenated polydecene. Polydecenes are available in a wide viscosity
range, and due to their non-greasy skin feel they are used in skin care,
eye shadow, makeup, and lip products (/7). The most commonly used
polybutenes are lower molecular weight polymers (400-1000 daltons)
and primarily are used in lip gloss formulations as they are very shiny
and have good adhesion to lip surfaces. They are also used in eye
makeup, eyeliner, blushes, foundation, mascara and makeup products.
Hydrogenated polyisobutenes are mainly used in lip products along with
eye shadow, eyeliner, and mascara (/2).

Acrylates  copolymers:  Acrylates are formed by free radical
polymerization of different acrylic monomers, either via solution or
emulsion polymerization. They are available in 100% solids form as
well as in dispersions and emulsions. They are used either alone or
as secondary film-formers along with nitrocellulose in nail enamel
formulations (4, /3). They also are used in skin care products to extend
sunscreen protection or wear. Mascara formulations often use acrylate
copolymers with acid functionalities, neutralized with an alkali (/4). As
the emulsion coalesces during the drying period, a relatively durable
film is formed on eye lashes.

Silicone acrylate copolymers:  These copolymers are prepared
either by free radical polymerization of a silicone acrylic monomer
with other acrylic monomers or by grafting (15, 16). Some
copolymers have siloxane backbones with pendant acrylic groups e.g.
poly(dimethylsiloxane)-g-poly(isobutyl methacrylate) as shown in
Figure 1.

This copolymer dissolves in cosmetic solvents such as isododecane
and forms shiny adhesive films.  These materials are used in
high-performance pigmented cosmetic products, such as lip products
and mascaras (/7). Some copolymers have acrylic backbone
with pendant silicone e.g.  poly(isobutyl methacrylate)-co-methyl
FOSEA)-g-poly(dimethylsiloxane) is used in lip products (/8).
Acrylic silicone graft polymers also can be prepared by free
radical polymerization of dimethylpolysiloxane with polymerizable
acrylic/methacrylic group on end with acrylic/methacrylic monomers as
shown in Figure 2 (19).

These acrylates/dimethicone copolymers form adhesive films that have
good water and oil resistance. They are used in various pigmented
cosmetic products as well as in skin care products for enhanced sunscreen
protection.

Polyester resins: Polyesters are formed by the reaction between a
polyol and acids or acid chlorides. Polyesters used in lip products are
generally synthesized using aliphatic fatty acids and fatty alcohols.
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These polymers confer gloss, adhesion and water resistance. Polyesters
used for nail enamel applications typically are produced by the reaction
of dicarboxylic acids (e.g. adipic acid), polyols (e.g. glycerin, neopentyl
glycol or trimethylolpropane) and acid anhydrides (e.g.  maleic
anhydride, phthalic anhydride or trimellitic anhydride). Such polyester
resins produce soft films and often are blended with nitrocellulose to
improve gloss, toughness and flexibility of nail lacquer films (4).
Nitrocellulose: The first polymer used in cosmetic formulations was
nitrocellulose (cellulose nitrate). It is produced by the esterification of
cellulose (obtained from cotton fibers or wood pulp) with nitric acid and
its structure is shown in Figure 3. Nitrocellulose lacquers first came into
widespread use in the 1920’s, mainly for automobile finishes and other
industrial coatings applications (3).

Nitrocellulose is a dangerous explosion and fire hazard. Nitrocellulose
is particularly explosive when dry, thus it must be wetted with ethanol
or isopropanol to prevent detonation in transit. It readily degrades
upon exposure to many common environmental factors, such as heat,
sunlight, elemental iron and alkaline compounds. Classic evidence of
the degradation of nitrocellulose solutions in organic solvent mixtures
is a yellowing or browning of the bulk solution. In spite of these
formidable shortcomings, it still is the main film-former used in nail
lacquer formulations today (20, 2I). Nitrocellulose is manufactured
in various grades based on different solvent solubility profiles and
molecular weights. Nitrocellulose used in nail products has a high degree
of nitration for maximum durability and water resistance. Although it’s
neat films are inherently brittle, nitrocellulose forms durable, shiny films
when adequately plasticized.

Cellulose Esters/Mixed Esters: In order to avoid the hazards of
nitrocellulose in a variety of industrial applications (including the
manufacture of early motion picture film) polymer chemists undertook
development of cellulose esters in the 1920°s and 1930°s. By esterifying
the available hydroxyl groups of cellulose with acetic acid alone or with
a mixture of acetic acid and either propionic or butyric acids, several
useful polymers were created: cellulose acetate (“CA”), cellulose acetate
propionate (“CAP”) and cellulose acetate butyrate (“CAB”). These
polymers do not present the explosion hazards of nitrocellulose, and they
also are far more tolerant of a variety of environmental factors. They
are soluble in a wide range of commonly available organic solvents, and
are compatible with a broad range of plasticizers and other polymers.
Cellulose esters/mixed esters exhibit very good clarity and color stability
even with prolonged exposure to UV light, heat and other insults, making
them particularly valuable for use in “non-yellowing” nail topcoat
formulations (3).

Polyurethanes: The first polymers containing the urethane linkage
(-NCOOR-) were developed and prepared by Otto Bayer in Germany.
Urethanes are esters of carbamic acid, having the structure RHNCOOR,
where R is an organic radical. This basic reaction still is used in the
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production of urethane today (22). Solvent based polyurethanes are
used in nail products as secondary film formers and also in eye shadow,
mascara, foundation and lipstick (23). Aqueous polyurethane dispersions
are used extensively in mascaras, skin care as they form flexible films

(24, 25).
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Figure 1. Poly(dimethylsiloxane)-g-poly(isobutyl methacrylate).

Figure 2. Acrylates/dimethicone copolymer (R; is H or alkyl group, R; is alky!
group).
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Figure 3. Structure of nitrocellulose.

Transfer Resistance

When a cosmetic product does not “kiss-oft”, deposit on clothing or glasses,
or when it resists removal by food (“food-proof™), it is called “transfer-resistant™.
Transfer-resistant cosmetic products are less affected by water and oil as
compared to conventional cosmetic products and are not easily affected by
sebum or perspiration. Early transfer-resistant lip products were prepared by
partially replacing the non-volatile oils with volatile solvents (26). These products
were “kiss-proof” but they were not sufficiently durable to be described as
“food-proof”. Robust food-proof products almost all have one thing in common:
“MQ polymers”. In the “silicone alphabet”, an “MQ polymer” is more accurately
described as trimethylsiloxysilicate.or trimethylated silica. MQ polymers are
highly cross-linked structures consisting of SiOs/ units. Trimethylsiloxysilicate
is dissolved/dispersed in volatile solvents e.g. isododecane, volatile cyclic or
linear silicones e.g. cyclopentadiene, hexamethyldisiloxane, etc. It also can
be dissolved in non-volatile silicones (e.g. different viscosity dimethicones
or substituted dimethicones e.g. alkyl or phenyl substituted dimethicones).
There are large number of lip, eye, and face products sold today containing
trimethylsiloxysilicate (8—10).

Tack

Although tack usually is not a pleasant feeling on the skin or lips, it is
necessary to promote adhesion of cosmetic products to various biological
substrates. Molecular weight and glass transition temperature play a role in
determining tack of the polymer. Polyisobutylene with lower molecular weight
has tack and an ability to flow and wet the substrate, and also imparts shine (27).
Polyisobutylene forms an occlusive barrier and locks the moisture in, therefore,
it is used in lip gloss. Hydrogenated polycyclopentadiene is used to enhance
adhesion and shine. Hydrogenated polycyclopentadiene is synthesized by ring
opening metathesis polymerization of dicyclopentadiene, then the double bond
is hydrogenated. This is a low molecular weight (~500 dalton) polymer that is
soluble in volatile and non-volatile hydrocarbons and imparts water-resistance to
the formulations along with adhesion. Hydrogenated polycyclopentadiene is used
lipstick, eye liner, eye shadow, makeup, foundation, and mascara (28).
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Emolliency

An “emollient” is defined as an ingredient intended to soothe and protect
skin,.thus “emolliency” means the degree of skin soothing and protection
conferred by a particular cosmetic raw ingredient (29). Historically, cosmetic
emollients were liquid and solid fatty materials derived from plant and animal
sources (e.g. castor oil and lanolin, respectively). Not surprisingly, emollients
also can be derived from completely synthetic feedstock (e.g. octyl dodecanol).

Polydimethyl siloxane is called the dimethicone in cosmetic industry, this
name conforms to INCI (the International Nomenclature Cosmetic Ingredient)
nomenclature. Dimethicone is described as a MDM polymer in the silicone
alphabet. Dimethicone has flexible silicone and oxygen (siloxane) to which
methyl groups are attached. Dimethicones are hydrophobic and still have
high permeability to water vapor. Although dimethicones have very low glass
transition temperature, they are not tacky or sticky. Due to their low surface
tension (24 mN/m), dimethicones can spread easily and wet substrates (e.g. skin
or lips) easily.

Dimethicones come in a broad viscosity range from 0.65 cSt to thousands
of centistokes. 0,65 ¢St dimethicone is volatile and is used as a solvent or a
diluent, while higher viscosity dimethicones are used as protective agents. Due to
its hydrophobicity, low surface tension and ability to spread easily, dimethicone
is recognized by the U. S. Food and Drug Administration as a protecting agent
in topical skin care products (30). The skin protectant monograph allows
dimethicone to be claimed as an active ingredient when incorporated into OTC
(over the counter) products in concentrations of 1 to 30%. An anti-chapping
claim can be made for a lip product if it contains at least 1.5% dimethcone.

Moisturization

The term “moisturization” is defined as a process by which skin is made
smooth and supple by keeping it relatively moist. For most biological substrates,
moisture is provided mainly by water. Maintenance of the proper amount of water
on the skin can be accomplished by depositing a protective, hydrophobic barrier
layer over skin surfaces to prevent or retard trans-epidermal water loss (known as
“TEWL”) (31). This tactic sometimes is called “occlusion”. It has direct parallels
in the plant world: cacti and other plants living in arid regions have waxy surface
layers (“cuticles”) that effectively prevent loss of precious water. Following this
approach, hydrophobic liquid polymers such as hydrogenated polydecene are
used to “seal in” natural moisture, thus making the skin feel and look more moist
and youthful. These polymers are more substantive than their mono-molecular
counterparts, and in recent years have replaced older moisturizers such as mineral
oil or petrolatum. A second method of moisturization involves attracting water
to skin surfaces. This type of activity is called “humectancy”. Most humectants
contain one or more functionalities capable of forming hydrogen bonds with
water. While the archetypal mono-molecular humectant is glycerol (a 3-carbon
tri-hydroxy alcohol) polymers having similar architecture also can provide
humectant benefits.
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Surface Activity

Some examples of surface active polymers are poly(ethylene oxide),
poly(propylene oxide), and poly(ethylene oxide-propylene oxide) copolymers.
They are prepared by homo- or co-polymerization of the corresponding
ether. INCI nomenclature classifies homopolymers of ethylene oxide into two
categories. Ethylene oxide polymers with molecular weights below 20,000
are designated as PEG-N, where N represents the number of ethylene oxide
monomer units in the polymer (32). When an alcohol (e.g. methanol) is used
to initiate the polymerization of a lower molecular weight methyl-terminated
polyether, the INCI designation is PEG-N methyl ether. Polymers with molecular
weights greater than 20,000 are referred to as poly(ethylene oxides) and the INCI
designation is PEG-#M, where # is a whole number and the M indicates 1000,
and together they represent the approximate number of moles of ethylene oxide
in the polymer.For example, PEG-3M is comprised of 3000 moles of ethylene
oxide. These high molecular weight poly(ethylene oxide)s are solid materials.

The difference between poly(ethylene oxide) and poly(propylene oxide) is a
single methyl group, but that difference has significant implications. Poly(ethylene
oxide) homopolymers are water soluble at all molecular weights and in all
proportions. In contrast, presence of the additional methyl group in propylene
oxide imparts hydrophobicity to poly(propylene oxide) homopolymers, making
them water-insoluble. Random EO/PO copolymers are water soluble when they
contain at least 50% ethylene oxide. Not surprisingly, block co-polymerization
of EO and PO produces amphiphilic polymers that legitimately can be described
as “non-ionic surfactants”. An entire class of surfactants is created by adjusting
the EO-to-PO ratio in various block co-polymers across the full spectrum of HLB
(“hydrophilic/lipophilic balance”) values. Hydrogen bonding is responsible for
the affinity between water and the EO moiety of EO/PO copolymers. Because
of this situation, random EO/PO copolymers exhibit a phenomenon known as “
inverse cloud point”, defined as the temperature at which such polymers collapse
upon themselves and precipitate from aqueous solution. As the solution cools,
hydrogen bonds re-form, the polymer re-disperses and then re-dissolves. These
polymers have a slippery feel. Due to their surface activity, they are very good
for dispersing pigments or sparingly water-soluble raw ingredients into water.

Structure Development

Cosmetic products are marketed in a variety of convenient forms. “Hot-pours”
(e.g. lipsticks and anhydrous blush formulations) are very popular products
(33). They are manufactured by melting and mixing solid, semi-solid and liquid
fatty raw ingredients then casting the hot molten liquid either into molds or
directly into final containers. This procedure has parallels to other industrial
processes, such as steel casting in a foundry or injection molding in a plastics
factory. Traditionally, hot pour formulations must incorporate one or more fatty
“structuring agents” (e.g. waxes, lanolin, long-chain fatty alcohols, triglycerides
etc.) to impart structural rigidity and to facilitate mold release by contracting
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slightly upon cooling. Logically, various thermoplastic polymers can be used to
supplement or completely replace waxes in hot pour products.

Synthetic waxes are either mixtures of long chain hydrocarbons primarily
derived from petroleum or synthesized from monomers such as ethylene, vinyl
acetate, vinyl pyrrolidone or organically modified dimethicones. Polyethylene
used in the cosmetic industry is a linear low molecular weight homopolymer of
ethylene. Polyethylene grades used in cosmetics have a melting point below 100
°C. Polyethylene imparts structure, increases overall hardness and crystallinity
of the product and therefore, is used in a large variety of cosmetic products
(e.g. lipstick, eye shadow, blush, eye liner, mascara, makeup, foundation etc.).
It improves stability to cosmetic stick formulations due to its compatibility
with commonly used cosmetic oils. It also is a good film former which aids
in the delivery of actives. Low molecular weight ethylene and vinyl acetate
copolymers (EVA) are used in eye shadow, eyeliner, eyebrow pencil, lipstick,
and makeup products (34). Presence of vinyl acetate introduces slight polarity to
the polymer and makes the copolymer compatible with triglycerides commonly
used in cosmetics. EVA is used to modify the rheological properties of products.
Crystallinity of polyethylene is interrupted by vinyl acetate and that helps in
imparting gloss to the product. Copolymers of vinyl pyrrolidone with alkenes
(e.g. cicosene, hexadecane, triacontene) are used for structure building. Silicone
waxes and alkyl modified silicones are used to give structure as well as different
textures to stick products.

Polyethylene and ethylene/vinyl acetate copolymer frequently are used to
impart structure in lipstick and lip gloss formulations. Polymeric structuring
agents have some important advantages as compared to their traditional
counterparts. Waxes typically are extracted from inherently variable origins such
as petroleum (e.g. paraffin), animal secretions (e.g. beeswax and lanolin) and
plants (e.g. carnauba and candelilla waxes). In contrast, polymeric structuring
agents generally offer improved batch-to-batch reproducibility, and their chemical,
mechanical and thermal properties can be tailored to meet specific performance
requirements.

Rheological Control

Color cosmetic products not only must be visually appealing, but they also
must be aesthetically pleasing in several other important ways. Products applied
to the surfaces of the human body must exhibit acceptable tactile properties during
application and throughout the wear period. Control of product rheology is an
extremely important topic in cosmetic science. Solid and semi-solid products
must have structural integrity across a variety of storage and use conditions, yet
they also must afford smooth, even film deposition during application. Liquid
formulations must possess robust structure in order to suspend various pigments,
yet they also must exhibit appropriate flow and viscosity properties with each
use. Because color cosmetic products frequently have shelf lives of 36 months or
longer, successful maintenance of long-term product stability is dependent upon
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the correct selection of theology modifiers. Rheological control is a critical factor
in the new product development process, thus many different types of inorganic
and organic rheological control agents are marketed to address various formulation
requirements.

As might be anticipated, natural and synthetic polymers enjoy widespread
use as rheological control agents in a variety of color cosmetic formulations (35).
All raw ingredients in a formulation exert varying degree of influence on the
rheological profile of the product, even those ingredients whose primary intended
function is not rheological control. Polymeric materials are no exception to
this rule. For example, nitrocellulose is used as a primary film former in nail
lacquer formulations, yet small amounts of high molecular weight nitrocellulose
sometimes are added to increase lacquer viscosity. Similarly, polyurethanes or
acrylics may be used to form films in mascara formulations, yet they also can be
used to increase product viscosity. Because polymers can perform a multiplicity
of functions in a color cosmetic formulation, when discussing polymeric rheology
modifiers it is convenient to focus on those polymers whose primary function is
rheology control (i.e. viscosity modification).

Both naturally-derived and synthetic polymers are used as cosmetic
thickeners. For anhydrous products and some emulsions polyethylene
and EVA are used. High molecular weight grades of polybutene or
ethylene/propylene/styrene terpolymers are used to thicken oil-based products
(e.g. lip glosses). For water-based products (e.g. eye and face products) generally
cellulose ethers and polyacrylic acid and its derivatives are used. Cellulose
ethers are water-soluble polymers derived from cellulose, the most abundant
polymer in nature. They are used as thickeners, binders, film formers, and
water-retention agents. They also function as suspension aids, surfactants,
lubricants, protective colloids and emulsifiers. Water-dispersible vegetable gums
(e.g. acacia, carageenan, guar and xanthan gums) often are added to emulsified
formulations (e.g. liquid makeup) to increase viscosity (36).

Poly(acrylic acid) is a workhorse polymer for water-based systems. In
cosmetic applications this polymer is lightly cross-linked or hydrophobically
modified. Alkali soluble emulsions (ASE) (35). are synthesized from acid and
acrylate co-monomers. These polymers exist as collapsed random coils at low
pH when the acid groups are fully protonated. The viscosity is low at an acidic
pH and when acid groups are neutralized with alkali or organic amine, viscosity
increases. Polymers like acrylates copolymer thicken by charge induced chain
extension, chain entanglement and hydration.

Hydrophobically modified alkali soluble emulsions (HASE) are acid/acrylate
copolymers with ethoxylated hydrophobes (37). When the acid groups present in
HASE polymers are neutralized with alkali, they become anionically charged and
thicken by the effect of charge induced chain extension and through association
of the hydrophobic groups. Polymers like acrylates/steareth-20 methacrylate
copolymer build viscosity quickly and can suspend pigments or particulates.
They are used in creams and gels.

Another type of rheology modifiers are hydrophobically modified
ethoxylated urethanes (HEUR). .Since these urethanes are nonionic polymers, no
neutralization is required. Polymers are stable in anionic, cationic and non-ionic
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systems as well as from pH 2-12. They impart a creamy feel and therefore, are
used in creams, lotions, makeup, and hair care and hair color.

Polyamide resins sometimes are used to increase product viscosity in
formulations where bulk clarity is desired. Ether and ester modified polyamides
are used in colored cosmetic products to enhance shine and for better compatibility
with cosmetic ingredients. Polyamide-8, bis-stearyl ethylenediamine/neopentyl
glycol/stearyl hydrogenated dimer dilinoleate copolymer (Fig 4) is used in lipstick
to improve gloss (5).
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Figure 4. Bis-stearyl ethylenediamine/neopentyl glycol/stearyl hydrogenated
dimer dilinoleate copolymer (where R is hydrogenated dimer dilinoleic acid).

It is not unreasonable to state that viscosity building properties vary directly
with formula concentration. At low levels, a polymer may function primarily
as a film former, but as polymer concentration increases, increased rheological
structure is produced. When rheological control agents are added at very high
levels, a liquid product gradually may become a semi-solid gel and then eventually
become a solid product. Care must be exercised to ensure that end objectives are
achieved.

Wrinkle Effacement

Wrinkles are commonplace skin defects, but many people regard their
arrival as an ominous sign of advancing age. In their never ending quest to
develop products that help create a youthful appearance, cosmetic chemists
regard wrinkles as mortal enemies. Wrinkle formation is part of the skin aging
process. Formulators of skin care products seek to prevent formation of wrinkles
by influencing natural biological processes (e.g. skin hydration and collagen
synthesis). In contrast, developers of color cosmetics primarily focus on covering
and/or filling in wrinkles. A well formulated makeup product uses 3 different
types of polymers to create a flawless finish: 1. film formers to fill in wrinkles;
2. polymeric powders to obscure the appearance of wrinkles; 3. polymeric
humectants to attract and hold moisture to the skin. The subject of polymeric
powders is intriguing.

The use of inorganic particulate materials (e.g. mica, sericite, silica
or talc) to exert an “optical blurring” effect on skin is well known. More
recently, synthetic polymeric “spherical powders” (e.g. nylon, polyurethanes,
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polymethylmethacrylate) and naturally-derived polymeric powders (e.g.
microcrystalline cellulose) have been used to supplement or supplant inorganic
materials in makeup formulations to fill in and minimize the appearance of skin
wrinkles. Occasionally, some polymeric powders also carry various surface
treatments to enhance tactile properties and to increase resistance to water and
sebum. Similar raw ingredients can be added to lip products (to reduce the
appearance of lines and wrinkles on the lips) and nail care formulations such
as “ridge filling basecoats”. While use of such materials provide significant
“instant gratification” by changing surface appearances, longer-term benefits may
be produced by incorporating hydrogen-bonding polymers to attract and bind
moisture to the stratum corneum.

Gloss Reduction

Color cosmetics products are designed to deposit pigmented films onto
various substrates on the human body (i.e. eyelids, eyelashes, face, lips and
nails). Such films have finishes that are glossy, matte or somewhere in between.
For certain types of products (e.g. lip glosses and nail lacquers) a high gloss film
usually is preferred. Glossy lips appear moist and fuller in size, while lustrous
nails appear to be very highly refined. Dark-colored products such as eye liners
and mascaras sometimes use glossy films to create a deeper, richer appearance.
Some color cosmetic products have low gloss finishes due to very high pigment
concentrations (e.g. eye shadows and lip liners).

Liquid foundation makeup formulations frequently are developed so that
their films exhibit little to no luster when applied to facial skin. There are several
reasons for this. Liquid foundation products originally were developed as more
convenient and less messy alternatives to traditional powdered facial makeup
products (i.e. loose and pressed powders). Because the appearance of facial
gloss often is associated either with perspiration or an oily complexion, a primary
objective of foundation makeup is shine control. A secondary benefit of a matte
finish makeup product is minimization of superficial skin imperfections such
as fine lines and wrinkles (36). This phenomenon sometimes is referred to as
“optical blurring”. Traditionally, inorganic materials such as clays and other
silicates were used as “mattifying agents”. They diminish the appearance of film
gloss by scattering incident light in multiple directions. In recent years, polymeric
materials such as polyurethane, polyester powders also have been used to control
gloss (38). Although polymeric materials tend to be more costly than inorganic
powders, polymeric powders offer some important advantages. Because these
polymers are manufactured by “additive” rather than “extractive” processes,
desired performance properties can be “dialed in” with greater specificity. Perhaps
more importantly, while inorganic powders are derived from mineral sources that
may contain traces of objectionable heavy metals, polymers can be manufactured
to high degrees of purity, an important consideration for cosmetic products.
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Pigment Surface Treatment

Colorants can be used with impunity by most industries, but color additives
intended for use in food, drug and cosmetic products are regulated closely in the
United States by the Food and Drug Administration (“FDA”), and by similar
regulatory agencies in other global jurisdictions (39). Such colorants (both
inorganic and organic) are approved for cosmetic use primarily on the basis of
their toxicological safety as opposed to other functional properties. Dyes are
organic colorants that can be dissolved in certain solvents, while pigments (both
inorganic and organic) are insoluble in their vehicles and must be dispersed in
order to make them useful in color cosmetics. Because a limited number of
approved pigments must be dispersed into a chemically-diverse group of cosmetic
formulations, pigment dispersion is critically important to cosmetic chemists.
Both chemistry and chemical engineering are needed for successful preparation
of acceptable pigment dispersions.

While pigments may be dispersed mainly by application of intense mechanical
energy, it is more preferable to augment “brute force” with some “chemical
finesse”. This is accomplished by careful selection of the pigment dispersion
vehicle, typically a liquid medium with which dry pigments are blended prior to
mechanical energy. Polymers can provide some important benefits for pigment
dispersions. Appropriate film former(s) and/or polymeric plasticizer(s) can be
combined and dissolved in appropriate solvent(s) to form chemically-favorable
dispersion vehicles. For example, nitrocellulose and toluene sulfonamide/epoxy
resin can be dissolved into n-butyl acetate to form a suitable pigment dispersion
vehicle for nail lacquer formulations. Individual pigment particles also can be
surface treated with appropriate polymers to render them more readily dispersible
in specific dispersion vehicles. For example, particles of titanium dioxide and
iron oxides frequently are treated with very thin layers of dimethicone or other
silicones to make their surfaces hydrophobic (40). Such treated pigments are more
readily dispersible in various organic dispersion vehicles than their untreated
counterparts. Surface treatment of pigments also can confer improved pigment
suspension properties, an important consideration when formulating heavily
pigmented products such as liquid foundation makeup. Hydrophobically modified
pigments can enhance product application, spreading and wear properties, as they
improve water-resistance of the products into which they are dispersed.

Ingredient Encapsulation

Modern color cosmetic formulations are a sophisticated combination of art
and science. With thousands of raw ingredients from which to choose and infinitely
many ways in which to combine them, contemporary products can be daunting
to create and manufacture. Although cosmetic product chemistry might seem
categorically mild, formulators are required to blend chemically-diverse materials
while ensuring a high degree of safety, aesthetics and consumer value. Fortunately,
advanced technologies are available to help the chemist achieve his or her desired
objectives.
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It is possible to protect sensitive raw ingredients from hostile chemical
environments by encapsulating them inside polymeric capsules. There are some
parallels to this tactic in other consumer product industries. A popular brand of
candy uses a hard confectionary shell to protect heat-labile milk chocolate from
melting (thus the tag line, “Melts in your mouth, not in your hand”). “Carbonless”
business forms are coated with inks encapsulated in polymeric capsules prepared
from urea-formaldehyde resins; these capsules release ink upon application of
mechanical pressure from a ballpoint pen.

The phrase “timed release of active ingredients” may seem to have been
borrowed from the pharmaceutical industry, but it also is relevant to the cosmetics
industry. While the term “active ingredient” has very specific implications in
pharmacy, one or more “active ingredients” may be added to certain cosmetic
formulations to produce specific performance benefits. Entrapment can be used
to provide substantiation for certain marketing-driven raw ingredient claims.
In this scenario, vitamins or botanical extracts known to be beneficial to the
skin can be entrapped into a polymeric matrix, then released slowly over time
(41). It is important to emphasize that it is not appropriate to use entrapment
for all cosmetic active ingredients. Over-the-counter (“OTC”) drug products are
regulated very closely by FDA in the U.S. and by similar regulatory agencies in
other countries. OTC products contain active ingredients specified in detailed
formal “monographs” issued by regulatory agencies.

Such active ingredients must be handled carefully in order to guarantee
their required biological activity. Certain biopolymers can be used to promote
timed release of active ingredients. Cyclodextrins are cyclic pentapolymers of
glucose. They form hollow “open cup” structures that can be “filled” with a
payload ingredient (e.g. flavor, fragrance, fatty esters, etc.). Manufacture of
encapsulated raw ingredients generally is performed by third-party specialty
suppliers having the necessary expertise and process equipment to produce
acceptable end products. Generally, “payload” ingredients must not act as
solvents for the capsules in which they will be packaged, thus cross-linked
polymers are valuable for such applications. Chemical and physical properties
of encapsulated ingredients must be tailored to the characteristic of their final
products: encapsulates should have proper hardness, particle size and shape,
solubility and surface chemistry.

Color Development

As mentioned previously, color additives intended for use in food, drug and
cosmetic products are regulated closely in the United States by the Food and
Drug Administration (“FDA”), and by similar regulatory agencies in other global
jurisdictions. Traditional organic pigments are complex aromatic compounds;
while so-called “effect pigments” are based on the chemistry of various metal
oxides and mica.

Dry pigments intended for use in nail lacquer formulations must be dispersed
into nitrocellulose/plasticizer mixtures under high shear using specialized
equipment. This process is termed “chipping”, and is performed by special
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manufacturers trained to deal with the dangerous explosion and fire hazards
presented by nitrocellulose (3). Mixed cellulose esters can be used instead of
nitrocellulose to produce safer dispersions.

Gloss Enhancement

The term “gloss” refers to the ability of a surface to produce specular
reflection. This property is highly prized in the color cosmetics industry because
it connotes moisture, refinement and luxury. Moist lips also tend to appear
larger and plumper than dry lips. Wet eyelashes appear fuller and darker, thus
“wet-look” mascaras are valuable products. Matte finish nail lacquers are not
mainstream products because to many users they appear dull and worn. Classic
gloss promoting cosmetic ingredients are lipophilic compounds such as oils of
animal, vegetable, mineral and synthetic origin (e.g. lanolin, castor oil, mineral oil
and isopropyl myristate, respectively) (42). These materials are used extensively
in lip products, an application where high gloss is important. Not surprisingly,
gloss also is promoted by a wide range of cosmetically acceptable polymers.

Hydrocarbon polymers such as hydrogenated polycyclopentadiene and
polydecene exhibit outstanding luster. Nitrocelllulose, styrene/acrylates
copolymers, and phenyl silicones all confer significant gloss to a variety of
products (43). Thermoplastic polyester resins (e.g. adipic acid/neopentyl
glycol/trimellitic anhydride copolymer) are glossy secondary film formers
in nail lacquers (/3). Specialized proprietary “bio-polyesters” (e.g. sucrose
polycottonseedate, the product of exhaustive esterification of sucrose by
cottonseed oil fatty acid) are used in lip products (44). Aromatic groups (e.g.
phenyl, benzyl) have inherently high indices of refraction, thus polymers rich
in styrene monomer content (e.g. styrene/acrylates copolymers) are glossy film
formers.

Odor/Flavor Control

Color cosmetics have very attractive visual impact, but they also must satisfy
tactile, olfactive and sometimes gustatory aesthetic requirements. For example,
fragrances are important for providing aesthetic enhancement as well as malodor
control (45). Flavoring agents and artificial sweeteners often are added to lip
product formulations to enhance taste. Unfortunately, fragrances and flavors are
complex mixtures of volatile compounds that evaporate readily, making them
challenging to use during manufacturing and storage. Many cosmetic products
encounter significant amounts of heat during manufacturing and filling, thus
preventing fragrance loss is an important consideration. Entrapment of fragrance
can be a desirable tactic in such situations. Fragrance oils can be mixed with
reactive monomers (e.g. acrylate monomers) then become “entrapped” upon
formation of the polymer. In this situation, the polymer serves as a “fixative”
by delaying release of entrapped fragrance oils. Cyclodextrins perform similar
functions. “Loaded” cyclodextrins can deliver fragrance oils over time, while
“empty” cyclodextrins can be added to products to scavenge malodors (46).
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Polymers and Color Cosmetics: Formulation Guidelines

As with all chemicals, polymers must be selected thoughtfully and handled
with care throughout the new product development process. Many thousands
of cosmetic chemicals are available to formulators of color cosmetic products,
thus raw ingredient selection is not a trivial matter. The logical first step is to
identify the intended biological substrate(s) to which the product will be applied:
eye, face, lip and/or nail. The next task is to determine the physical form of the
product (i.e. liquid or solid) and its desired performance attributes (e.g. easy
application, long wear, one-coat color deposition, water resistance etc.). Finally,
the proposed package must be considered: stick, tube, bottle, jar, pump, etc.).
Implicit in these considerations is whether one or more polymers are required
to help achieve formulation objectives. In some instances, use of time-honored
non-polymeric raw ingredients may be adequate; this is particularly true for many
“natural” cosmetic products. On the other hand, as demonstrated previously in
this chapter, development of modern, high-performance color cosmetic products
typically requires use of polymers to accomplish demanding tasks. When the use
of polymers is contemplated, it is necessary to consider the following general
factors:

Formulation Type and Characteristics

At the outset, it must be determined what specific physical form the new
product must have in order to meet overall performance objectives. Color
cosmetic products can be solids (e.g. lipsticks), semi-solids (e.g. lip gloss gels),
liquids (e.g. nail lacquers) or aerosols (e.g. aerosol mousse foundation makeup).
Once the basic product form has been determined, it is necessary to evaluate the
various types of chemical formulations that might be used to create the desired
end product. In many instances, the type of chemistry that ultimately will be
used will be dictated by product history, corporate preferences or a formulator’s
technical acumen. Generally, it must be determined whether the base formula will
be hydrophilic or hydrophobic, and if the desired performance of the final product
requires formation of relatively durable films on the skin, hair or nails. This
decision helps determine which types of polymers might be added to influence
product aesthetics and performance, especially the type and degree of required
structure modification and/or film formation. For example, in hydrophobic
formulations such as a lip gloss, incorporation of a hydrocarbon polymer (e.g.
hydrogenated polydecene) would be appropriate for enhancement of adhesion,
gloss and water-resistance (/7). Similarly, the structural integrity of a lipstick can
be improved by addition of polyethylene or eicosene/vinyl pyrrolidone copolymer
to augment structure-building waxes such as carnauba. For high performance
lip formulations, silicone resins (e.g. trimethysiloxysilicate) dissolved in a
cosmetically-acceptable volatile hydrocarbon solvent (e.g. isododecane) help
promote strong skin adhesion and transfer-resistance (8—10).

If a water-based formulation is desired, it must be determined if the product
warrants use of a more complex type of formulation (e.g. an emulsion, a solution
or a suspension). An aqueous suspension product such as a tinted cheek gel

32
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.



Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch002

contains large amounts of water, thus it can be thickened with a hydrophilic
polymer such as polyacrylic acid or PEG-3M. If a product must be an emulsion,
the type of emulsion system must be determined: oil-in-water (O/W), water-in-oil
(W/O) or mixed. For example, liquid foundation makeup products requiring a
light skin feel might use an O/W emulsion base, and a hydrophilic polymer such as
vinyl pyrrolidone homopolymer can be added to build viscosity and form a water
soluble film. Conversely, a waterproof mascara product requires hydrophobic
films produced by W/O emulsions. In this application, certain hydrocarbon resins
(dissolved in cosmetically-approved light petroleum distillate solvents) could
prove useful for their adhesion and durable film formation attributes.

Solvent Selection

When preliminary formulation type and characteristics have been determined,
the next major consideration is selection of an appropriate solvent system. In
aqueous systems, water is the primary solvent, but addition of surfactants or
coupling agents may be useful if one or more hydrophobic raw ingredients need
to be incorporated. In some instances, small amounts of ethanol or isopropanol
may be added to enhance the solvent power of water. In anhydrous systems, it is
necessary to determine which polymers must be dissolved. Modern anhydrous
color cosmetic formulations can use inorganic and/or organic solvent systems.
Inorganic solvents are “volatile silicones” (e.g. trisiloxane, cyclopentasiloxane
and low molecular weight dimethicone) commonly used to dissolve various
silicone polymers (e.g. high molecular weight dimethicone etc.). These solvents
are virtually odor-free and have a dry feeling when applied to skin surfaces.
Evaporation rates can be adjusted by blending silicones of different boiling points.

Organic solvents vary considerably according to specific formulation
requirements. Volatile hydrocarbon solvents (e.g. C7-C15 isoparaffins, petroleum
distillates, isododecane, isohexadecane) can dissolve a variety of polymers
(e.g. silicone resins, rosin esters, styrene/acrylate copolymers) that are useful
for enhancing adhesion, hydrophobicity and transfer-resistance. Such volatile
hydrocarbons frequently are used in high performance lipstick, mascara and
foundation makeup formulations and therefore must be free of residual aromatic
solvents. The broad category termed “oxygenated solvents” includes a variety
of compounds having one or more oxygen-containing functional groups (e.g.
carbonyl, ester, ether and hydroxyl). Examples of oxygenated solvents include
alcohols (e.g. ethanol, isopropanol), ethers (e.g. PEG), esters (e.g. n-butyl
acetate), glycols (e.g. butylene glycol), glycol ethers (e.g. dipropylene glycol
mono-methyl ether), ketones (e.g. acetone) and organic carbonates (e.g. propylene
carbonate). Many solvents have harsh odors and may present significant fire
hazards, thus they must be handled with care. Silicone solvents generally are
not irritating, but some hydrocarbons and oxygenated solvents can be harsh on
the skin, therefore care must be exercised when contemplating their use in color
cosmetic formulations. Nail lacquer formulations are not applied directly on
skin, and can use most oxygenated solvents with impunity. With the exception
of ethanol and some glycols, most oxygenated solvents see limited use in color
cosmetics.
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Packaging Design

A favorite slogan of industrial designers is, “Form follows function”, which
also is very applicable to design of packages for color cosmetic formulations.
Perhaps an even more relevant expression would be, “Begin with the end in mind.”
Many conventional cosmetic containers are incapable of preventing evaporation
of volatile solvents. More importantly, some cosmetic applicators and packages
are constructed from polymers that can be attacked by certain solvents, causing
package damage and eventual loss of product integrity. When the use of any
volatile solvent (including water) is contemplated, it is absolutely imperative that
package design engineers be informed immediately. Modern cosmetic packages
frequently incorporate various “hermetic sealing” devices to prevent undesired
solvent evaporation.

Manufacturing Considerations

Many color cosmetic formulations involve manufacturing and filling
processes requiring application of heat. When considering the use of polymers
in color cosmetic formulations, it is important to determine if process heating
equipment capable of achieving required melting temperatures is available
for use. More importantly, if use of volatile solvents is contemplated, it is
very important to ascertain that process equipment can be sealed to prevent
evaporative losses during processing at elevated temperatures. If flammable
solvents must be used, electrically-powered process equipment and surrounding
devices (e.g. lights, telephones, laboratory testing equipment, forklifts, fans,
etc.) must be specially designed to prevent ignition of hazardous atmospheres:
such installations are termed “explosion proof” (“XP”’). Additionally, appropriate
fire suppression equipment must be installed and maintained at locations where
flammable solvents are stored and handled.

Economic Constraints

While use of polymers and solvents can facilitate the creation of numerous
high value color cosmetic products, such raw ingredients sometimes may
contribute to elevated costs of goods. This is not unexpected, given that synthetic
polymers are “value added” raw ingredients and volatile solvents mandate the use
of sophisticated packaging and processing techniques. As with all other business
decisions, it is necessary to perform risk versus benefit analyses to determine if
the potential benefits of polymer use outweigh their perceived disadvantages.

INCI Nomenclature

From a regulatory standpoint, it is a global requirement that all raw ingredients
used in cosmetic formulations be given an “INCI name” (INCI = International
Nomenclature of Cosmetic Ingredients). The conferral of an approved INCI name
on a raw ingredient does not indicate the raw ingredient is approved for use in
cosmetic products. Rather, an INCI name is a formal descriptor that must be used
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for mandatory ingredient labeling purposes should that raw ingredient ultimately
be used in a final cosmetic product. Obtaining an INCI name for a raw ingredient
is a process that is neither complex nor costly. Any manufacturer planning to
market a polymer or other raw ingredient to the cosmetic industry should contact
the Personal Care Product Council to obtain detailed information regarding the
INCI registration process (47).

Summary

Color cosmetic formulations have evolved considerably during the
last 30 years. Time honored product formulations focused primarily on
attractive appearance and pleasing textures. In today’s highly competitive
global marketplace, color cosmetic formulators simply cannot depend on
advanced pigment technologies to achieve significant commercial success.
Cosmetic consumers have become increasingly more sophisticated, and they
demand multi-benefit formulations in every product category. In response to
such market-driven challenges, the performance attributes of color cosmetic
formulations have improved steadily and impressively. Products have become
easier, safer, more convenient to use than ever. They also offer the modern
consumer a greater degree of choice and a higher level of value for the money.

The products of today arguably are the very best products the cosmetic
pigment industry has created, yet in today’s marketplace novel aesthetics cannot
“carry the day” alone. Formulation technologies must keep pace with demand
for constant innovation. In light of the information presented in this chapter,
it is not unreasonable to assert that modern, high performance color cosmetics
simply would not exist without the judicious use of polymers. Ironically,
some contemporary cosmetic products are marketed under an “all natural”
banner. Many such products exploit the unfounded fear of chemicals held by
some consumers, and therefore they revert back to unsophisticated formulation
technologies. These are best described as “niche” products. They generally are
shunned by mainstream consumers, who prefer the level of performance that
simply cannot be achieved by products relying mostly on natural raw ingredients.
Clearly, the futures of polymer science and cosmetic science will remained
closely intertwined, as chemists from both disciplines continue to heed Henry
Kaiser’s old adage: “Find a need and fill it.”
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Abstract

Silicone compounds have been known since the 1860s;
they have been commercialized since the 1940s with the
pioneering work of Rochow; and now are present in almost
every category of personal care formulation. The continued
development of silicone compounds and efficiently applying
them to the personal care market requires the use of amphiphilic
silicones, that is silicones with two or more groups that have
different solubilites (i.e. hydrophobic and hydrophilic). The
amphiphilc nature of these silicone polymers makes them
surface active or surfactant silicones. Silicone compounds
that have been organo-functionalized can be made to offer the
formulator both water-soluble and oil soluble materials.

Silicone Compounds

Silicone first entered the cosmetic market in the 1950s as a skin protectant (/).
Silicone polymers have enjoyed a tremendous growth in popularity in personal
care products. Simple silicone fluids are used in a wide variety of products. Low
molecular weight cyclic compounds, most commonly cyclomethicone (D5), have
been used in shampoos to reduce drying time (2), anti-perspirants as carriers for
aluminum salts and actives, and in sun care products to improve spread (3-3).
High molecular weight silicones or gums have been used in coaservate shampoos.
Over the last decade silicone compounds have been employed in more and more
product classes and are too numerous to mention here. Garaud published a figure
that best shows the evolution of silicone products in the cosmetic field (6). The
development has gone from very general non-sophisticated applications like de-
foaming in the 1950s, to more specific structure specific properties, provided by
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organo-functional products like conditioning (1970s), aesthetic modifiers (1980s),
and finally SPF enhancement and transfer resistance. Along with this shifting of
product function, there have been a dramatic shifting in the type of silicone used.
The products used in personal care applications in the early days of the market
were primarily if not exclusively fluids and cyclics. As the formulator became
more sophisticated, driven by increased consumer expectations, a shift to lower
concentrations of very specialized high value organo-functional silicone polymers
occurred. This has offered expanded usage.

The reason for this expanded usage is two-fold, first new advancements in
silicone chemistry has provided an ever-increasing number of new compounds,
which allows for their incorporation into different formulation types. Secondly,
the formulator has learned how to incorporate these materials efficiently into
formulation.

One of the most important things to understand when studying silicones
is their unique solubility. Anyone who has taken a chemistry class knows the
two major solubilities: hydrophilic or water loving and hydrophobic or water
hating. While breaking solubilites down into two categories makes teaching
chemistry easier, the real world isn’t so simple. Silicones are not hydrophilic or
hydrophobic in their simplest form. This introduces a new solubility, siliphilic
or silicone loving and siliphobic or silicone hating. Dimethicones are known to
possess exceptional hydrophobicity (7). When a drop of silicone fluid is added
into water, the drop will migrate to the interface, to minimize contact with the
water. If the concentration of silicone is increased, the two materials will form
two distinct phases. Chemical modification can be made to the silicone to make
the silicone water-soluble. Similar chemical modifications can be made to make
the silicone soluble in non-polar solvents. The inclusions of oil soluble groups
(alkyl silicones), or water soluble groups (dimethicone copolyols) allow the raw
material manufacturer to overcome the solubility problem.

Why Silicone?

Silicones can be employed for several different reasons, the most important
being their surface activity and tension. Silicones have a very flexible Si-O
bond (ca. 145°) and low bending force constant for this linkage (8) that leads
to their surface activity. The flexibility of the silicone polymer chain permits
the rearrangement of the polymer backbone such that the methyl groups may
orient themselves at an interface, thus allowing them to wet out (spread over)
surfaces (9). This flexibility and branching allow for the silicone to take up a
lot of free volume at the interface, hence a low surface tension and make them
among the lowest-surface-energy compounds on earth (7). Silicone compounds
typically have a surface tension of around 20 dynes/cm. Furthermore, silicones
has an unique ability to lower the surface tension of water and oil at relatively
low concentrations. When silicone is added into water (~ 72 dynes/cm), the
surface tension drops drastically to under 30 dynes/cm where their fatty based
surfactant counterpart will reduce the surface tension from in the 72 dynes/cm
to 32 dynes/cm. Silicone surfactants can also be employed to lower the surface
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tension of oils. Oils have a surface tension in the 30 dynes/cm range. This
reducing of surface tension applies to finished formulations as well. This provides
a “light” or “dry” feel when compared to the same formulation without silicone.

Silicone compounds that have both silicone soluble groups and another group
that in insoluble in silicone result in surface-active agents that provide unique
functionality. Lower surface tension results in surface activity and makes the
functionality of the silicone more effective at lower concentrations. It was noted in
a concise perspective on silicones, 1993, the future of silicones is associated with
more interesting, frequently functional, side chains (/0). The rest of this chapter
is dedicated to the “more interesting” silicones with functional side chains. The
authors firmly believe that the use of high concentrations of silicone fluids and
cyclics will be replaced in the formulation by greener, more sustainable organic
materials augmented with very carefully chosen silicone polymers that modify
the sensory attributes of the organics. Put another way, in comparing cosmetic
formulations to gourmet meals, silicone polymers should be the spice, not the meat
or potatoes.

Basic Types of Functional Silicones

Silicone fluids or “dimethicones” (MDxM) in the absence of acid or base
catalyst, are thermally and chemically stable. However, the incorporation of
a reactive group (e.g. Si-H, Si-CH=CH;) can provide an avenue to a wide
variety of functional silicones. Until recently, there have been two categories of
functionalized silicones: Terminal and Pendant or Comb. Recently O’Lenick Jr,
introduced the world of silicones to a fourth category called Star Silicones (8).
These star silicones have both terminal and pendant functional groups.

While the structure of the functional silicone is important, there are several
other factors that must be considered when looking that the structure of a silicone
polymer. The most common way to create silicones is by cationic or anionic
ring opening reaction of a cyclic compound (most commonly D3, D4, DS or D6).
Below Scheme 1 (9) showing the anionic ring-opening polymerization.
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Scheme 1. (9) Shows the Cationic Ring-Opening Polymerization
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To achieve a silicone that can be functionalized, the ring opening reaction
should be conducted with a reactive starting material either M*M* or DsD*.
Below is the Scheme 2 for functionalized silicones.

CHy.  CH,, CHy. CH;. CH,.
H— SIi"—O—SIi“—H,. +D, — Hﬂ—sli"—(-ww's'l'u)gow—sw——H”
CHae CHj. CHy. CHj. CHj»
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Scheme 2. Synthetic route to (A) terminal, (B) Comb and (C) Star

It is important to note that the production of silicones is an equilibrium
reaction with linear silicone and cyclics. It is also possible to react two finish
silicones, in the presence of catalyst, to rearrange into a silicone polymer with
both un-reactive D units and reactive D* units. The ratio of D* to D units will
have a drastic effect on the properties of the polymer. Some of the differences are
discussed later on in the chapter.

QOil Soluble Silicones

As discussed in the section above, silicones contain hydrophobic methyl
groups but aren’t soluble in all non-polar solvents. To improve the solubility in
non-polar silicones are functionalized with alkyl groups. Alkyl silicones can be
terminal, comb or star. The structure of the polymer determines the function of
the polymer. Silicone surfactants can be employed to lower the surface tension
of oils. Oils have a surface tension in the 30 dynes/cm range. This reducing of
surface tension applies to finished formulations as well. This provides a “light”
or “dry” feel when compared to the same formulation without silicone.

The number of “a” and “b” units in the formula above and the length of
the alkyl group (the “R” structure) all are important in the ultimate properties of
the silicone polymer produced. Unfortunately, the International Nomenclature
of Cosmetic Ingredients (INCI) name is determined solely by the “R” group.
Consequently, it does not help in the selection of a proper alkyl silicone polymer
since the ratio of silicon molecules that contain only methyl groups to those that
contain higher alkyl groups ( i.e. organofunctional) materials is not specified.
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The length of the alkyl chain is the salient factor in determination of the melt
point of the wax. Waxes based upon alkyl groups having 16 or less carbon atoms
present are liquids at room temperature. At carbon lengths of 18 carbon atoms or
above, the products become solid and the melt point increases as the carbon length
goes up. Table 1 shows this.

Table 1. Melt point of alkyl silicones

Melt Point of Alkyl Silicones
Product State RT % Silicone % Alkyl Melt Point
(%)
Cetyl dimethicone Liquid 50.2 49.8 -
Behenyl dimethicone Solid 68.0 32.0 46
Behenyl dimethicone Soft solid 45.0 55.0 37
C26 dimethicone Solid 41.0 59.0 47
C26 dimethicone Solid 69.0 31.0 43
C26 dimethicone Solid 81.0 19.0 37
C32 dimethicone Hard Solid 64.0 36.0 60

Table 2. Solublity of alkyl silicones in a variety of solvents

Solubility of Alkyl Silicones
Product Water | Mine- | Mineral | Prop- D5 350 visc | IPA
ral oil | Spirits | ylene Dimet-
Glycol hicone
Stearyl 1 S S 1 D I I
Dimethicone
Behenyl I S D I D D 1
dimethicone
C26 dimethicone 1 S S 1 D D 1
Legend
I = Insoluble D = Dispersible S = Soluble

The ratio of silicon atoms bearing only methyl groups to those that bear higher
alkyl organofunctionality (a measure of the percent alkyl to silicone) is a critical
factor to functionality. It is the salient factor in determination of the hardness of
the wax, and the degree of occlusivity of the wax. As the ratio of silicone to alkyl
increases the wax becomes softer and less occlusive. A highly alkyl functionalized
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polymer will be occlusive, while a highly silicone functionalized material will
be non-occlusive. The formulation implications to this finding is that polymers
with the same INCI name will function differently in formulation, one giving a
hydrophobic feeling serum and the other a much more hydrophilic feeling. A
formulation with exactly the same label can feel very differently.

The solubility of alkyl silicones in a variety of solvents is shown in Table 2.

Liquid alkyl dimethicone are used in as additives for polar oils because of
their improved solubility. Viscosity and skin feel can be varied easily by chemical
modification of the silicone. Another very important observation made when
studying alkyl silicone polymers in oils is that despite their being soluble (that
is clear when added), the molecules function as surfactants. That is they first
lower surface tension by increasing their concentration at the interface, then form
micelles. Figure 1 shows what happens when behenyl dimethicone of added to
soybean oil.
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Figure 1. Critical micelle curve of behenyl dimethicone in soybean oil.

The reduction of surface tension makes the oil feel like silicone, in fact
because of the low surface tension the oil mimics the feel of D5. If an alkyl
silicone with a melting point above ambient is chosen, a physical gel will form
upon cooling. The gel is reversible, liquefying upon heating and re-solidifying
upon cooling. The gel is thixotrophic that is it liquefies under pressure.

The synthetic alteration of the ratio of silicon atoms bearing only methyl
groups to those that bear higher alkyl organofunctionality in the molecule results
in a change is clarity of the gel and also the occlusivity of the blend. Figure 2
shows this effect. The behenyl dimethicone added to the oil has differing amounts
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of silicone group present. There are some very significant trends that occur when
one adds behenyl dimethicone to olive oil at 5 % wt / wt. When the percentage of
alkyl in the alkyl dimethicone is high, the resulting gel is translucent, almost clear.
As the amount of alkyl is reduced, the resulting 5% alkyl dimethicone / olive oil
mixture will become more opaque.

Least Si in molecule

~X_ X
Olive Oil (g O

Maost Si in molecule

Sample Silicone Alkyl
(% wiw) (% wiw)
A 20 80
B 40 60
C 60 40
D 80 20

Figure 2. Behenyl alcohol in olive oil at 5.0 %.

Multi Domain Silicones

The alkyl silicone surfactants that have been discussed until now have had a
single alkyl group on the silicone backbone. A series of alkyl dimethicones have
been developed which contain two different alkyl groups, one liquid at ambient
temperatures and another that is solid at ambient temperatures. These polymers
provide unique aesthetics to cosmetic formulations. One such polymer is shown
in Figure 3.

The specific structures of the “R” groups of the solid and liquid domain have
a profound effect upon the rehology and aesthetics of the product, Products of this
family are thixotrophic solids that liquefy under pressure. The ability to define the
polymers results in the ability to vary cushion and play time in formulations that
contain this class of polymers.
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CH3 CH3 CH3 CH3 CH3
| I | I |
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CH; CH; (CH)is (CH)s CH;

| |
CH; CH;

Figure 3. Structure of a common multi-domain silicone.

The differences between Multi Domain silicones and a “single domain
silicone” are easy to ascertain by looking at the two products. The two polymers
shown in the figure have exactly the same composition of C22 and C16, The first
is a blend of two “single domain alkyl silicone polymers”, that is a blend of two
silicone polymers, one containing all C22 pendant groups and the other polymer
all C16 alkyl pendant groups. The blend of two polymers are then compared to
a multi-domain alkyl silicone polymer having the two types of alkyl groups as
pendant groups on the same polymer backbone.

Multi-domain silicone polymers behave in a similar manner as block
co-polymers in that they can self-assemble (/7). While these polymers aren’t
block copolymers, they can self assemble into highly organized structures. When
the multi-domain polymer is heated above its melt temperature (Tr), then allowed
to cool to room temperature, the solid pendant groups start to “stick together”
forming a domain. The solid domain forces the liquid pendant group out of
its domain, since it is covalently bonded to the same polymer backbone; the
liquid domain surrounds the solid domain. This leads to unique rehology. These
domains produces a soft, thixotrophic wax. The thixotropic wax liquefies under
pressure has a cushion effect, but has a short playtime. This means the material
rubs out rapidly. If one compares a multi domain alkyl silicone polymer to a
blend of alkyl silicone polymers having the two different alkyl groups on different
molecules, it will become clear the two are very different. The multi-domain
product will be clear to translucent and flow-able, while the blend will be a hard
waxy solid. The blend will have a bimodal distribution having two different
rather sharp melt points, while the multi-domain product will have a wide melting
range and a wide distribution. Most importantly, the multi-domain will offer
major differences in the rheology properties and the aesthetics in formulation.
The multi-domain product has been referred to as vanishing petrolateum, having
a significant cusion but a short play time.

To further study the difference in the two, photo microscopy was employed.
As seen in Figure 4, the multi-domain silicone polymer is highly structured, while
the blend of the two single domain silicone polymers is quite random and lack
structure. It is this structure that accounts for the different functionality seen in
the polymers. The INCI names also recognize the difference. The blend of the
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two single domain silicone molecules has the INCI name behenyl dimethicone
and acetyl dimethicone, whilst the multi domain silicones have the INCI name
benehyl / cetyl dimethicone.

Figure 4. Photo microgram images of (A) multi-domain polymer and (B)
polymer blend.

The Photo micrograms were prepared by Microtrace LLC, for Siltech
LLC. Their results state: “[The polymer blend] is an opaque, waxy, white,
crystalline solid at room temperature. Its color and solid phase structure are a
direct result of the fact that it is composed entirely of colorless, interlocking
crystals. These crystals melt at 56°C (132.8°F) when the solid becomes liquid.
This transformation is entirely reversible. The multi-domain polymer, at room
temperature, is a translucent, gel that flows under pressure. It is composed of
two phases. The liquid phase is liquid at room temperature. The solid phase is
crystalline and the relatively large, elongated crystals scatter light just enough to
make the product translucent instead of white and opaque like the multi-domain or
entirely transparent and colorless as would be the case if the crystals were absent.
The crystalline phase melts entirely at 38°C (100.4°F) but recrystallizes when the
temperature drops below this.” It continues on to read “...the disappearance of
most of the birefringent crystals in a thin film of the multi-domain when pressure
is applied to the coverslip and their immediate reappearance once the pressure is
released.”

Multi Domain Properties

The ability to alter the feel of alkyl silicones by altering the ratio of the alkyl
groups to each other, the ratio of silicone component, and the overall molecular
weight allows the formulator to independently alter cushion and play-time. The
terms cushion and playtime are commonly used to describe the feel of ingredients
and formulations on the skin. If one places a compound or formulation on the index
finger and rubs it on the forearm, both cushion and playtime can be evaluated.
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Cushion refers to the amount of compound that persists between the finger
and forearm. That is the greater the “distance” between the finger and the forearm
the greater the cushion. Honey has a great cushion. When tested in this manner
there is a feeling of a great deal of material between finger and forearm. Water has
little of no cushion. There is little “distance” between finger and forearm.

Playtime refers to the length of time cushion persists. If the cushion is felt
for a long period of time, the playtime is said to be long. If the cushion collapses
rapidly the playtime is said to be short.

This ability allows for the alteration of the feel of a variety of formulations
including skin care, pigmented products and sun care products.

In most compounds the cushion and playtime are directly related. Honey has
both a high cushion and high playtime. There are however materials that have
a good cushion but rapidly collapse having a low playtime. Most important in
this class are multi-domain alkyl silicone compounds having both liquid and solid
portions in the same molecule. There are many applications in which in a high
level of cushion, and a short playtime are desired. These include lipsticks, sun
products and many lotions.

The inclusion of two different alkyl groups into an alkyl silicon polymer,
one liquid and the other solid allow for a series of polymers that have different
cushion and playtime. The ability to de-couple cushion and play time allows for
the formulation of cosmetic products with very unique and tunable aesthetics. It is
this type of alteration of polymers to provide a requested aesthetics to a formulation
that will be the direction of future silicone polymer development.

Water Soluble Silicones

The ability to make organo-functional polymers that have a solubility in water
and hydro-alcoholic formulations opens a new area of formulation possibilities for
the cosmetic formulator.

PEG/PPG dimethicone compounds are a class of silicones that have enhanced
water solubility. They should be used in instances where they provide benefits.
These benefits include (a) lowering of surface tension (into the range of 25
dynes/cm), (b) provide unique skin feel, (c) provide unique emulsification
properties (especially in invert emulsions), (d) provide film formation, and (e)
provide foaming of non-traditional formulations.

These properties are a direct result of the structure, but the structure needs
to be carefully selected. PEG/PPG dimethicone polymers have increase polarity,
by virtue of their polyoxyalkylene groups. It is important to note that these
modifications are done by chemical reaction between a reactive silicone and a
vinyl containing compound. A very common structure is shown in Figure 5.

As seen in Figure 5, there are several variables that can be modified to change
the performance of the dimethicone copolyol (DMC) polymer. One of the most
important is the ratio of a (silicone soluble portion) to b (water soluble portion) as
well as the total number of a and b are both important to functionality. The higher
the ratio of silicon atoms that have only methyl groups present (D units) in the
molecule relative to those that have organofunctional groups (D* units) are less
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water-soluble the product. Also, the molecular weight of the DMC Polymer can
drastically change properties. The studies presented in this paper keep the ratio of
D/D* constant.

CH, CH, CH,  CH,
| | | |
CH;-Si-O- (- Si- O ),- {-Si-0 ), - Si- CH;
| | | |
CH; CH; (CHy); CH;

I
0-(CH,CH,0),(CH,CH(CH;)0),(CH,CH,0 ) H]

Figure 5. Structure of PEG/PPG Dimethicone.

Surface Tension

When added into water at low concentrations, PEG/PPG dimethicone (DMC)
migrates to the air/water interface. As more DMC is added into the water, the
interface becomes saturated and a critical point is achieved. When additional DMC
polymer is added, it cannot migrate to the interface, so they start to form micelles.
This critical point where the interface is saturated and micelles start to form is
called the critical micelle concentration (CMC). Critical micelle concentrations
are determined by monitoring surface tension (12). It is well known that when one
adds a surface-active material to water, the surface tension starts to decrease in a
linear relationship with the amount of surfactant added. The moment the interface
gets saturated, the surface tension stops decreasing and micelles form. Addition
of more surface active agent does not decrease the surface tension.

The key to surface tension efficiency is the ability of a polymer to migrate
to the interface and take up the maximum free volume on that interface. This
maximization of free volume at the interface and its affinity for the interface makes
the DMC extremely effective at lowering surface tension. This leads to DMC
being used at very low concentrations to drastically change the properties of a
solution. The molecular weight is a key concept in determining CMC. As the
molecular weight increases, the CMC decreases. This is due in part to the fact that
the surface can accommodate fewer “large molecules” than small molecules. The
CMC of a DMC is a key property to be determined before using a specific DMC
in formulation, this based upon the observation that if the DMC cannot get to the
interface, it will not provide desired properties to the formulation. As will become
clear subsequently, interaction with other raw materials in the formulation needs
to be considered as well.

The surface tensions are related to the molecular weight of a series of PEG 8
dimethicone in which the ratio of silicone units to polyoxyalkylene units (a:b) are
kept constant but increases. The results are shown in tabular form in Table 3 and
in graphic form in Figure 6.
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Table 3. Surface tension and molecular weight of a 0.5 wt % solution of

PEG 8 dimethicone

Product Molecular Weight Surface Tension
(dynes/cm)
A 607 21.0
B 808 21.9
C 1108 23.1
D 1610 24.8
E 2111 26.3
* Concentration is over the polymers CMC.
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Figure 6. Molecular weight vs surface tension of a 0.5 wt % solution of PEG 8

Dimethicone.

The structure/function relationship is seen in these same compounds in both
wetting times and eye irritation as shown below.

Wetting Properties as a Function of Molecular Weight

The term wetting, refers to how a material coats a surface. For example, if
a water drop is placed onto a lotus leaf, the water will minimize the inter action
with the leaf and have a high contact angle. If a good wetting agent is added either
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to the surface of the leave or in the water solution that same drop will spread out
coating the surface of the leaf. In turn making the leaf “wet”, this is where the term
wetting comes from. Figure 7 shows and illustration of the Young’s equation and
how the contact angle is defined.

Young's Equation

Y\\ — J-Y\I + nflxc()se

(is the contact angle

-, sl e zalicdilicuid i acis e

{ is the solid/liquid interfacial free energy
SV, "

Y is the solid surface free energy
|

Y Vis the liquid surface free energy

ramé-hart instrument co.

Figure 7. Contact angle illustration. Reproduced with permission from reference
(13). Copyright 2013, ramé-hart instrument co. All rights reserved.

As seen in Figure 7, the contact angle is defined as the angle the water makes
with the surface. In this illustration, a low contact angle (6 < 90 °) means the
surface is hydrophilic. Large contact angles (6 > 90 °) leads to a surface that is
hydrophobic.

Another measure of wetting is the time required for a standard skein of fiber,
or of hair to drop in an aqueous solution. This type of wetting time is called
Draves Wetting (ASTM D2281). The lower molecular weight DMC polymer
has faster wetting times than their high molecular weight counterparts. The
lower molecular weight polymers allow for more efficient packing efficiency and
dynamics. The materials with lower molecular weight were extremely effective
at the higher concentration of 1.0 % w. Their wetting speeds were almost
instantaneous meaning it is controlled by the diffusion of the DMC polymer to
the air/water interface. The interesting finding is that the wetting speed is lost
slowly as the molecular weight is increased. The slope increases once one gets to
a molecular weight over 2000. This implies that a rapid wetting conditioner can
be prepared by proper selection of molecular weight. As the molecular weight of
a polymer is increases, its ability to function in different capacities changes (table
4). This is due to hydrogen bonding and achieving lowest free energy.
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Table 4. Function of dimethicone copolyol vs molecular weight

Molecular Weight Function
(Da)
500 Wetting
2,500 Emulsification
10,000 Conditioning
50,000 Water Proofing

If the ratio of D to D* is held constant, the molecular weight of the polymers
controls its wetting properties. As weight increases, the wetting ability decreases.
Table 5 shows in tabular form the effect of molecular weight on wetting time and
Figure 8 shows the same data in graphic form.

Table 5. Draves wetting of dimethicone copolyol with differing molecular

weights
Sample M.W. Wetting Time (Second)
A 607 7.0
B 808 8.0
C 1108 10.7
D 1610 18.0
E 2111 256
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Figure 8. Wetting times of dimethicone copolyol with differing molecular weights.
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Foam

Ability to generate foam is an important functionality in any surfactant,
including silicone surfactants. The ability to generate foam results from the
balance of silicone portion to water soluble portion, which includes as an
important variable the amount of PEG / PPG. The cylinder shake foam test data
is shown in Table 6.

Table 6. Foam test for 1 % PEG 8 dimethicone

Sample M.W. Immediate 3 Minutes
A 607 90 62
B 808 90 63
C 1108 95 67
D 1610 90 62
E 2111 90 61

The above data (Table 6) indicates that changes to the PEG-8 dimethicone
with the D/D* ratio evaluated has really no effect upon foam, either initial or after
3 minutes. A change was made to Sample E replacing the PEG 8 group with PEG
18/ PPG 18. This material was designated Sample F and is shown in Figure 9
below.

CH; CH; CH; CH,

I I I I
CH3-Si-O- (- Si- O ),- (-Si-0 ), - Si- CH;
I I I I

CH; CH; (CHy); CHs

|
0-(CH,CH,0)15(CH,CH(CH;)0)15H|

Figure 9. Structure of PEG 18/PPG 18 dimethicone.

Table 7 and 8 show that despite the PEG 18 /PPG 18 having a silicone
backbone, the high level of alkoxylation results in a higher foaming, higher
surface tension surfactant. This dispels the myth that al silicone surfactants have
low surface tension. Some silicone surfactants have low surface tension, while
others have fatty surfactant surface tension. The surface tension in water id
determined by how the molecule orientates at the interface. If the PEG / PPG
portion dominates the surface tension will be around 32 dynes/cm. If silicone
dominates, the surface tension will be around 25 dynes/cm range.
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In formulation, the effect of adding the surfactant will also depend upon how
the silicone surfactant interacts with other ingredients. This situation is even
more complicated, but one can determine of the silicone functionality is effective
by checking surface tension. If the surface tension is not reduced from around 32
dynes/cm by adding 1% silicone surfactant, the addition will have little likelihood
of providing benefit. While surface tension lowering is a prerequisite of desirable
surface active properties like spreadability, emulsification, and soft powdery
feel, it is not true that surface tension lowering will provide the specific function
specified. How a surfactant functions is structure dependant. Table 7 shows the
foam properties and needs to be compared to Table 6. Table 8 shows surface
tension of the two. Sample E functions like a silicone surfactant while Sample F
functions like a standard fatty surfactant.

Table 7. Foam height of 1 % PEG 18 PPG 18 dimethicone

Sample M.W. Immediate 3 Minutes

F 7600 97 50

Table 8. Surface tension vs molecular weight

Sample Molecular Weight Surface Tension
(dynes/cm)
E 211 26.3
7600 313

Star Silicones

Knowing that molecular weight as shown above has little effect upon foam
properties when the D/D* is kept constant, and that inclusion of EO/PO did not
improve foam, a new series of products have been made and patented (U.S. Patent
7,951,893 to O’Lenick et al, issued May 31, 2011). This class of compounds,
referred to as Star Silicones, have unique properties and are a model useful in
explaining the properties observed above. The structure of PEG 8 Dimethicone is
shown in Figure 10.
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CH3 CH3 CH3 CH3
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Figure 10. Structure of PEG-8 dimethicone.

The structure of the Star compound (Sample G) evaluated in shown in Figure
11.

CH; CH3 CH3 CH3

I | | I

|HO-(CH,CH,0)5-(CH,)5-5i-O- (- Si- O ),- (-Si-0 )., -Si- (CH,)s O-(CH,CH,0 ):H
I | | I

CH; CH; (CH;); CH;

|
0-(CH,CH,0 )H

Figure 11. Structure of “star” PEG-8 dimethicone.

A comparison of he properties of Sample E (standard PEG8 dimethicone) and
G (Star PEG 8 dimethicone) are shown below in Table 9.

Table 9. Properties of star silicones

Property Sample E Sample G
Star Product
Surface Tension (0.5% 26.2 30.5
Aqueous)
Foam Height 90 185
(1% Aqueous)
Cloud Point 58 89
OC)
Wetting time >200 >200
(seconds)

It is noteworthy that the surface tension of Sample G is more reminiscent of
a fatty compound than of a silicone (30s dynes/cm not 20s dynes/cm). It is also
quite significant that the foam level is more than twice the non-star version. Most

55
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1148.ch003&iName=master.img-011.png&w=172&h=92
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1148.ch003&iName=master.img-012.png&w=304&h=82

Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch003

significantly is the cloud point, the temperature at which a 1% solution in water
of the product becomes haze while heating. It is significantly higher. This is an
indication that the water is tenaciously held to the EO group.

Eye Irritation as a Function of Molecular Weight

Not only do wetting properties depend upon molecular weight, but the
molecular weight is also a controlling factor in eye irritation. Lower molecular
weight polymers penetrate into the eye, causing more irritation to the eyes. As
molecular weight increases, irritation decreases. However, there is a very definite
molecular weight effect over which irritation becomes little or no problem as seen
in Table 10.

Table 10. Draize primary ocular irritation scale

Moderately Irritating 25.1 —50.0
Mildly Irritating 15.1 — 25.0
Minimally Irritating 2.6 - 15.0
Practically Non-Irritating 0.6 —25
Non-Irritating 0.0-0.5

Table 11. Eye irritation of PEG-8 dimethicone

Sample M.W. 1 Day Irritation 7 Day Irritation
A 607 28 4
B 808 13 2
C 1108 5 2
D 1610 4 0
E 2111 2 0

The data in Table 11 was generated on a series of PEG 8 dimethicone polymers
with the same D to D* ratio, by increasing the total number of D and D* units. The
eye irritation was run at 20% active and was evaluated over one and 7 days. The
data is presented graphically in Figure 12.
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Figure 12. Eye irritation of PEG-8 dimethicone by molecular weight.

CMC Curve with SLS and SLES-2

310 : R ——C208w 1%
o 5LS

&t S 208w 1%
200 { 7 —— SLESD

~ NS 08 W 1%
b - N s

270 A
®— 0208 W 1%
SLES2

250 1

Surface Tension (dynes/cm)

30

oo 0o oo 01 1.0 00 100.0

Polymer Concentration (% wt)

Figure 13. CMC curve with Sodium Lauryl Sulfate (SLS) and Sodium Lauryl
Ether Sulfate (SLES-2).

Formulation Interactions

One of the most important factors facing the formulator of cosmetic products
is how additives to formulations will interact with each other. This complication
can include hydrophobic / hydrophilic interactions between ingredients, hydrogen
bonding between ingredients, insolubility or limited solubility of ingredients,
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micelluar interactions, just to name a few. This explains why there is a great
deal of trouble for the formulator to adapt raw material supplier data on function
of products in pure aqueous environment with data obtained in the real world.
Figure 13 shows the effect of adding PEG-8 dimethicone into an aqueous solution
of DI water. The graph is quite ordinary and looks like what one might expect
for a CMC. Notice however that the surface tension is significantly lower than for
fatty surfactants (i.e. below 30 dynes/ cm).

When the same PEG-8 dimethicone is added to a 1% solution of sodium lauryl
sulfate, a completely different result is obtained. Figure 14 does not look like
a CMC (critical micelle concentration) graph. This shows an interaction effect
between the two surfactants as they compete for surface at the air water interface.
While not a CMC graph in the classical sense, this graph and its shape are very
enlightening as to the effectiveness of the silicone surfactant when added to the
surfactant. Since there is no clear break point as is seen with the CMC graph, we
created a new point so the effectiveness of the addition of a silicone surfactant
to another surfactant vis-a-vis surface tension reduction can be determined. That
term is RFso and it is described below in Figure 14.

RF5y= the concentration of silicone surfactant added to reduce the surface tension to
25 dynes/cm

Figure 14. Definition of RF's5o (13).

Table 12 shows the affect on RFs5¢ that the addition of two different PEG-
8 dimethicone molecules have on a 1% solution of two different sulfated fatty
surfactants.

Table 12. RF50 values of PEG-8 dimethicone

Silicone Surfactant Molecular Co-Surfactant RFsg
Weight (%)
E 616.3 SLS 1.2
E 616.3 SLES-2 1.2
F 1,556.5 SLS 1.5
F 1,556.5 SLES-2 3.5

Silicone surfactant E and F both have the same ratio of groups that have only
methyl groups around silicone and those with water soluble organo-functional
groups present. The only difference is that the total number of each group is 2.5
times as many for F than E. They are homologues of each other.
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It is interesting to see from Table 12 that when SLS is used as a co-surfactant,
the of the higher MW dimethicone copolyol has a RFso of 1.5 %, while the lower
molecular weight dimethicone copolyol has a RFsg of 1.2%. This shows that the
low molecular weight polymer is more efficient at lowering the surface tension
when a co-surfactant is involved. When comparing the RFso in the samples
containing Sodium Lauryl Ether Sulfate (SLES-2), the results are more dramatic.
The RFso for the low molecular weight PEG/PPG dimethicone polymer is 1.2,
while the higher molecular weight PEG/PPG dimethicone polymer is 3.5 %. This
is much more significant and is driven by the hydrogen bonding between the
2 moles of polyoxyalkylene on the SLES, making getting to the surface of the
solution much harder for the larger “F” molecule.

How can this be applied when putting together a cosmetic formulation?

1. It will less efficient to use a higher molecular weight copolyol to lower
surface tension effectively in SLES-2 based systems. It would be more
efficient to use a lower molecular weight dimethicone copolyol.

2. The evaluation of surface tension reduction in formulation needs to be
determined to maximize the effectiveness of formulations. There is
simply no other alternative.

Delivery of the silicone to the surface (interface) is a prerequisite to obtaining
consumer perceivable advantageous in formulations. The consumer can easily
feel a difference in a formulation where there is a surface tension difference. As
shown above, silicones when added into a surfactant solution with other surfactants
effects the efficiency. Efficiency can be measured by RFs.

Another mostly neglected structural variable that can dramatically change
RFs5 is the solubility of the silicone being added. Insoluble materials cause
formulation problems, and too soluble materials result in the expensive silicone
ingredient going down the drain. Products that form micro-emulsions (i.e. are
thick and blue in color when added to water) are most efficient. Consider the
structure in Figure 15.

CH, CH, CH, CH,
| | | |
CH;-Si-O-(- Si-0-),-(-Si-0),-Si—-CH;

| | | |
CH3 CH3 (CH2)3 CHS

|
0-(CH,CH,0):H]|

Figure 15. Structure of PEG-8 dimethicone.

As the ratio of a D to D* changes, the water solubility will change. This is
because D is a group that lowers water solubility, and D* is one that increases water
solubility. A polymer with an D:D* ratio of 100:1 will be insoluble in water and
one with an D:D* ratio of 1:100 will be very water soluble. Somewhere in between
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there will be a polymer that forms a microemulsion. It will be that polymer in the
series that will offer the best effectiveness in solution. Using a wide range of D:D*
ratios, the polymer can be determined which provides a microemulsion.

Water Tolerance (13)

In the previous section water-soluble silicones and silicone surfactants were
discussed. In this section we will be discussing another important phenomenon to
formulating chemist. To start our discussion we will have to first consider what
happens when water is added into an anhydrous formulation. Most commonly,
formulations will split or separate when water is added. Typically this is because
the addition of water changes the Hydrophilic-Lipophilic Balance (HLB) of the
system, thus decreasing the solubility of one of the components in the formulation.
A new concept has emerged and it is called water tolerance. Basically, water
tolerance is a measure of how much water can be added into a formulation before
the formulation splits.

PEG/PPG Dimethicone polymers are in interesting polymer in the fact that
they can be utilized to increase the water tolerance of a formulation. To test how
the PEG/PPG dimethicone polymers effects the formulation, the water tolerance
of the formulation has to be determined. The determination of water tolerance is
based upon the fact that PEG/PPG dimethicone polymers are soluble in anhydrous
isopropanol, independently of their solubility in water. Water can be added to
the isopropanol solution until a haze develops. This haze signifies the water
tolerance of the solution, this have allows for the concentration of water tolerated
by the formulation and is called “Water Tolerance”. A common procedure for
determining the water tolerance is described in Table 13.

Table 13. Water tolerance test procedure for dimethicone copolyol

1. Dissolve 2.0 g of dimethicone copolyol in 100.0 g of Isopropanol.

2. Slowly titrate in deionized water into the isopropanol solution.

3. Record the number of grams of water needed to produce the first haze.

Figure 16 shows the water tolerance of specific silicone compounds. As the
D:D¥* ratio (a:b ratio), i.e. the number of D units (hydrophobic) compared to the
number of water soluble groups (D*), goes up the materials become more water
insoluble and the water tolerance drops. What is very interesting and warrants
consideration is the fact that 1 mole of propylene oxide will increase water
tolerance as much as four moles of ethylene oxide does.
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Water Tolerance

MD40D*5M 8EO

MD10D*2M 8EO
MD10D*5M 1 PO
[MD10D*5M 4 QO

0 20 40 60 80 100
Amount of Water Tolorated

Figure 16. Water tolerance test for dimethicone copolyol.

Conclusion

Many of the most interesting properties of silicone compounds are a direct
result of their amphiphilic nature. This is because amphiphilic silicone polymers
lower surface tension; provide wetting, emulsification, foaming, and gellation
depending upon the specific structure. What is most critical for the formulator is
to consider interactions between all ingredients in the formulation. Since silicone
polymers are almost always with other ingredients in the formulation, it is critically
important to consider the interaction of the various components in formulations.

Many of the desirable properties silicone compounds provide to our
formulations are dependant upon the silicone getting to the surface and providing
the benefit consumers want. This means that successful formulations are those
that overcome surface activity problems, interaction problems as well as the
“standard” problems encountered in formulation. One of today’s emulsion
products that provides a powdery feel from an oil literally has so many
interactions, that one could do a thesis on them. Since there is never time to do
that thesis, the formulation needs a series of steps that allow for rapid screening.
These steps include (1) solubility (if the silicone is not soluble in the phase from
which the formulator wants a benefit, there is no way to obtain that benefit); (2)
surface activity (getting to the surface in preference to the other ingredients in
the formulation); (3) lowering surface tension (which is a requirement to get any
benefit from the surfactant) and (4) choosing a silicone that provides the desired
affect at the lowest concentration. Solubility, surface activity and regular old
fashion feeling of the aesthetics of a formulation will always offer the formulator
the best methods to develop products. Happy Formulating!
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Chapter 4

Modern Polyurethanes: Overview of Structure
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The intrinsic features of polyurethanes polymers - such as
elasticity, clarity and tunable mechanical properties - are
found to be key in industrial and personal care applications.
Understanding structure-property relationships in polyurethanes
is necessary when designing smart multifunctional materials
for specific end-uses.

Polyurethanes have a segmented structure of block
copolymers where soft and hard segments form micro domains
that may result in two-phase morphology. For example, a
change in the molecular weight of the soft segment may
affect phase separation that, in turn, dictates a very unique
thermodynamic behavior of the polymer affects its mechanical
characteristics. The nature of the building blocks and polymer
morphology greatly affects film forming properties, stiffness,
and polymer behavior under different thermal and physical
conditions.

This paper will review effects of the polymer structure on
biodegradability and chemical resistance. Physical-chemical
characteristics of the polymer to achieve shape memory or self-
healing effects will also be discussed.
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Introduction

Polyurethanes (PURs) belong to an exciting class of polymers known for their
versatile chemistry and unique properties.

Modern PURs can be found in many different end use applications—from
soccer balls and Nike shoes to kitchen cabinets, bridges and cars, even cosmetics!
Many technologies based on PURs have established themselves as quality
standards in the coatings, adhesives and sealants industries. In Personal Care,
PURs remain an emerging technology —not as commonly used as in other
industries.

In order to design a PUR polymer to deliver performance specific to a targeted
end use, one need understand PUR structure property relationships and the changes
in behavior this relationship affects.

This article will discuss common building blocks used in the synthesis
of polyurethane dispersions, stabilization mechanisms of ionic and non-ionic
dispersions and film formation. Many factors in a polymer structure affect
its thermodynamic and mechanical properties, chemical resistance and
biodegradability. Specifically, the effects of molecular weight, phase separation
and crosslinking density on polymer properties will be examined. The discussion
will focus on waterborne polyurethane technology since it is most relevant to
personal care—not only because of its safety and compliance with industry
regulations, but also because of its ability to be tailored to deliver desired
performance in various cosmetics.

Discussion

Basic Polyurethane Reactions

Otto Bayer invented PURs in 1937. Three basic reactions lie in the foundation
of PUR chemistry:

Urethane bonds are formed when an isocyanate group (NCO) reacts with an
alcohol or polyol as shown in Figure 1:

O
R\NJLO,R

R-N=C=0 + R-OH —> H
Alcohol Urethane

Isocyanate

Figure 1. Urethane formation.
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Urea bonds are formed when an isocyanate NCO group reacts with an amine
as shown in Figure 2:

O
R _R'
“.‘JJ\“.‘
R-N=C=0 + R|_NH2 _— H H
Isocyanate Amine Urea

Figure 2. Urea formation.

The third important basic reaction, shown below in Figure 3, is between an
isocyanate group and water:

0]
R
Ao
R-N=C=0 + H-OH——>{_ H R-NHz + CO2
Isocyanate Water Carbamic Acid Amine Carbon Dioxide

Figure 3. Isocyanate reaction with water.

Water hydrolyzes isocyanate groups to yield amines via unstable carbamic
acid and the evolution of carbon dioxide. The co-formed amino groups can react
with remaining isocyanate groups to form urea linkages and thus contribute to the
extension of the macromolecular chain.

Unique Nature of Polyurethanes

Polyurethane polymers are unique and differ from other polymer types mainly
because they are segmented copolymers consisting of soft segments formed by
a high molecular weight species and hard segments formed by a low molecular
weight species. This type of copolymer can have both crystalline and amorphous
structures, and thus combines the benefits of both segments and the visco-elastic
properties of both phases. The soft segment in polyurethanes contributes high
extension and elastic recovery, while the hard segment contributes high modulus
and strength to the composite.

The most interesting phenomenon which is responsible for the intrinsic elastic
behavior of PURs is the formation of hydrogen bonds between PUR groups. This
nature of these bonds is shown in Figure 4.
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Figure 4. Hydrogen bonding in polyurethanes.

These non-covalent bonds act as crosslinks that break under strain and then
easily recover upon release.

EPA regulations and consumer emphasis on green technologies propelled
the use of aqueous Polyurethane Dispersions (PUDs) into many industrial and
personal care applications in which they replace traditional solvent-borne resins.
Simply defined, a PUD is a colloidal system in which a high molecular weight
PUR polymer is dispersed in water. Figure 5 schematically depicts the idealized
polymer structure and its segmented morphology.

(M

) diamine

isocyanate  polyol ‘ dispersing agent Soft seament

Hard Segment

Figure 5. Polymer structure of PUD.

Polyurethane Dispersion: Building Blocks
Diisocyanates (7)

Among the common building blocks that are involved in PUD synthesis,
isocyanates, polyols and amines are the three most influential ingredient categories
that affect the polymer’s properties and performance.
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The choice of the isocyanate is one of the most influential factors with respect
to the hard segment. Polymer performance will depend greatly on the chemical
nature of the isocyanate. In synthesizing PUDs, primarily linear aliphatic and
cycloaliphatic diisocyanates and their blends are preferred due to their lower
reactivity towards water and light stability.

Schematic structures of aliphatic diisocyanates are shown below in Figure 6.

OCN/\/\/\/NCO Desmodur® H - HDI (Hexamethylene diisocyanate)

Desmodur® | - IPDI (Isophorone diisocyanate)
OCN
NCO

Desmodur® W — H,, MDI
bis-(4-isocyanatohexyl) methane
OCN NCO

Figure 6. Aliphatic diisocyanates.

Isophorone diisocyanate, IPDI, contributes to harder and more chemically
resistant materials, while hexamethylene diisocyanate, HDI, imparts great
low temperature flexibility and elasticity to the polymer chain. 4,4-
dicyclohexylmethane diisocyanate, Hi2MDI, makes materials with optical clarity,
excellent durability, solvent resistance and toughness. Hi2MDI also helps to retain
gloss longer. Among aliphatic diisocyanates, Hi2MDI definitely produces the
most hydrolytically stable polyurethanes. The polymer morphology of HioxMDI
systems is also different from that of other diisocyanates, particularly methylene
diphenyl diisocyanate (MDI)-based materials. MDI often forms well-defined
crystalline hard segments, whereas Hi,MDI yields smaller amorphous or semi
crystalline domains. This difference in morphology results in greater tensile
strength and hardness of polymers built with Hi2MDI (2).

Hi2MDI is the slowest to react because both of its NCO groups are attached to
secondary carbon atoms. HDI is the most reactive among aliphatic diisocyanates
because it contains only primary NCO groups. IPDI has the greatest difference in
reactivity between primary and secondary NCO groups which helps better control
the polymer’s molecular weight, and subsequently, its viscosity.

Polyols (7)

Hydroxy-functional polyols often serve as co-reactants for diisocyanates
and make up a majority of the resin composition. Both processing and finished
properties of the polyurethane will depend to a large extent on the type of polyol
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used in the polymer backbone. Low molecular weight diols and triols form hard
blocks, while high molecular weight polyesters, polyethers and polycarbonates
represent soft blocks. The chemical nature of these polyols will dictate film
properties such as glass transition temperature, elasticity, modulus, solvent
requirement and solubility. Typical examples of short chain polyols used in the
hard segment are: ethylene glycol, 1,4-butanediol, and trimethylol propane. Hard
segment content usually controls mechanical properties as well as thermal and
hydrolytic stability of the finished polyurethane.

Polyesters (eg. Figure 7) are known to impart greater water resistance and
hardness—but are susceptible to hydrolysis. To compensate for this weakness,
urea linkages can be introduced into the polymer.

O

HO O
OM OH
®) n
Polybutylene adipate

Figure 7. Typical polyester polyol.

Polyethers (eg. shown in Figure 8) are known for their flexibility and lower
cost. C4 polyethers also produce materials with excellent hydrolytic stability.

0 /\/}OH
HO{/\/ ~"T0 .

Polyethylene oxide glycol
HO m
T/\/\O]L
n

Polytetramethylene glycol

Figure 8. Typical polyether polyols.
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Polycarbonates produce materials with greater hydrolytic stability and solvent
resistance (see Figure 9).

O

HO L OH

o” O

Figure 9. Polycarbonate-based polyol.

The demand for green and sustainable technologies prompted innovation in
this category of raw materials. For instance, adipates and some of the glycols can
be replaced with succinates and lactides, renewable raw materials sourced from
plants. Soybean and castor oils are other plant-derived building blocks that can be
incorporated into the polyester or polyether backbone. Such polyols will have an
amphiphilic nature and will impart a softening effect on the film. New technology
for making polycarbonate from carbon dioxide is emerging as well.

In order to achieve special effects, the use of hydroxyl-functional acrylates,
oil-modified alkyd resins, or hydroxyl-functional polybutadienes or fluoroalkyl-
containing polyethers is applicable.

To achieve faster biodegradability, polyesters made of lactic or glycolic acids
can be used instead of adipates or phthalates.

Dispersing Agents (3)

PUR prepolymers are built as intermediate molecular weight species in the
process of synthesizing high molecular weight final polymers. PUR prepolymers
are typically very hydrophobic in nature. In order to disperse hydrophobic
prepolymers in water, either external or internal emulsifiers are required. Internal
emulsifiers (those that can be incorporated into a prepolymer backbone) are
usually preferred as they impart superior stability and final dispersion properties
compared to external emulsifiers (surfactants). Specifically, polymers with
built-in internal emulsifiers have finer particle sizes and reduced water sensitivity.
Also, high-shear dispersing processes are not required.

Internal emulsifiers contain either ionic or non-ionic hydrophilic groups.
Hence, prepolymers modified with ionic groups or with hydrophilic polyether
will become self-dispersing. Among ionic emulsifiers, anionic types, such as salts
of sulphonic or carboxylic acids, are typically used.
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Schematic structures of internal emulsifiers are shown below in Figure 10.

H,N NH
HO OH 2 2
HO" N0 HO S0
o o)
OH
O 0
HzN\/\H/\)J\ 0 Na*

HO/\/I\/OH

803- Na*

Figure 10. Internal emulsifiers.

Salts of tertiary amines will render polymers cationic. These types of PUDs
are almost exclusively used in paper and leather applications.

Non-ionic emulsifiers are almost exclusively represented by polyethylene
oxide polyethers similar that shown in Figure 11 below.

Figure 11. Non-ionic emulsifier.

The ionic dispersion is stabilized by the formation of electrical double layers
between the ionic centers and their counter ions which migrate into the continuous
water phase (3). The interference of electrical double layers from different
particles results in particle repulsion. This stabilization mechanism is known as
ionic repulsion and is illustrated in Figure 12. Ionic dispersions are sensitive
towards electrolytes and freezing. However they are stable at high temperatures
(>70°C), have an exceptionally long shelf life, and are somewhat stable under
strong shear forces.
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Figure 12. Ionic stabilization.

The stabilizing mechanism of non-ionic dispersions (illustrated in Figure 13)
can be explained in terms of entropic or steric repulsion. When the particles
approach closely, the freedom of motion of hydrophilic chains in the water phase
becomes restricted, leading to a reduction of entropy. Non-ionic dispersions show
greater stability to low temperatures, pH changes and strong shear, but are sensitive
to degradation at high temperature

\. \.
2 2
/ /

Figure 13. Non-ionic or Steric stabilization.

Greater hydrophilic modification of the polymer yields smaller particle sizes
in the dispersion. However, in this case the viscosity of the dispersion tends
to increase, leading to lower solids content. Ultimately, the amount of internal
emulsifier in the prepolymer backbone has to be balanced to obtain a stable
dispersion with the highest possible solids content.

Both stabilization types can be combined to achieve desirable synergistic
effects:
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*  Lower overall hydrophilicity

*  Tolerance to pH changes and towards electrolytes
*  Freeze/thaw stability

*  Fine particle size

Amines

In the synthesis of PUDs, water soluble amines are used as chain extenders to
build up molecular weight in the final stages of the reaction. The preferred reaction
is between amines and isocyanates compared to amines with water, thus making
it possible to conduct reactions between amine and NCO groups in the presence
of water. Typically, aliphatic linear and cyclic di- and tri-functional amines are
used, depending on the desired properties of the final polymer. Urea linkages are
formed as a result of the reaction between amines and diisocyanates. These usually
improve the hydrolysis resistance, thermal stability and mechanical strength of the
polymer.

Film Formation

In the PUD, polymer particles remain discrete as they are dispersed in water.
Film formation occurs when the water evaporates and particles coalesce to form a
continuous smooth matrix. Figure 14 shows stages of the film formation process
from the starting point of applying raw material on the substrate to the dry-to-touch
film (2).

Polyurethane Dispersion (PUD)

~65 % %
~ 85 00
solid content .
| solid content solid content

~30%

solid content

Figure 14. Film formation in PUD:s.

74
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1148.ch004&iName=master.img-013.jpg&w=323&h=202

Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch004

Hence, film formation is a physical process driven by several factors:

*  Glass transition temperature of the polymer
¢ Minimum film formation temperature

¢ Humidity

+  Coalescent solvent or plasticizer

The lower the glass transition temperature of the polymer, the easier it
becomes to form a film. The more flexible the polymer, the lower minimum
film formation temperature it will have. Brittle or very cross-linked polymers
will require the help of a plasticizer or coalescent solvent to form a film at room
temperature. Particle size will also influence film formation; a wide particle size
distribution will lead to better packing and less water sensitivity of the film after
water evaporates.

Morphology of the Polymer

Knowledge of a polymer’s morphology is essential for understanding
structure/properties relationships.  This knowledge allows one to vary the
morphology in a controlled manner in order to achieve the desired properties in
a material.

Unstretched

W
2= &

Soft segment

Hard segment

Stretched

Figure 15. Molecular reinforcement due to orientation.
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PURs are famous for their toughness, meaning a unique combination of
strength and flexibility. This unique PUR feature can be explained from a polymer
morphology standpoint. The polymer macromolecular structure in stretched and
unstretched modes helps to explain this phenomenon. Molecular reinforcement is
taking place in the stretched mode (as illustrated in Figure 15) (/).

In the unstretched form, there is phase separation between Soft and Hard
Segments. As the polymer is strained, both domains become oriented in the
direction of strain, causing more intense molecular interactions, which leads to
molecular reinforcement.

In Figures 16 and 17, DMA graphs show a classic case—as strain increases,
the point of “densification”(molecular reinforcement) is reached, whereupon
stress sharply rises. This explains why PURs maintain high strength at high
elongation. Moreover, the stress/strain relationship will depend greatly on the
polymer composition. The influence of the structure of the soft segment on tensile
strength and elongation is related to intermolecular association and crystallization
during stretching. Effects of the soft segment are pronounced mainly in polymers
with a continuous soft segment phase, e.g., those with soft segment content above
50%.

Polymer 1

= Polymer 2

[y
'y

——Polymer 3

Stress (MPa)

w

T =2 T

1o 500 1000 1500
Strain (%)

Figure 16. Stress/Strain behavior.

The graph on Figure 16 illustrates that the level of strain where the
‘densification” phenomenon occurs depends on both Hard Segment length and
content. For PURs with higher Hard Segment content, the strength increase
occurs at lower strain (see example of waterborne PUR polymer Polymer 3 in
Figure 16).
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Figure 17. Densification phenomenon.

The molecular weight of the polymer will also play a role in determining final
properties and the end-use of the polymer. The degree of chain extension, chain
termination, and the isocyanate- to-hydroxyl ratio are the key factors affecting
molecular weight. The greater the extent of the reaction between isocyanates and
hydroxyl groups, the higher the molecular weight of the polymer becomes, as it is
shown on Figure 19. Mechanical properties, viscosity and adhesion will greatly
depend on the optimal molecular weight determined for each specific application.
As shown in Figure 18 below, the tensile strength of the polymer increases
significantly with increasing molecular weight, while elongation is reduced.
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Figure 18. Tensile Strength vs. Mol. Wgt.
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Figure 19. Effect of Index on Mol. Wgt.

Effects of Crosslinking

A polymer’s hardness, chemical resistance and abrasion resistance can
be increased via chemical or physical crosslinking. Chemical crosslinking
is achieved via the addition of another reagent that will polymerize within
the existing polymer and form IPN (interpenetrating network) structures as
shown in Figure 20. If the polymer has free functional groups, OH or COOH,
another reagent (aziridines, blocked isocyanates, carbodiimides, waterborne
polyisocyanates and melamine formaldehydes) can react with these groups to
create additional crosslinking. Equivalent weights of these functional groups
affect the crosslinking density.

between the 3
fatty acid groups

Figure 20. Chemical crosslinking.
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Breathability (water vapor permeation) and moisture resistance (no film
swelling occurs upon exposure to water) can be obtained with the introduction of
side chains containing polyethyleneoxide ether subsequently crosslinked with one
of the above listed reagents. The resulting polymer will demonstrate breathability
with high moisture resistance (4).

Physical crosslinking is obtained when non-covalent bonds are formed
between polymer chains and through phase separation.

Effects of Phase Separation

What drives phase separation versus phase mixing?

One of the factors that drive phase separation is thermodynamic
incompatibilities between Soft Segments and Hard Segments—for instance,
between aliphatic Soft Segments and aromatic Hard Segments or between soft
and hard segments with wide differences in polarity. From a kinetic point of
view, phase separation can be driven by increased mobility of either the Hard
or Soft Segment. This explains the effect of annealing on segmented PURs.
Increased mobility during annealing allows the polymer to rearrange into a
thermodynamically more favorable arrangement (5).

The molecular weight of the Soft Segment is another factor affecting phase
separation—the greater the distance between anchoring sites connecting Hard
Segment to Soft Segment, the more mobile the Hard Segment, allowing for easier
phase separation.

As hardness increases with Hard Segment content, the extent of phase mixing
increases—the Hard Segment becomes dispersed in the Soft Segment domain,
thereby hindering Soft Segment mobility. This increases the Soft Segment
glass transition temperature, Tg. However if the Hard Segment is relatively
crystallizable, increased Hard Segment content will increase its crystallizability
and thus increase phase separation. These changes in phase separation affect not
only the hardness of the polyurethane, but also its low-temperature properties.

Cross-linking will decrease phase separation since the crosslinks hinder
mobility and therefore impede phase separation. Varying crosslink density,
however, allows one to control, among other things, the modulus, softening
behavior, clarity and chemical resistance of a material. Figure 21 shows the effect
on crosslink density on storage modulus.

Choice of chain extender can also influence phase separation. Studies have
been done that show certain chain extenders allow for more or less hydrogen
bonding in the hard segment. Increased hydrogen bonding increases physical
crosslinking which in turn affects crystallizability and stress-strain behavior.

Annealing drives phase separation since both Hard Segment and Soft
Segment domains regain their mobility at higher temperatures allowing them to
realign and even crystallize. Crystallization results in a greater degree of phase
separation. The length of hard segment domains determines the limits of hard
segment crystallization, determining, in turn, the melting point, and ultimate
thermal stability. Introducing asymmetrical structures like 2,4 and 2,6 isomers of
TDI, will break up crystallinity and favor increased phase mixing.
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Polymers with phase-separated structures form hazy films. Very transparent
and glossy films are typically obtained with amorphous polymers.

E-module measurement Schematic plot of storage modulus curves
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Figure 21. Schematic plot of storage modulus curves showing the effects of
crosslink density. (Reproduced from Bayer MaterialScience TPU Tech Center
Website.)

Conclusion

Waterborne polyurethanes are a versatile class of environmentally friendly
polymers that can be designed with a wide range of properties suitable for
high performance applications. They often offer a unique balance of flexibility,
hardness, mechanical strength and durability combined with excellent sensorial
attributes and appearance. In cosmetics, these film-forming polymers contribute
to excellent water and rub off resistance, controlled delivery of actives, and
long-lasting wear without sacrificing aesthetics and sensorial properties. Films
made of linear polyurethanes are distinctively soft and silky to touch, having
smooth transparent surfaces. In skin care applications, such polymers enhance
the efficacy of active ingredients such as sunscreen filters, anti-inflammatory aids
and salicylic acid, helping to achieve mild and efficacious products with excellent
aesthetics. In hair care applications, waterborne polyurethanes make a difference
in obtaining long lasting humidity resistance, dynamic durable styles and healthy
appearances. Moreover, these polymers are generally safe and of high quality,
friendly to human skin biology.
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Chapter 5

A Novel Cationic Latex as an Opacifier
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Opacifier technology has been applied in cleansing formulations
to provide an opaque and creamy appearance in consumer
products. Styrene/acrylate latex (SAL) is one of the most widely
used technologies. Conventionally, this opacifier technology
is based on latexes stabilized with anionic groups on the
surfaces. It is being used in anionic surfactant-based systems
at slightly acidic to neutral pH. However, this technology is
not compatible in cleansing formulations that contain a higher
content of cationic polymers. In this paper, we describe a novel
cationic SAL that is prepared by an emulsion polymerization
process. The compatibility and long term formulation stability
is markedly improved with this cationic SAL vs. the anionic
counterpart where cleansing formulations contain higher
content of a variety of cationic polymer ingredients.
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Introduction

Opacifier technology has been applied in cleansing formulations to provide
an opaque and creamy appearance in consumer products such as detergents,
hand dish, cleansers, body wash, liquid soaps, and shampoos. It modifies the
appearance of a product from clear, or potentially unacceptable haziness to a
uniform, luxurious, and “lotionized” appearance. There are two major classes
of opacifiers in the market: small molecules such as glycol stearates and latex
particles. While glycol stearates are used as an opacifer and pearlizing agent due
to their near insolubility in aqueous systems, they impart a negative impact on
foam properties. Latex particles based on styrene copolymers have a substantially
different refractive index vs. the other ingredients in the formulations, and
therefore they are efficient and cost effective in opacifying formulations through
an efficient light scattering mechanism. Among them, styrene/acrylate latex
(SAL) is one of the most widely used opacifiers.

Opacifier based on latex particle technology is prepared by emulsion
polymerization of styrene and other co-monomers. The polymeric product is
typically a milky white dispersion of polymer particles in water with polymer
solid content of at least 30%. They are formulated into cleansing formulations
typically at the 1% level as supplied. The particle sizes of these emulsion
polymers are optimized to achieve good opacity and colloidal stability. The use of
water as a dispersion medium provides attractive safety, environmental and heat
removal benefits when compared to other methods of polymerization process.
Furthermore, these products have a water-like viscosity and can be easily pumped
at room temperature. The ease of cold process handling in plant conditions is
another significant advantage for latex particle technology when compared to
glycol stearates where heat/melting is required.

Typically, latex particles are stabilized through either electrostatic (anionic
or cationic) repulsion or steric (non-ionic) repulsion at their surface as shown in
Figure 1 (/). Conventional SAL opacifiers are stabilized with anionic groups or
the combination of anionic groups and non-ionic groups. They are being used in
anionic surfactant-based cleansing formulations such as shampoo, shower gel or
liquid hand soaps at slightly acidic to neutral pH. However, anionic SAL becomes
incompatible in cleansing formulations formulated with higher percentage of
cationic conditioning polymers typically used to condition the skin, hair, or
improve in-use feel on the skin. Cationic polymers that deliver conditioning
benefits include, for example polyquaternium-7 (PQ-7), polyquaternium-10
(PQ-10) and (hydroxypropyl) guar hydroxypropyltrimonium chloride (GHPTC).
We postulate that a SAL opacifier based on cationic stabilization mechanism on
its surface should be more compatible in the cleansing formulations containing
higher content of cationic polymers. In this paper, we describe the synthesis
and properties of this novel cationic SAL. The compatibility and long term
formulation stability of cationic SAL are compared with the anionic counterpart
in cleansing formulations containing a variety of cationic polymer ingredients.
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Figure 1. Schematic illustration of stabilization of latex particles by a) anionic
electrostatic repulsion, b) cationic electrostatic repulsion, and c) non-ionic
steric repulsion.

Experimental
Synthesis and Properties of Cationic SAL

Cationic SAL was prepared by cationic emulsion polymerization of
monomers comprising styrene, hydroxyethyl methacrylate (HEMA), and cationic
monomer such as ethalkonium chloride acrylate. This material as prepared has
an average polymer solid content of 35%, a mean particle size of 180 nm, and a
pH of 2.05-3.3. The viscosity of this material is less than 50 cPS as measured by
Brookfield viscometer (LV1, 60 rpm, 25 °C).

All Other Materials Were Used As Received

Cationic polymers: PQ-10 (Quaternized hydroxyethyl cellulose, UCARE™
JR-400) was from the Dow Chemical Company (Spring House, PA, U.S.A.); PQ-
7 (Copolymer of acrylamide and diallyldimethyl-ammonium chloride, Salcare®
Super 7) was from BASF (Florham Park, NJ, U.S.A.); GHPTC and hydroxypropyl
GHPTC (Jaguar® C500 and C162) were from Rhodia (Cranbury, NJ, U.S.A.).

Surfactants: SLES ( sodium laureth sulfate, Empicol® ESB70) and CAPB
(cocamidopropyl betaine, Empigen® BSFA) were from Huntsman Corporation.

Typical Procedure To Formulate the Cationic Latex in a Bodywash
Formulation Containing PQ-7 and PQ-10

SLES was dissolved in water with proper mixing, followed by CAPB. PQ
was added to the above surfactant solution. The pH was adjusted to the target
specification using citric acid or sodium hydroxide. The viscosity was adjusted
to the target specification using for example, sodium chloride (NaCl). Finally the
pre-diluted SAL in water was added to the formulation followed by other additives
such as perfume and preservatives.
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Typical Procedure To Formulate the Cationic Latex in a Bodywash
Formulation Containing GHPTC

With proper mixing, (hydroxypropyl) GHPTC was dissolved in water
followed by pH adjustment to less than 4 (Raising the solution temperature to
45-50°C during the first steps of the process till the addition of SLES can optimize
surfactant dissolution, polymer stabilization and final product stability). CAPB
was then added followed by pre-diluted SAL in water and SLES. The viscosity
and the pH were then adjusted to the target specifications using for example,
sodium chloride (NaCl) for the viscosity and citric acid or sodium hydroxide for
the pH. Finally other additives such as perfume and preservatives were added to
the formulation.

Formulation Stability and Opacity

Stability of each formulation was assessed under aging conditions at 5, 25
and 45°C for at least 1 month. Opacity as measured by backscattering (BS)
and its change over time as a function of position (tube height) within each
sample was determined using a Turbiscan™ instrument, (model TLabExpert
from Formulaction Company, L’Union, France) as shown in Figure 2 (2, 3).
Formulation with BS(%) of great than 30 has an excellent opacity, while
formulation with BS(%) of less than 20 has a not desirable blue-gray appearance.

BS = Backscattering
. g = asymmetry factor
S % [L] e Q. = scattering efficiency
- 3 o r factor
" 2d d = diameter ‘
’ = [W] @ = concentration
I* = photon transport
mean path

Figure 2. Formulation stability with Turbiscan and BS calculation. Reproduced
with permission from http://www.formulaction.com/technology-mls. html.
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Furthermore, the formulation stability was evaluated visually and ranked as
shown below.

Table 1
Observation Rating
Flocculation and/or sedimentation or creaming Poor
Slight flocculation and/or sedimentation or creaming without further Fair
evolution over time
Miniscule flocculation and/or slight sedimentation or creaming Good
without further evolution over time
No flocculation , no sedimentation, no creaming Excellent

Results and Discussion

SAL with the desired particle size is used as an opacifier in cleansing
formulations to modify the appearance of the formulation through an efficient
light scattering mechanism. It imparts a translucent to milky and/or lotionized
appearance with uniform opacity to formulations. The opacity is affected by
three important factors: refractive index (4), particle size and stability. Firstly,
polystyrene has a refractive index of 1.59, which is significantly higher than
that of air (1.0), water (1.33) and polymethyl methacrylate (1.47). Therefore,
styrene-rich SAL leads to a superior opacity to acrylates or vinyl latexes.
Secondly, the particle size and distribution is another factor that impacts the
opacity. The most efficient light scattering occurs at the particle size close to
one-half of the wavelength of visible light, i.e., 200-375 nm. Finally, the colloidal
stability of SAL in formulation is critical to maximize the scattering efficiency
and maintain the uniformity of opacity.

A typical cleansing formulation contains anionic surfactant such as SLES,
amphoteric surfactant such as CAPB and salt. For formulations opacified with
anionic SAL, the uniformity of opacity is compromised when increasing level of
cationic polymers is present in the formulations. Cationic polymers such as PQ-7,
PQ-10, and GHPTC are used in cleansing formulations to impart conditioning
benefit to consumers. The incompatibility of anionic SAL with cationic polymers,
especially at high use level and/or at low pH presents a significant technical
challenge to formulators.

The stabilization and flocculation behavior of latex particle have been
investigated in a wide range of systems. The electrostatic and steric repulsion
between particles is the primary contributor to the stability of latex particle.
For primary particles with particle size around 200 nm, the sedimentation rate
is estimated to be extremely slow since the density of SAL is not significantly
different from that of water. Most of the motion of the primary particles is
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Brownian. Once in the formulation, the absorption of other ionic materials on
the surface of latex particles can compress the electrical double layer (5-7).
The observation of incompatibility of anionic SAL in high cationic polymer
containing formulation clearly indicates that cationic polymer plays a significant
role for instability. The absorption of cationic polyelectrolytes to anionic SAL
can lead to the reduction of the zeta potential of the anionic SAL. This eventually
results in sedimentation or flocculation/ coalescence of the opacifier latex and a
decrease in the opacity for formulations as illustrated in Figure 3 (C).

Sedimentation '

- ” -
[] ~~ Flocculation /
o O00 (8 % - Coalescence
Oo%| 6}83 it
%0 & S
‘ MAggregation :
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Time Scale

Figure 3. Stability and instability of opacifier in formulations.

We postulate that the above stability issues can be resolved if the opacifier
latex is based on cationic stabilization. Syntheses of latex polymers with cationic
stabilization have been reported in the literature (§—/2). For example, Van
Herk and coworkers (&) reported the synthesis of cationic latex particles with
high cationic surface charge densities. Vancso and coworkers (9) described a
preparation of core-shell cationic latex particles. Aslamazova and coworkers (/0)
were able to make cationic latex in a surfactant-free emulsion polymerization
process. Deng and coworkers (//) compared the synthesis of cationic latexes
by either solution or emulsion polymerization. Piet and coworkers (/2)
reported the synthesis of cationic latex by copolymerization of styrene, and
3-(methyacrylamidinopropryl) trimethylammonium chloride. The cationic SAL
material described in this paper was prepared by a proprietary process so that
all targeted product specifications were met. The stability and opacity of this
cationic SAL, in comparison with anionic SAL, were investigated in cleansing
formulations containing commonly used cationic polymers.

Table II summarizes the stability comparison between conventional anionic
SAL and the cationic SAL in four different formulations containing various
amounts of PQ-7 as well as variations in the surfactant and salt levels. The use level
of PQ-7 ranged from 0.2 to 0.6% while the salt level was varied from 0.6 to 2.5%.
The range of CAPB was from 1.6 to 3.5%. In all cases, flocculation/coalescence
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and sedimentation were observed for the anionic SAL-containing formulations
under heat-aging conditions at 45°C. In contrast, good to excellent stability was
achieved for the cationic SAL-containing formulations. These results indicate the
robustness of the cationic SAL in formulation compatibility with PQ-7.

Table II. Comparison of Formulation Stability of Anionic and Cationic
SAL with PQ-7

Formulation stability at 45 °C
Anionic SAL Cationic SAL

Formulations

11% SLES, 3.5% CAPB,
0.6% PQ-7, 0.6 NaCl

11% SLES, 2.7% CAPB,
0.2% PQ-7, 1.7% NaCl good to excellent

11% SLES, 1.6% CAPB, focculation/ coalescen stability
0.6% PQ-7, 2.5% NaCl occulation/ coalescence

11% SLES - 2.0% CAPB,
0.4% PQ-7, 2.0% NaCl

flocculation/ coalescence

Sedimentation

Sedimentation

Figure 4 shows the comparison of formulation stability of anionic and cationic
SAL in cleansing formulations containing hydroxypropyl GHPTC under heat-
aging study at 45 °C for up to 6 weeks. Each line in the graph corresponds to
the light backscattering (%BS) at different days (right axis from top to bottom)
as a function of the tube height for each experiment. A stable formulation should
exhibit a stable value (after a stabilization period of time) to the end of heat-age
study, suggesting that there is no change in opacity. Also, the line should be flat,
suggesting the uniformity of opacity regardless of tube height. For anionic SAL
as shown in the top figure, a large increase in the backscattering (opacity) at the
bottom of tube was accompanied with a decrease of backscattering elsewhere,
indicating the accumulation of opacifier at the bottom of tube. For cationic SAL,
it was very interesting to observe that a large increase in backscattering occurred
after few days of heat-aging mostly across the whole tube (Figure 4, bottom).
Equally interesting, this increase of backscattering was maintained throughout the
heat-aging study. This observation can be rationalized with the potential formation
of stable small aggregates as shown in Figure 3B. This was further confirmed with
ultra small angle neutron scattering (USANS) study (/3). Overall, incompatibility
of anionic SAL with GHPTC leads to sedimentation of latex particle and loss
of opacity. In contrary, cationic SAL provides a stable and opaque formulation
containing GHPTC.
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Figure 4. Stability of SAL (top: anionic, bottom: cationic) in a formulation
containing 10%SLES, 3.0% CAPB, 1.0% NaCl, 0.3% guar hydroxypropyl
GHPTC (Jaguar® C162) at pH 5.5. Each line corresponds to the light
backscattering (%BS) at different days (right axis from top to bottom) as a
function of the tube height for each experiment.

Similarly, improvement of compatibility of cationic SAL vs. anionic SAL
was observed for the PQ-10-containing formulations under heat-age conditions at
45 °C as shown in Figure 5. For anionic SAL, the light backscattering (%BS)
at longer heat-aged time changed constantly overtime, indicating the instability
of opacity, before sedimentation occurred. In comparison, after the stabilization
period (around 2 days), the light backscattering (%BS) remained constant at a high
value for the cationic SAL system.

920
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1148.ch005&iName=master.img-003.jpg&w=203&h=300

Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch005

ioni da
nioni ¥s
g Anionic SAL
0:00
1:21
30%
=71
£ & 21
o] tO: initial BS: 17.4 % =
£
T 20% |
g = T 13:22
2 i e
S =
© = —— ] 20:22
10%| | e
{ ) 42:03
t42: final BS: 11.3%
0% e b s
Oomm 20mm 40mm
tube height
toamd days
0% CatlcnlcﬂSAL .
0:00
30% 2:04
"3} 7
E = —— —=
g stable opacity 703
g 20% | | (BS:27.9%)
e 3:20
o
[sa]
10% |4 .
’,.- 28:00
L/
0% M 44:02
Oomm 20mm 40mm
tube height

Figure 5. Stability of SAL (top: anionic, bottom: cationic) in a formulation
containing 11%SLES, 2.3% CAPB, 1.8% NaCl, 0.5% PQ-10 (UCARE™ Polymer
JR400). Each line corresponds to the light backscattering (%BS) at different
days (vight axis from top to bottom) as a function of the tube height for each
experiment.

Finally, in a formulation containing a high ratio of SLES/CAPB at low pH,
anionic SAL went through an aggregation, flocculation and coalescence process
resulting in formulation instability (Figure 6, top), while the cationic SAL was
stable throughout the heat-aging study at 40°C (Figure 6 bottom). This observation
is more obvious when the delta of light scattering was compared. The graphs
on the left of Figure 6 give the light backscattering per days, whereas the graphs
presented on the right give the variation of the light backscattering at longer heat-
aged time vs. day 1, taken as a reference. Day 1 becomes the baseline (0% delta
backscattering) and was subtracted to next measurements. The profile obtained
with the cationic SAL is almost perfect with all curves being superimposed at 0%.
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Figure 6. Stability of SAL (top. anionic; bottom: cationic) in formulations
containing high ratio of SLES / CAPB at low pH (7% SLES, 3% CAPB, 0.8%
NaCl at pH 4.5).

The marked improvement of compatibility and opacity of cationic SAL
vs. anionic SAL in cleansing formulations containing cationic polymer can be
rationalized by considering the interaction of latex particles, surfactants and
cationic polymers (7, /4-16). As shown in Figure 7, anionic SAL particles with
negative surface charge interact with PQ to form patched adsorption. Though this
interaction depends on the molecular weight, charge density and hydrophobicity
of cationic polymers as well the ionic strength of the formulation, the electrostatic
attraction between cationic polymer and anionic SAL is the primary driver for this
patched adsorption. Through this adsorption, the cationic polymer can neutralize
the latex particle charge density to zero surface zeta potential so that the latex
particles are destabilized. This results in particle aggregation. Furthermore, the
cationic polymer can function as a template and bridge the anionic SAL to form
bridged flocculation. Both scenarios lead to sedimentation of anionic SAL and
loss of opacity. For cationic SAL, the electrical repulsion of cationic polymer
and latex particle prevents the above described polyelectrolytes and particle
interaction. On the other hand, anionic surfactant can bind to cationic polymer
either non-cooperatively or cooperatively depending on surfactant concentration.
When surfactant concentration is below critical association concentration (CAC),
the binding is non-cooperative. Polymer/surfactant aggregates are formed, where
the charge is neutralized and solubility is decreased. In the cleansing formulations
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described in this study, the surfactant concentration is above the CAC, the binding
is cooperative. Polymer and surfactant form “pearl-necklace” like complex,
where net charge and solubility increase. Further interaction of “pearl-necklace”
like complex and cationic SAL is possible, where a dynamic but stable aggregate
can be formed as illustrated in Figure 7 (bottom). In this structure, the stability
is maintained through the following two major opposing forces: hydrophobic
interactions between “pearl-necklace” like complex and opacifier particle, and
electrostatic repulsions between cationic polymer stretched chains. Overall,
“pearl-necklace” like complex is sandwiched into the cationic particles to prevent
them from irreversible aggregation.

e d

surfactant
aggregates / strong patched adsorption of
micelles cationic polymer onto opacifier high opacifier particle attraction
particle leading to destabilization
v
=
Pearl-necklace like structure
=
cationic
polymer

hydrophobic interactions between cationic
polymer fsurfactant aggregate complex and
opacifier particle

electrostatic repulsions between cationic

w Binding of surfactant aggregates
to cationic polymer
(cac<[surf]< cmc)

polymer stretched chains.

Figure 7. Interaction model of anionic and cationic SAL in cationic
polymer-containing cleansing formulations.

Conclusion

A novel cationic SAL was developed with excellent compatibility in cleansing
formulations containing cationic polymers. This improved compatibility over
anionic SAL provides a complementary tool for formulating stable opaque
products which were out of the capability of anionic SAL. The improved stability
was rationalized through the complex interactions among the latex particles,
surfactants and cationic polymers.
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Chapter 6

Bifunctional Synthetic Fluid:
Polyalphaolefin (PAO) - Diphenylamine
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1-Decene dimer with a terminal double bond (C=) was
reacted with diphenylamine (DPA) using an acidic catalyst to
obtain an antioxidant bound fluid. Two different alkylation
catalysts were explored: Solid acid clay and 1-ethyl-3-methyl
imidazolium heptachloroaluminate [EMIM*][ALLCl7]. In the
DPA alkylation process one converts low molecular weight,
volatile 1-decene dimer into a fluid with lower volatility,
higher viscosity and higher viscosity index. The ionic liquid
(IL) catalyst gave higher viscosity fluid than solid acid clay
catalyst because of 1-decene dimer oligomerization followed
by alkylation or multiple alkylations. Thus, potentially one can
modify a process to design a fluid with desired viscosity and
antioxidant-solubility characteristics.

Introduction

Poly-a-olefins (PAOs) have been recognized for over 30 years as a class of
materials which are exceptionally useful as synthetic lubricant base stocks. They
possess good flow properties at low temperatures, relatively high thermal and
oxidative stability, low evaporation losses at high temperatures, high viscosity
index, good friction behavior and good hydrolytic stability. PAOs are miscible
with mineral oils, other synthetic hydrocarbon liquids and esters. Consequently,
PAOs are suitable for use in engine oils and various other applications (/-3).

The term PAO has been conventionally employed as the name for these
lubricant base stocks although prior to their use as such the initial olefin oligomer
is hydrogenated in order to remove residual unsaturation and improve their
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thermal and oxidative stability. The hydrogenation is typically performed over a
supported metal catalyst. The use of PAOs as high quality lubricant base stocks
has been the subject of several textbooks (/-3).

PAOs may be produced by the use of Friedel-Craft catalysts, such as boron
trifluoride (3). Boron trifluoride is preferably combined with a protic promoter,
typically an alcohol, water, or an acid to form a catalyst complex which may be
used to promote oligomerization into products with the desired molecular weight.
Branched oligomeric structure is required for a low pour point of the fluid. The
alpha olefins which are generally used are those in the Cg to Ci4 range. Olefins
of this type may typically be formed by cracking or by the ethylene chain growth
process.

In current low viscosity PAO process using the Friedel-Craft catalysts, the
dimer or light fractions are recycled into the linear alpha-olefin feed to produce
more lube base stock. These dimers or light fractions, comprising mostly of
CsHis to C3oHeo oligomers (average CaoHao), exhibit a relatively low average
molecular weight of about 280 or less and are not very desirable as feed stock
because of the isomerization which accompanies the oligomerization process.
Being sterically hindered, the double bonds in these light co-products are less
accessible and therefore less amenable to further reaction. Thus, these dimers
or light fractions are less reactive toward further oligomerization. Furthermore,
they are more highly branched olefins and as a consequence of their structure,
produce lube products with less desirable viscosity index (VI), volatility and
thermal/oxidative stability.

An alternative to the Friedel-Craft catalyzed process is using an ionic liquid
catalyst. Processes of this type may be used for producing high viscosity PAOs
(4). An alpha-olefin oligomerization process using a non-nickel transition metal
catalyst and an ionic liquid medium has been reported to obtain a trimer product

(5-7).

Ionic Liquids

An Ionic Liquid (IL) is an organic liquid salt (100% ions) with a melting point
below 100 °C. Many of the ILs are liquid over a wide temperature range (often
more than 200 °C). The low melting points of the ILs can be attributed to the large
asymmetric cations having low lattice energies. ILs have attracted much attention
because of their unique properties which result from the composite properties of
the wide variety of cations and anions (§—16).

Most of the ILs exhibit negligible vapor pressure at ambient conditions,
which reduces the possibility of air pollution and loss of materials. ILs are
highly solvating for both organic and inorganic materials. Many of them
are nonflammable, non-explosive, have high thermal stability and potentially
recyclable.

If we compare a typical IL, e.g., 1-ethyl-3-methylimidazolium ethyl sulfate
(m.p. <-20 °C), with a typical inorganic salt, e.g., table salt (NaCl, m.p. 801
°C), it becomes obvious why there is a difference (see Figure 1). The IL has a
significantly lower symmetry. Furthermore, the charges of the cation and anion are
distributed over a larger volume of the molecule by resonance. As a consequence,
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the solidification of the IL will take place at lower temperatures. In some cases,
especially if long aliphatic side chains are involved, a glass transition is observed
instead of a melting point.

anion _____ S .
|a|-ge anion
% % symmetric _____ o
large
o O
% cation
cation symmetric . ______..
large _____ - % small =0 O
unsymmetric
Ionic Liquid Typical Inorganic Salt

Figure 1. Cations and anions in ionic liquid and inorganic salt.

The strong ionic interaction within these substances results in a product with
high thermal, mechanical and electrochemical stability. In addition, they offer
other favorable properties, such as immiscibility with water or organic solvents
which results in biphasic systems.

The choice of the cation has a strong impact on the properties of the IL
and will often define its stability. The chemistry and functionality of the IL is,
in general, controlled by the choice of the anion. The growing academic and
industrial interest in IL technology is represented by the yearly increase in the
number of publications: starting from far below 100 in 1990 to more than 39000
by 2012. The reason for this increase can be attributed to the unique properties
of these new materials. Ultimately, the possible combinations of organic cations
and anions places chemists in the position to design and fine-tune physical and
chemical properties by introducing or combining structural motifs and, thereby,
making tailor-made materials and solutions possible.

Ionic Liquid Catalyzed Alkylation Reactions

As noted above, ILs can be formed from the wide variety of cations and
anions. Depending on the ions present, ILs may be neutral, basic or acidic in
character (8—16). The acidic liquids can be used as catalysts for alkylation of
olefins. In many instances, however, the catalyst system will be a two component
system with the first component being an acidic component, i.e., a Lewis acid.
For example, a typical first Lewis acid component of the catalyst system may
be aluminum trichloride and the second component, as IL, may be a quaternary
ammonium compound.

The catalyst system, being a liquid, may also function as the solvent or diluent
for the reaction. Thus, the light PAO reactant may be alkylated directly in the
presence of the catalyst system without the addition of solvent or diluent.
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Additives are designed to improve the performance of lubricants with
respect to oxidation, wear, friction, corrosion, viscosity index, etc. One of the
most significant properties is oxidative stability. Antioxidants slow oxidative
degradation by neutralizing a variety of degradation chemistries, thus protecting
the additives and base stocks of the formulated oils and extending their useful
lifetimes and performance. Diphenylamine is a good antioxidant but is not soluble
in hydrocarbons. Therefore alkylated diarylamines are used as stabilizers and/or
antioxidants in a wide variety of organic materials, such as mineral oil-derived
lubricants and synthetic lubricants. The mechanism of its radical inhibition is

shown in Figure 2.
RR'=0
ROO
N—H

ROOH

N——O——CHRR’ N

ROO

N—=O
RO

N

RR'CH

Qo Qo

Figure 2. Diphenylamine as radical inhibitor.

In this work, 1-decene dimer was used to alkylate diphenylamine using
Engelhard clay F-24 or acidic IL catalysts. The reaction scheme for diphenylamine
with 1-decene using IL catalysts is shown in Figure 3. The alkylated products
were characterized using IR, NMR and GPC.

IL Alkylation

The FTIR spectra of the starting 1-decene dimer showed vinyl double bond
peaks at 3069, 1644 and 888 cm-!. After the diphenylamine reaction catalyzed
by IL, the double bond peaks disappeared and new peaks at 3450 and 1606 cm-!
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appeared (Figure 4). The product was examined by 13C NMR to determine the
composition of the product. The 13C NMR results suggest that all double bonds
reacted during the diphenylamine reaction.

H
| H
" g
0 @
\N/\N /\
@_/ AlCl-
lonic Liquid

Figure 3. Reaction of diphenylamine with 1-decene dimer using ionic liquid
catalyst.
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Figure 4. Infrared spectra of 1-decene dimer and and diphenylamine alkylated
product using ionic liquid catalyst.
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Field desorption mass spectroscopy (FDMS) analysis (Figure 5) of
diphenylamine-functionalized 1-decene dimer shows a major m/z peak at 729.4
due to 1-decene dimer difunctionalized with DPA and m/e peak at 449.1 due to
C20= monofunctionalized with DPA. The spectrum also shows peaks at 560.2
due to tetramer and peaks at 869.4 and 1009.8 possibly due to oligomerized and
then alkylated PAO products. The mass spectrum x-axis in Figure 5 refers to
mass/charge ratio, while m/e refers to molecular ion peak.
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Figure 5. FIELD desorption mass spectroscopy (FDMS) OF diphenylamine
alkylated 1-decene dimer.
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Figure 6. PDSC heating data for 1-decene dimer and dimer-diphenylamine
product.
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Pressure Differential Scanning Calorimetry (PDSC)

Many tests are used in the lubricant industry to measure antioxidancy
of products. PDSC is a technique that allows evaluation of oxidation over a
temperature range. It also has the advantages of requiring only a small sample
and being relatively fast. The sensitivity of oxidation data obtained upon heating
depends on the sample mass, oxygen partial pressure, temperature, metallurgy of
sample pan used and total operating pressure.

A DuPont (TA instruments) PDSC model 2920 with a pressure cell was used
for all measurements. The cell is well calibrated for temperature (+/- 0.3 °C).
The heating measurements were carried out at a heating rate of 10 oC/min and a
pressure of about 100 psi in air.

Figure 6 shows the heating data obtained for the neat 1-decene dimer and the
1-decene dimer-DPA. The PDSC data showed that oxidation of diphenylamine
(DPA)-functionalized product begins at 253 °C compared to 1-decene dimer which
occurred at 177 °C. Thus, there is a substantial improvement in oxidation stability
of the functionalized PAO.

Solid Acid Alkylation

The solid acid clay catalyzed 1-decene dimer product was also characterized
using IR, NMR and GPC. The FTIR spectra of the starting dimer showed the
vinyl double bond peak at 3069, 1644 and 888 cm!. After the diphenylamine
reaction, the double bond peaks disappeared and new peaks appeared at 3450 and
1606 cm-! The 13C NMR results suggest that all double bonds reacted during the
diphenylamine reaction.
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Figure 7. FIELD desorption mass spectroscopy (FDMS) of diphenylamine
alkylated 1-decene dimer.

A FDMS analysis of diphenylamine-alkylated 1-decene dimer showed m/e
peak at 729.4 due to dimer difunctionalized with DPA and m/e peak at 449.1 due
to dimer monofunctionalized with DPA (Figure 7). If one compares the mass
spectrum of IL catalyst based diphenylamine-functionalized 1-decene dimer
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(Figure 5) and solid acid based product, it is clear that there are no high molecular
weight peaks (i.e., m/e at 869.4 and 1009.8) in solid acid catalyst based process.
This may be due to oligomerization followed by alkylation of 1-decene dimer.

The PDSC data shows that oxidation of diphenylamine (DPA)-functionalized
product occurs at 257 °C compared to 1-decene dimer which occurred at 177 °C.
Thus, there is a substantial improvement in oxidation stability of the functionalized
PAO.

Lube Properties of the Fluids

The physical and chemical properties of synthetic fluids make them attractive
for a variety of applications requiring a wider temperature operating range than
can normally be achieved by petroleum-based products (mineral oils). Instead of
molecular weights, synthetic lubricants like PAOs are commonly classified based
on their approximate kinematic viscosity (Kv). The Kv of the liquid product
was measured using ASTM standard D-445 and reported at temperatures of 100
°C or 40 °C. For lube applications, the viscosity of lubricant must permit it to
flow to the surfaces to be lubricated and maintain a film thick enough to prevent
excessive wear. The fluid obtained by IL catalyzed diphenylamine-functionalized
1-decene dimer has much higher viscosity than fluid obtained by solid acid catalyst
alkylation reaction.

The viscosity-temperature relationship of lubricating oil is one of the critical
criteria to be considered when selecting a lubricant for a particular application.
The Viscosity Index (VI) is an empirical, dimension-less number which indicates
the rate of change in the viscosity of an oil within a given temperature range and
is related to kinematic viscosities measured at 40°C and 100 °C (typically using
ASTM Method D-445 or D-2270). Fluids exhibiting a relatively large change in
viscosity with temperature are said to have a low VI. The VI of both fluids were
high as shown in Table 1.

Table 1. Lube properties of 1-decene dimer fluids

fluids kvioo viscosity index
dimer-dpa (il) 12.1 118
dimer-dpa (clay) 6.4 120
1-decene dimer 2.1 -

In summary, 1-decene dimer with a terminal double bond (C20=) was reacted
with diphenylamine (DPA) using two different alkylation catalysts. In the DPA
alkylation process one converts low molecular weight, volatile 1-decene dimer
into a fluid with lower volatility, higher viscosity and higher viscosity index
(Table 1). The ionic liquid (IL) catalyst gave higher viscosity fluid than solid acid
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clay catalyst possibly because of 1-decene dimer oligomerization followed by
alkylation or multiple alkyations. Thus, potentially one can modify a process to
design a fluid with desired viscosity and antioxidant-solubility characteristics.

Experimental Details

Preparation of IL catalyst: 2.8 g of EMIM:-AICL ionic liquid (FW. 280,
0.01 mole) and 1.34 g of aluminum chloride (FW. 133.5, 0.01 mole) were mixed
together and stirred to obtain a homogeneous mixture.

The Alkylation of 1-Decene Dimer with Diphenylamine Catalyzed by IL

8.85 g of 1-decene dimer (molecular weight 280, 0.0316 mole), 1.07 g of
diphenylamine (FW. 169.22, 0.0063 mole) and 1.0 g of EMIM-ALCl; were mixed
and heated to 100 °C with a heating mantle. The reaction system was stirred
overnight. Reaction was monitored by thin layer chromatography (TLC) with
hexane as the eluent. The reaction mixture was filtrated through celite. The ionic
liquid was removed by washing with saturated NaHCO3 (200 ml x 3) and brine
(200 ml) in hexane solution (200 ml). Excess unreacted 1-decene dimer was
removed by vacuum distillation at 5 mmHg and 160 °C. 7.1 g of product (mono-
alkylation and di-alkylation mixture) was obtained. 2.4 g of unreacted 1-decene
dimer was collected. The yield was almost quantitative based on diphenylamine.
Judging from TLC, almost all the product was di-substituted or PAO oligomer-
substituted.

The Alkylation of 1-Decene Dimer with Diphenylamine Catalyzed by Engelhard
Clay F-24)

20.7 g of 1-decene dimer (FW. 280, 0.074 mole), 2.5 g of diphenylamine (FW.
169.22, 0.015 mole) and 4.0 g of Engelhard clay F-24 catalyst were mixed in a 100
ml round bottom flask. The reaction system was brought to 100 °C and kept stirring
overnight (18 hours). The reaction mixture was filtered and excess unreacted
PAO dimer was removed by vacuum distillation at 5 mmHg at 160 °C. 8.5 g of
product (a mono-alkylation and di-alkylation mixture) was obtained. 13.9 g of
unreacted 1-decene dimer was collected. The yield was almost quantitative based
on diphenylamine, i.e., the diphenylamine was substantially consumed during the
reaction.
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Chapter 7

Next Generation Mildness for Personal Care:
Nonpenetrating Polymerized Surfactants
for Cleansing Applications
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The small molecule surfactants used in personal cleansers
perform many beneficial functions, yet they can exhibit
significant irritation potential. Inspired by the micelle
penetration theory of surfactant-skin penetration, we have
employed polymerized surfactants (PSs) to minimize irritation
potential via the micelle hydrodynamic size exclusion
mechanism. PSs are comprised of amphiphilic repeat units
(ARUs) and overcome the problem of surfactant penetration
by enabling the formation of micelles that are too large to
penetrate into tissue. The physical properties of PSs can be
manipulated via chemical design to provide materials that
function like conventional small molecule surfactants with the
benefit of a tremendous reduction in irritation potential. PSs
are readily formulated into ultra-mild personal cleansers that
do not compromise on product performance or aesthetics while
providing new levels of mildness for skin health.
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Introduction

Surface-active agents, or surfactants, are essential ingredients in nearly
all personal cleansing products, from bar soaps to shampoos and liquid body
washes (/). Comprised of hydrophilic head groups that are covalently linked
to lipophilic tail groups, these amphiphilic molecules exhibit distinct interfacial
phenomena in aqueous media, such as self-assembly into aggregated structures,
e.g. micelles or lamellae, and adsorption at air-water and oil-water interfaces (2).
These phenomena are the fundamental drivers of surfactant-enabled processes
associated with the formulation and use of personal cleansers, including viscosity
building; solubilization of hydrophobic compounds, e.g. fragrances and active
ingredients; detergency; and foaming. For example, the ability of surfactants to
organize at air-water interfaces and lower surface tension enables the formation
and stabilization of the air bubbles that comprise aqueous foams. Such foams are
often formed during consumer use of surfactant-based cleansers, and foaming
is an important component of the sensorial experience associated with many
personal cleansing products.

Surfactants and Skin Penetration

Due to their amphiphilic nature, surfactants readily interact with biological
substrates, such as the lipids and proteins that comprise the stratum corneum
(SC) of the skin (3). During cleansing, surfactants can penetrate into the SC and
damage its structure by disrupting and disorganizing lipid bilayers, solubilizing
and removing lipids, and denaturing proteins (4-7). For example, surfactants,
such as sodium dodecyl sulfate (SDS), are known to penetrate into and beyond the
SC and to cause increased transepidermal water loss, inflammation, and changes
in keratinocyte differentiation (8—/0). This damage to the skin barrier and the
ensuing inflammatory response are collectively referred to as irritation, and the
small molecule surfactants typically employed in personal cleansers can present a
significant irritation risk if they are not formulated properly.

A perennial goal of personal care formulators is to develop cleansing
products that are exceedingly gentle on skin, yet still effective at removing dirt
and oil from the body and providing copious amounts of foam. Traditional
approaches to improving the mildness of surfactant based cleansers include
employing surfactants with lower critical micelle concentration (CMC) values,
e.g. polyoxyethylene alkyl ether sulfates in place of alkyl sulfates, and blending
surfactants of different chemistries to obtain mixtures with lower CMC values,
e.g. anionics with amphoterics and/or nonionics (//—/3). The success of these
approaches was explained according to the monomer penetration model of
surfactant skin penetration, which holds that only monomeric surfactant species
are capable of penetrating into the SC and causing irritation (/4, /5). This model
assumes that at surfactant concentrations in excess of the CMC, the resulting
micellar surfactant species are too large to penetrate into the SC. Thus, according
to the monomer penetration model, less irritating cleansers may be obtained by
decreasing the critical micelle concentration (CMC) of the surfactant system and
minimizing the concentration of monomeric surfactant species.
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However, in 2003, Blankschtein and coworkers (15, /6) demonstrated that
surfactant micelles are indeed capable of penetrating the SC into the epidermis,
leading them to propose the micelle penetration model, which holds that both
monomeric and micellar surfactant species can contribute to irritation if the
micelle hydrodynamic radius is smaller than the radius of the diffusion pathways
in the hydrated SC. For example, the authors determined that SDS micelles exhibit
an average hydrodynamic radius (Rs) of 20 A, whereas the average aqueous pore
radii of the hydrated SC are 10-28 A, indicating the potential for SDS micelle
penetration (/5). Subsequent ex vivo skin penetration experiments using 4C
radiolabeled SDS revealed a dose-dependent penetration response above the
CMC, thereby confirming that SDS micelles were indeed contributing to SDS
skin penetration. In related studies, Blankschtein et al. (/5—/7) demonstrated that
surfactant penetration into the SC can be reduced by additives that increase SDS
micelle size, e.g. low molecular weight polyethylene glycols and ethoxylated
nonionic surfactants, and that sodium cocoyl isethionate, a surfactant whose
average micellar Ry, value exceeds the average aqueous pore radius of the hydrated
SC, is relatively ineffective at penetrating into the SC. Additionally, the group has
shown that the humectant glycerol can decrease the penetration of SDS micelles
into skin by effectively decreasing the average aqueous pore radius of the hydrated
SC, further demonstrating the utility of the micelle penetration model (18, 19)

Hydrophobically Modified Polymers for Irritation Mitigation

The technical insight provided by the micelle penetration model has led
to the pursuit of new methods for irritation mitigation that target surfactant in
both monomeric and micellar forms to minimize skin penetration and improve
mildness. Previously, our group has shown that effective reduction of irritation
potential can be achieved via polymer-surfactant association (20-25). The
physical association of surfactants to hydrophobically-modified polymers (HMPs)
results in the formation of HMP-surfactant complexes that are too large to
penetrate into living tissue and simultaneously lowers the effective concentration
of potentially irritating free micelles in solution. Addition of HMPs to surfactant
systems provides an alternative substrate for surfactants to interact with during
skin contact and also results in slower surfactant dynamics (26—28). Thus, HMPs
are quite effective at inhibiting the partitioning of surfactants into the SC and
preventing skin barrier damage (29-32). Nevertheless, the HMP-surfactant
complexes and some free micelles are still available at the skin surface to provide
the cleansing and foaming performance required for product functionality.
Successful application of this approach requires the selection of HMPs that exhibit
high surfactant binding efficiency yet do not interfere with product aesthetics, e.g.
rheology, clarity, etc. (2/-25, 33-36).

The present chapter will review how deeper understanding of micelle size
distributions (MSDs) has led us to a new polymer-based approach for preventing
surfactant penetration, which is based on micellar hydrodynamic size exclusion.
To further exploit this mechanism for minimizing irritation potential in personal

107
In Polymers for Personal Care and Cosmetics; Patil, A., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2013.



Publication Date (Web): December 5, 2013 | doi: 10.1021/bk-2013-1148.ch007

cleansers, we have identified and applied polymerized surfactants (PSs) as a class
of nonpenetrating amphiphiles that achieve tremendous improvements in mildness
over conventional small molecule surfactants.

Micelle Size Distributions and Irritation Potential

According to the findings of Blankschtein et al., surfactant micelles with
average micelle hydrodynamic diameter (dn) values less than ca. 6 nm are
capable of penetrating into the SC and compromising the skin barrier, while larger
surfactant micelles, i.e. those having average du values greater than 6 nm, exhibit
dramatically less skin penetration due to hydrodynamic size exclusion (/5—17).
Yet even for surfactant systems with average micellar dy values greater than 6
nm, the MSD may still contain a significant fraction of micelles that are small
enough to penetrate the SC and contribute to irritation potential.

Building on the work of Blankschtein et al., we have previously used dynamic
light scattering (DLS) analysis to measure the average micelle sizes and MSDs of
commercially relevant surfactants and cleansing products at concentrations in the
range of in-use dilution (22, 37—40). The irritation potential of these surfactant
systems was measured via the transepithelial permeation (TEP) assay, an in vitro
biological assay with direct correlation to skin and eye irritation (22, 41, 42). TEP
values (reported as an ECsy, the percent dilution at which a formula will decrease
epithelial barrier integrity by 50%, as measured by fluorescein dye leakage)
increase as a function of decreasing irritation potential; thus milder surfactant
systems display higher TEP scores.

As predicted by the micelle penetration model, surfactant systems exhibiting
larger average values of micelle dy also demonstrated higher TEP scores, i.e. lower
irritation potential. However, because MSDs tend to be broad in nature, even mild
surfactant blends with average micelle dy values greater than 6 nm were found to
have a significant fraction of smaller micelles, i.e. micelles having dy values less
than 6 nm, that are capable of penetrating into skin. Thus, a high foaming, yet
mild cleanser cannot be achieved by simply employing a mild surfactant blend at
an increased concentration: Although increasing the surfactant load will positively
impact foam volume, it will negatively impact mildness because of the increased
concentration of small penetrating micelles that accompanies an increase in the
overall surfactant concentration (22).

Our previous approach to mitigate the irritation potential of these small
penetrating micelles during product usage employed HMPs to decrease the
overall concentration of micellar surfactant in solution without respect to micelle
du, as shown in Figure 1. We have demonstrated that HMPs with high surfactant
binding efficiency can effectively sequester a significant fraction of surfactant
that would normally be present as free micelles in the absence of HMPs, and that
this reduction in apparent free micelle concentration results in reduced surfactant
penetration and irritation potential (20, 22, 23, 25). However, surfactant present
at concentrations in excess of the HMP saturation concentration will exist as free
micelles with a distribution of sizes, and any free micelles with average du values
less than six nm will still be capable of penetrating into the SC.
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Therefore, to achieve more effective irritation mitigation via hydrodynamic
size exclusion, surfactant systems must be designed to shift the entire MSD to
du values greater than 6 nm, as illustrated in Figure 2. In particular, we have
discovered that significant decreases in irritation potential are obtained when the
small micelle fraction (SMF), which we define as the fraction of micelles in the
MSD with dy values less than 9 nm, does not exceed 50% (38—40).
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Figure 1. Conceptual diagram of polymer-surfactant association mechanism
for reducing surfactant penetration with HMPs. Free micelle concentration as
a function of micelle di shown for a conventional surfactant system (top) and

a surfactant system containing a HMP (bottom). The dashed lines at dy = 6

nm represent the upper size limit of aqueous pore radii in the SC as measured

by Moore et al. (15).
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Figure 2. Conceptual diagram of hydrodynamic size exclusion mechanism for
reducing surfactant penetration with PSs. Model MSDs shown for conventional
small molecule surfactants (top) and comparison to micelles comprising PSs
(bottom). The dashed lines at dg = 6 nm represent the upper size limit of aqueous
pore radii in the SC as measured by Moore et al. (15).

Polymerized Surfactants for Personal Cleansing

In theory, the ideal mild cleansing formulation would contain surfactants that
are not capable of penetrating into skin in either monomeric or micellar forms.
However, such nonpenetrating surfactants would still need to have adequate
amphiphilic character to provide the surface and interfacial activity required for
processes such as cleaning and foaming. In an effort to achieve this ideal balance,
we have identified PSs as a class of amphiphilic macromolecules that provide the
functionality of small molecule surfactants with the benefit of little or no irritation
potential due to their inability to penetrate into tissue.
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Polymerized Surfactants

PSs are defined as polymers comprised of covalently-linked amphiphilic
repeat units (ARUs), wherein each ARU contains both hydrophilic and lipophilic,
i.e. hydrophobic, moieties (38—40). Also known as polysoaps or micellar
polymers, PSs often demonstrate the same phenomena as small molecule
surfactants in aqueous solutions, including surface activity and self-assembly
into micelles (43). However, the covalently-linked nature of the surface-active
ARUs also causes PSs to demonstrate unique properties compared to their small
molecule counterparts. For instance, PSs exhibit very low CMC values (or
in some cases no CMC at all) indicating that PSs exist almost exclusively in
micellar form, a consequence of the ARUs being bound by a common polymer
backbone. PS ARUs are also limited in their degrees of freedom compared to
small molecule amphiphiles and do not pack efficiently into micelles; thus, PS
micelles have significantly larger du values compared to micelles comprised of
small molecule amphiphiles, typically an order of magnitude larger. Additionally,
the solution dynamics of PSs micelles are slower compared to those of small
molecule surfactants due to the enhanced stability of PS micelles and the slower
diffusion of PS molecules.

Penetration of PS molecules into the SC is inhibited due to their inherent steric
bulk and propensity to exist as large micelles. PSs are an extremely effective means
of achieving MSDs with a low SMF and thus low irritation potential (38—40). PSs
are also capable of comicellization with small molecule surfactants, so PSs can be
blended with conventional surfactants to yield mixed surfactant systems having
larger du values and low SMFs.

The PS approach to controlling and preventing surfactant penetration
overcomes two potential shortcomings of the HMP approach, 1) the presence
of small free micelles not bound to the HMP, and 2) the necessity of properly
matched HMP-surfactant combinations for high surfactant binding efficiency. As
mentioned earlier, HMPs bind surfactant without respect to hydrodynamic size,
and therefore any free micelles not bound to HMPs will exist in a MSD which may
contain a population of smaller, more dynamic micelles capable of penetration.
By shifting the entire MSD to higher values, PSs eliminate this population of small
micelles that would remain even in the presence of an HMP. HMPs must also be
properly matched to the surfactant(s) in a given cleansing system to ensure high
surfactant binding efficiency. PSs overcome this requirement by incorporating the
surfactant functionality into a polymeric species that does not depend on physical,
i.e. noncovalent, association to prevent surfactant penetration.

Representative PS Chemistries

A variety of synthetic approaches can be employed to prepare PS molecules
(38-40). The common goal of these synthetic approaches is to yield a
polymer comprising ARUs, which may be achieved via 1) post-polymerization
modification of polymers to convert some or all of the repeat units to ARUs, or 2)
polymerization of preformed amphiphilic monomers.
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PSs are readily achieved via post-polymerization modification routes that
provide amphiphilic character to some or all of the repeat units in a hydrophilic
or hydrophobic parent polymer. For example, 1:1 alternating copolymers of Csg
— Cao4 0-olefins and maleic anhydride (MA), such as poly(1-octadecene-alt-MA)
(PA-18) and poly(1-tetradecene-alt-MA) (PA-14), are normally hydrophobic
materials that are insoluble in water. However, base-catalyzed hydrolysis and
neutralization of these copolymers results in PSs comprised of ARUs bearing
hydrophilic dibasic succinate moieties and pendant Cs—C22 hydrophobic moieties
(Figure 3) (38-40). The hydrolyzed copolymers are soluble in water and exhibit
surface-active solution behavior, such as foaming. Notable examples are the
sodium salts of hydrolyzed PA-18 (HPA-18) and PA-14 (HPA-14). Ring-opening
of the MA groups on the PA-18 and PA-14 with hydrophilic nucleophiles also
provides ARUs. PAT-18 and PAT-14 (Figure 3) were prepared via amidation of
the MA groups with sodium taurate under basic conditions according to previously
reported methods (44, 45), to yield PSs bearing sulfonate functionalities for
improved solubility under low pH conditions.

©®Na
0=—S—0
o. NH
-~
R
Nae% o
— —m
Hydrolyzed a.-olefin/maleic anhydride Sodium taurate half-amides of
copolymers o-olefin/ maleic anhydride copolymers
HPA-18: R= C16H35, M* = Na* PAT-18: R= c16H35
HPA-14: R= C12H25, *=Na* PAT14: R= c12H25

Figure 3. Chemical structures of PSs derived from post-polymerization
modification of long chain o-olefin/maleic anhydride copolymers.

Free-radical homo- and copolymerization of -ethylenically-unsaturated
amphiphilic monomers can be used to prepare a variety of PS molecules (358—40),
such as those shown in Figure 4. Notable examples of such monomers include
sodium allyldodecylsulfosuccinate (46) and 2-acrylamidododecylsulfonic acid
(47). However, due to the relatively higher cost of these specialty amphiphilic
monomers, it is advantageous to copolymerize them with less expensive
ethylenically-unsaturated hydrophilic conomomers, such as acrylic acid (AA).
Copolymerization with hydrophilic monomers can also improve the solubility of
PSs bearing ARUs that are more hydrophobic in nature.
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PSs may also be synthesized by step-growth copolymerization of amphiphilic
monomers bearing two or more reactive functional groups. Such amphiphilic
monomers can be covalently linked together via condensation or addition
reactions with suitable difunctional comonomers. For example, O’Lenick
et al. (48, 49) have reported the synthesis of PSs by the base-catalyzed
condensation polymerization of alkyl polyglucoside (APG) surfactants with
1,3-dichloroisopropanol to yield a complex mixture of linear, branched, and
crosslinked polymeric APGs. These polymeric APGs may be further derivatized
to incorporate anionic, cationic, or zwitterionic moieties to impart more
hydrophilic character to the PS molecules.

//?/ //?/ o
OH
o o
o o o ﬁ m
g—oe S—Oe
g N | n®
o] {o]
a o
\R .
poly(sodium allyldodecyl- poly{sodium allyldodecyl-
sulfosuccinate) sulfosuccinate-co-acrylic acid)
whereR = C12H25 whereR = C12H25
|
fo} [of
NH OH
o m
Il
S—OH
]l
[o}
poly(2-acrylamidododecylsulfonic
acid-co-acrylic acid)

Figure 4. Chemical structures of PSs derived from polymerization of
ethylenically-unsaturated amphiphilic monomers.

A key disadvantage of the step-growth approach to PS synthesis is that
the degree of polymerization (DP) is governed by the Carothers equation (50);
thus, comonomer stoichiometry must be precisely controlled and the reactions
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driven to very high conversion in order to achieve a DP distribution composed
predominately of true polymeric species that are not capable of skin penetration.
If the reactant stoichiometry is not precisely controlled and the polymerization
reactions are not driven to sufficiently high conversion, the DP distribution of the
resulting PS will contain a significant fraction of oligomeric species (e.g. dimers,
trimers, tetramers, etc.) that could be detrimental to mildness.

PS Molecular Design Principles

Although an extremely diverse selection of chemistries can be employed
to synthesize PSs, the resulting molecules must fulfill certain design criteria to
achieve the optimal balance of mildness and formulation performance required
in personal cleansing applications. First, the PS must contain a sufficient level
of ARU content to elicit surfactant behavior in aqueous solution, including
surface-tension reduction, foaming, detergency, and solubilization. While PSs
may require as little as 10 mol% ARU content to function as surfactants, we have
discovered that PSs containing from 25-100 mol% ARU content demonstrate
ideal performance (38—40). PSs should also exhibit low DPs, most preferably
from 20—-500 ARUs, which typically correspond to PS molecular weights (MWs)
of 10,000-50,000 g/mol. The low DP is important to ensure low PS solution
viscosities and sufficiently fast diffusion of PS molecules to air-water and
oil-water interfaces.

The combination of high ARU content and low MW are especially critical
to PS performance in personal cleansing applications, and contrasting molecular
architectures will not possess the appropriate solution behavior. For instance,
PS molecules having a low ARU content, i.e. less than 10 mol% ARU, and
high MWs will tend to have lower critical overlap concentration (c*) values and
exhibit intermolecular association behavior in aqueous solution at relatively low
concentrations. This intermolecular association leads to associative thickening
phenomena as the polymers form networks of hydrophobic associations above
c¢* (51). Such viscosity building behavior is undesirable in PSs for personal
cleansing applications, as the resulting product formulations will be too viscous or
gel-like, leading to poor cleansing and foaming performance during product use.

Conversely, PS molecules having high ARU content and high MW, i.e.
greater than 50,000 g/mol, demonstrate a strong propensity for intramolecular
association of the ARUs (57). As the PS chains becomes longer and more flexible
with increasing MW, the intramolecular associations cause collapse of the PS
into unimolecular micelles. Such high MW unimolecular micelles tend to be
kinetically “frozen”, and due to this stability they are not capable of dissociation
and interfacial activity on the timescales associated with processes such as
foaming and detergency.

PS Micelle Size and Mildness

The goal of employing PSs in personal cleansing formulations is to minimize
and ultimately eliminate penetration of the surfactant species into skin during
product use by creating micellar species that are too large to penetrate into the
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SC. The validity of this approach has been demonstrated for the PS molecules
shown in Figures 1 and 2. Model formulas comprising 4.8 wt % active surfactant
(either a PS or a conventional small molecule surfactant) were analyzed via DLS
to determine their MSDs and screened for irritation potential using the TEP assay.
DLS was conducted on diluted formulations at concentrations representative
of in-use dilution (typically 3% formulation in deionized water) and which
correspond to the dilution ranges used in the TEP assay.

Table I. Dynamic Light Scattering and TEP Assay for Model PS
Formulations (38—40)

Polymerized Surfactant Average Small Micelle TEP ECs
Micelle dy Fraction Value

(nm)a (% dy < 9 nm) (% formula)

HPA-18 15.1 10 No leakage

HPA-14 48.6b 4 No leakage

PAT-18 17.6 13 4.85+1.33

PAT-14 13.0¢ 34 No leakage

AA/Acryloyldecyltaurine 16.7 14 No leakage

Copolymer

AA/Sodlu_m Allyldodecyl- R 4d 41 No leakage

sulfosuccinate Copolymer
Comparative Examples

Cocamidopropyl Betaine 6.2 91 2.55+0.46

Sodium Laureth Sulfate 2.7 100 3.12+£0.74

Sodium Trideceth Sulfate 2.6 100 1.73 £ 0.50

a Measured as a 3% (w/w) dilution in deionized water on a Malvern Instruments Zetasizer
Nano ZS operating at 25 °C. b Bimodal distribution of dy values, low peak = 15.9 nm,
high peak =148 nm ¢ Bimodal distribution of dy values, low peak = 12.9 nm, high peak =
113 nm d Bimodal distribution of dy values, low peak = 3.7 nm, high peak = 21.8 nm.

The DLS data in Table I reveal that the PSs exhibit significantly larger
average values of micelle dg compared to typical small molecule surfactants
used in personal cleansers. More importantly, the MSDs for the PSs contain
significantly lower SMFs, indicating fewer potentially irritating micellar species
are present. In contrast, the small molecule surfactants demonstrate very high
SMF values, indicating that the majority of the micelles in the size distribution
are capable of penetrating into and disrupting the skin barrier.

The TEP assay reveals that the model PS formulations are exceedingly mild,
and in most cases, the PS formulas do not even elicit a response in the assay. The
absence of dye leakage indicates that the PS micelles do not disrupt the epithelial
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barrier and have a negligible irritation potential. For PAT-18, the ECso value
is relatively high, indicating a high concentration of the formula is necessary
to compromise barrier integrity. On the other hand, the formulas containing
conventional small molecule surfactants have relatively low ECsg values which
correspond to increased potential for skin barrier disruption and irritation. In
accordance with the micelle penetration model, we attribute the dramatically
lower or nonexistent irritation potential of the PSs to their larger average micelle
du and low SMF values. Thus, the DLS and TEP data in Table I further reinforce
the utility of the micelle penetration model and reveal the ability of PSs to
function as nonpenetrating surfactants with extremely low irritation potential.

Table I1. Dynamic Light Scattering and TEP Assay Data for Model PS
Formulations of HPA-18 and Cocamidopropyl Betaine (38—40)

Raio CAPB: - [CAPB) iy Fracton Talue
(nm)a (% du < 9 nm)e (% formula)
0.00 0.0 15.1 10 No leakage
0.38 1.8 19.5 3 No leakage
0.75 3.6 20.2 3 No leakage
1.00 4.8 18.1 5 No leakage
1.25 6.0 16.2 9 5.51+0.20
1.50 7.2 13.8 18 4.76 £ 0.66
Comparative
Examples
(iﬁg% [f_nllg') 72 62 91 2.55 = 0.46
SLES (1.50) 7.2 53 94 1.34 +£0.48

a Measured as a 3% (w/w) dilution in deionized water on a Malvern Instruments Zetasizer
Nano ZS operating at 25 °C.

PS Compositions Comprising Mixed Micelles

Personal cleansing formulations rarely contain a single surfactant ingredient,
but instead utilize multi-component surfactant systems that are formulated
to maximize product performance and minimize overall formula cost. Such
surfactant blends act synergistically to enhance product attributes, e.g. rheology,
foam volume, lather quality, skin feel, etc., which in turn provide points of
differentiation to the consumer. With this in mind, it is critical to demonstrate
that PSs can be formulated with common secondary surfactants used in personal
cleansing formulations and still deliver exceedingly mild products.
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Table II shows DLS and TEP data for model cleansing compositions based
on 4.8 wt % HPA-18 as the primary surfactant with varying ratios of a small
molecule cosurfactant, cocamidopropyl betaine (CAPB) (38—40). In the absence
of CAPB, the HPA-18 formulation has an average micelle dy = 15.1 nm and an
SMF of 10%. This formula causes no dye leakage in the TEP assay, indicating
that it has virtually no irritation potential. As the ratio of CAPB:HPA-18 in the
formula is increased from zero to 0.75, the average micelle du increases and the
SMF decreases; this is due to comicellization of CAPB with HPA-18, which causes
expansion of the HPA-18 PS micelles. Deo and coworkers (52—54) have reported
analogous comicellization behavior with both anionic and nonionic surfactants for
ahigh MW PS; poly(octyl vinyl ether-alt-maleic acid) having weight-average MW
= 160,000 g/mol.

The HPA-18/CAPB formulas are still quite benign up to a CAPB:HPA-18
ratio of 1.00, as indicated by the absence of leakage in the TEP assay. However, at
CAPB:HPA-18 ratios above 0.75, the average micelle dy begins to decrease and
a corresponding increase in the SMF is observed. These results are attributed to
the onset of homogeneous CAPB micelle formation that occurs once the HPA-18
becomes saturated with CAPB and comicellization is no longer possible (52—54).
As the concentration of CAPB increases and more homogeneous CAPB micelles
form, dye leakage eventually occurs in the TEP assay as the small CAPB micelles
begin to compromise the epithelial barrier.

The ability of HPA-18 to decrease the irritation potential of CAPB via
comicellization is evident from the comparative example of 7.2 wt % CAPB in
the absence of HPA-18. This formula has an average micelle dy of 6.2 nm and an
SMF of 91%, and it exhibits a TEP score ca. 50% lower than the corresponding
formula with HPA-18. This result is particularly surprising because the formula
without HPA-18 contains 40 % less active surfactant, yet it displays a dramatically
lower TEP score, i.e. higher irritation potential.

When a traditional anionic surfactant, sodium laureth sulfate (SLES), is
substituted for HPA-18 in the 7.2 wt % CAPB formulation, a precipitous decrease
in the TEP score is observed (Table II). This large increase in the irritation
potential is attributed to the much smaller average micelle dy (5.3 nm vs. 13.8
nm) and extremely high SMF (94 %) of the SLES-CAPB system.

Foaming Properties of PS Formulations

Foam and lather strongly influence consumer perception of cleansing
products, and successful products must deliver adequate foam and lather to satisfy
consumers’ expectations. An important feature of PS-based cleansing systems
is that their exceptional mildness does not come at the expense of foaming
performance. To demonstrate the ability of a PS to substitute for a traditional
high-foaming anionic surfactant, model cleansing formulations comprising 7.2
wt% CAPB and either 4.8 wt % HPA-18 or 4.8 wt % SLES were analyzed for
foam generating ability. Diluted solutions (0.5 wt % formula in simulated hard
water containing 130 ppm Ca2") of each formula were tested using a SITA R-2000
Foam Tester (SITA Messtechnik GmbH) operating at 30 °C and 1200 rpm.
Foam volume measurements were recorded at 15 s intervals, with the maximum
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foam volume reported at 180 s. The foam performance of the HPA-18 and
SLES formulations was found to be nearly identical (Table III), indicating that
substitution of HPA-18 for SLES to create a milder formula with larger average
micelle dy and lower SMF did not negatively impact foaming ability. Thus,
while the design of personal cleansers classically involves a tradeoff between
foam performance and mildness (37), we have shown that PSs can overcome
this tradeoff to enable the formulation of cleansers with both high foaming
performance and superior mildness.

Table II1. Dynamic Light Scattering, TEP Assay, and Foam Volume Data for
Cleansing Compositions Containing Either HPA-18 or SLES

Anionic Ayemge Small Micelle TEP ECs) Value MaxlFoam
Surfactant Micelle dy Fraction (% formula) Volume
(nm)a (% dy < 9 nm)a (mL)
HPA-18 13.8 18 4.76 £ 0.66 357 £ 15
SLES 53 94 1.34 £ 0.48 347 + 14

a Measured as a 3% (w/w) dilution in deionized water on a Malvern Instruments Zetasizer
Nano ZS operating at 25 °C.

Viscosity Building for Flash Foam in PS Formulations

To provide a consumer-desirable cleansing experience, foaming cleansers
should lather quickly and efficiently to produce a substantial quantity of foam
during product use, e.g. upon handwashing or shampooing. A particularly critical
aspect of a cleansing product’s foam behavior is its propensity for flash foaming.
Flash foaming refers to the rapid generation of significant quantities of foam
upon lathering; the foam formed over short periods of lathering and/or with
minimal energy input is referred to as flash foam, and a product that generates
large quantities of flash foam is said to be a good flash foamer.

We have observed that foaming performance during cleanser use is related
to the loss in product viscosity that occurs upon in-use dilution. This viscosity
reduction is referred to as the formula’s ability to break. Formulas that break more
efficiently upon in-use dilution tend to exhibit improved flash foaming ability.

As thin or watery personal cleansers are undesirable to consumers, the
formulas are typically thickened via incorporation of rheology modifiers to
increase product viscosity. Such rheology modifiers include high MW linear
water-soluble polymers, crosslinked water-swellable microgels, and associative
micellar thickeners (55). The high MW polymers and crosslinked microgels
possess rather large hydrodynamic volumes in aqueous solution and efficiently
occupy free solvent volume with increasing concentration; viscosification is
achieved in the former via chain overlap and entanglement, while the latter do so
via colloidal packing and network formation (55). Associative micellar thickeners
(AMTs) are relatively low MW (generally < 25,000 g/mol) linear or star-shaped
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hydrophilic polymers that are functionalized with hydrophobic endgroups (535,
56). Due to the hydrophobic effect, the endgroups associate to form micelle-like
aggregates in aqueous solution. Above a critical concentration, AMTs form
three-dimensional networks of intermolecular hydrophobic associations; this
network formation results in a dramatic increase in solution viscosity. Examples
of AMTs include linear polyethylene glycol diesters, such as PEG-150 Distearate,
and ethoxylated polyol esters, such as PEG-120 Methyl Glucose Dioleate and
PEG-120 Methyl Glucose Trioleate.

We have discovered that PS formulations thickened with AMTs deliver
superior flash foaming performance (57). Improvements in flash foaming have
been quantified using the Modified Cylinder Shake Test (MCST), which is
designed to simulate flash foaming during in-use dilution. In the MCST, 50 g of
the cleanser is charged to a 500 mL graduated cylinder and then 50 g of water is
carefully added on top of the formula to yield two separate layers. The cylinder
is then sealed and agitated by rotating on a Gaum Foam Machine (Gaum Inc.,
Robbinsville, NJ) causing simultancous dilution and foaming. The flash foam
volume (FFV) is recorded as a function of the number of cylinder shake cycles,
and the foam generation rate (FGR) is determined by plotting the FFV as a
function of cylinder shake cycle and fitting the data to a linear function; the slope
of the resulting linear fit is the FGR.

Figure 5 shows MCST data for formulations containing 4.5 wt % HPA-18
and 5.0 wt % CAPB. The formulas are thickened to similar viscosities (~9000 cP)
with either an AMT (PEG-120 Methyl Glucose Dioleate, sold commercially as
Glucamate™ DOE-120 by Lubrizol Advanced Materials, Inc., Brecksville, OH),
or a crosslinked microgel (Acrylates Copolymer, a crosslinked alkali-swellable
emulsion copolymer of ethyl acrylate and methacrylic acid, sold commercially
as Carbopol® AQUA SF-1 by Lubrizol Advanced Materials, Inc.). The MCST
reveals that the formula thickened with the AMT exhibits a higher FGR, which
corresponds to better flash foaming.

The superior flash foaming ability of AMT-thickened PS formulas is attributed
to the highly dilution-sensitive integrity of the AMT thickening network, which
enables the formulas to rapidly break upon in-use dilution. Typical in-use dilution
results in an AMT concentration that is below the critical concentration required
for formation of the thickening network. Therefore, the concentration change that
occurs during lathering triggers a precipitous decrease in product viscosity. The
diluted product requires significantly less energy input to create foam due to its low
viscosity. The loss in viscosity also enables the PSs to diffuse more rapidly to air-
water interfaces that are formed during lathering, leading to enhanced stabilization
of the resulting foam bubbles as they are formed.

In contrast, PS formulas thickened with high MW polymers or crosslinked
microgels do not break as readily and thus tend to exhibit poor flash foaming. This
behavior is due to the less concentration-sensitive nature of their hydrodynamic
thickening mechanisms. At typical in-use dilutions, these formulas will maintain
higher viscosities and require greater energy input during lathering to create foam.
The higher viscosities will also impair PS diffusion to newly formed air-water
interfaces, further inhibiting flash foaming in these systems.
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Figure 5. Determination of foam generation rate via MCST for HPA-18
formulations thickened with PEG-120 Methyl Glucose Dioleate or Acrylates
Copolymer (57).

Conclusion

We have demonstrated that PSs can be used to achieve tremendous
improvements in mildness over conventional small molecule surfactants via
micellar hydrodynamic size exclusion. Due to their polymeric nature, PSs and
PS micelles are too large to penetrate into tissue, rendering them extremely
mild; nevertheless, PSs are still capable of providing the same benefits as
conventional surfactants, such as cleansing and foaming, due to their amphiphilic
character. PSs can also be formulated with conventional surfactants to form
larger mixed micelles that demonstrate improved mildness. Viscosity building
in PS formulations requires careful selection of rheology modifiers to achieve
acceptable flash foaming during product use, with AMTs delivering the best
performance. PSs represent a step-change in mild cleansing technology and are
perhaps the mildest foaming surfactant ingredients ever developed for personal
cleansing.

List of Abbreviations

AA acrylic acid

AMT associative micellar thickener
APG alkyl polyglucoside

ARU amphiphilic repeat unit
CAPB cocamidopropyl betaine
CMC critical micelle concentration
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du

hydrodynamic diameter

DLS dynamic light scattering

DP degree of polymerization

FFV flash foam volume

FGR foam generation rate

HMP hydrophobically-modified polymer

HPA-14 hydrolyzed PA-14

HPA-18 hydrolyzed PA-18

MA maleic anhydride

MSD micelle size distribution

MW molecular weight

PA-14 poly(1-tetradecene-alt-MA)

PA-18 poly(1-octadecene-alt-MA)

PAT-14 sodium taurate half-amide of PA-14

PAT-18 sodium taurate half-amide of PA-18

PS polymerized surfactant

SC stratum corneum

SDS sodium dodecyl sulfate

SLES sodium laureth sulfate

SMF small micelle fraction

TEP transepithelial permeation
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Chapter 8

Stars and Blocks: Tailoring Polymeric Rheology
Modifiers for Aqueous Media by Controlled
Free Radical Polymerization
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Using Reversible Addition-Fragmentation chain Transfer
(RAFT) polymerization as model technique for reversible
deactivation radical polymerization (RDRP) methods, we
explored the synthesis of complex non-ionic amphiphilic
water-soluble polymers in general, and of associative telechelics
in particular. Via straightforward one-step or two-step
RAFT polymerizations, and without any further chemical
transformation, various diblock, triblock, star as well as star
block (co)polymers were made, and studied with respect to
their thickening and gelling behaviors. By systematic structural
variations and comparison, structure-property-relationships
were derived. Moreover, we conferred thermo-responsiveness
(of the lower critical solution temperature (LCST) type) to the
hydrophilic polymer blocks, thus enabling the modulation of
the rheological effects by a thermal switch.
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Introduction

Polymer rheology modifiers are major ingredients in many cosmetics and
personal care products (/, 2). Within this group, the so-called “associative
telechelics”, in particular in form of hydrophobically «o,w0-end-capped
water-soluble polymers (Scheme 1a), are highly effective for the thickening or
gelling of aqueous formulations, and thus are widely applied (2—6). However, due
to the severe boundary conditions for the synthesis of water-soluble polymers,
the synthetic options for associative telechelic polymers have been limited for
long. For availability, cost, and toxicological reasons, the vast majority of
associative telechelics has been derived from polyethylene oxide (PEO, often
named synonymously polyethylene glycol PEG) as hydrophilic building block (5,
7). PEO is made by ionic polymerization, a method that is generally very sensitive
and prone to side reactions. Therefore, ionic polymerization is extremely difficult
to apply for the synthesis of other hydrophilic polymers than PEO.

In contrast, free radicals are mostly inert toward water and typical hydrophilic
groups. Thus, classical free radical polymerization is a priori the most suited
synthetic pathway for fabricating water-soluble polymers. Moreover, a large
choice of suited, water-soluble monomers is commercially available. Yet,
the inherent kinetics of the classical free radical process do not allow for an
effective control over the molecular structure or architecture (8, 9). This situation
has changed profoundly with the evolving methods of reversible deactivation
radical polymerization RDRP (formerly often called "controlled free radical
polymerization") (9—17). These methods combine many advantageous features
of free radical and of controlled ionic polymerizations, thus enabling an efficient
and versatile control of molar mass, end groups and polymer architecture.

(a) =0y (b) PeF PO BA
A
(BA),,
() ooy Fed®  (d)
BAB

Scheme 1. Architectures of macromolecular rheology modifiers: (a) associative
telechelics; (b) amphiphilic diblock copolymer; (c) amphiphilic triblock
copolymer (hydrophilic block in the center), (d) amphiphilic star block copolymer
(hydrophilic blocks in the center); A/open symbols signify the hydrophilic
building blocks, while B/filled symbols signify the hydrophobic blocks

With the aim of exploiting the opportunities of RDRP in the synthesis
of complex non-ionic water-soluble polymers as alternatives to PEO based
systems, we have explored the use of the Reversible Addition-Fragmentation
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chain Transfer (RAFT) (12—14) method for hydrophobically o,m-end-capped
water-soluble polymers, and further for more complex variants, by designing
straightforward one-step or two-step polymerization strategies without the need
of any further chemical transformation. The RAFT method was chosen as
model technique for RDRP in our studies as it is not only extremely versatile for
introducing specific end groups into polymers, but it also enables inherently a
rapid verification of the extent of end group functionalization achieved (135, 16).
The various amphiphilic architectures addressed are sketched in Scheme 1. On the
one hand, we explored the realization of classical associative telechelic structures
(Scheme 1a) and of star-shaped analogs via RDRP methods. On the other hand
we explored analogous amphiphilic block copolymer structures (Scheme 1c-d),
while the corresponding diblock copolymers (Scheme 1b) served as reference.

Experimental

For experimental details, we refer to previous reports. Concerning the
monomers shown in Figure 1, the synthesis of non-ionic hydrophilic monomers
AA3-AA5(17,18), AA9 (19), Sox1 - Sox3 (20, 21), HEOnS (22) and MEOnS
(22) is described elsewhere. The other monomers used were commercial products.
The synthesis of the bi-, tri- and tetrafunctional trithiocarbonates used as RAFT
agents was described before (23—25). Trithiocarbonate RAFT agents were
preferred over dithioesters in our studies, as they generally show better resistance
to hydrolysis (26, 27). Polymerizations were performed in bulk (styrene) or in
solution, following established procedures (24, 28). Details for size exclusion
chromatography (SEC, SEC-MALLS), dynamic light scattering (DLS), small
angle neutron scattering (SANS), visual determination of phase diagrams, and
rheological studies are reported elsewhere (24, 28—30). For systems described as
“opaque”, 1 cm thick samples were nontransparent to the eye.

Results and Discussion
Selecting the Hydrophilic and Hydrophobic Building Blocks

For non-ionic hydrophilic building blocks, we focused on - mostly
(meth)acrylic - monomers bearing amide, sulfoxide, hydroxyl or oligoethylene
oxide moieties as hydrophilic groups (Figure 1) (37). Within this group of
non-ionic monomer constituents, the acrylamides are the more common ones.
In the majority of the acrylamides, namely AA1-AA6, the hydrophilic moiety
is an integral part of the polymerizable group, while in the case of acrylic and
methacrylic esters and styrenes, separate polymerizable and hydrophilic moieties
are needed. All the monomers shown give rise to water-soluble homopolymers,
except for HEMA and Sox2, the homopolymers of which only swell in water. If
chemically cross-linked, all monomers produce permanent hydrogels.
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Figure 1. Non-ionic hydrophilic monomers studied.

The polymers with the highest affinity for water were obtained from AA1,
AA7, Sox1, Sox3, and the macromonomers with oligomeric PEO side chains
as MEO9A and MEO9MA. In contrast to these, the polymers derived from
monomers bearing more hydrophobic substituents, such as AA2-AA6, HEA,
MEQO2A, MEO2MA, HEO3S, HEO4S, and MEO4S, exhibit a characteristic
miscibility gap with water at high temperatures under ambient pressure, i.e., they
exhibit a lower critical solution temperature (LCST).

All the monomers shown can be polymerized by the RAFT method with
monofunctional chain transfer agents (such as CTAla or CTA2a in Figure
2) to give polymers with relatively low polymer dispersities (PDI < 1.3),
predicted number average molar mass M, (i.e., the number average degree of
polymerization DPy, corresponds closely to the theoretically calculated value of
[conversion] x [monomer concentration] / [concentration of thiocarbonyl moieties
engaged] (/3)), and mostly defined end groups. Under appropriate polymerization
conditions, end group conservation is > 90% (15, 16, 24). The use of non-ionic
moieties as hydrophilic groups confers not only good water-solubility to the
polymers, but is generally favorable for their biocompatibility, too. Polymers
derived from (meth)acrylates bearing hydroxyl, oligoethylene oxide, or sulfoxide
moieties as hydrophilic groups seem to exhibit particularly high biocompatibility
(32, 33). Additionally, the non-ionic character favors solubility of the polymers
in many standard organic solvents (in marked contrast to polyelectrolytes), thus
facilitating their handling and molecular analysis.

Incorporation of the Hydrophobic Building Blocks

To incorporate the hydrophobic building blocks into the telechelics, we
applied two different strategies. First, we exploited the inherent need for a chain
transfer agent in the RAFT process for attaching hydrophobic end groups to the
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polymers, by engaging multifunctional RAFT agents bearing hydrophobic R or
Z-groups (Figure 2). To attach identical end groups in the o- and w-position of
the polymer chains, we used symmetrical RAFT agents either of the Z-R-R-Z
type (Figure 2, series CTA1), or of the R-Z-Z-R type (Figure 2, series CTA2).
In the first case, the polymer chains grow from the center toward the periphery
of the macromolecules ("R-approach"). In contrast, when using RAFT agents
of the R-Z-Z-R type, polymer growth takes place at the macromolecular center
(“Z-approach”) (34).
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Figure 2. Multifunctional hydrophobic RAFT agents employed in the synthesis
of the associative polymers (24, 25). Left column: RAFT agents (Z-R-R-Z type)
used for producing hydrophobically end-capped homopolymers, with X = butyl,
dodecyl, or octadecyl; “n” in the name indicates the number of carbons in the
substituent X. Right column: RAFT agents (R-Z-Z-R type) used for preparing
amphiphilic block and star block copolymers. Monofunctional RAFT agents

CTAI-n-a and CTA2a are employed for reference purposes.

Both strategies are useful, but have their particular strengths and weaknesses
(35, 36). Hence, both approaches enable the synthesis of hydrophobically
end-capped linear polymers (with a topology analogous to classical associative
telechelics) when using bifunctional RAFT agents, via a one-step procedure.
When using multifunctional RAFT agents, both enable the synthesis of
hydrophobically end-capped star polymers (37), also in a one-step procedure. In
this way, we prepared 3-arm and 4-arm star polymers (24). The various polymers
will be abbreviated as poly(Ax-n);, where A denotes the hydrophilic monomer
unit, n is the number of carbons in the hydrophobic end groups, and f is the
functionality, i.e., the number of (star) arms.
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The “R-approach” seems particularly attractive for the synthesis of rheology
modifiers, as it allows for high molar masses while mostly suppressing the
formation of small linear chains as by-products (38, 39). However, this strategy
implies the possibility of star-star coupling reactions, the probability of which
increases with conversion and the number of arms (35, 38). A set of criteria was
proposed based on theoretical calculations and experimental results, in order to
minimize such problems, and thus to obtain well-defined star polymers (35).
Accordingly, star production is favored at low stationary radical concentration, for
a high rate of monomer propagation, and when using a sufficiently rate-retarding
chain transfer agent. While the first criterion asks for the judicious choice of the
initiator and the reaction temperature, acrylic monomers and trithiocarbonates
bearing benzylic R groups (see Figure 2) meet the other requirements well (40).

Exemplarily, the synthesis of hydrophobically end-capped star polymers
was investigated in more detail with two strongly hydrophilic, non-ionic acrylic
monomers, namely the small N, N-dimethylacrylamide AA1 and macromonomer
MEO9A. While both are fully water-soluble and do not show phase separation
up to boiling point of water under ambient pressure (no LCST), they differ
substantially in their size, and poly-MEO9A presents a comb structure.
Polymerizations were conducted using RAFT agent series CTA1 (Figure 2) in
homogeneous solution in benzene, which is virtually inert towards radical attack.
This eliminates possible chain transfer to solvent as competing process. While the
use of AA1 gave excellent results providing well-defined linear and star polymers
with various hydrophobic end groups from butyl to octadecyl chains, as reported
in detail elsewhere (see also Figure 3a) (24), the use of macromonomer MEQO9A
revealed unexpected problems (Table 1).

Though 4-arm stars of high molar mass could be synthesized at sufficiently
high monomer concentrations of 40 wt%, these star polymers showed PDI
values of 1.5 to 3. Even after optimizing reaction conditions, the values are
rather high for polymers obtained by a well-controlled RDRP process. The
difficulties seem to be aggravated rather than improved when increasing the
polymerization temperature from 70 to 90 °C (while keeping the flux of initiating
radicals comparably low by exchanging initiator AIBN to V-40 that requires
higher decomposition temperatures) - a measure that, a priori, should favor
star formation (35). Therefore, the problems encountered are attributed to the
PEO side chains: H-abstraction from the a-methylene ether groups, as favored
by the lone pair effect of oxygen (47), results in uncontrolled chain transfer
of the growing radicals to monomers and polymers (42). In fact, this type of
chain transfer reaction has been well known to occur when highly reactive oxy
and peroxy radicals are involved, and has even been synthetically exploited,
e.g., for grafting monomers onto PEO polymers (43—45). Seemingly, the much
more stabilized - and thus less reactive - secondary carbon centered radicals
are still aggressive enough to induce similar chain transfer reactions under the
conditions and synthetic constraints applying in our systems. While for linear
chains this problem may be hardly notable (/7, 46—49), it becomes increasingly
prominent with increasing degree of polymerization and number of arms for the
star polymers (Table 1).
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Table 1. RAFT solution polymerisation of macromonomer MOE9A in
benzene in the presence of multifunctional RAFT agents; [MOE9A] / [CTA]
=1000

. | vield | Mytheo | MMALLS | M MAL-
1-4-c 40 709 | 6 56 271 264 425 1.6
1-4-c 40 90 | 3 50 241 57 90 1.6
1-4-c 17 90m | 5 7 33 24 37 1.6
1-4-c 40 90m | 5 72 346 58 108 1.9
1-4-d 40 709 | 6 58 278 276 702 2.5
1-4-d 40 90m | 5 61 295 95 170 1.8

a) monomer concentration in benzene, b reaction temperature; © duration of the
reaction; 9 by gravimetry; ¢ calculated as [conversion] X [monomer concentration]
/ [RAFT agent engaged]; » from SEC in 0.05 M Na,SO; in H,O, MALLS
detection; & wusing initiator azobisisobutyronitrile (AIBN); M using initiator
1,1'-azobis(cyanocyclohexane) (V-40).

10.000 100.000 10.000 100.000
Molar Mass [g/mol] Molar Mass [g/mol]

Figure 3. Effect of solvent in the homopolymerization of AAl to 4-arm star
polymers using tetrafunctional RAFT agents CTAI-d (SEC in DMF with 0.1 wt%
LiBr, calibration with polystyrene standards): (a) polymerization in benzene;
(b) polymerization in ethanol.

This interpretation is supported by the finding, that molar mass distributions
are broadened, too, when polymerizing AA1 to high molar mass polymers using
multifunctional RAFT agents in ethanol (Figure 3b). This contrasts markedly
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with the narrow molar mass distributions obtained when polymerizing in the
inert solvent benzene (Figure 3a) (24). Different from benzene, ethanol also
disposes of a-methylene groups next to an oxygen atom, which are sensibilized
toward radical attack, explaining that the transfer constant to ethanol in radical
polymerization of acrylic monomers is by one order of magnitude higher (50)
This side reaction seems to pass unnoticed when producing linear polymers via
RAFT polymerizations in ethanol (as frequently applied for very polar monomers)
(51-53), but must be taken into account in the particularly demanding synthesis
of well-defined high molar stars. Clearly, the preparation of high quality, high
molar mass star polymers is feasible by RAFT, but requires careful selection of
the various components and parameters of the polymerization mixture.

In our second synthetic approach, we prepared symmetrical triblock as well
as star block copolymers, in which a long central hydrophilic block or star,
respectively, is end-capped by short hydrophobic blocks (54) (¢f. Scheme 1c-d),
made, e.g., from poly(2-ethylhexyl acrylate) (polyEHA) or from polystyrene
(polySt). Following analogous considerations to establish appropriate reaction
conditions as presented for the alkyl end-capped linear and star homopolymers
above, only two consecutive polymerization steps are needed when using
multifunctional RAFT agents as in Figure 2. In favorable cases, polymerizations
may be implemented as one-pot reaction, producing tapered block copolymers.
For carefully selected monomer combinations, such as hydrophobic maleimides
together with styrene monomer MEOA4S (535, 56), the synthesis of hydrophobically
end-capped water-soluble polymers can be even simplified to a one-step process,
when alternating copolymerization (producing here a hydrophobic block) is
followed by homopolymerization of excess styrene monomer (producing here the
hydrophilic block).

In this way, the size, the hydrophobicity, and the dynamics of the hydrophobic
segments (via its glass transition temperature) can be conveniently tailored
at will. The various triblock copolymers are abbreviated in the following as
poly(By-b-Ax-b-By), where A denotes the hydrophilic monomer unit and x its
number average degree of polymerization, while B denotes the hydrophobic
monomer unit and y its respective number average degree of polymerization DP,,.
Analogously, star block copolymers are noted as poly(Ax-b-By)s, with f being
the functionality (number of arms). The synthesis of such symmetrical triblock
and star block copolymers for associative thickeners based on the hydrophilic
A Dblocks of poly-AA6 and poly-MEQ2A was described elsewhere in detail,
for a wide variety of hydrophobic blocks of varying hydrophobicity and glass
transition temperatures (25, 28, 29, 57). Importantly, strong hydrophobic B
blocks, such as polystyrene, must be kept sufficiently small, to allow the direct
dissolution of the amphiphilic block copolymers in water (25, 58). While for
instance poly(Sti1-b-AA6220-b-St11) and poly(Sti0-b-MEQO2A 150-b-St10) can still
be directly dispersed in water, the analogous copolymers with polystyrene blocks
of y=15 required dissolution in an organic, water-miscible solvent, mixing with
water and subsequent removal of the organic solvent (e.g., by evaporation) to
obtain homogeneous, clear aqueous solutions. Such a procedure may be feasible
for model studies, but seems hardly appropriate for practical applications. In any
case, one must be aware that true thermodynamic equilibrium is difficult to reach
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in aqueous “solutions” of amphiphilic block copolymers, and that experimental
results therefore may depend on the preparation paths, in particular for polymers
carrying either long or strongly hydrophobic blocks (59).

Association in Dilute Aqueous Solution

As the hydrophobic end groups render the polymers amphiphilic, micelle-like
aggregation is seen in dilute solutions (concentration < 1 wt%), e.g. by DLS
or SANS studies. The spherical aggregates (‘“flower micelles” (54)) are small
and large clusters are almost absent, despite the presence of the multiple
hydrophobic end groups. In agreement, solution viscosity is low. For linear and
star homopolymers with identical aliphatic hydrophobic end groups, the size of
the aggregates was found to be small and hardly dependent of the number of
arms and end groups, f. For example, all micelles formed by polyAA1 bearing
Ciz2-end groups and x=1000 (poly(AA1x-12)¢ ), show values of about 16-18 nm
for the hydrodynamic radii Ry, independent of having linear (=2, “2-arm”),
3-arm or 4-arm architecture (60). In contrast, the radius of gyration Rg of the
aggregates decreases somewhat in this series with £, from 12.5 to 10.6 to 9.8
nm (24). The size of the amphiphilic block copolymers with short hydrophobic
blocks (to enable direct dissolution in water, see above) is in the same range. As
expected, Ry grows with both the lengths of the hydrophobic end groups and of
the hydrophilic central block for the poly(By-b-Ax-b-By) block copolymers, as
illustrated in Figure 4.

154

E +
¢ b oy
2 . y X2 g X2 y
S0 L ¢=0 c=0
e 7]
E - 0\ o]
©
5,
B * (° ©
° ’
= 5 o concentration 3 g/L OCH; OCHS,
0 100 200 300 400 500

Number average degree of polymerization x

Figure 4. Evolution of the apparent hydrodynamic radius Ry for micellar
aggregates of block copolymers poly(Stg-b-MEO2A-b-Stg) with x in dilute
aqueous solution. The lines are meant as guide to the eye only.

Thickening in Semidilute and Concentrated Aqueous Solutions

When the concentration of the telechelics rises above 1 wt%, solution
viscosity increases rapidly. Depending on the detailed molecular structure,
complete gelling is achieved for many systems from few wt% on (Fig. 5) (24, 28,
60).
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Figure 5. Tube inversion flow test for 5 wt% aqueous solutions of 3-arm star
homopolymers of AA1 with molar mass M, == 100 kg/mol bearing different
hydrophobic alkyl end groups: samples from left to right poly(AA1-4)3,
poly(AAI1-12)3 and poly(AA1-18)3. Left picture: before turning; right picture:

samples turned upside down after 30 s.

DLS and SANS measurements corroborate the presence of polymer (transient
and/or permanent (3, 6, 61, 62)) networks in this concentration range. The network
points consist of spherical micelles with the radius given approximately by the
length of the alkyl chains constituting the hydrophobic end groups.
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Figure 6. Oscillating rheology at room temperature; storage modulus (G', full

symbols) and loss modulus (G", open symbols) as function of the frequency: a)

5 wt% aqueous solutions of star homopolymers of AAI (molar mass M, = 120

kg/mol: “2-arm” poly(AA1-12); ( v, v ), 3-arm poly(AA1-12); (e, o), and 4-arm

Poly(AAI-12)4 (4, 2). (Data taken from ref. (24)) b) 3.5 wt% aqueous solutions
of block and star block copolymers: BAB triblock poly(Sts-MEQO2A 459-Sts)
(e, o) and BAB triblock poly(St;s-MEQ2A539-St13) ( 4, 4), 3-arm star block

poly(Sts-MEO2A220)3 ( 7, 7 ).
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Thickening and gelling is not only favored by increasing the lengths of either
the hydrophilic block or the hydrophobic end groups (Figure 5 and 6), but also by
increasing the number of end groups (Figure 6b). All these molecular parameters
enhance the gelling efficiency of the telechelics as well as the mechanical strength
of the hydrogels formed (see Figures 5-8). The instructive comparison in Figure 6
demonstrates clearly that the shear modulus Gy (high frequency limit of the storage
modulus G') increases substantially with the number of arms of the polymers,
for the end-capped homopolymers (Figure 6a) as well as for the amphiphilic
block copolymers (Figure 6b). In contrast, the characteristic relaxation time is
only weakly affected, as it is almost exclusively determined by the length of the
hydrophobic alkyl end group (30). Thus, by tuning individually the chemical
nature and the length of the hydrophilic block, and the hydrophobicity and the
number of the hydrophobic end groups, gel points and mechanical properties can
be adjusted in a wide range. Interestingly, the glass transition temperature of the
hydrophobic end blocks seems to be of little importance for the gelling ability
of the amphiphilic block copolymers, if the hydrophobic block exceeds a certain
size and becomes strongly incompatible with the aqueous dispersion medium, as
then, the hydrophobic interaction seems to prevail (29).
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Figure 7. Partial phase diagrams of aqueous solutions of telechelic polymers
of MEO2A end-capped with short polystyrene blocks. Comparing the effect
of the polymer architecture: (a) linear triblock copolymer analogs with
increasing length of the hydrophobic block: poly(styrenes-MEQO2A 450-styreneg)
vs. poly(styreneis-MEQ2As3p-styreneis); b) linear triblock vs. 3-arm star
block with comparable block lengths: poly(styrenes-MEQ2A 450-styrenes) vs.
poly(styrenes-MEQ2A32¢)s3.
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Temperature Effects on Associative Thickening in Aqueous Solutions

In addition to polymer concentration, temperature is a key physical parameter
for controlling the viscosifying and gelling power of associative polymers.
Importantly, the water-solubility of many non-ionic polymers decreases with
increasing temperature, until phase separation occurs, i.e., they exhibit a Lower
Critical Solution Temperature (LCST) phase transition (63, 64). For polymers
made from the oligoethylene oxide (macro)monomer families MEOnA and
MEOnMA, LCST transitions are only absent under ambient pressure when n
> 6 (17, 33, 65). For many classical applications, such as solubilization, this
miscibility gap at elevated temperatures poses a problem and must be thoroughly
taken into account, when selecting a non-ionic polymer. In contrast, this feature
is most useful for designing responsive systems. Such “smart” systems are
characterized by a marked change of their property profile upon exposure to a
small trigger, here to a small temperature change (63, 64, 66, 67). The passage
through the LCST-type transition profoundly modifies key properties such as
swelling, and consequently has a dramatic impact on the solutions’ rheology (cf-
Figures 7- 8).

Independent of their thermo-reponsive behavior at elevated temperatures,
these polymers also serve well to elucidate some basic structure-property
relationships between the macromolecular structure and the ability for associative
thickening. While Figures 7a and 8a illustrate the effect of increasing the
length of the hydrophobic end blocks, Figures 7b and 8b illustrate the effect of
multiplying the number of hydrophobic ends. They compare the linear triblock
copolymer poly(Sts-b-MEO2A450-b-Stg) and the analogous 3-arm star block
copolymer poly(MEQO2A330-b-Stg);, which exhibit approximately the same
hydrophilic-hydrophobic balance (HLB). Clearly, the tendency for gelling as well
as mechanical strength of the gels increase with the length of the hydrophobic
end caps as well as with their number. Yet, the lack of direct solubility in water
for polystyrene blocks already as short as 1.5 kg/Mol (DP,=15), renders the first
optimization strategy impractical. A low molar mass limit for direct dispersion of
the associative triblock copolymers in water is not a particularity of hydrophobic
vinyl polymers as end-caps, but has been noticed for other hydrophobic blocks,
too, such as polylactide (68, 69). In contrast, an increasing number of short
polystyrene blocks of molar mass 0.8 kg/mol increase the gel strengths without
compromising the solubility in water.

Note also that while the phase transition temperature of poly-MEO2A
is about 40°C, the crossover of the G' and G” curves occurs at much lower
temperatures (Figure 8) (28). Accordingly, the hydrogels disintegrate already at
temperatures considerably below the phase transition temperature of these block
copolymers. However, such a behavior is not universal for thermo-responsive
telechelics. Hydrogels made from analogous triblock copolymers based on
N-isopropylacrylamide (AA6), for instance, become mechanically even more
stable in the temperature window shortly above the phase transition, and
collapse only when heated well above their phase transition temperatures
(29). A similar induced gelation by high temperatures has been reported
for many BAB type block copolymers made from an inner PEO block and
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hydrophobic polylactide end-caps (68, 70, 71). Possible reasons for the observed
differences between poly-MEQO2A based and poly-AA6 based polymers, namely
thermo-liquidification vs. thermo-gelling despite analogous architectures (cf.
Scheme 1) are discussed in detail elsewhere (72).
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Figure 8. Evolution of the storage modulus (G', full symbols) and loss modulus
(G", open symbols) of 3.5 wt% aqueous solutions of amphiphilic block
copolymers with the temperature, as function of the polymer architecture. a)
linear triblock copolymer analogs with increasing length of the hydrophobic
block: poly(Sts-MEQO2A450-Sts) (e, ©) and poly(St;s-MEQO2A539-St1s) ( 4,
4); b) linear triblock vs. 3-arm star block of comparable block lengths:
poly(Sts-MEQ2A450-Sts) (e, o ) and poly(Sts-MEQO2A229)3 ( v, v ). (Frequency
1Hz, data for poly(Sts- MEO2A 59-Sts) are taken from ref. (28)).

In an interesting additional option, the use of thermo-sensitive blocks
may help to overcome the size limitation of the hydrophobic end-caps for the
direct dissolution of associative block copolymers in water. If the hydrophobic
functionality is only “switched on” after dissolution of an originally water-soluble
block, here by rising the working temperature above the LCST phase transition,
hydrophobic aggregation of a formerly completely water soluble block copolymer
can be induced. In the simplest version of an associative telechelic, this is
done via a symmetrical binary B'-A-B’ type architecture, with a permanently
hydrophilic inner A block and two thermo-sensitive B’ end-caps (Figure 9, top)
(23, 73-78). This approach can be further refined by designing B'-A-B” type
architectures, which contain two different thermo-sensitive B’ and B” end-caps
with sequential phase transition temperatures (Figure 9, bottom). Unfortunately,
the reorganization processes and their kinetics following the thermal switching
from hydrophilic to hydrophobic behavior of the end caps (with concomitant
viscosifying effects), is complex and far from the scenario of a simplistic “on-off”
switch (23, 79-81).

A possibly interesting compromise might be the use of a non-symmetrical
ternary B-A-B' design, in which a permanently hydrophilic inner A block is
framed by one permanently hydrophobic end-cap B, and one thermo-sensitive
end-cap B’ (Figure 9, center) (82-84). While the initial water-solubility is
improved in comparison to a BAB system with 2 permanently hydrophobic end
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blocks, the dynamics of the hydrophobic association and physical crosslinking are
somewhat simplified in comparison to a B’AB’ system, in which both end blocks
must undergo induced aggregation. On the one hand, the initial water-solubility
is improved by the presence of only one short hydrophobic and the much bigger
hydrophilic block in such non-symmetrical ternary B-A-B’ systems, when
applying sufficiently low temperatures (T < LCST). On the other hand, half of the
micellar cross-links are already preformed when the thermo-sensitive end-caps
start to aggregate when passing the switching temperature.

poly(AA6,-b-AA1,-b-AA6,)

X8 S\!];\l\block @ /hj,block SX
o NH X/Z ~N HN O
|

ON/
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Figure 9. Examples for amphiphilic and thermo-responsive ternary triblock
copolymers. Top row: symmetrical binary B'-A-B' type with a permanently
hydrophilic inner A block and two thermo-sensitive B' end-caps (23). Central
row: non-symmetrical ternary B-A-B' type with a permanently hydrophilic inner
A block, one permanently hydrophobic end-cap B, and one thermo-sensitive
end-cap B'. Bottom row: non-symmetrical ternary B'-A-B" type with a
hydrophilic inner A block, and two different thermo-sensitive B' and B" end-caps
(80, 81).

Yet, Figure 10 shows that even in such systems, the molecular architecture has
to be designed carefully to implement the desired effects. For instance, the thermal
collapse of the thermo-responsive poly-AA2 block of copolymer poly(EHAg7-
Sox169-AA293) occurs preferentially within the individual micelle, resulting in
the formation of denser core-shell micellar aggregates. Although this leads to
increased scattering in turbidimetric studies when crossing the phase transition
temperature of poly-AA2, the hydrodynamic diameter Dy of the aggregates of
about 120 nm remains virtually unchanged. In contrast, the thermal collapse of the
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nearly identically sized poly-AA2 block in copolymer poly(EHA79o-MEQO9Ass0-
AA2635) takes place preferentially between individual micelles. Consequently,
large aggregate clusters are formed: in addition to the strongly increased scattering
in turbidimetric studies, we observe a marked increase of hydrodynamic diameter
from about 120 nm to nearly micrometer size (Figure 10b). Obviously, only the
latter scenario may lead to temperature-stimulated thickening. Also, we note that
the phase transition temperature of poly-AA2 depends somewhat on its molar mass
and the overall architecture of the polymer, in which it is incorporated. While in
poly(EHA67-Sox169-AA29¢3), the collapse occurs at about 42°C, it is observed at
about 48 °C in polymer poly(EHA79-MEQ9As50-AA2635). Anyhow, the number
of studies on such complex polymers is limited up to now. Clearly, much work
is still needed to improve our understanding of such systems, and to decide, in
which scenario the synthetic effort to obtain such increasingly complex block
copolymers is counterbalanced by an improved performance as rheology modifier
under practical conditions.
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Figure 10. Thermo-induced secondary association of unsymmetrical
triblock copolymers, containing one permanent and one thermo-responsive
hydrophobic end-cap, in dilute aqueous solution (0.5 wt%,). a) turbidimetric
analysis: (-----) = copolymer poly(EHAgs7-Sox159-AA293) ; (—) =
copolymer poly(EHA7o-MEO9A550-AA2635); b) hydrodynamic diameter
Dy, as function of the temperature, measured by dynamic light scattering
(DLS): (%) = copolymer poly(EHAg7-Sox169-AA293) and (+) = copolymer
POly(EHA7o-MEQO9A550-AA2635).

Conclusions

The methods of RDRP, in particular of the RAFT polymerization, allow
the straightforward and versatile synthesis of hydrophobically end-capped
water-soluble polymers that act as associative telechelics. Only one or two
reaction steps are needed, whereas post polymerization modifications are not
necessary. As the pool of water-soluble monomer building blocks is large, a
plethora of different structures and architectures can be easily made. Importantly,
direct solubility in water is only achieved for rather short hydrophobic end blocks
(block molar mass < 1.5 kg/mol). The resulting hydrophobically end-capped
polymers are efficient thickeners and gelling agents. The use of star and star
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block structures seems particularly attractive, as these architectures confer high
mechanical strength to the gels without compromising the solubility in water.
Also, the use of (thermo-)responsive systems offers interesting options for
particular “smart” property profiles in the future.

Our studies revealed also, that the behavior in aqueous solution depends
on the detailed overall chemical structure of the end-capped polymers. Thus,
the choice of a specific polymer for implementing supramolecular (and in
certain cases also responsive) viscous systems is not simply a matter of its
hydrophilic-hydrophobic balance and of the basic architecture, as e.g., diblock
vs. triblock vs. star geometry. Although this might be insinuated by the simple
sketch in Scheme 1, the behavior of such associative systems cannot be predicted
by a simplified model considering just size, volume fraction and distribution
of the various hydrophilic and hydrophobic polymer fragments within the
macromolecules. In fact, optimization of the performance as rheology modifier
requires the careful tuning of the precise individual structure.
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Biodegradable, Bioactive-Based
Poly(anhydride-esters) for Personal Care
and Cosmetic Applications
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Bioactive-based polyanhydride delivery systems offer
advantages for cosmetics and personal care applications
including the potential to increase the efficacy of topical
formulations and provide preservation benefits to both
delivery formulas and packaging components. Such polymers
allow for the incorporation of high levels of bioactive
materials, strict control over the bioactive release profile, and
formulation into films