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Chapter 1IntrodutionThe polymer boosting e�et is indued by amphiphili diblok opolymers that are addedto miroemulsions onsisting of water, oil and an anioni surfatant. The e�ieny ofthese systems is greatly inreased reduing the minimum amount of surfatant neessaryto emulsify all available oil and water [1, 2℄. This work fouses on the e�ieny-boostinge�et of stiker polymers in miroemulsions. If these polymers funtion equally wellthey present a ost-e�etive alternative to the hemially more ompliated diblokopolymers and might make their way into various industrial appliations.Water is a polar liquid whih does not mix with hydrophobi substanes as oil. Com-bining both with a surfatant, they will form a thermodynamially stable miroemulsionwhere the oil and water domains are seperated by an amphiphili surfatant �lm. Usingequal amounts of oil and water, these domains with a size of several hundred Angstromsform biontinuous phases. The physial properties an be desribed by the Helfrihmodel [3℄, whih assumes that the surfae elastiity dominates the free energy of thesystem. Three thermodynami parameters, the bending moduli κ, κ and the sponta-neous urvature c0, are introdued to onnet the free energy with the mean urvatureand the Gaussian urvature.The addition of diblok opolymers as a fourth omponent to biontinuous miroemul-sions was �rst investigated by H. Endo, B. Jaobs and o-workers [1, 2℄. They foundthat with the addition of these polymers less surfatant was neessary to form a one-phase miroemulsion. This feature is alled the boosting e�et. The struture of diblokopolymers is similar to that of the surfatant moleules, only the length of the hy-drophili and hydrophobi group is inreased. The explanation to the boosting e�etwas given by H. Endo with small angle neutron sattering (SANS) measurements [2℄.Using ontrast variation methods, he found that the polymer is anhored to the mem-brane. The entropi fore of the polymer hains inreases the rigidity of the interfaeand allows for larger domain strutures. Thus a better surfae to volume fration isahieved. 5



Chapter 1 IntrodutionWe use two methods to investigate miroemulsions. In phase diagram measurementswe visually observe the state of the system depending on hanges in the amount ofsurfatant and temperature. This lets us quantify the boosting e�et of the investigatedpolymer. Following an established proedure, the emulsi�ation failure boundary isonneted with hanges of κ. In ontrast to this, SANS experiments with bulk ontrast(water/oil) allow us to study the mesosopi struture of water and oil domains. Thesattering data an be desribed by the Teubner-Strey formula [4℄ and yields the domainsize d and the orrelation length ξ. Using the Gaussian random �eld model it is possibleto onnet these two strutural parameters with κ. Therefore SANS o�ers the possibilityto diretly measure the bending rigidity, whih an be ompared with the saddle-splaymodulus obtained from phase diagram measurements.Stiker polymers introdue a new feature evoked by their asymmetri struture. Theyare only able to in�uene the membrane from one side and therefore ause a hange ofthe spontaneous urvature c0. Strey [5℄ has onneted this hange with a shift of thephase inversion temperature T̃ whih is aessible from phase diagram measurements.We have investigated three non-ioni and two ioni stiker polymers. The non-ionipolymers are hemially similar to the used surfatant, C10E4. A short hydrophobistiker onsisting of several arbon atoms allows to anhor the otherwise hydrophilipolymer to the membrane. The hydrophili part omes in a monofuntional and abifuntional on�guration: one single polymer hain onsisting of 90 ethylene oxidegroups, and two of these hains linked together at the short stiker. The ioni polymersarry a arboxyl group (COOH) as stiker. It is neessary to add NaOH to the systemto allow this stiker to dissoiate in the water domains. Polybutadiene and poly(t-butylarlyate) onstitute the hydrophobi part of these polymers.Apart from ease of prodution and ost-e�etiveness stiker polymers o�er signi�antadvantages. The possibility to hoose the preferred solubility allows a plaement of thepolymer inside or outside in droplet miroemulsions. Their high solubility seletivelyin water or oil makes them interesting for appliations ranging from leaning agentsto osmetis. All these advantages bring stiker polymers loser to appliations thandiblok opolymers have already been.
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Chapter 2Theory of miroemulsionsMiroemulsions onsist of two immisible omponents (usually water and oil), a sur-fatant and possibly other omponents suh as polymers. Without any additives oilwill not be able to dissolve in water due to the polarity of water moleules. Wateris a hydrophili (polar) and oil is a hydrophobi (non-polar) liquid. Mixing the twoomponents will soon result in a phase separation where the lighter oil �oats on top ofthe water phase. Adding an amphiphili surfatant, whih is omposed of hydrophiliand hydrophobi strutural entities, will mirosopially form an interfae between loalwater and oil domains. The interfaial tension is drastially dereased by the surfatant.The size of these domains lies in the range of nanometers.2.1 Charaterization of miroemulsionsThe struture of the oil and water domains de�ne the behavior of the system. Thisstruture depends on the amount of surfatant available to form the miroemulsion. Ψdesribes the membrane volume fration and is de�ned as:
Ψ =

aS

V
=

a

λ
(2.1)where a is the size (length) of the surfatant moleules, S stands for the surfae ofthe membrane and V is the volume of the system. The volume to surfae ratio V/S analso be expressed by λ. Very low amounts of surfatant will just be solved in oil andwater and no struture is formed. As the surfatant onentration rosses the CMC-barrier (ritial mielle onentration), spherial, ylindrial or ellipsoidal mielles anform. Also biontinuous sponge-like phases appear. At high amounts of the amphiphilelamellar strutures start to appear. In this ase the system is omposed of alternating7



Chapter 2 Theory of miroemulsionslayers of oil and water.For an easier handling in the laboratory we usually work with mass ratios instead ofvolume frations. The omposition of a system is therefore desribed by the water to oilmass ratio α and the relative amount of surfatant γ:
α =

moil

moil + mwater

(2.2)
γ =

msurfactant

msurfactant + moil + mwater

(2.3)The orresponding water to oil volume fration is Φ:
Φ =

Voil

Voil + Vwater

(2.4)Throughout this work we will disuss symmetri miroemulsions with Φ = 0.5.2.2 Curvature energyThe behavior of miroemulsions is primarily in�uened by the urvature energy of theamphiphili �lm. To model the physial properties of the system we desribe the bendingenergy of this �lm and introdue fundamental parameters suh as the bending rigidity κ,the saddle-splay modulus κ and the spontaneous urvature c0. This an be ahieved withthe Helfrih model [3℄. To apply this model we �rst have to de�ne the loal urvatureof an interfae.2.2.1 Curvature of the membraneTo desribe the urvature and topology of the �lm we introdue the two main urvatures
c1 = R−1

1 and c2 = R−1
2 (Figure 2.1). ci is by de�nition positive for a urvature towardsthe oil domains and negative for a urvature around the water domains. The meanurvature H and the Gaussian urvature K are then de�ned as:

H =
1

2
(c1 + c2) (2.5)8



Chapter 2 Theory of miroemulsions

Figure 2.1: Every point on the interfae an be desribed by the radii of two perpendi-ular irles that re�et to loal urvature of the given point. In the ase of
R1 = −R2 a saddle-splay formation is found.

K = c1c2 (2.6)Di�erent strutures an now be identi�ed with di�erent urvatures ci:
• spherial shapes: c1 = c2 and H = r−1

• ylindrial shapes: c1 = 0, c2 = r−1
2 and H = 1

2
c2

• saddle-splay form: c1 = −c2 and H = 0

• lamellar struture: c1 = c2 = 0 and H = 0, K = 02.2.2 The Helfrih modelNow that we have a mathematial desription of the membrane urvature we an intro-due the Helfrih model. The Helfrih model assumes that the interfae dominates the
9



Chapter 2 Theory of miroemulsionsfree energy of the miroemulsion. The bending energy of a biontinuous system is thendesribed by the Hamiltonian:
F =

∫
dS[2κ(H − c0)

2 + κc1c2] (2.7)The integral is summed over the whole interfae S. κ and κ desribe the bendingrigidity and the saddle-splay modulus of the membrane. κ an be interpreted as theenergy needed to bend the interfae away from the spontaneous urvature c0. Thespontaneous urvature represents the natural bending of the interfae without externalin�uene. This approah explains the formation of spherial and lammelar strutures,whereas saddle-splay formations are not possible.Starting from the lamellar phase and inluding the e�et of thermal �utuations intothe Helfrih model makes it possible to explain the formation of biontinuous miroemul-sions. These thermal �utuations will loally ause a variaton of the mean urvature fromits average value H = 0 and reate passages between the lammellae. These �utuationsare inluded by renormalizing the rigidities as follows:
κR(λ) = κ − α

kBT

4π
ln(

λ

a
) (2.8)

κR(λ) = κ − α
kBT

4π
ln(

λ

a
) (2.9)Field-theoreti alulations yield the values α = 3 and α = −10/3 [6℄. a is the size ofthe surfatant moleules. The logarithmi renormalization is ut o� at length sales ofthe average domain size of miroemulsions. With (2.1) and κR(λ/a) = 0 at the �sh-tailpoint as Morse proposed [7℄ we an now write

ln(Ψ/Ψ0) =
4π

α

κ

kBT
(2.10)

Ψ0 ≈ 1 is a orretion fator indued by the unertainty of the surfatant moleulesize a. With equation 2.10) we have established a relation between the thermodynamialparameter κ and the marosopi property of the surfatant ontent Ψ.
10



Chapter 2 Theory of miroemulsions

Figure 2.2: Struture of a system in sponge phase. The yellow and red sides of theinterfae represent the water and oil domains.2.2.3 The urvature of biontinuous miroemulsionsWith the de�nition of the Helfrih free energy (2.7) we an now take a look at for-mations of interfaes whih minimize the urvature energy. For membranes without aspontaneous urvature (c0 = 0) and saddle-splay modulus κ = 0 the energy is mini-mized for surfaes whih have 〈H〉 = 0 [8℄. These surfaes are alled minimal surfaes.Ternary systems onsisting of water, oil and surfatant have stable phases at the phase-inversion temperature T̃ (c0 = 0 at T̃ ). These phases are alled miroemulsions whihare isotropi, homogeneous and thermodynamially stable. They onsist of a networkof water and oil hannels that are urved around eah other and are separated by thesurfatant monolayer. Figure 2.2 shows the mirosopi struture of a miroemulsion inthe so alled sponge-phase.The temperature dependene of the urvatureStrey [5℄ was able to show with small angle neutron sattering that the mean urvature
H in miroemulsions depends linearly on the temperature of the system for non-ionisurfatants. A shemati sketh of this observation an be found in Figure 2.3. At thephase-inversion temperature T̃ the mean urvature of the system is 〈H〉 = 0. In this ase
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Chapter 2 Theory of miroemulsions
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Figure 2.3: Sketh of the prinipal urvatures c1 and c2 and the mean urvature 〈H〉 asa funtion of temperature for non-ioni surfatant.
c1 = −c2 and a saddle-splay struture is expeted. One the two prinipal urvatures
c1 and c2 have the same sign, spherial mielles start to form. A loser investigation ofthis behavior an be found in hapter 3, where the phase behavior of miroemulsions isdisussed.2.3 The polymer boosting e�etUp to this point we have only disussed miroemulsions with the three omponentswater, oil and surfatant. In 1999 it was found that the addition of diblok opolymersto a miroemulsion showed an inreased e�ieny of the system [1℄. Therefore we will�rst disuss the behavior of diblok opolymers at the interfae. These aspets will laterbe applied to stiker polymers.To measure the amount of polymer in the system we introdue δ as the mass ratio ofpolymer to surfatant plus polymer:

δ =
mpolymer

msurfactant + mpolymer

(2.11)
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Chapter 2 Theory of miroemulsionsThis way it is easier to ompare di�erent membrane to volume frations sine thenumber of polymers per membrane area stays onstant for a �xed value of δ. Thesurfatant ratio γ is now de�ned as:
γ =

msurfactant + mpolymer

msurfactant + moil + mwater + mpolymer

(2.12)2.3.1 Addition of diblok opolymers

Figure 2.4: Visual demonstration of the polymer boosting e�et: The left ylinder is�lled with equal volumes of oil and water. Surfatant was added to thesystem whih reates a miroemulsion in the middle (seond ylinder). Thethird and fourth ylinder show the same system with the addition of tinyamounts of polymer (0.5wt% and 1.0wt% of the total mass).The boosting e�et was �rst disovered for diblok opolymers. These amphiphilipolymers onsist of a hydrophobi Poly(ethylene-propylene) (PEP) blok and a hy-drophili Poly(ethylenoxide) (PEO) blok. Adding only small amounts of polymer intoa miroemulsion dramatially inreases the e�ieny of the system as an bee seen inFigure 2.4. Larger volumes of water and oil an be solubilized with the same amount ofsurfatant γ. A qualitative analysis of the e�et an be found in hapter 6.1.1. Figure2.4 also shows that the miroemulsion beomes nontransparent with inreased polymer13



Chapter 2 Theory of miroemulsionsamount. This is an indiation of an inrease of the domain size sine light will be sat-tered as the size of the water and oil domains reah the wavelength of light. At thispoint we want to take a look at the behavior of the polymer in the system.

Figure 2.5: Shemati drawing of a diblok opolymer attahed to the interfae betweenoil (left) and water (right) domains.When added to the miroemulsion the polymer will attah to the interfae betweenthe water and oil domains with its hydrophili blok in water and the hydrophobi blokin oil (Figure 2.5). This has been studied with neutron sattering by Hitoshi and Endousing ontrast variation methods [2℄. Sine the hain itself is repelled by the membraneit will form a oil above the interfae. A quantity that desribes the size of a polymeris the end-to-end distane Ree. Ree is de�ned as the average distane between the twoends of the polymer hain in oil formation and is proportional to the number N ofmonomers to the power of ν:
Ree ∼ N ν (2.13)For ideal hains ν = 1/2. We de�ne two end-to-end distanes for diblok opolymers:

Rw is the end-to-end distane of the hydrophili blok, Ro the end-to-end distane ofthe hydrophobi blok. If there is none or little interation between di�erent polymerbranhes, we speak of the �mushroom regime�. When the density of the polymer at theinterfae, σ, is high enough for a penetration of the polymer oils, the �brush regime�is reahed. At this state, the distane between two anhor points gets as small asthe end-to-end distane of the polymers. For this work only the �mushroom regime�is of interest sine our onentrations were far below the ondition for brush regimes(σR2
w ≥ 1; σR2

o ≥ 1).The strong in�uene of the amphiphili polymer an be explained by the membrane14



Chapter 2 Theory of miroemulsionsurvature model. Hiergeist and Lipowsky have alulated the hange of the bendingrigidity κ and the saddle-splay modulus κ indued by polymers at the interfae [9℄.
κeff = κ + kBT

1 + π/2

12
σ(R2

o + R2
w) (2.14)

κeff = κ − kBT
1

6
σ(R2

o + R2
w) (2.15)

σ is the grafting density of the polymer and de�ned as
σ = ρDaNAM−1

W

δ

1 − δ
(2.16)

ρD is the density of the polymer, a the thikness of the membrane, NA the Avogadro'snumber, MW the moleular weight of the polymerhain and δ the volume fration of thepolymer with respet to the total amphiphile (ompare eq. (2.11)). σ ounts the numberof polymers per membrane-area.(2.14) and (2.15) are only valid in the mushroom regime. The bending rigidity κ in-reases linearly with the polymer amount whereas the saddle-splay modulus κ dereases.This behavior an be understood from the entropy loss of the polymer sine the availableon�gurations are limited by the existene of the membrane. Flutuations of the mem-brane are suppressed and make the interfae smoother and at the same time a bettersurfae to volume fration is ahieved. The polymers also disfavor saddle-splay on�g-urations, whih has been explained by Milner and Witten [10℄. With (2.10) and (2.15)we get a onnetion between the saled polymer density and the minimum amount ofsurfatant needed to solubilize all available water and oil:
ln(Ψ) = ln(Ψ0) −

π

5
σ(R2

w + R2
o) (2.17)

Ψ0 is the surfatant volume fration of the �sh-tail point without the addition ofpolymer. (2.17) explains the strong in�uene of the polymers. Even though κ and κ arehanged only slightly by a fration of kBT , a marosopi e�et is indued due to theexponential dependene.Eisenriegler et al. [11℄ have desribed the in�uene of the polymers on the spontaneousurvature c0 as
15



Chapter 2 Theory of miroemulsions
c0,eff = c0(T ) +

1

4

√
π

6

kBT

κR

σ(Rw − Ro) (2.18)(2.18) states that the addition of symmetri diblok opolymers (whih means sameend-to-end distanes on both sides of the membrane, Rw = Ro) does not hange c0,whih was on�rmed by phase diagram measurements [2℄. Adding diblok opolymerswith di�erent end-to-end distanes of the hydrophili and the hydrophobi hain willfavor a urvature towards the domain with the smaller polymer.2.3.2 Addition of stiker polymersStiker polymers are nothing but diblok opolymers in whih the hydrophobi blokis missing. Instead, a short stiker of several arbon atoms takes the role of anhoringthe polymer in the interfae. The length of this stiker is of great importane: If thestiker is not long enough, it will not be able to attah the polymer to the interfae.This question will be disussed later (hapter 6.1.1). The hydrophili hain will try topull the polymer out of the interfae beause of the entropi fore exerted on the stiker,at the same time the hydrophobi group will try to stay inside the oil domain due tothe enthalpi fore.The short stiker obviously shows no hain-like behavior. The in�uene on the mem-brane is limited to the e�ets of the hydrophili blok, whih is mathematially expressedby setting the end-to-end distane in oil to Ro = 0. The omplete desription of κ and
κ inluding renormalization and the addition of a stiker polymers is now:

κR = κ0 (2.19)
+ α

kBT

4π
ln(Ψ)

+ kBT
1 + π/2

12
σR2

w

κR = κ0 (2.20)
+ α

kBT

4π
ln(Ψ)

− kBT
1

6
σR2

wAs introdued earlier α = 3 and α = −10/3. Adding the asymmetri stiker polymerto the miroemulsion will strongly in�uene the spontaneous urvature c0. The e�et16



Chapter 2 Theory of miroemulsionswill not be aneled out as is the ase for diblok opolymers (2.18). Adding a stikerpolymer will therefore inrease c0 as follows:
c0,eff = c0(T ) +

1

4

√
π

6

kBT

κR

σRw (2.21)When investigating polymers with a hydrophili stiker and hydrophobi polymerhain the sign in eq. (2.21) has to be hanged sine the spontaneous urvature dereaseswith the addition of the polymer.
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Chapter 3Phase diagram studiesMiroemulsions are haraterized using a phase diagram whih depends on three param-eters: the omposition of the three substanes water, oil and nonioni surfatant (twoparameters: α and γ, see (2.2) and (2.3)) and the temperature. A way to display thesethree-dimensional phase prisms is to use the Gibbs triangle as a base for a perpendiulartemperature axis (Figure 3.1). Every point in this prism represents a di�erent omposi-tion of the three ingredients water (A), oil (B) and nonioni surfatant (C) at a ertaintemperature. The water-oil system (γ = 0) is immisible for all aessible temperatures.When investigating the phase behavior of suh a system, the volume ratio of waterto oil Φ (see (2.4)) is usually �xed. At equal volumes of water and oil (Φ = 0.5)only the amount of surfatant and the temperature are hanged. This orresponds toa ut through the three-dimensional phase prism and is alled the �sh ut due to theharateristi shape of the phase boundaries. This T (γ) ut shows all essential points ofthe system.3.1 The T (γ) phase diagramFigure 3.2 shows the typial pro�le of a �sh-like phase diagram. Four di�erent regionsan be distinguished in the phase diagram. For lower surfatant amounts than theCMC-onentration γ0 (see hapter 2.1) the moleules will be dissolved as monomers(approximately 90% in the oil phase and 10% in the water phase) and have no e�eton the phase behavior of the system. In this state the lighter oil will �oat on top ofthe water. Inreasing the surfatant above γ0 will lead to three di�erent phase regionsdepending on the temperature. For low temperatures two phases an be deteted. Theavailable surfatant is loated inside the lower water phase overing small oil droplets.This region is marked 2, with the bar indiating the position of the surfatant-rih phase.Inreasing the temperature will yield three phases, indiated by a 3 in the phase diagram.18



Chapter 3 Phase diagram studies

Figure 3.1: Phase prism: A Gibbs triangle with the omposition of the system providesa basis for a perpendiular temperature axis. Throughout this work westudy symmetri miroemulsions with Φ = 0.5 where γ is varied. The otherindiated ut aims at droplet miroemulsions (ω =onst., wB varied) and isnot disussed any further.

Figure 3.2: Shemati struture of a T (γ) �sh phase diagram
19



Chapter 3 Phase diagram studiesThe miroemulsion in the middle is enlosed by an oil (upper) and a water exess (lower)phase. It ontains all available surfatant and forms a biontinuous sponge-like phase onthe mirosopi length sale. Further inreasing the temperature will eventually lead toanother two-phase region (2) where the water exess phase is overed by a water-in-oilmiroemulsion. The temperature T̃ is alled the phase-inversion temperature. Addingsurfatant at this temperature will inrease the size of the miroemulsion until the wholesample is emulsi�ed and the one phase-region (1) is reahed. The orresponding pointin the phase diagram is alled the �sh-tail point X(T̃ , γ̃), whih desribes the e�ienyof a system: the minimum onentration of surfatant needed to solubilise the entireamount of water and oil. Adding more surfatant will eventually put the system into alamellar phase, whih is of no interest in this work.The response of the system to temperature hanges orresponds to the dependeneof mirosopi loal urvatures on the temperature (Figure 2.3). At low temperaturesboth urvatures are by de�nition positive and hene urved towards the oil. Small oildroplets are reated within the water. One one of the urvatures turns negative thesponge phase is reahed and the miroemulsion is formed between water and oil exessphases. In ase both loal urvatures are negative, the membrane will urve towardswater. As a result of this, small water droplets form in the oil phase.3.1.1 Analysis of the phase diagramsAs disussed earlier, the position of the �sh-tail point X(T̃ , γ̃) ontains important in-formation about the system. Both the saddle-splay modulus κ and the spontaneousurvature c0 an indiretly be measured using its position.Extrating κTo extrat information about κ we use (2.20) together with the �nding that κR = 0 atthe �sh-tail point [7℄ and get:
ln(Ψ) = −4π

α

κ0

kBT
− Ξ̂σR2

w (3.1)When polymers are added to the system, the inrease of σR2
w is ompensated by aderease of Ψ. Sine we know σR2

w and measure γ̃ at the �sh-tail point (whih we anuse to alulate Ψ) we an make a linear �t to evaluate the parameter Ξ̂ and extrat κ0.Theoretially, Ξ̂ is predited to be −1/6 · 4π/α = 0.628.20



Chapter 3 Phase diagram studiesExtrating c0If the mean urvature H is hanged by an asymmetri polymer with Rw 6= Ro, a hangeof the phase inversion temperature T̃ is expeted sine Strey proposed (see hapter 2.2.3):
H = µH(T0 − T ) (3.2)For C10E4 the onstant was was found to be µH = 1.42 · 10−3 · (K Å)−1 [12℄.At the �sh-tail point the e�etive spontaneous urvature is always c0,eff = 0 beausethe membrane does not favor to bend towards oil or water domains. In eq. (2.21) we seethat a hange of the saled polymer amount σRw has to be ompensated by a hange ofthe phase inversion temperature T̃ . For stiker polymers we get:

c0(T ) = µH(T0 − T ) = ∓1

4

√
π

6

kBT

κeff

σRw (3.3)
T0 is the phase-inversion temperature of the C10E4 system without polymers. Equation3.3 allows us to alulate the hange of the spontaneous urvature depending on thesaled polymer amount (σRw).3.2 Experimental determination of phase diagramsThe phase behavior of miroemulsion has been studied in tempered water baths (Figure3.3). The sample is prepared by �lling the test tubes with polymer, surfatant, deaneand water. This system is haraterized by the mass ratios γ (2.12) and δ (2.11). Thistest tube is then put into the bath and the temperature is adjusted. After stirring thesample we wait some time until the di�erent phases appear. At low temperatures twophases with a menisus will quikly form (2). The position of the menisus moves upwith inreased temperature until it disappears and the one-phase region is reahed (orthe three-phase region depending on the surfatant onentration γ). The temperatureis then further inreased until a new menisus appears at the bottom of the sample:the upper two-phase region 2 is reahed. In this way the temperatures of the phasetransitions have been determined. Instead of preparing a new sample with a lower γvalue, equal amounts of water and oil are added to the existing system. This dereases

γ but hanges neither α (we add equal volumes of water and oil) nor δ (sine the ratio of
21



Chapter 3 Phase diagram studies

Figure 3.3: Experimental setup for the measurement of the phase diagram. The temper-ature an be hanged in steps of 0.1◦C and is measured with the thermome-ter. After a temperature hange the investigated system is stirred and thenleft untouhed. After some time ranging from seonds to hours turbidityindiates phase separation.polymer to surfatant is not hanged). The new system is then one more investigatedin the heat bath as desribed above.3.3 InterpretationPlotting the results yields the phase of the system depending on the surfatant on-entration γ and the temperature. The boundaries are shown as a solid line (Figure3.4). The e�ieny of a system is extrated from the �sh-tail point X(T̃ , γ̃), whihdesribes the minimum amount of surfatant needed to emulsify all available water andoil. Phase diagrams for di�erent onentrations of the polymer were investigated in or-der to quantify the e�et of the stiker polymers. Therefore δ was varied from 0% to
10%. A further inrease of δ will result in the formation of a lammelar phase insteadof a one-phase region. For eah of the investigated onentrations of polymer a phasediagram was measured and the �sh-tail point was determined and plotted in a γ vs. Tgraph. It was usually su�ient to measure at surfatant onentrations above γ̃ sine itis easier to identify the one phase region than to wait for a stabilization of three phases.The �sh-tail point was then extrapolated from the existing phase boundaries. By om-22



Chapter 3 Phase diagram studies
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Figure 3.4: Measurement of a phase diagram. In addition to water and oil the surfatantC10E4 was used with the bifuntional stiker polymer C12(E92)2 at δ = 10%.paring the �sh-tail point of di�erent polymer onentrations we were able to extrat thee�ieny from the derease of γ̃ (see hapter 3.1.1). The spontaneous urvature c0 wasindiretly measured by a hange of the temperature T̃ .For a more general interpretation of the results the mass ratio γ is onverted into themembrane volume fration Ψ. For this we have to keep in mind that the surfatantC10E4 has a solubility of 2wt% in deane and 0.2wt% in water at 30.1◦C [13℄.
Ψ =

msurfactant − 0.02 · moil

0.959(
mD2O

1.105
+ moil

0.729
+

msurfactant

0.974
+

mpolymer

1.035
)

(3.4)
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Chapter 4Small angle neutron sattering4.1 General aspetsSmall angle neutron sattering (SANS) allows a detailed study of the mirosopi stru-ture of miroemulsions. In order to desribe the sattering proess we have to treat theneutron beam as a matter wave to aount for interferene e�ets. The wavelength isonneted with the momentum by the de Broglie relation: λ = h/p = h/
√

2mE. Thewave vetor is given by ~p = ~~k. For now we assume an ideally monohromated beamwhih hits the sample and is sattered. The hange of the wave vetor ~k of the neutronsde�nes the sattering vetor ~Q:
~Q = ~k − ~k′ (4.1)In the ase of elasti sattering, the energy of sattered neutrons is not hanged andwe get k =

∣∣∣~k
∣∣∣ =

∣∣∣~k′

∣∣∣ = k′. We further assume the Frauenhofer approximation, wherethe size of the sample and espeially the investigated struture is muh smaller thanthe distane from the soure to the sample and from the sample to the detetor. Thesattering vetor is then onneted with the sattering angle θ as follows:
Q =

∣∣∣ ~Q
∣∣∣ =

4π

λ
sin

θ

2
(4.2)The quantity measured by elasti neutron sattering is the intensity depending on thesattering angle. It is proportional to the di�erential ross setion, whih is a measureof the number of neutrons n that are sattered into the solid angle ∆Ω normalized tothe urrent of inident neutron �ux j:
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Chapter 4 Small angle neutron sattering
I ∼ dΣ

dΩ
=

n

j∆Ω
(4.3)Analysis of the ross setion dΣ/dΩ leads to onlusions about the inner strutureof the sample. In the so-alled Born approximation multiple sattering events and re-fration (taking plae when entering and leaving the sample) are negleted. The totalsattering amplitude of a sample an then be evaluated by a superposition of satteringevents from all positions within the sample:

A(Q) ∼
∫

V

d3~rρs(~r)e
i ~Q~r (4.4)

ρs(~r) desribes the sattered amplitude at the position ~r within the sample. It isalled the sattering length density. Therefore the amplitude A of sattered neutrons isonneted with ρs by a simple Fourier transformation. Sine the intensity I ∼ |A|2, thephase information is lost and a simple reonstrution of ρs by a Fourier transformationis not possible. However, information about regular arrangements in the sample an beobtained.The phase di�erene between two points at the distane l within the sample is Q · l.To obtain information on this sale a phase di�erene of Q · l ≈ 2π has to be ahieved.Using eq. (4.2) we get
l ≈ λ

2 sin(θ/2)
≈ λ

θ
(4.5)We want to measure the regular arrangement of oil and water domains in miroemul-sions. The size of these domains an be as large as several hundred nanometers. As wesee in eq. (4.5), measuring strutures at this length sale requires either neutrons withsimilar wavelengths or measurements at small sattering angles θ. Working with wave-lengths in the range of 102nm (ultra-old neutrons) reates additional problems. This iswhy we use small angle neutron sattering together with old neutrons (λ ∼ 4..8Å) inour experiments.The inoming neutrons only interat with the nulei of the sample. The satteringross setion of the elements is the relevant parameter for the amplitude of the outgoingwave. The di�erene of the sattering ross setion between hydrogen and deuteriumis probably the most important one. Contrast variation methods with these two ele-ments allow a systemati strutural investigation of the di�erent parts of a system by
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Chapter 4 Small angle neutron satteringsimple substitution. Sine we are interested in the oil and water domain struture ofmiroemulsions, the bulk ontrast is hosen (use of D2O instead of H2O). In general, itis also possible to math the sattering length of water and oil to ahieve �lm ontrast.When the sattering length of water, oil and surfatant are mathed, it is even possibleto perform SANS experiments under polymer ontrast [2℄.4.2 Experimental details4.2.1 Setup

Figure 4.1: KWS2 (left) and the KWS1 (right) at the Forshungszentrum Jülih. Thedetetor tube an be seen at the bottom, the ollimation at at top of thepiture.All SANS measurements were onduted using the Kleinwinkelstreuanlage 2 (KWS2)at the Forshungszentrum Jülih. The FRJ-2 reator served as a soure for the oldneutrons (∼30K). After extration, they are monohromated by a veloity seletor, arotating turbine with neutron absorbing lamellae. In our ase the wavelength of theneutrons was set to 6.3Å with a distribution of ∆λ/λ = 0.1. The monohromated beamis direted to the ollimation aperture by neutron guides. After passing the sample aper-ture, whih de�nes the divergene of the beam together with the ollimation aperture,26



Chapter 4 Small angle neutron satteringMonohromator Veloity Seletor (DORNIER)
λ 6.3 Å (4.8...19 Å)
∆λ/λ 0.1Collimation aperture 3 × 3 m2 (0.1...3.0 m)Collimation length 20 m (1..20 m)Sample aperture, ds 0.8 × 0.8 m2 (0.1..1.4 m)Detetor distane 1.25...20.0 mDetetor beam stop 7 × 7 m2Detetor area 50 × 50 m2

Q-range 2 · 10−3 − 0.2 Å−1Neutron �ux at sample 105 − 6 · 106 n/(m2s)Table 4.1: Instrument details of the KWS2 at the Forshungszentrum Jülihthe neutrons hit the sample and are partially sattered. These sattered neutrons hit thedetetor, whereas unsattered neutrons will hit the beamstop, whih shields the detetorfrom the high intensity of the diret neutron beam. The distane between the detetorand the sample an be varied from 1.25 to 20 meters by moving the whole detetorthrough a vauum tube. This enables us to over di�erent sattering vetors Q. Highdetetor distanes orrespond to small Q vetors. The ollimation distane an also behanged from 1 to 20 meters in order to vary the resolution and the �ux of the beam.Details about the instrument an be found in table 4.1.The detetion tehnique bases on a Li-sintillation glass with photo multipliers. Ahigh e�ieny of ∼99% an be reahed for sintillation detetors. The two-dimensionaldetetor has an ative area of 50× 50 m2 with a spatial resolution of 0.525× 0.525 m2for one detetor pixel. For old neutrons the reation n+6Li has a large ross-setion(941 barn for 25meV neutrons [14℄). The detetor features a low dead time of only 4µswith a maximum ount rate of 25kHz.
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Chapter 4 Small angle neutron sattering

Figure 4.2: Neutrons from the detetor are monohromated in the seletor and fousedby the apertures. After being sattered at the sample the neutrons aredeteted. Non-sattered neutrons hit the beam-stop.4.2.2 CorretionsAbsolute alibrationThe measured intensity of neutrons at the detetor has to be orreted for errors induedby the experimental setup. The di�erential ross setion and the intensity are onnetedby
I = IiDe∆ΩATd

dΣ

dΩ
(4.6)

Ii represents the inident beam intensity, De is the detetor e�ieny, ∆Ω the angleof a single detetor element, A the sample area, d the sample thikness and T thetransmission of the sample. The intensity I depends on the spei� instrument used forthe measurements. Opposed to that the di�erential ross setion dΣ/dΩ is spei� forthe investigated sample and independent of the experimental setup.To obtain a sample spei� information all measurements are normalized to a referenematerial (plexiglass in our ase). Using the indies s for the sample and pl for plexiglasswe ompare the measurement with the referene material:
(
dΣ

dΩ
)s =

Is

Ipl

L2
s

L2
pl

dpl

ds

Tpl

Ts

(
dΣ

dΩ
)pl (4.7)We de�ne the alibration onstant as µpl = dplTpl(

dΣ
dΩ

)pl. For a neutron beam with28



Chapter 4 Small angle neutron sattering
λ = 6.3Å we use µpl(6.3Å) = 0.052. The measurements of the sample and the plexiglassan be performed at di�erent detetor distanes. A smaller Lpl leads to better statistiswhile Ls is adjusted to the desired Q-range.With C = IplTsdsL

2
pl/L

2
s we an write the sattering ross-setion as:

(
dΣ

dΩ
)s =

µ

C
Is (4.8)The error aused by sattering of the sample ontainer is orreted by measuring theintensity of an empty ell and subtrating it from the sample measurement. With this�nal orretion we reeive:

(
dΣ

dΩ
)s =

µ

C

Is − Iec(Ts/Tec)

Ipl − Iec(Tpl/Tec)
(4.9)With eq. (4.2) we then get the sattering ross-setion as funtion of the satteringvetor dΣ/dΩ(Q).Radial averaging
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q (Angstroem)Figure 4.3: Left: typial detetor image with logarithmi olor sale. The square in themiddle is aused by the beamstop. Right: orresponding sattering funtion
I(Q) plotted logarithmially.
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Chapter 4 Small angle neutron satteringAfter absolute alibration, the two-dimensional detetor image has to be onvertedinto the sattering funtion (dΣ/dΩ)(Q). Sine the investigated miroemulsions areisotropi, the detetor image shows a spherially symmetri distribution of the satteredneutrons. We now determine the enter of this distribution (Q = 0) and integratethe intensities for the di�erent Q-vetors. After a radial normalization we obtain thesattering funtion as a funtion of the sattering vetor Q (Figure 4.3).Resolution orretionThe limited resolution of the neutron detetor auses a smearing of the measured sat-tering intensity. To desribe this e�et mathematially the real sattering funtion isonvolved with a distribution (resolution) funtion R(Q,Q0) [15℄:
I(Q) =

∫
dQR(Q,Q0)

dΣ

∆Ω
(4.10)The distribution funtion for radially averaged data is given as:

R(Q,Q0) =
Q

σ2
Q0

exp [
−Q2 + Q2

0

2σ2
Q0

]
I0

[
QQ0

σ2
Q0

] (4.11)
σ2

Q0
desribes the smearing e�ets aused by the wavelength spread, �nite ollimationand the detetor resolution. I0 is a modi�ed Bessel funtion that aounts for the radialaveraging. This resolution distribution funtion is taken into onsideration when �ttingthe Teubner-Strey formula to the alibrated sattering ross setion.
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Chapter 4 Small angle neutron sattering4.3 Sattering on miroemulsions4.3.1 The Gaussian Random Field approximationThe Gaussian Random Field (GRF) approximation models a miroemulsion with a salar�eld h(~r) = α where −∞ < α < ∞. Oil and water domains are represented respetivelyby negative and positive values of α. The interfae at the phase inversion temperature T̃is found at positions ~r where h(~r) = 0. For a temperature T > T̃ the membrane is foundat higher utting values of α. This orresponds to a urvature towards water domains.
h(~r) has to meet additional normalization requirements: 〈h2(~r)〉 = 1. For equal volumesof water and oil 〈h(~r)〉 = 0.The statisti of this salar �eld is de�ned by the quadrati Hamiltonian

H0 =
1

2

∫
d~rh(~r)w(~r − ~r′)h(~r′) (4.12)where w(~r − ~r′) is the oupling funtion. Thermal �utuations of the salar �eld

h(~r) are alulated using the Boltzman weight eH0 . Using the GRF model, we an nowanalytially alulate the average geometry of the surfae after de�ning the ouplingfuntion w(~r − ~r′). w is expeted to deay rapidly with (~r − ~r′) in order to make theintegral and the seond and fourth moments �nite.Pierushka and Safran have implemented a variational approah method to desribethe oupling funtion w(~r − ~r′) or w(~q) [16℄. This approah leads to the Teubner-Streyformula:
G(q) =

1

w(q)
=

a

q4 − bq2 + c
(4.13)

a, b and c are parameters depending on the bending rigidity κ and the surfae tovolume fration S/V = Ψ/a. The orrelation funtion an be obtained by a Fouriertransformation of (4.13), whih is analytially possible due its simple form:
G(ν) =

∫
d3q

(2π)3
G(q)e−i~q~r =

1

k0r
e−r/ξ sin(k0r) (4.14)with ξ = 2/

√
2
√

c + b. k0 is the harateristi wave vetor and is onneted with31



Chapter 4 Small angle neutron sattering(4.13) by k0 = 1
2

√
2
√

c − b. k0 is onneted to the domain size by k0 = d/2π. Thisrelation gives us the possibility to alulate the mirosopi parameters d and ξ withthe experimentally obtained sattering funtion. The bending rigidity κ an be reeivedfrom k0 and ξ for su�iently large κ by [2℄:
k0ξ =

64

5
√

3

κ

kBT
(4.15)4.3.2 The Ginzburg-Landau modelTeubner and Strey have alulated the sattering funtion for the bulk ontrast on thebasis of the Ginzburg-Landau model [4℄. In this approah the Landau free energy isapproximated by an order parameter whih is hosen to be larger than the mirosopilength sales and at the same time small ompared to the marosopi length sales ofthe system. For miroemulsions this order parameter, Ψ, is onneted to the water-to-oilratio. The simplest approximation for the free energy funtion is:

F (Ψ) =

∫
d~r(a0Ψ

2 + a1(~∇Ψ)2 + a2(∆Ψ)2) (4.16)With this funtional the sattering intensity distribution is found to be:
dσ

dΩ
(Q) ∼ 1

a0 + a1Q2 + a2Q4
(4.17)For large Q values this funtion deays with Q−4. Thus we get the two-point orrela-tion funtion for spherial symmetry:

〈Ψ(~r1)Ψ(~r2)〉 =

∫
d~Qe−i ~Q(~r2−~r1)S( ~Q) = G(|~r2 − ~r1|) (4.18)The orrelation funtion is then:

G(r) = 4π

∫
∞

0

dQQ2 sin(Qr)

Qr
S(Q) (4.19)whih leads to 32



Chapter 4 Small angle neutron sattering
G(r) =

1

k0r
e−r/ξ sin(k0r) (4.20)with the orrelation length ξ and k0 = 2π/d. After determining the proportionalityonstant in (4.17) we obtain the Teubner-Strey formula:

dΣ

dΩ
(Q) =

8π 〈ν2〉 /ξ

Q4 − 2(k2
0 − ξ−2)Q2 + (k2

0 + ξ−2)4
(4.21)

〈ν2〉 ≡ 〈(ρ − ρ)2〉 is the mean square sattering length density �utuation, whih anbe approximated by 〈ν2〉 = ΦoΦw∆ρ2. Φo and Φw are the volume frations of oil andwater, ∆ρ is the di�erene of the sattering length densities of oil and water.
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Chapter 5MaterialsFive di�erent stiker polymers have been investigated. Three of these polymers onsist ofone or two long hydrophili hains and a short hydrophobi part. Their struture is thesame as that of the used surfatant, C10E4, only with a longer ethylene oxide hain. Thepolymeri hain onsists of about 90 ethylene oxide (CH2-CH2-O) moleules. Ethyleneoxide is a polar moleule due to the eletronegativity of the oxygen atom and heneresponsible for the hydrophili behavior of this part of the polymer. The hain is thenontinued by several arbon atoms (CH2). This short piee, the stiker, is hydrophobiand supposed to anhor in the oil domains of the miroemulsion. Contrary to thesepolymers, the other two have an ioni stiker (hydrophili) and a long hydrophobihain. A shemati drawing of these polymers at the water-oil interfae an be seen inFigure 5.1. A list of the investigated polymers an be found in Table 5.1.5.1 Synthesis and haraterization of the anionistiker polymersThe three polymers with hydrophobi stiker (C12E90, C12(E92)2 and C16(E87)2 ) havebeen synthesized at the Forshungszentrum Jülih. For the monofuntional stiker poly-mers the synthesis is started with alohol CH3-(CH2)n-CH2-OH, whih is ativated bya potassium based initiator. The amount of potassium is hosen to replae approxi-mately 20% of the OH groups of the alohol and form CH3-(CH2)n-CH2-OK. The singlepotassium atom is in onstant exhange with OH groups of the other alohols. Thisnew mixture of alohols is now merged with ethylene oxide monomers (-CH2-CH2-O-rings) inside a hemial reator. The agressive -OK group is able to open an ethyleneoxide ring and appends it into the hain. We are left with a longer ativated hain.The proess of opening an ethylene oxide ring ours on muh larger timesales then thefrequent exhange of potassium atoms. This way all available alohol groups grow at a34



Chapter 5 Materials

Figure 5.1: Diblok opolymer (left) and three di�erent stiker polymers ative at thewater (blue) and oil (red) interfae. The short stiker will anhor the polymerin the membrane and the hydrobpili hain will form a mushroom-like shapedue to entropi reasons. The bifuntional stiker has two polymeri arms,and the ioni stiker has a long hydrophobi polymeri area.
Polymer DesriptionC12E90 Stiker polymer with one armC12(E92)2 Stiker polymer with two hydrophili armsC16(E87)2 Stiker polymer with two hydrophili armsand a longer stiker(CH2=CHCOOC4H9)54-COOH Ioni stiker polymer ontaining of 54(t-butyl arylate) monomers and aarboxyl group as ioni stiker(CH2-CH=CH-CH2)192-COOH Ioni stiker polymer with polybutadieneas hydrophobi hain and a arboxylgroup as ioni stikerTable 5.1: List of investigated polymers
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Chapter 5 Materialsonstant speed and in equal lengths. After using up all available ethylene oxide aetiaid is added to the system to deativate the potassium atoms and replae them withhydrogen. The potassium salt is removed by washing the polymer in hloroform andwater mixtures. For the synthesis of the bifuntional stiker polymers di�erent aloholswith two OH groups are hosen as the base material. The rest of the proess staysunhanged and two ethylene oxide hains grow from the initiated moleule.The initiators of the bifuntional stiker polymers are 1,2-dodeanol and 1,2-hexa-deanol. Thus the ethylene oxide hains grow from di�erent parts of the alkyl hain andleave only 10 and 14 hydrophobi arbon atoms behind.

Figure 5.2: GPC-analysis of C12(E92)2.For the synthesized stiker polymers the length of the ethylene oxide hains has beendetermined by gel permeation hromatography (GPC), also alled size exlusion hro-matography (SEC). The onept of this analysis is that partiles (in our ase polymers)of di�erent size will �ow through a speialized tube at di�erent rates. This tube ontainsextremely small porous polymer beads with pores of di�erent sizes. Large polymers will�ow through the tube more quikly sine they an not enter as many pores as smallerpolymers. After �lling the tube with the polymer in solution, the intensity of the exiting�uid in dependene of the time is measured. Comparing this urve with a referenemeasurement (performed with partiles of known length) allows the determination ofthe polymer's volume and therefore the length. The GPC-analysis of C12(E92)2 an beseen in Figure 5.2. The peak of the polymer is found at a retention time of ∼ 38min.Later signals arise from the solvent.The hydrophili hain of all three synthesized polymers was supposed to onsist ofapproximately 100 ethylene oxide monomers. An exat prede�nition during the synthesisis not possible whih is why the real length is later determined with GPC.
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Chapter 5 MaterialsThe distribution of these lengths is represented by the width of the peak. This distri-bution is spei�ed by the polydispersity index (PDI) whih is alulated by dividing theweight average moleular weight Mw by the number average molar mass Mn. The PDIapproahes 1 as the polymer hain lengths reah a tight distribution. The investigatedpolymers had a PDI of Mw/Mn < 1.1.5.2 Charaterization of the ioni stiker polymersThe end-group of both ioni stiker polymers is formed by a arboxyli aid (COOH).Only the hydrophobi hain is di�erent: for the �rst of the two, monoarboxy termi-nated poly(t-butyl arylate), approximately 54 [CH2=CHCOOC4H9℄ monomers form thehydrophobi part. For the seond stiker polymer, monoarboxy terminated polybuta-diene, 192 polybutadiene monomers [CH2-CH=CH-CH2℄ provide the basis for the hain.Both polymers were bought from the Canadian ompany Polymer Soure. Aording tothe provided haraterization the polymers have a funtionality better than 98% and aPDI better than 1.1. Own GPC measurements veri�ed this statement. The arboxylend-group is a weak aid sine it will only partly dissoiate into R-COO− anions and H+ations in water. It is therefore neessary to inrease the pH value of the water to reatea base so that free OH−-partiles are able to join with the H+ ations of the arboxyliaid. The COO− group then funtions as a stiker and will attah the polymer to thewater domains while the hydrohpobi hain stays in the oil domains.COOH-poly(t-butyl arylate) is a rather bulky polymer with a short hain lengthand relatively large side groups on every monomer of the hain. The seond polymer,COOH-polybutadiene, has a muh longer hain omposed of linear monomers withoutside group. It is expeted to behave more ideally than the �rst one, whih might notform a Gaussian hain.
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Chapter 6ExperimentsWe will now disuss the experiments performed to measure the thermodynamial pa-rameters κ, κ and c0. Therefore we �rst look at the measured phase diagrams of themiroemulsions and after that desribe the small angle neutron sattering experiments.6.1 Phase diagrams6.1.1 Nonioni stiker polymersThe earlier disussed boosting e�et (hapter 2.3) an be quanti�ed by investigatingphase diagram measurements. The marosopi result, a strong inrease of the mi-roemulsion phase oexisting with other phases (Figure 2.4), appears in onert with ahange of the position of the �sh-tail point in the phase diagram. Figure 6.1 shows the�sh diagram for the �rst of the �ve investigated stiker polymers C12E90. The frationof polymer is measured with δ (see eq. (2.11)) and ranges from 0% up to 10%. For theonneted points in Figure 6.1 δ is onstant. Three samples were prepared for everypolymer onentration. The amount of surfatant was hosen suh that the �rst samplewas just inside the one-phase region. For the seond and third sample the amount of sur-fatant γ was inreased by 1.5% respetively. This approah has three advantages: �rstof all putting the sample inside the one-phase region ensures an aurate investigationof the phase boundary sine it is easier to distinguish between a one- and a two-phaseregion than it is to di�erentiate between a two- and a three-phase region whih are bothturbid. The seond reason is that the phase boundary in this region hanges almostlinearly with the surfatant amount whih makes an extrapolation to the �sh-tail pointeasier and more exat. Third it allows for a reuse of the samples for the SANS measure-ments, whih have to be performed in the one-phase region. Therefore we have diretlyused D2O instead of water whih is only supposed to shift the temperature of the phase38
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Chapter 6 Experimentspolymers beause the investigated polymer is ative in the oil-phase. This is of oursedue to the inverse nature of these polymers (ompared to C12E90 ) with a hydrophilistiker and hydrophobi hain. As we expeted from eq. (2.18) this auses a derease ofthe phase inversion temperature. We also notie that the boosting e�et is not as strongas it is for the monofuntional stikers disussed earlier.Comparing the measurement with no polymer (δ = 0%) with the ones taken earlierwithout NaOH (�gure 6.1) we see a shift of the phase boundaries to lower temperatureswhih auses the phase inversion temperature T̃ to derease. Sine the only di�erenein these systems is the pH value, the addition of NaOH must be the ause for thetemperature shift. This e�et was explained by Kahlweit and Strey [18, 19℄. Theaddition of lyotropi substanes, suh as NaOH, auses an inreased polarity of water.This inreased polarity gives rise to a hange of the spontaneous urvature and withthat a hange of the phase-boundaries to lower temperatures.The seond series was measured at a pH-value of 12 (Figure 6.5). For δ = 10% oneOH−-partile is available for eah polymer hain. As expeted we see a similar boostinge�et as above sine all available polymers should be able to attah to the interfae.Additionaly, all phase boundaries are shifted to higher temperatures ompared to theone with a pH-value of 13. This is onsistent with the earlier disussed e�et of NaOHon the spontaneous urvature.The lowest pH-value investigated (pH 11.2) has just enough OH− to over a polymeramount of δ = 3%. Any additional polymer is not able to attah to the interfae sineno free OH−-partiles are available in the water domains. This e�et is learly visiblein the phase diagram of the system (Figure 6.6). Adding more polymer than δ = 3%auses almost no additional boosting of the system. The alloation of the polymer wasalso visually on�rmed by the samples with δ > 3%. Bunhes of unsolved (preipitated)polymer were �oating inside the miroemulsion whih made a di�erentiation betweenthe one-phase and the two-phase regions di�ult. We also note that this small amountof NaOH has no e�et on the phase inversion temperature.We investigated the last polymer, monoarboxy terminated polybutadiene, only fora pH-value of 13 to make that sure that all polymer stikers were able to anhor inthe interfae and allow us to omit any e�ets onerning the alloation of the COOH-stikers. The results an bee seen in Figure 6.6. One again we see the expeted dereaseof the phase inversion temperature with the addition of polymer and also note a strongerboosting e�et ompared to the �rst ioni stiker polymer.
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Figure 6.8: Position of the �sh-tail point for all investigated polymers. The relativeonentration of the polymer δ is (from right to left) 0%, 3%, 6% and 10%.6.1.3 Investigation of the �sh-tail pointsWith the above disussed phase diagrams we are able to estimate the position of the�sh-tail point for eah polymer onentration. Figure 6.8 shows the �sh-tail points forall investigated stiker polymers at onentrations δ ranging from 0% to 10%. For the�rst of the two ioni stiker polymers, COOH-poly(t-butyl arylate), we only show themeasurements for pH 13 sine we are sure that the polymer is ative at the interfaefor this on�guration. One an see the hange of the phase inversion temperature forthe solutions without polymer (far right) for di�erent pH values. The upper pointsorrespond to the ternary deuterium, deane and C10E4 system, the lower two pointsrepresent the same miroemulsion with the addition of sodium hydroxide. As we addthe polymer to the system the minimum amount of surfatant to emulsify the wholesystem Ψ̃ dereases and the phase inversion temperature T̃ hanges. T̃ inreases for thenon-ioni stiker polymers whih are ative in the water domains and ause a preferredurvature towards oil domains. T̃ dereases for the ioni stiker polymers respetively.With �gure 6.8 we are able to ompare the boosting e�et depending on the relativeweight ratio of the polymer to the surfatant δ. The monofuntional non-ioni stikerpolymer C12E90 shows the strongest boosting for δ = 10%. It is immediately followedby the bifuntional polymer C16(E87)2. As we have seen earlier, C12(E92)2 is not fullyative at the interfae and therefore exhibits a weak boosting e�et. The two nonionistiker polymers both show a lower boosting e�et but their di�erent hemial struture45



Chapter 6 Experimentsompared to the non-ioni stikers makes a omparison di�ult.6.2 SANS measurementsTo measure the domain size d and the orrelation length ξ, SANS measurements wereperformed with the bulk ontrast where water of the miroemulsions is replaed by heavywater. As seen earlier, all samples are prepared with enough surfatant to be in the onephase region. Three values for γ are investigated for every polymer onentration δ.Sine the polymer in�uenes the minimum amount of surfatant neessary to reah theone phase region all samples are measured at di�erent surfatant amounts.6.2.1 Sample preparation and measurementBefore the measurement the sample was put in a heat bath and tempered to the phaseinversion temperature T̃ . It was then �lled into quartz ells (1mm sample thikness)whih were transferred into a ell ontainer positioned in the neutron beam. We wereable to adjust the temperature of this ontainer within 0.1◦C. Eah sample is irradiatedfor 10 minutes at two detetor distanes to over the full Q-range. The ollimation isset to 20m, maximizing the resolution of the neutron beam.6.2.2 Disussion of sattering funtionsAfter the orretion and radial averaging of the measured data (see hapters 4.2.2 and4.2.2) we reeive the sattering ross setion in dependene of the sattering vetor Q. Tounderstand this information about the mirosopi struture of the sample we will nowdisuss the obtained sattering urves. Figure 6.9 shows three SANS measurements. Thelowest urve has the lowest surfae to volume fration Ψ. The urve in the middle wasmultiplied by 10 to make the omparison easier and has more surfatant (γ inreased by1.5wt%). The last urve has the largest amount of surfatant und was mutliplied by 100.Low sattering vetors Q represent the struture at large sales. Therefore a onstanthigh value of the sattering ross setion for low Q values hints at strong �utuations onlarge length sales. The peak in the middle at about 0.015Å −1 represents the typiallength sale of the miroemulsions. The domain size d an be estimated from thisharateristi length by d ≈ (2π)/Qmax. The orrelation length ξ is assoiated with thewidth of this peak.
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Figure 6.9: Three sattering urves for a system with hanging surfatant but onstantpolymer amount. The upper urves are multiplied by 10 and 100 for easieromparison.Using these simple relations we an ompare the three sattering urves. The satter-ing vetor at the peak Qmax seems to inrease with larger surfatant amount. A largersurfatant amount leads to a higher surfae to volume fration Ψ whih has to resultin a derease of the domain size. Sine d ≈ (2π)/Qmax a derease of the domain sizeresults in an inrease of the sattering vetor of the peak, Qmax.A more detailed interpretation of the sattering funtions an be obtained from theearlier disussed Teubner-Strey-formula (eq. 4.21). By �tting a urve of the form
dΣ

dΩ
(Q) ∼ 1

a − bQ2 + cQ4
(6.1)we an extrat the domain size d and the orrelation length ξ by omparing (6.1) withthe Teubner-Strey-formula and reeive:
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Figure 6.11: The domain size d in dependene of the surfae to volume fration Ψ formeasurements with the polymer C12E90.
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Chapter 6 Experimentssize d dereases with the addition of surfatant. This derease seems to be independentof the polymer amount and is therefore only haraterized by the surfae to volumefration.Figure 6.12 shows a similar plot, this time inluding all investigated stiker polymers.One again, the amount and the type of the polymer have no e�et on the domain size.Roux et al. [20℄ have alulated this dependene on Ψ based on a model introdued byHelfrih [21℄. The basi approah d = (2a/Ψ) desribes a lamellar struture without�utuations and only depends on the thikness of the surfatant interfae a ≈ 12Å.Corretions due to short-wave �utuations indue an additional fator:
d =

2a

Ψ
(1 +

1

4π

kBT

κ
ln(c

√
κ

kBT

d

2
√

A
)) (6.5)

A ≈ 54Å2 is the area of one surfatant moleule at the interfae and c = 1.84 aonstant for the pratial ut-o�. Assuming d = 251Å and κ/kBT = 0.42 to be onstant(legitimate due to the weak logarithmi dependene on these parameters) and a = 12Åthis equation leads to d = 3.2a/Ψ = 38Å/Ψ. A �t of d = m · Ψ−1 to the data gives
m = 37Å. The same result has been obtained in earlier measurements [13℄.The orrelation length in dependene of the surfae to volume fration
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Chapter 7DisussionAfter a desription of the experimental work we will now take a loser look at theobtained data and arry out a more profound analysis. First we will disuss the ear-lier desribed dependene of ln(Ψ) on the saled polymer amount σR2
ee and ompareour results with the theoretial preditions. After that we disuss the in�uene of thepolymers on the spontaneous urvature. Both information were taken from the phasediagram measurements. The last subjet of this hapter will be the hange of the bend-ing rigidity evoked by the polymers whih has been diretly measured with small angleneutron sattering.7.1 E�ieny boostingWe will �rst onsider the non-ioni stiker polymers. Figure 7.1 shows ln(Ψ) against

σR2
w. Ψ was determined from the �sh-tail point of the system and σ an be alulatedwith equation (2.16). Even though C16(E87)2 has two hydrophili parts, σR2

w shows thesame dependene on the volume fration of the polymer δ. For the bifuntional stikerpolymers σ represents the density of polymer arms at the interfae and Rw is the typialsize of a single arm.As we have disussed in hapter 3.1.1 we expet a linear dependene:
ln(Ψ) = −4π

α

κ0

kBT
− Ξ̂σR2

w (7.1)The predited slope Ξ̂ = −(4π)/α ·1/6 ontains two theoretial assumptions: the �rstpart, (4π)/α with α = −10/3, arises from renormalization group alulations whereasthe fator 1/6 omes from the predited in�uene of stiker polymers. Joining both52
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w. A linear behavior with a slope of π/5 is pre-dited by theory.e�ets we expet a slope of Ξ̂ = π/5 = 0.628 for ideal polymer hains. We are not ableto separate the two e�ets when omparing this value with our results.After a linear �t on the data we get the measured slope Ξ̂. For the monofuntionalstiker Ξ̂ = 1.62 ± 0.05. The bifuntional stiker polymer shows a little less boosting:
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Chapter 7 Disussion7.2 Spontaneous urvature

-0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0.000  C
12
E

90

 C
12

(E
92

)
2

 C
16

(E
87

)
2

c 0
 (Å

-1
)

R
w
 (Å-1)Figure 7.3: The hange of the spontaneous urvature in dependene of σRw for the threenon-ioni stiker polymers.In hapter 3.1.1 we have shown that the in�uene of polymers on the spontaneousurvature an be extrated from phase diagram measurements by the hange of thetemperature T̃ . We have seen in eq. (3.3) that this hange sales linear with the polymeramount σRee:

∆c0(T ) = ∓1

4

√
π

6

kBT

κ
σRee (7.2)The sign of ∆c0 depends on the type of the polymeri part and is negative for stikerpolymers with hydrophili hains. Approximating κ/(kBT ) ≈ 0.42 (assuming a weakabsolute dependene of κ on the polymer amount) gives a theoretial predition of

∓1/4 ·
√

π/6 · (kBT )/κ = ∓0.43 for the sensitivity of the spontaneous urvature on
σRee.Figure 7.3 shows ∆c0 against the saled polymer amount σRw for the non-ioni stikerpolymers C12E90 and C16(E87)2. A linear �t gives the slope cslope = −0.52± 0.01 for themonofuntional stiker polymer and cslope = −0.44 ± 0.01 for the bifuntional polymerwith the longer stiker. The value cslope = −0.27 ± 0.01 for the bifuntional polymerwith the short stiker relates to the fat that only part of these polymers is ative at theinterfae. We also note that the values for the ative polymers agree reasonably well with55



Chapter 7 Disussion

0.000 0.002 0.004 0.006

0.000

0.001

0.002

0.003

 Poly(t-butyl acrylate)
 Polybutadiene

c 0
 (Å

-1
)

R
o
 (Å-1)Figure 7.4: ∆c0 against σRo for the two ioni stiker polymers COOH-poly(t-butyl ary-late) and COOH-polybutadiene (both at pH 13).

0.000 0.001 0.002 0.003 0.004 0.005 0.006
-0.0010

-0.0005

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030
 pH13
 pH12
 pH11.2

c 0
 (Å

-1
)

R
o
 (Å-1)

Poly(t-butyl acrylate)

Figure 7.5: ∆c0 against σRo for COOH-poly(t-butyl arylate) at all three investigatedpH-values.
56



Chapter 7 Disussionthe theoretial predition. The bifuntional stiker shows little less sensitivity omparedto the monofuntional stiker. A possible explanation is that the entropi fore of thebifuntional stiker, whih bends the urvature towards oil domains, is not as strong sinetwo polymer arms are �xed to one position (the stiker) on the membrane. Plaing botharms further apart with a separate stiker for eah arm has an overall stronger in�ueneon the urvature, hene a larger sensitivity for the monofuntional stiker polymers.Figure 7.4 shows the same plot for the two ioni stiker polymers at pH 13. Thistime the spontaneous urvature inreases with the addition of polymers sine they areonly ative in the oil domains and ause a urvature towards the water domains. Theslopes read 0.52 ± 0.02 for COOH-poly(t-butyl arylate) and 0.30 ± 0.01 for COOH-polybutadiene.Comparing the three measurements at di�erent pH values for COOH-poly(t-butylarylate) (�gure 7.5) we see a dereased in�uene on the spontaneous urvature withlower pH-values. This ould be interpreted by a lower ativity at the interfae sineless NaOH is available to dissoiate the ioni stiker in the water domains. The fatthat the spontaneous urvature even dereases with the addition of polymers (whihorresponds to a urvature towards oil domains) for the lowest alloation at pH 11.2rises doubts about this interpretation. A possible explanation of these results will begiven in ontext of the behavior of the bending rigidity.7.3 Bending rigidityWe will now disuss the hange of the bending rigidity indued by the addition of thedi�erent stiker polymers. It was shown in eq. (2.19) that κ depends on the surfatantamount Ψ and the saled polymer amount σR2
w:

κR

kBT
=

κ0

kBT
+

α

4π
ln(Ψ)

∣∣∣
Ψ=const

+ ΞσR2
w (7.3)The theoretial value is Ξ = (1 + π/2)/12 ≈ 0.214. At the same time we haveseen in hapter 4.3.1 that the bending rigidity is onneted to the domain size d and theorrelation length ξ by equation (4.15). This means that we are able to diretly alulate

κ/kBT from the data obtained by SANS measurement and gives us the possibility toompare the sensitivity of the bending rigidity on the saled polymer amount.Figure 7.6 shows the measured bending rigidity in units of kBT for the polymerC16(E87)2. In order to only examine the in�uene of the polymer we ompare κ/kBT57
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Chapter 7 Disussionfor a �xed value of Ψ. That is the reason why we have measured three di�erent surfa-tant onentrations for every polymer onentration δ. Using these three measurementswe are able to extrapolate the dependene on Ψ as an be seen in �gure 7.7. Sineany �xed value for Ψ an be hosen we pik the median of all investigated surfatantonentrations to minimize the error generated by the extrapolation of the data.
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w.Figure 7.8 shows this dependene for all three non-ioni stiker polymers. C12E90 showsthe strongest impat on the bending rigidity as was already indiated by the intenseboosting e�et of this polymer. A linear �t gives a sensitivity of Ξ = 0.256± 0.016. Thetwo bifuntional stiker polymers learly show a weaker in�uene on κ. For C12(E92)2the sensitivity is Ξ = 0.165 ± 0.012 and for C16(E87)2 we get Ξ = 0.158 ± 0.011.Measurements on diblok opolymers performed by Hitoshi Endo have given a slopeof 0.334. The monofuntional stiker polymers omes lose to this value but are notquite as e�etive. This means that one diblok opolymer with two polymer hainspressing on the membrane from both sides shows a stronger in�uene than two stikerpolymers that are only able to a�et the interfae from the hydrophili side. The fat thatboth bifuntional polymers with di�erent stiker lengths show an almost equal behaviorregarding the e�et on κ is quite surprising. Espeially sine the phase behavior, thein�uene on κ and that on c0 indiated that a fration of these polymers, in partiularfor the short stiker, is not ative at the interfae. Even the diret omparison of theraw sattering data at equal surfatant and polymer onentrations (�gure 7.9) showsno signi�ant di�erene. 59
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Chapter 7 DisussionFigure 7.11 shows the inrease of κ/kBT with σR2
o for all three measured pH-values.As we have just seen the dependene �attenes for a pH-value of 11.2. Using the slopebetween the �rst two measured points (dashed red line) we get Ξ = 0.560 for the sen-sitivity. For a pH-value of 12 the sensitivity of κ on the saled polymer amount is

Ξ = 0.429±0.027. For ten times the amount of NaOH (pH 13) we get Ξ = 0.175±0.019.A dereased sensitivity with inreased pH-value is against a �rst expetation beausea higher alloation would assure a better ativity of the polymers at the interfae andtherefore be aompanied by an inreased sensitivity of κ. To explain the e�et we haveto aount for the free Na+ partiles available in the water domains. The COOH-stikerwill release an H+ and be left with a negative harge. Free Na+ partiles will move inand form a loud around the negative stiker. The Debye-Hükel theory desribes theeletrostati interation of ions in eletrolytes and allows to approximate the radius ofthis sphere:
R =

√
2NAe2I

ǫkBT
(7.4)where I is the ioni strength of the available NaOH. For the highest amount of NaOHavailable (pH 13) the radius is ≈1Å. In this on�guration plenty of Na+ ions are availableper COO− and move very lose to the negative harge. For pH 11.2 we get R ≈ 10Å.Thus the interation zone diameter (20Å) beomes omparable in size with a polymerof diameter Ro = 70Å. We assume that these harged louds press on the interfaejust like a polymer hain would do. This explains the derease of the sensitivity forthe spontaneous urvature with dereased pH value as we have seen in �gure 7.5: Asless NaOH is available, the radius of the loud around the stiker inreases and startsto balane the e�et of the hydrophobi polymer that in�uenes the other side of themembrane. At the same time it a�ets the membrane from two sides, similar to a diblokopolymer, and shows a stronger in�uene on κ with dereased pH-value.To onlude, for the ioni stiker polymers we have found that an inrease of the pHvalue orresponds to a derease of the e�et indued by the harge loud until it vanishesfor a pH value of 13. At the same time we have to onsider the end e�et whih pullspart of the hydrophobi hain into the water domains and indues a derease of theavailable free energy.When omparing the in�uene of the two ioni stiker polymers at equal pH-valueon κ (�gure 7.12) we �nd Ξ = 0.175 ± 0.019 for COOH-poly(t-butyl arylate) and

Ξ = 0.182 ± 0.015 for COOH-polybutadiene. Both have equal in�uene on the bendingrigidity.
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Polymer Ξ̂ cslope ΞC12E90 1.62 ± 0.05 −0.52 ± 0.01 0.256 ± 0.016C12(E92)2 0.83 ± 0.03 −0.27 ± 0.01 0.165 ± 0.012C16(E87)2 1.30 ± 0.06 −0.44 ± 0.01 0.158 ± 0.011COOH-poly(t-butyl arylate) 0.95 ± 0.03 0.52 ± 0.02 0.175 ± 0.019pH 13COOH-poly(t-butyl arylate) - 0.339 ± 0.034 0.429 ± 0.027pH 12COOH-poly(t-butyl arylate) - −0.40 0.560pH 11.2COOH-polybutadiene 1.19 ± 0.04 0.30 ± 0.01 0.182 ± 0.015Table 7.1: Summary of all results for the �ve investigated polymers.
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Chapter 8Summary and onlusionsIn this work we aimed to replae amphiphili diblok opolymers by stiker polymers ase�ieny boosters in miroemulsions. These polymers have a short hydrophobi stikerand a long hydrophili polymeri blok or vie versa. E�ieny boosting desribes thesigni�antly lower amount of surfatant needed to solubilize equal amounts of water andoil. We studied monofuntional stikers of the C12E90 type in omparison to equiva-lent diblok opolymers. Bifuntional stiker polymers were interesting beause theirbehavior is less �exible with respet to the anhoring point. Sine the anhoring was notstable for a C12(E92)2 stiker, we had to extend the study to a C16(E87)2 stiker with abetter anhor. The ioni stikers reverse the amphiphiliity, whih might be interestingfor appliations in whih the domains of the droplets are reversed. The urrent studiesfous on biontinuous miroemulsions.Using the measured phase diagrams, we were able to determine the minimum amountof surfatant neessary to solubilize all available water and oil at the phase inversion tem-perature T̃ . A omparison of these values for di�erent polymer onentrations allowed usto evaluate the hange of the saddle splay modulus κ and the spontaneous urvature c0depending on the saled polymer amount. The domain size d and the orrelation length
ξ were obtained from SANS experiments using the Teubner-Strey formula to desribethe distribution of sattered neutrons. The Gaussian random �eld model links d and ξwith the bending rigidity κ. Therefore SANS allows us to diretly measure the in�ueneof polymers on κ.We have summarized our results in one plot omparing the theoretial preditions,measurements on the diblok opolymer [2℄ and our measurements on the stiker poly-mers. Figure 8.1 shows the oe�ients Ξ̂, cslope and Ξ, whih measure the sensitivity of
κ, c0 and κ as a funtion of the saled polymer amount on a logarithmi sale. For Ξ̂ wenotie a disrepany (fator two) between the theoretial preditions and the measureddata. The oversimpli�ed treatment of the polymer branhes as ideal hains and theassumption of a lamellar instead of a biontinuous domain struture are most probably64
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Chapter 8 Summary and onlusionson polybutadiene sine it has four times more monomers than poly(t-butyl arylate).We also notied a smaller impat on the spontaneous urvature.To determine the role of the Na+ alloation, three di�erent pH values were investigatedfor COOH-poly(t-butyl arylate). We notied a strong derease for the sensitivity on κwith inreased pH value. This was explained by Na+ harge louds that form aroundthe eletronegative stiker and in�uene the membrane. As the pH value is inreased,more positive partiles are available and the size of the harge loud dereases. Sinethe latter has a similar e�et as a hydrophili polymer oil, its positive e�et is redued.This onept is supported by measurements of the spontaneous urvature indued bythe harge louds.We have shown that stiker polymers an be used as e�ieny boosters as they aresimilarly e�etive as diblok opolymers. Bifuntional stiker polymers might need aneven longer stiker to guarantee omplete ativity at the interfae. In future, it will beinteresting to investigate star polymers with more than one hydrophili and hydrophobiarm sine they will not follow the undulations of the surfatant �lm. To fully understandioni stiker polymers, more measurements at di�erent pH values have to be arried out.
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