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Molecular structure of mixed adsorption layers 
surfactant--polymer at a liquid--liquid interface 
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Isotherms of the binding of dodecyl sulf~ate anions (DDS-) and Na + counterions during 
their coadsorption with a nonionic polymer, proxanol (PR), at the intcrface of dodecane-- 
water emulsions have been measured by condt~ctometrT and Na-selective potentiometry The 
adsorption of D D S  and PR is concurrent The affinity constant of PR to the interface 
determined by the Lan~?muir model decreases as the concentration of PR increases, and the 
surface concentration of DDS- tends to a nonzero limiting value at high concentrations of 
PR The surface (~o) and electrokinetic (r) potentials at the interface have been determined 
at various polymer concentrations by the spin probe and electrophoresis methods The 
average dielectric permeability and density of polymer segments in the adsorption layer have 
been determined by ESR. The lower boundaD ~ of the hydrodynamic thickness o1 the polymer 
adsorption layer at the interface has been estimated from the dependences of ¢bo and (, on the 
ionic strength. 

Key words: liquid--liquid interfaces, ESR, spin probe, polymer adsorption, sodium 
dodecyl stdfate, surface potential, electrokinetic potentialo 

Polymer adsorption plays a key role in the stabiliza- 
tion of colloidal particles and in the formation of organ-- 
ized structures in Langmuir- -Blodget t  (LB) films (see, 
e.g., Ref. 1, 2). The most efficient stabilization of emul-  
sions by polymers is achieved by the combinat ion  of 
steric and Cou lomb repulsions of dispersed particles, 
which takes place during the coadsorption of polymer 
and low-molecular  ionic surfactants. Similar two-com-  
po,,ent systems are also used for the formation of LB 
layers, t The thickness of the polymer adsorption layer, 
the character of the lateral distribution of components  in 
the surface layer, and the surface and electrokinetic 
potentials of the particles are important  structt, ral pa- 
rameters de termining the interaction between the dis- 
persed particles and the functional properties of LB 
layers. 2 

To determine the thicknesses of polymer adsorption 
layers and solid dispersed particles, various physical 
methods are used presently: dynamic light scattering, 
small-angle neutron scatteri!ag, sedimentat ion,  and mea- 
surements  of rheological and electrokinetic parameters 
(see, eg., Refs. 2--7).  However, methods based on mea- 
surements  of average sizes of dispersed particles are 
inappropriate for emulsions characterized by consider- 
able polydispersity. 

In this work, the coadsorption of an anionic surfac- 
rant (sodium dodecyl sulfate) and the nonionic  polymer 
proxanol (b lock-copolymer  of poly(ethylene glycol) and 
poly(propylene glycol)) at interfaces in dodecane--water  
emulsions was studied. Proxanol is an efficient stabiliz- 

ing agent, in particular, for emulsions of perfluoranes 
used for the preparation of blood substitutes, s The spin 
probe method is used here for the first t ime to determine 
the surface potential of emulsions and the lateral distri- 
bution of the adsorbed polymer. To determine the thick- 
ness of the polymer adsorption layer, the electrophoretic 
mobi l i ty  of the emuls ion  particles was measured.  
Conductometr3'  and potentiometry was used for study- 
ing the adsorption isotherms of dodecyl sultktte (DDS- )  
anions and Na + counterions.  

Experimental 

Sodium dodecyl stillate (DDSNa) (Sigma), dodecane (re- 
agent grade) distilled in vacl~o~and proxanol(PR) (trade mark 
268, molecular weight 120007 were used 

Emulsions were prepared by ultrasonic dispergation on a 
UZDN-2 instrument according to the procedure described in 
Reff~. 9 and 10 at standard concentrations of the components 
(DDSNa ii~ a range from I to 10 mmol L -I, dodecane. 
4.5 vol. %~ and water) Then the emulsions were diluted to 
the final concentrations with aqueous solutions of DDSNa, 
NaCI, and PR For electrophoretic measurements, the emul- 
sions were prepared by the injection of the organic phase into 
an aqueous solution containing NaCI and DDSNa according 
to the procedure described in Ref~ I I~ Aqueous solutions were 
prepared using bidistilled water with a specific conductivity of 
I 1" 10 -~' Ohm -I cm -I, 

A surface-active radical cation, N-heptyI-N,N-dimethyl- 
N-(2,2,6,6-tetramethylpiperidyl-4-oxyl)ammonium bromide (!) 
(Fig. I ), was used fbr determining the surface potentials of the 
emulsions, and the 2,2,6,6-tetramethylpiperidyl-l-oxyl- 
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Fig. 1. ESR spectrum of probe l in dodecane - -DDSNa- - -  
water emulsions with various concentrations of proxanol (CpR). 
CI, R, mmol L-I :  0.16 (1, 5), 0.08 (3); and 0 (4), CDDSNa, 
mmol L-I :  0.5 (1--4), and 0 (S). Curve 2 was obtained by 
subtracting the aqueous component  from curve L s and w are 
HFS components with rn = - I  for probes localized at the 
interface and in water, respectively Spectrum of probe I in 
water is identical to curve 5~ 

4-phosphonic acid (2), radical (Fig  2), existing as a mono- 
charged anion at neutral pH, was used tbr determining the 
local dielectric permeability in the adsorption layer 

C7Ht5 

Br- 

1 2 

Probe I was introduced into the prepared emulsions as 
alcohol solutions in which the final ethanol concentration did 
not exceed 0.5 %~ Probe 2 was added to aqueous solutions 
before dispergation 

ESR spectra were recorded on a Bruker ER-200 D instru- 
ment at 20 °C. For subsequent mathematical processing, the 
spectra were stored in the memory of an Aspect-2000 com- 
puter interfaced to an ESR-spectrometen 

Fig. 2. ESR spectrum of radical 2 in the polymer adsorption 
layer of dodecane--water emulsions (20 °C), 

Electrophoretic and conductometric measurements were 
carried out on previously described installations. 9,11 The 
concentration of Na + in the emulsion was naeasured in a 
thermocontrolled ce l la t  25+_OI ° C o n  an 1-135MI ionometer 
and by ..... ESL-51-07 Na+-selective glass electrode; the error 
for the measurement of the electrode potential using a nonlin- 
ear smoothing procedure was ±0.3 mV. Since PR could affect 
indications of the measuring electrode, calibrating curves were 
obtained in solutions containing D D S N a  and PR. The 
steepnesses of  these curves were lower than the theoretical 
steepness and varied as the concentration of PR increased, 
which is likely caused by the interaction of  PR with the 
electrode glass and the formation of complexes of  PR with 
DDSNa 11 The adsorption of  polymer and DDSNa on the 
dodecane--water surface was studied at surfactant concentra- 
tions considerably lower than the critical constant of micelle 
formation ([DDSNa] < 3 mmol L -I)  and at [PR] < 1 %  
when the effect of complex formation in solution can be 
neglected. 12 

Results and Discussion 

Tile dependences  of  the concen t r a t ion  o f  free Na + 
ions (¢Na) and specific conduct iv i ty  (X) ill d o d e c a n e - -  
water  emuls ions  on the concen t ra t ion  of  D D S N a  (c) in 
the absence of  PR are presented in Fig. 3, Ti le  ;,,(c) 
dependences  are similar to those obta ined  previously 9 for 
ano the r  vo lume  fraction of  the organic  phase;  the  break 
points  on both curves ill Fig. 3 at the D D S N a  concen t r a -  
t ion o f  ~12.8 m m o l  g -I  correspond to the fo rmat ion  o f  
micelles.  S ince  the affinity of  D D S -  an ions  for the 
d o d e c a n e - - w a t e r  boundary is substantial ly h igher  than 
that for mice l les , t l  micel les  are formed after the  emuls ion  
surface is comple t e ly  covered.  T h e n  the D D S N a  c o n c e n -  
trat ion cor responding  to the c o m p l e t e  coverage  o f  the 
emuls ion  surface can be de te rmined  as the dif ference 
be tween the value equal  to 12.8 m m o l  L - I  and the  value 
o f  C M C  ill the  absence o f  emuls ions  (8 m m o l  L-I)9: 
cs* = 4.8 m m o l  L - I .  
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Fig. 3. Dependences of specific conductivity (l) and concen- 
tration of free Na + ions (2) on the concentration of DDSNa in 
dodecane--water emnlsions. Volume fraction of the organic 
phase is 225 %, 20 °C. 

The measured specific conductivi ty of a solution of 
DDSNa  (below CMC)  is determined by the equation 

K = CNa+l.tNa+ + C D D S - t . t D D S -  , (1)  

where I.INa+ and I.tDDS- are the mobilities of the ions. 
The laDD s-  value can be determined from Eq. (1) using 
the CNa+ (and CDDS- ) values from the potentiometric 
measurements  (Fig. 3) and laNa+ from the published 
data: 13 I.tDD S- = 20 Ohm -I  cm 2 mol -I ,  

The dependences of )~ and [Na+l in dodecane emul-  
sions on the concent ra t ion  of PR in the presence of 
1 mmol L - t  DDSNa  are presented in Fig. 4. The main 
contr ibut ion to the ;~. value is caused by free Na + and 
D D S -  ions in the solution and in the diffusion regions 
of the double electric layer. In fact, the conductivity of 
the emulsion under  condit ions when almost all DDSNa 
is adsorbed on the interface (i.e., ira the absence of PR, 
at a high fraction of the organic phase (5 %) and at a 
DDSNa  concent ra t ion  of I mmol L -I)  coincides with 
the calculated value of k with an accuracy up to 3 % 
due to the free Na + ions. Therefore, the concentra t ions  
of DDS-- in the solution at various concentra t ions  of PR 
were calculated by Eq. (1) from the dependences pre- 
sented in Fig. 4 and the values of ~N:~+ and IaDDS-. The 
obtained Values (they are not shown in Fig. 4) as well as 
~. and Cna+ increase as the concentra t ion  of PR in- 
creases, which is evidence for the displacement of D D S -  
and Na + iotas fiom the surface by PR molecules, i.e., the 
adsorptions of D D S -  and PR compete with one an- 
other. 

A simple Langmuir  model was used for the quant i -  
tative analysis of the compet ing adsorption of D D S -  and 
PR. This model has been successfully applied previously 
to low-molecular  adsorbates, 14 in particular, D D S - a n i -  

?~. 10-5;f~ cm-I INa+] " 10-4/mol L-~ 
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Fig. 4. Dependences of specific conductivity (/) and concen- 
tration of free Na* ions (2) on the concentration of proxanol 
in dodecane--water emulsionso Volume fraction of the organic 
phase is 1.25 %, concentration of DDSNa is 1 mmol L ~~, 
20 °C 

ons at the oi l - -water  interface.ll  More detailed statisti- 
cal theories have been developed to describe polymer 
adsorption on solids. 14As 

For the competitive adsorption of two components ,  
the equation for the degree of coverage of the sur[hce 
with D D S -  anions (~)a), as can be easily shown, takes 
the form 

3a = KAcA (2) 
[ + KAC A + KpRCpR 

where K A and Kpr are the binding constants for D D S -  
and PR with the surface and c A and cpR are the concen-  
trations of these compounds  in solution. The K A value 
depends on the sur~)ace potential: II 

KA = KA ° exp(-F~o/R7), (3) 

where F is the Faraday's  number  and R is the universal 
gas constant.  The values o f %  were estimated in terms of 
the G o u y - C h a p m a n  theory for each point of the bind- 
ing isotherm from the values of the surface concen-  
trations of D D S -  and the fraction of bound Na + coun-  
terions relative to tile bound DDS ~ ions ([3) using the 
equations: 

c s e~) A 
9 A  = ~ ,  c~a - -  , ( 4 )  

C~ SA 

c~ = C~a( I -- l~), (5) 

= -2(2%cciRl)U2sh( F%/2 RT), (6) 

where c s is the volume concentra t ion of adsorbed D D S -  
ions relative to the solution volume, cs* is the value of c s 
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for the l imit ing coverage of  the surface, eA is the surface 
charge density due to the adsorbed D D S -  anions in the 
absence of  bound Na ÷ counter ions,  e is the total charge 
densi ty,  s A is the surface per D D S -  ion, c t is the 
concent ra t ion  of  the uni -uni -va len t  e lectrolyte  (NaCI) ,  
r is the dielectr ic  permeabi l i ty  of  a medium,  % is the 
dielectr ic  permeabi l i ty  of  vacuum in the Internat ional  
System of  Units ,  and e is the charge on an electron.  

The values of  KA ° at various ionic strengths were 
taken from Ref. I I ,  and the values of  s A for the water - -  
air interface were taken from Ref. 16. 

The c i and ~ values in the surface layer at high 
concentrat ions  of  the adsorbed polymer should differ, in 
general  case, from their  values in an aqueous me- 
dinm. 17,is The est imation of  local ~ values in the surface 
layer performed by the use of the spin probe (see below) 
showed that the difference between e and EH2 o does not 
exceed 10 to 15 % at the concentrat ions of  P R  used in 
the solution. We also assume that the C i values are equal 
to their  values in the aqueous phase; cs* = 4.8 mmol L -I  

The values of  KpR at various concentra t ions  of  prox- 
anol were calculated from Eq. (2) at relatively high 
concent ra t ions  of  PR (CpR ° > 4" 10 -5 tool L - I ,  cr, R 
c~,R °, where CpR ° is the initial concentra t ion  and CpR is 
the current  concent ra t ion  of  PR) (Fig. 5). As can be 
seen from Fig. 5, the Kr,~ value is not constant .  It 
decreases  by almost  an order  of  magni tude  as ct, R in-_ 
creases from 2 - 1 0  -5 to 3" 10 -4 mol L - L  This result 
testifies that  the Langmuir  model  does not adequately 
descr ibe proxanol  adsorpt ion.  

Ano the r  specific feature of  the coadsorpt ion  iso- 
therms of  D D S N a  and PR is the following. At concen-  
t ra t ions of  D D S -  ions higher than cs*, their  displace-  

Table I. Values of the surface charge density (cO, surface 
potential (I'o), ~ potential, and distance to the slipping plane d e 
(thickness of the polymer adsorption layer) in the adsorption 
layer of dodecane--water emulsions containing DDSNa and 
proxanol 

CpR" 104 a" 102 Ionic 4)o ~ dc/A 
/mol L -I /C m -2 strength /mY ~mY 

21 2.23 3 84.2 259 55.6 
10 690 160 40.5 
30 49.9 87 294 
50 404 57 26.0 

42 217 

8.4 2.13 

3 86,4 25~2 58,0 
I0 7004 15,2 42.4 
30 494 88 29.0 
50 396 5.7 25,7 

3 78,9 2600 540 
I0 72,0 15,4 42.6 
30 482 9,4 27~5 
50 41.8 59 259 

ment from the surface by po lymer  molecules  is not 
comple te  even at high concent ra t ions  of  PR, and the 
surface concent ra t ion  of  D D S -  tends to a nonzero  
l imiting value. This is dist inct ly seen from the depend-  
ences of  the surface and e lec t rokinet ic  potent ia ls  on the 
concent ra t ion  of  PR (Table I and Fig. 6). The  charac-  
ters of  these dependences  also cont rad ic t  the Langmuir  
model  (see Eq. (2)). 

The use of  charged surface-act ive probes for the 
de te rmina t ion  of  +o is based on the fact that the part i -  
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Fig. 5. Dependences of the binding constant of proxanol with 
the dodecane--water surface (KI,) and fraction of bound 
counterions (13) on the concentration of proxanol (CpR) Vol- 
ume fraction of dodecane is 1.25 %, concentration of DDSNa 
is  I m m o l  L - I .  

~/mV 
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Fig. 6. Dependences of the r potential on the concentration of 
proxanol in the aqueous phase at various ionic strengths of 
solution, tool L- I :  0003 (I) ,  0.0| (2), 0.03 (3), and 0.05 (4) 
Concentration of DDSNa is 3 mmol L - I  
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tion coefficient of the probe between the aqueous phase 
and the surface is determined by the equation 

K = K , , ~ ( - F ¢ o / k T ) ,  (7) 

where K h characterizes binding due to nonelectrostatic 
interactions. The K value can be determined from the 
ratio of the intensities of the ESR signals of the probes 
in the aqueous phase and on the surface. This ratio 
depends on the ratio of the volumes of the aqueous 
phase and the near-surface layer, which can be included 
in the K h value. The K h value is usually determined by 
measurements at high ionic strengths (when ¢o~0) or 
on uncharged surfaces with similar chemical composi'- 
tions. 19,20 

This method has been used previously for the de- 
termination of @o in liposomes and cells. 19,2° It should 
be modified when applied to emulsions, because the 
ionic surfactant and polymer are in dynamic equilibrium 
between the aqueous phase and the interface; in addi- 
tion, measurements at high ionic strengths are impossi- 
ble for emulsions (unlike liposomes and cells) due to 
their irreversible coagulation. The approach used in this 
work for the determination of ¢o in emulsions is pre- 
sellted below. 

The ESR spectra of probe 1 at various concentrations 
of PR are given in Fig. 1. The ratio of the integral 
intensities of the signals from the probe bound to the- 
surface (s) and located in water (w) was determined by a 
computer subtracting of the reference signal of the aque- 
ous solution of probe 1 with different statistical weights 
from the total spectrum until the complete disappearance 
of the "water" signal in it. The integral intensity of the 
differential signal was calculated by double integration. 

It can be seen from Fig. 1 (spectrum 2) that the 
"surface" ESR spectrum for emulsions containing DDSNa 
and PR differs substantially from the spectrum of the 
probe in emulsions stabilized only by DDSNa (spectrum 
4) or only by PR (spectrum 5"). In the latter case, the 
spectrum is identical to that of probe 1 in water, i.e., at 
the value of the interface area existing in the studied 
samples, and in the absence of a negative charge, probe 
! almost does not adsorb on the interface. When the 
concentration of PR increases, the "surface" signal mono- 
tonically changes its form from that typical of the rota- 
tioq in an anisotropic "liquid-crystalline" medium (spec- 
trum 4) 9 to the form corresponding to fast isotropic (or 
weakly anisotropic) rotation (see intermediate spectrum 
3 at the PR concentration of 0.08 mmol L-~). These 
spectral changes show that the probe environment on 
the surface consists not only of DDSNa (or PR) mol- 
ecules, but is likely an almost homogeneous mixture of 
these components. 

The "water" signal was almost absent in the ESR 
spectra of the probe in the absence of PR and at low 
ionic strengths (c, < 50 mmol L-t). Fast coagulation 
occurred at high concentrations of the electrolyte in the 
absence of PR. Therefore, the ionic strength depen- 
dences of the partition coefficient necessary for the 
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Fig. 7. a. Dependences of the distribution coefficient of probe 
I between the aqueous phase and the interface at various 
concentrations ofpro×anol, mmol L-I: 008 (/), 0.42 (2), and 
0.83 ( ~  Concentration ofDDSNais05  mmol L -I,concen- 
tration of ~he organic phase is 2.5 vol %, 20 °C b. Modeling 
dependences of InK on the ionic strength in terms of the 
Gouy--Chapman theory by Eq. (8). Values of b obtained by 
modeling were added to InK values, so that ordinates in the 
figure directly correspond to @o values in mV. Points are 
experimental values for proxanol: 0.08 (1) and 0.83 mmol L- 
I (2); solid lines are resutts of modeling using the nonlinear 
least-squares method. 

determination of ¢o were obtained only in the pres- 
ence of adsorbed PR. These dependences for the 
DDSNa concentration of 0.5 mmol L - I ,  which is 
considerably lower than the concentration of the com- 
plete coverage of the surface (4.8 mmol L -~ at the 
volume fraction of the organic phase of 2.5 %), are 
presented in Fig. 7. 

For.~the quantitative description of these depend- 
ences, we express the potential @o in Eq. (6) by the 
partition coefficient of the probe K (Eq. (7)). Then the 
relationship between ~o and the concentration of the 
electrolyte (ci) takes the following form: 

y = (2k77e) In(ax -I/2 + (a2/x + 1) I/2 ) - b, (8) 

where y = ( k T / e ) l n K ,  b = - ( k T / e ) l n K  h, a = 
~(8e%k'/)-W2 x = ci, Co(mY) = y + b. 

The experimental data ill Fig. 7 fit to the depen- 
dences calculated from Eq. (8) by varying the param- 
eters a and K h using the nonlinear least-squares method 
(PSI-PLOT program). The examples of this description 
are presented in Fig. 7, a, b. it can be seen that the 
appropriate choice makes it possible to achieve good 
agreement between the calculated and experimental 
curves. This approach made it possible to simultaneously 
determine the values of @o (Fig. 7, b) and the values of 
the surface charge density (o) from the parameter a. 

As can be seen from Eq. (8), the dielectric perme- 
ability (e) in the adsorption layer must be known in order 
to determine o. To estimate the e values, we applied the 
spin probe method, using the fact that the value of the 
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isotropic hyperfine split t ing on the nitrogen nucleus (aN) 
in the ESR spectrum of  the probe is sensitive to the 
polarity of  its surroundings,  it should be ment ioned first 
of  all that the value of  a N for probe 1 bound to the 
surface (15.8 G)  was independent  of  the PR concent ra-  
tion in the range from 0 to 1,8 mmol L t within the 
experimental  error (0.1 G). Radical 2 (Fig. 2) was used 
along with probe I. Radical 2 should not sorb on tile 
interface due to its negative charge at pH > 7 and the 
absence of  hydrophobic  res idues  Ill order to measure the 
a N values directly in the adsorption layer, an aqueous 
e m u l s i o n  c o n t a i n i n g  5 9~ d o d e c a n e ,  5 mmol  L -I 
DDSNa ,  and 2 mmol L ~ PR, and a solution of  probe 2 
(10 -4 mol L -1) were centrifuged for 30 rain at g ~3000. 
The cream-l ike  mass that formed on tile solution surface 
consisted of  the emuls ion drops surrounded by po lymer  
shells, because no separat ion into aqueous and oil phases 
was observed, and it reversibly transformed to the initial 
emulsion upon dilut ion with water. The mass was care- 
fully t ransported from the surface of the tube to all 
ESR-celI.  The value of  a N for probe 2 in this phase 
turned out to be equal to 17.05_+0.02 G;  in water, a N = 
17.11 G;  and in dioxane,  a N = 15.95 G. 

To de te rmine  local c values in the adsorpt ion layer, 
the cal ibrat ion dependences  of  a N were measured ill 
aqueous solut ions of  dioxane,  whose chemical  structure 
models  oxyethylene  fragments of  PR. The value aN = 
17.05 G was obta ined  for an ~10 % solution of  dioxane 
in water. The dielectr ic  permeabi l i ty  g ~72, 21 which is 
10 % lower than that  of  pure water, corresponds to this 
mixture.  

The cal ibrat ing dependences  of  a N on the concent ra -  
t ion of  d ioxane make it possible to s imul taneously  ob- 
tain a rough es t ima t ion  of  the weight f ract ion of  
oxyethylene fragments in the adsorpt ion layer, which is 
-0.1.  Another  method  for es t imat ing the fraction of  
oxyethylene segments  is the measurement  of a N values 
in solut ions of  polyoxyethylene ,  in which the ratio 
of  the number  of  free OH groups to the number  of  
oxyethylene groups is approximate ly  the same as in 
polyoxyethylene  fragments of  proxanol 268 The frac- 
tion of  oxyethylene  fragments est imated in this way is 
0,05 to 0. l. 

The values of 4~o and o at various concent ra t ions  of 
PR and at all ionic strength of  10 mmol L ~ are pre- 
sented ill Table 2 It can be seen that the c, values 
decrease as tile concent ra t ion  of PR increases, which is 
likely caused by the d isp lacement  of D D S -  by PR 
molecules  according to tile adsorpt ion isotherms pre- 
sented above. In addi t ion,  the absolute values of  m- are 
considerably lower than the maximum values corre-  
sponding to coverage of  the surface only with D D S N a  
molecules  (%nax z 0.4 C m -2 for the surface area per 
D D S N a  molecule  - 45 A2). 16 The method for de te rmin -  
ing @o by charged spin probes is sensitive to the local 
surface charge densi ty  and not to that averaged over the 
whole  surface. Therefore ,  if D D S -  anions form separate  
microphases  on the surface, the a value would be close 

Table 2. Values of the surface charge density (o) and surface 
potential (@o) during concurrent adsorption of DDSNa and 
proxanol 

cpR" 104 a" 103/C m "~2 }Jn lV 
lmol L -I (10 mmol L -) NaCI) 

0.42 12.5 51.5 
0.83 12.3 447 
1,67 98 41.1 
42 74 300 
83 37 145 

to C~ma , and would weakly depend on the concent ra t ion  
of PR. Thus, it follows from the data of  Table  2 that 
D D S -  and PR are distr ibuted over the surface rather 
uniformly, which agrees with the changes  ill tile ESR 
line shape of  probe I as the concent ra t ion  of  P R  ill- 
creases (see F i g  I )  

I)3 order to estimate tile thickness of  tile adsorpt ion 
layer tbrmed by the adsorbed polymer ,  we carried out 
s imultaneous measurements  of  the surtitce and elec- 
trokinetic potentials  at equal ratios of  D D S N a  and PR 
in solution and at their  absolute concent ra t ions ,  which 
are much higher than those cor responding  to the com-  
plete coverage of  the surface (in the absence  o f  the 
second component ) .  The lat ter  condi t ion  always is ful- 
filled for electrophoresis ,  and in ESR exper iments  it 
occurs at very low volume tract ions o f  an organic  phase 
(0.5 %) and high concentrat ions of  D D S N a  ( [ D D S N a l  > 
4 mmol L-Z). At these ratios o f  tile concen t ra t ions  of  
the adsorbates and the total surface area of  emulsions,  
the surface concentra t ions  of  D D S -  and PR should be 
equal in both experiments .  

Electrokinet ic  potentials (~,) were ca lcu la ted  from 
the measured  e lec t rophore t i c  mobi l i t i es  (u) by tile 
Smoluchowki  formula 

u = "~" (9 }  
6~)i 

where )I is the viscosity of the solution.  The condi t ions  
in which Eq. (9) call be appl ied to the s tudied emuls ions  
(ill the absence of PR) were discussed ill Ref, I I The 
dependences  of tile ( potential  on tile concen t ra t ion  of 
PR at various ionic strengths are presented ill Fig. 6. 
When the ~, values were calculated,  a value of  s different 
from that ill water (1: = 72) was used only l%r high 
concentra t ions  of  PR (>0.1 mmol  L I). The concen-  
trat ion dependences  of  the C, potent ia l  (unl ike adsorp-  
tion isotherms) are caused by an increase ill the dis tance 
from the sl ipping plane to the interface due to the 
formation of  the polymer  adsorpt ion layer as well as by 
the d isplacement  of D D S -  ions. 

It can be seen from Fig. 7 tha t  at [PRI  > 
0.1 mmol  L -I  the r. values depend  rather  weakly on 
[PR],  which is not described by the Langmui r  theory 
(Eq. (2)). The part i t ion coefficient of  the probe also 
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depends  weakly on the concent ra t ion  of  PR in the range 
of  IPR1 > 0.2 mmol  L -I  (see below). The incomplete  
displacement  o f  D D S -  anions even at high concentrat ions 
is likely caused by the fact that D D S -  ions and PR 
molecules  ~nteract on the surface to form complexes,  
due to which D D S -  ions are retained on the surface. 
The existence of  this interact ion in solut ion at high 
concent ra t ions  of both componen t s  is evidenced by the 
a forement ioned  changes in k of  solut ions of  D D S N a  in 
the presence of  PR and by the published data. tz 

We derived equat ions of  the adsorpt ion isotherms of  
D D S -  and PR that take into account  the formation of  
complexes  between D D S -  and PR on the surface (they 
are not presented here because of  their  awkward charac-  
ter) and explain the incomple te  d i sp lacement  of D D S -  
ions at high concent ra t ions  of  PR. It also follows from 
these equat ions  that at high concent ra t ions  of PR the 
extent of  coverage of  the surface with D D S -  ions is 
independent  of  K A and,  hence,  of  the ionic strength and 
potent ial  ~o. This gives grounds to use simple Eq. (6), in 
which the surface charge density is independent  of the 
ionic strength and ~o. 

The  dependences  of  the part i t ion coefficients of  the 
probe on the ionic strength at D D S N a  concent ra t ion  of  
4 mmol  L - t  and at various concentrat ions  of  PR (Fig. 8, 
a) are qual i tat ively s imilar  to the curves in Fig. 7. 
Model l ing  these dependences  (examples  are presented.  
in Fig. 8, b) show good agreement  with the G o u y - -  
C h a p m a n  theory  as for low concent ra t ions  of  DDS. 
The values of  }o and cr (see Table 2), obta ined as well 
as exper imenta l  values of  par t i t ion coefficients K, are 
a lmost  i ndependen t  of  the concen t ra t ion  of  PR at 
[PRI > 0.2 mmol  L -I  (0.25 %). 

Knowing O~ o and ~ measured at equal surface con- 
cent ra t ions  of  DDS and PR, it is possible to determine  
the dis tance from the interface surface, where the nega- 

K a *~o b 

40 * 1 
*1 
o 2  90 ° 2  

60 
20 

O O 
Cl 

0 50 150 50 150 
[NaCll/mol L °°1 

Fig. 8. a. Dependences of distribution coefficients of spin 
probe I on the ionic strength at the concentration of DDSNa 
of 4 mmol L -I and fraction of the organic phase of 05 % 
Concentration of proxanol, mmol L-I: 0.08 (/) ,  0.21 (2), and 
1~05 (3)  b Examples of modeling the dependences in Fig. 8, a 
in terms of the Gouy--Chapman theory, by Eq (8); see 
captions for Fig 7 

t i re  charges of  the adsorbed D D S -  ions are localized,  to 
the slipping plane by the known G o u y - - C h a p m a n  for- 
mula for un i -uni -va len t  electrolytes:  zz 

th(e~/4k T) = th(e~o/4k T)exp(-aedc), (10) 

where ae - t  is the Debye length and d e is the distance 
from the adsorbed D D S -  anions to the effective sl ipping 
plane. 

When there is a polymer  adsorpt ion layer partially. 
permeable  to ions and water, the notion of  the slipping 
plane has a convent ional  character ,  and the value of  d e 
(the so-cal led electrokinet ic  thickness of  the layer) de-  
pends on tile radial distr ibution of polymer  segments 
and on ionic strength, z3,z4 It also should be kept ill mind 
that po lymer  adsorption can change the static parame-  
ters of  the double electric layer (surface charge, dielec-  
tric permeabil i ty) ,  za,z5 

Ill this work, potentials }o and ¢ were measured at 
equal surface charges; therefore,  the possible effect of  
the adsorpt ion of  PR on r~ was insignificant. The value 
of  e, as follows from the exper iments  described above, is 
close to EH2 o. It is dift'icult to exper imenta l ly  measure 
the possible change in the concentra t ion  of  the electro-  
lyte in the adsorpt ion layer; therefore,  this effect was not 
taken into account .  However,  it should be ment ioned 
that  the effects of  dielectr ic  exclusion z6,z7 are probably 
insignificant in this case due to the insignificant dif- 
ference between e and en2 o. The values of  potent ials  ~o 
and ~ and the values o f ~  de te rmined  from Eq. (10) for 
various ionic strengths and concentra t ions  of  PR are 
presented in Table I. The values of  d e increase as the 
ionic strength decreases in accordance with the predic-  
tions of the theory; z3,z4 in addi t ion,  they are ahnost  
independent  of  the concentrat ion of  PR in the concentra-  
t ion range from 8" 10 -5 to 8" 10 -4 rnol L-I~ 

As far as we know, there are po published data on 
direct measurements  of the electr ic surface potential  ira 
emulsions (the potential  measured by the vibrating elec- 
trode method contains  a dipole componen t ,  which is 
difficult to exclude unambiguously in the de te rmina t ion  
of  00o, zs,z9 while the ¢ potential  is measured in the 
slipping plane,  which does not coincide with the plane 
of  the locat ion of  the po ten t ia l -de te rmin ing  ionsL 

The present measurements  of  ~o, surface charge den-  
sity, and the ( potential  and isotherms of  adsorpt ion of  
the surfactant  and counter ions  make it possible to draw 
several conclusions  about the structural organizat ion of 
the surfactant  molecules  and the nonionogenic  po lymer  
proxanol adsorbed at the interlace.  First, it is shown that 
the adsorpt ion of  D D S -  and proxanol  is c o m p e t i t i v e  
The data on the adsorpt ion of  D D S -  ions in the pres- 
ence of  proxanol  were used for s tudying the affinity of 
PR molecules  for the interface in terms of  the genera l -  
ized Langmuir  model ,  ira which the constant  of  the 
binding of  D D S -  ions to the surface depends  on the 
value of  the surface potential .  It turned out  that  in terms 
of  this model  the value of  the affinity o f  PR molecules  
for the surface (binding constant  KpR) decreases  as the 
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concentrat ion of  PR increases. This result can be ex- 
plained by the change in the conformation of  the adsorbed 
polymer: at low degrees of  coverage of  the surface not 
only polyoxypropylene, but also polyoxyethylene frag- 
ments of  PR are probably localized at the interface; at 
high degrees of  coverage, polyoxyethylene fragments are 
probably extruded to the aqueous phase. 

Second, it follows from the dependences of  ~o and of 
the ESR line shapes of  probe I bound to the surface on 
the concentrat ion of  PR (Fig. I and Table 2) that 
D D S N a  and PR molecules do not form separate 
microphases on the surface, but are rather uniformly 
distributed over the surface. This conclusion agrees with 
the atorementioned explanation of  the incomplete dis- 
placement of  D D S -  ions by PR molecules due to the 
formation of  complexes on the surface. 

As is known, binding of  counterions plays a substan- 
tial role in the structure of  micelles, determining, in 
particular, the degree of  a~rega t ion  and the transition 
frorn spherical to cylindrical micelles. 3° There are no 
direct studies of  interactions with counterions for oil-- 
water emulsions. Indirect data have been obtained by 
electrophoretic measurements. 1t,29 The results of  this 
work (Fig. 3) show that the fraction of  bound counteri- 
ons (~) in dodecane--water  emulsions at complete cov- 
erage of  the surface with D D S N a  molecules is higher 
than that in D D S N a  micelles (0.7 and 0.6, respectively),_ 
which agrees with denser packing of  D D S N a  molecules 
in emulsions. The 13 value decreases to 0.15--0.17 as the 
concentrat ion of  PR on the surface increases. This 
means that the amount  of  bound counterions at com-  
plete coverage of  the surface is mainly determined by 
the electrostatic potential on the surface rather than by 
the interaction of  individual ions. 

Previously, good agreement with the Gouy- -Chap-  
man- -S tem theory was obtained in the study of the 
electrostatic properties of phospholipid liposomes and 
cells. 19,20'31 The absolute values of ~o determined in 
these works did not exceed 80 mV. The results of our 
work show that the physical approximations accepted m 
this theory, i.e. neglecting the discrete character of  the 
charge distribution over the surface and the dependence 
of  the dielectric permeability on the electric field at the 
interface, are also valid for oil--water emulsions. 

The thickness of  the polymer adsorption layer at the 
interthce is one of  tl~e main parameters directly charac- 
terizing the efficiency of  the stabilizing effect of  poly- 
mer; 2 it is also important to know this parameter for 
constructing LB layers. I The thicknesses of  adsorption 
layers are mainly determined by dynamic light scatter- 
ing, small-angle neutron scattering, and measurements 
of  rheological and ellipsometric parameters, l - 7  How- 
ever, dynamic scattering and other hydrodynamic meth-  
ods measuring average sizes of  particles are inappropriate 
or should result in high errors in the case of  polydispersed 
emulsions. 

The approach used in this work is based on the 
introduction of  charged surfactant molecules at the inter- 

face and the simultaneous measurements o f  the surface 
and electrokinetic potentials. Its advantage is its inde- 
pendence from the degree of  polydispersity peculiar to 
the emulsion. However, the measured so-called elec- 
trokinetic thickness d e differs from the hydrodynamic 
thickness d h due to tile permeability of  the polymer 
adsorption layer to water and ions. According to the 
theory, 23,24 de increases, tending to d h as the ionic 
strength decreases. 

The data of  Table I show that d e increasos in accor- 
dance with the theory, as the ionic strength decreases 
from 50 to 3 mmol L-I;  however, it does not reach a 
plateau in the studied range of  ionic strengths. There-  
fore, only a lower estimation of  the hydrodynamic thick- 
ness (dh) can be given, which is -57 A. Nevertheless, it 
is of  interest to compare this value with the geometric 
sizes of  the free polymer in solution. 

Proxanol 268 is an "amphipatic" b lock-copolymer  of  
the A - - B - - A  type containing an anchor  (adsorbing on 
the surface) site B, polyoxypropylene (POP) with mo- 
lecular weight 2600, and two polyhydroxyethylene (POE) 
fragments A comprising 80 % of  the molecular  weight 
of  the whole polymer. According to modern views, 2 the 
role of  POE fragments is to provide steric stabilization 
for the dispersed particles. 

Since d e is independent of  the concentra t ion of  PR 
when it changes by an order of  magnitude,  it can be 
assumed that PR is probably adsorbed as a monolayer  
(and not as a polymolecular layer). It is reasonable to 
compare d e with the geometric sizes of  POE fragments 
exposed to the aqueous phase. If these fragments are 
identical with the average molecular weight of  4700, 
which corresponds to a degree of  polymerization of  ~ 107 
and the total number of  C - - C  and C - - O  bonds in the 
cnain is equal to 320. It has been shown theoretically 
and experimentally 3z for POE that the mean square 
end- to-end distance is equal to clouble the end- to -end  
distance in the model of  a free-linked Gaussian chain: 
(to2) 1/2 = 2nl/?l (,1 is the number  of  bonds and / is the 
average bond length)~ (to2) I/2 -__ 54 A. Therefore,  double 
tile value of  the inertia radius 2R,g = 2(ro2/6) I/2 ~ 43 /~3z 

As can be seen from Table l, the values of  d e (55--  
57 A) at the minimum ionic strength of 3 mmol  L -t 
that can be achieved in our experiments, are close to the 
value of (/'o2) I/2 and higher than 2Rg for POE fragments 
of  proxanol. Since these d~ values are only the lower 
estimation of the hydrodynamic thickness (dh), it can be 
assumed that POE chains in proxanol at the dodecane- -  
water interlace probably exist in the state of  a stretched 
statistical coil. 

As far as we know, there are no published data on the 
thicknesses of  adsorption layers of  nonionogenic  poly- 
mers at liquid--liquid interfaces; therefore, a comparison 
with the results obtained for solid surfaces is of  interest. 
The hydrodynamic thicknesses for P O E - - P O P - - P O E  
block-copolymers,  which are similar to proxanol and 
adsorb on quartz particles and polystyrene latexes, have 
been studied by dynamic light scat ter ing 5 In the case of  
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quartz ,  POP and POE chains adsorbed to form thin 
adsorpt ion layers with constant  thicknesses (~20 A )  In 
the case of  latexes, only POP chains adsorbed,  and the 
thickness o f  the layer increased to 100 A as the molecu-  
lar weight OT POE increased. Similar  results for latexes 
have been recent ly obtained in Ref. 7. In both works, 
the values of  d h were greater than the sizes of  statistical 
coils (2Rg) for POE chains,  which agrees with the results 
of  this work. 
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