MICELLES OF COLLOIDAL
SURFACTANTS
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Formation of surfactant micelles in water: Driving forces

By definition, the dispersed systems are lyophilic if they are
thermodynamically stable.

Hence, the dispersion of a solid or liguid sample of a colloidal
surfactant in water with formation of micelles runs

spontaneously: AG ;) = AH ;) — TAS ;) < 0,

and is reversible.



Another criterion: according to Rehbinder -
Shchukin

rd2c< KT

If the dispersed systems are thermodynamically stable, the
excessive surface energy does not exceed the energy of the
Brownian motion of water molecules.

For lyophilic systems, the micelle/water surface tension o Is
about 0.01 — 0.001 mJ m2



Typical colloidal surfactants consist of a hydrophobic
hydrocarbon taill and a well-hydrated hydrophilic group.
Therefore, they are called amphiphilic compounds:
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Sodium n-dodecylsulfate

(Br~and Na™ are counter-ions)



Amphiphiles in water: hydrophobic hydration and micellization

Around the hydrophobic portion of a surfactant, the water

becomes “ice-like”.




Hydrophobic interaction has an entropic nature:
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water molecules are released from the ice-like shells:



Surfactant micelles are dynamical systems: some surfactant
molecules leave the micelle, others come to their place; residence
time of the monomer in micelle is 10~ to 10~ seconds.

In general, the micelle is "refreshed" in about 0.1-0.001 seconds



A dynamic equilibrium between surfactant monomers and
micelles in water

o

(From: J. N. Israelachvili, Intermolecular and surface forces, 2011)



Aggregation numbers of micelles, Naggr, are usually on the order
of ten to the second power.

According to the IUPAC definition:

“The surfactant concentration below which micelles are not

detected by any physical methods is called the critical micelle
concentration” = CMC

(KpuTHYECKasi KOHIISHTpAaIUs Mulieliooopa3zoBanus, KKM)

As a rule, the CMC are about 0.01-0.001 M or even lower.

For methods of determining this value, see textbooks on

chemistry. There are over 100 methods described in the
literature.



Micelles are strongly disordered highly hydrated clusters.
Presently, they are widely used in biotechnologies, in High
Performance Liquid Chromatography, in analytical and colloid

chemistry, etc.

There are two main approaches to describe the process of micelle

formation: (i) pseudophase model; (i1) quasi-chemical model.
Both are ca. equal and give a similar result.

N ,or SURFACTANT <> micelle

N Na r
N Kmic ) (Xsurf ) "

NA
Here N stands for the number of micelles per unit volume, K ..

Is the equilibrium constant of micellization, is x, . the
surfactant monomers equilibrium concentration in the bulk

water.



Peculiarity of ionic surfactants: electrolytic dissociation

In monomeric state: complete dissociation

C,H.,—N(CH,); Br <C H.,—N(CH,); + Br-

In micelles: incomplete dissociation

nC,H,,—N(CH,); +mBr- <:>{ [(316H33 _ N(CH3)§] n|:Br_:|m} n-m

,Bzm; normally, £ iswithin the range of 0.6-0.9
n



Other types of surfactants

Zwitter-ionic surfactants:
n-C H, ,.—N*(CH,),-CH,—-CH,—CH,-SO,"
Ampholytic surfactants:

#-C,,H,—N*H,~CH,—CH,~COO",

“Gemini-surfactants’:

cr o fMeoer
CHs~(CHa)u1-N"(CHz)s-N*(CHa)ui- Ch

CHs CHs



Nonionic surfactants: oxyethylated long-tailed acids, alcohols, or
alkylphenols:
n-C H, .,(CO)O-(CH,CH,0) H

- G
O ()
S 0 N n-C_H,.,,0—(CH,CH,0) _H
: 4
L) ) 0
o 04 @7 1-CHy, (CO)O~(CH,CH,0),CH,
¢ DR )
. CJ
o8 O™ Triton X-100:
(O \
b O T CHy  CH,

| |
CH,  CHy



Dependence of the CMC on the tail length:
n-C,H -N(CH,),* Br at 25°C CMC=0.34 M
n-C,.H,,N(CH,)," Br- CMC =0.0009 M

log (CMC) =4 —Bn

(similar to the Traube rule for the surface activity)

Role of the counter-ion:
C,H,:0S0;" NR," :

R = H: CMC = 0.0062 M
R=n-C,H,, CMC =0.0012 M



Structure and
CMC

Surfactant
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0.0125
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Thermodynamics of micellization

AGmic = A[_[mic o TASmic
AG,_._=RT In(CMC)

Van’t Hoff equation:

AH.. =2 303rT2 4U0gCMC)
mic ’ mic dT



F. Krafft (1895)
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Dependence of 10nic surfactants’ solubility in water on temperature

The Gibbs phase rule:

f=K-@®+2 um f=K-p+3 7
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As a rule, ionic surfactants are solids. Their CMC corresponds
to their molecular (not micellar!) solubility

Non-ionic surfactants are normally water-mixable liquids,
their CMC are rather low.

o
CHy-O-CHyC —@—O—(CHZ—CHZ—O)loH

|
CHy  CHj



Explanation: at lower temperatures, the water structure Is
similar to that of ice, and the entropic factor can no longer
ensure the formation of micelles of an ionic surfactant.

The T, value depends on the tail length and the nature of the
lonic group.

For non-ionic surfactants, there 1s only an upper
temperature limit: cloud point.

The hydration of the oxyethylene groups decreases along
with the temperature increase, and the system becomes

thermodynamically unstable.



Related
systems
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(From J. N. Israelachvili, Intermolecular and surface forces, 2011)






Structure and some properties of surfactant micelles in

water
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A schematic sketch of the section of cationic (A) and nonionic (B) surfactant micelles.




Sodium n-dodecylsulfate micelle in water

(From J. N. Israelachvili, Intermolecular and surface forces, 2011)



According to Tanford, the length of the hydrocarbon chain is:

| =0.154+0.1265n (nm),

where n Is the number of C atoms.

Sodium n-dodecylsulfate spherical micelle:

radius of the hydrocarbon core =1=0.154+0.1265 x 12 = 1.67 nm



McBain (left) and Hartley (right) models of micelles



Fromherz models; water penetration depth ?!!



J Mol Model (2014) 20:2469
DOI 10.1007/500894-014-2469-0

ORIGINAL PAPER

Multiscale molecular dynamics simulations of sodium dodecyl
sulfate micelles: from coarse-grained to all-atom resolution

Guillaume Roussel - Catherine Michaux -
Eric A. Perpéte



Molecular dynamics simulation

Sodium n-dodecylsulfate in water

Cetyltrimethylammonium
bromide micelles in water

(V. S. Farafonov, A. V. Lebed, 2017)



Polymorphism of surfactant micelles

Micellar structures by Hartley (a), McBain (6), Debye (), and
reversed micelle or water-in-oil microemulsion (r)



Spherical micelle

e

Globular micelle

Rodlike micelle

(R. Nagarajan, 2014)

g Spherical bilayer vesicle




Double electrical layer on the micellar surface

potential

=2

p= = S —

? T distance

electrokinetic
plane of shear

(Hartland, Grieser, White)



Ohshima, Healy, White equation for a spherical charged
colloidal particle

|
2ee kRT ) 8In| cosh(Y /4)| |2
* _ o sinh(Y / 2)| 1+ - + [ ]
5 F krcosh®(Y /4)  (kr)*sinh®(Y /2)

=0

Here. s; is the area of the charged head-group. Y = WF/RT. F is the Faraday constant, k! is the Debye
length, £, = 8.854 1012 Fm~1, =785 at T=298.15 K. Actually. ods; 1s the surface charge density.



Mixed surfactant micelles

A schematic sketch of the section of a spherical (cationic + nonionic) mixed surfactant micelle



Micelles in the gas phase
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(Electrospray mass spectrometry, Sharon et al., 2006)



Solubilization: colloidal solubility of water-insoluble compounds
and binding of water-soluble species
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Difference between solubilization and dispersion




Stabilization of lyophobic colloidal particles by surfactants

A particle of an oil-in-water microemulsion and a particle of
suspension in oil

(here, oil means a non-polar solvent, such as heptane, benzene, etc.)



Micellar catalysis
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Examining of surfactant micelles using indicators
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A schematic picture of a fragment of a cationic micelle with an embedded indicator.



Molecular dynamics simulation
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(Farafonov, 2020)
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WJIH THApoPuIbHO-ITUNOPUIbLHLIN) 0ananc. Yucaa IV1b

['napodunsHO-TUnoduiabHeIM 0ananc: [JIb cMeleH B cTOpoHy
TUAPOPUIBHOCTH (@); TMNO(UIBHOCTH (8); ONTUMAIbLHBIN BapHUAHT
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Moroiniee gericrue kosuionaubix ITAB

1. Xopoiiee cCMauMBaHUE UX ITOBEPXHOCTEH MOIOILICH KHUIKOCTBIO,
M, B YaCTHOCTH, NMPOHUKHOBEHHUE BOJBbI B TOHKHE KAWJLUISAPBI. ODTO

JOCTUTACTCS CHMKCHHEM IMOBEPXHOCTHOTO HATSHKECHHMS BOIBI IIPHU
nobaske [TAB.

2. Monekynbl (MOHBI) MbLIa, aaCOPOHUPYSICh Ha MOBEPXHOCTH
BOJJOKHA M Ha TBEPAbIX M JKUJKMX YacTHULAX 3arps3HCHUHU,
(GOpPMUPYIOT XOPOIIIO T'UAPATUPOBAHHBIN aJICOPOIMOHHBIN CIIOM. ITO
CO3/a€T MPEANOCHUIKA s OTPhIBA OT IOBEPXHOCTH BOJIOKHA
YaCTHI] 3arpsA3HCHUNA W TOCIEIyromEero ux apoonenus. llpu stom
M30MpATEIbHOEC CMAYMBAaHUE BOJIOKOH TKaHWM IPUBOJUAT K
“OTTaJKMBAaHUIO ~ MACISAHBIX  3arpsi3HEHUM C  OYHIAEMOWU

IMOBEPXHOCTH.



3. Hucneprupyromiee aeiicteue IIAB cBoauTcs K HNpUIaHUIO
arperaTUBHOM yCTOMYMBOCTH TBEPAbIM H KUJIKUM (MaCJISHBIM)
YaCTUYKAM 3arpsi3HCHHM, TO €CThb K CYCHECHIWMPOBAHUIO WJIH
SMYJILTUPOBAHUIO.

B cBow ouepenb, JIMO(PUIM3ALUSI OTMBIBAEMOM IOBEPXHOCTH
IPENITCTBYET PECOPOLIMHU 3arps3HECHUM.

4, Nonublie KOJJIOUHBIE ITAB SIBJISAIOTCS MOILIHBEIMU
IIeHO00pa30BaTeIIMHU, KOTOPhIE CTAOMIN3UPYIOT NeHy. BerieHnBanue
K€ CIIOCOOCTBYET KaK MEXaHHUYECKOMY YyAaJCHHIO, TaK U (puoTaiuu
3arpsA3HECHUN.

5. BepodarHo, 3arpA3HEeHHs ~ MAaCISHOTO  XapakTepa  MOTYT
comoounu3nupoBarbcsi BHyTpu mulleis1 I1IAB. Takas Touka 3peHHs
€CTECTBEHHA, MOCKOJIbBKY MOIOIIEE ICHCTBUE HAOIIOAAETCS JIUID MTPU
KOHIIEHTpaUMAX, nmpepbimarommnx KKM.
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AncopOmus ITAB Ha TBEpAbIX MOBEPXHOCTIX
(Ha mpuUMepe OTPULIATEIBHO 3apSIKEHHOM IMMOBEPXHOCTH )



Kannu smynbcun tumna M/B, crabuimn3npoBanHbie [1AB
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Ucnoab3oBaHue HaHOPeaKTOpoB — muues IAB

Cunresnl KOJUVTOHJHBIX HACTHLL MCTALTIOB LI,E‘J['E‘L‘U(}G]}EI'HI(} HPOBOAWUTL B HPHCYTCTBUH
L"l'i'lﬁIf[JI[fl'.%i'l'l'(}[)UB BLICOKOMOJICKYIIAPHBIX COEJIMHEHUI WK KoJutouaHbIX [IAB.

MeTo/1bl, B KOTOPBLIX KATHOHbLI METAJIOB BBOJSTCS B pacTBOp B BUje muties 1 IAB.
Hanpumep, na BOAHBINH MULCUSIPHLIE  pacTBOp  w-jojenuicyibdara MeJau  JICHCTBYIOT
BOCCTAHOBUTEJIEM:

4Cu” + BH, +3H0 — 4Cu + H3BO; + 7H".

[Ipu srom anunonst 1IAB CH3(CH,);;OSO;5  ajcopOupyroresi Ha 1moBepxHocTy HaHOpa3MepHbIX
HACTULL THIPO30JIsE MEIU, CHUIKAsh M30LITOYHYIO HOBEPXHOCTHYIO DHEPIUIO U CTAOWIM3UPY S
CUCTEMY.



OOBIYHBIE XUMHUYECKUE PEAKIIUM MPOXOJAIT B HEOOJBIIMX “ITyKax
(v “kamisx”) BOABI, AUCIECPTUPOBAHHOM B  OpPraHUYECKOM
PaCTBOPHUTEIIE:
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DTO O00YCJIOBJIMBACT HAHOPA3MEPHOCTh HOBOW TBEPJOW (pasbl,
KOTOpasi BOBHUKAET BO BpeMs peaKlvu, HalpuMep.

SI(OC,H;), + 2H,0 — SiO,(tB.) + 4C,H.OH



