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The nature of layers of a series of poly(ethy1ene glycol) monoalkyl ethers (C,,Em) adsorbed on silica 
surfaces has been systematically investigated by means of null ellipsometry. The results show that 
adsorption remains low until a well-defined concentration ((=0.6-0.9)cmc) is exceeded. Then, as surfactants 
in the interfacial region start to  self-absemble, it increases abruptly and plateau adsorption is generally 
observed prior to the cmc. The normal extension of the interfacial aggregates is relatively constant from 
intermediate to high surface coverage. Increasing the ethylene oxide to hydrocarbon ratio results in a 
decreased adsorption. The mean optical thickness, on the other hand, is relatively independent of the 
number of ethylene oxide groups in the surfactant but almost linearly dependent on the length of the 
hydrocarbon tail. The values obtained for these parameters suggest that the adsorbed layer is built up 
of discrete surface aggregates, or micelles, with dimensions resembling those observed in bulk solution. 
A more refined optical model of the adsorbed layer confirms the notion of surface micelles growing with 
increasing hydrocarbon content. It also points out that the extension of the surface micelles is slightly 
larger than the measured mean optical thickness. In addition to studies of neat C S ,  surfactants, we also 
examine the adsorption of mixed surfactant systems. Changes observed in adsorption on altering the bulk 
ratio of two surfactants are well correlated to the bulk micellar surfactant ratio calculated by ideal solution 
theory. 

Introduction 
Adsorption of nonionic surfactants is, as a consequence 

of their practical importance and rich bulk and interfacial 
behavior, a field subject to high research activity (cf. 
reviews 1-31, It is suggested that surfactants often 
associate into interfacial aggregates when adsorbed onto 
hydrophilic surfaces, such as ~ i l i c a . ~ - ~  The size and shape 
of these aggregates are, for nonionic surfactants, most 
likely controlled by the relative sizes of the head groups 
and the tails of the surfactants. Thus, depending on 
surfactant composition, these aggregates might be discrete 
and enclose a finite region or be continuous and form 
bilayers. A systematic experimental study of the effect 
of the surfactant composition on the adsorbed layer 
properties is, however, still lacking. 

In an attempt do this, we recently developed a simple 
and rather accurate rocedure for in situ characterization 

this approach the properties of the adsorbed film are 
determined by first measuring the substrate in different 
ambient media, possessing different refractive indices, 
and then using this data to  apply the appropriate optical 
model for the interpretation of the adsorption data. In 

of thin films (< 100 K ) by means of null ellipsometry.8 By 
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the case of poly(ethy1ene glycol) alkyl ether films adsorbed 
at  the silica-water interface, the methodology enables 
time-resolved, and relatively accurate, separate deter- 
minations of mean optical layer thicknesses and refractive 
indices in addition to the usual data on the adsorbed 
amount. For C12E5 and C12E6, these measurements were 
found to be in good agreement with those obtained by 
other methods, namely X-ray and neutron s ~ a t t e r i n g , ~ ~ ~ - ' ~  
neutron refle~tion,~,' and hydrodynamic  technique^.^ 

In addition to the effects of surfactant molecular 
structure and composition on the nature of the adsorbed 
layers of single surfactants, we also investigate the effects 
of mixing. The latter issue is of great scientific interest, 
but also of considerable technical relevance, since com- 
mercial surfactants are often rather polydisperse. A 
presentation of dynamic aspects associated with the 
adsorption of these substances is to  be presented sepa- 
rately. 

Experimental Section 
Method and Equipment. The adsorption is studied by 

means of in situ null ellipsometry.ll The instrument used in 
this study was an automated Rudolph Research thin-film 
ellipsometer, Type 43603-2003, equipped with high-precision 
stepper motors and controlled by a personal computer. All 
measurements were performed at the wavelength L = 4015 A 
and the angle of incidence 4 = 67.2". The experimental set-up, 
as well as the procedure fov in situ characterization ofthin films 
adsorbed on layered substrates, has been presented previously.s 

In brief, to obtain reliable measures ofthickness and refractive 
index of an adsorbed surfactant film, the optical characteristics 
of the oxidized silicon wafer must first be properly determined. 
At the beginning of each experiment, the optical properties of 
the Si/SiOz substrate were determined by ellipsometric mea- 
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Concentration (csac), Adsorbed Amount (r), Apparent Surface Area per Surfactant Molecule (a), Mean Adsorbed Layer 
Thickness (ai), and Maximal Axial Ratio of Adsorbed Aggregates @) (The Subscript p Denotes Plateau Values) 

surfactant dnldcSo cmcs1 (mm01.L-1) csac ("01-L-l) r,, hmo1.m-2) u (A-2) df,,(A) emax 

Table 1. Refractive Index Increment (dddc), Critical Micellar Concentration (cmc), Critical Surface Aggregation 

ClOE6 0.129 0.90 0.70 
C12E5 0.131 0.057 0.050 
Cl2E6 0.136 0.087 0.065 
C12Es 0.142 0.092 0.060 
C14E6 0.135 0.010 0.0060 
Cl6E6 0.133 0.0017 0.0012 

surements in air and then in water, as in ref 8. After the 
measurements of the bare substrate were accomplished, a 
controlled amount of surfactant was added into the thermostated 
cuvette, originally containing 5 mL of HzO. The ellipsometrical 
angles t) and A were then monitored as a function of time until 
steady-state adsorption was ascertained. All measurements were 
performed at  a temperature of 25 f 0.1 "C under continuous 
stirring by a magnetic stirrer at  about 300 rpm. 

From the measured values of t) and A, the mean optical 
thickness (df) and the refractive index (nf) were calculated 
according to a numerical procedure described earlier,* using an 
optical four-layer model of the silicon-silica-adsorbed layer- 
ambient system. The variables nf and dr were then used to 
calculate the adsorbed mass (r) according to de Feijter's formula12 

(n, - noMf r =  dn _. - 
dc 

where the refractive index increment (dnldc) values used are 
listed in Table 1 and no is the refractive index of the ambient 
bulk solution. The results presented in this paper are the outcome 
of at  least two adsorption runs during which a minimum of 50 
measurements were performed. These are collected during 
approximately 0.5 h after steady-state conditions have been 
recognized. The errors in df, nf, and r presented here were 
estimated to f 5  A, f0.006 and f0 .2  pmol.m-2, respectively. 

Materials. A series of monodisperse poly(oxyethy1ene glycol) 
alkyl ethers (Cam; ClOE6, C12E6, C12E6r ClzEa, c14E6, and C16E6) 
were purchased from Nikko Chemicals and used without further 
purification. The reason for choosing these surfactants is that 
they are very well characterized and have suitable compositions 
and cmc's for our purpose. Important properties of these 
surfactants are presented in Table 1. These surfactants further 
display interesting properties on hydrophilic interfaces, and the 
inhomogeneity with respect to the refractive index of the 
surfactant layer is relatively small compared to that of many 
other surfactant systems. 

Polished silicon test slides (p-type, boron doped, resistivity 
1-20 SZ-cm) were purchased from Okmetic Ltd. The wafers were 
oxidized thermally in pure saturated oxygen at  920 "C for *l h 
followed by annealing and cooling in argon flow. This procedure 
resulted in a Si02 layer thickness of ~ 3 0 0  A. The oxidized wafers 
were then cut into slides with a width of 12.5 mm. Cleaning was 
performed in a mixture of 25% N a O H  (pro Analysi, Merck), 
30% H2Oz (pro analysi, Merck), and H2O (1:1:5, by volume) at  
80 "C for 5 min, followed by cleaning in a mixture of 32% HC1 
(pro analysi, Merck), 30% HzOz (pro analysi, Merck), and HzO 
(1:1:5, by volume) at  80 "C for 5 min. Then the slides were rinsed 
twice, first in distilled water and then in ethanol. They were 
then kept in absolute ethanol until use. Just before the slides 
were placed in the ellipsometer cuvette, they were treated in a 
plasma cleaner (Harrick Scientific Corporation, Model PDC-3XG) 
for 5 min. The plasma treatment was performed with residual 
argon (0.1 mbar) at a power of 30 W. 

Results 
Isotherms for different poly(ethy1ene glycol) monoalkyl 

ethers (C,&,J with varying size of the polar head groups 
(n  = 12; m = 5, 6, and 8) are shown in Figure 1, while 
those for surfactants with different hydrocarbon tail sizes 
(n  = 10, 12, 14, 16; m = 6) are displayed in Figure 2. 

(12) de Feijter, J. A.; Benjamins, J.; Veer, F. A. Biopolymers 1978, 
17, 1759. 
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Figure 1. Adsorption isotherms for three different poly- 
(ethylene glycol) monododecyl ethers at T = 25 "C. The cmc's 
of the different surfactants are indicated with open and filled 
arrows, respectively. Note that the bulk concentration of 
surfactant ( c b )  is presented on a logarithmic scale. Solid lines 
are only drawn to guide the eye. 
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Figure 2. Adsorption isotherms for three different hexa- 
(ethylene glycol) monoalkyl ethers at T = 25 "C. The cmc's for 
the different surfactants are indicated with open and filled 
arrows, respectively. Note that the bulk concentration of 
surfactant ( c b )  is presented on a logarithmic scale. Solid lines 
are only drawn to guide the eye. 

Adsorption remains low for all surfactants until a con- 
centration of about (0.6-0.9)cmc is reached. Increasing 
the concentration above this value results in a strong 
increase of the adsorption followed by a stable plateau. 
Note that the increase is close to steplike for surfactants 
with a low content of hydrophilic ethylene oxide (EO) 
groups. For surfactants with higher EO content, the 
cooperativity largely disappears and is replaced by a more 
gradual transition from low to high surface coverage. 
Plateau adsorption is, however, reached prior to the cmc 
for all surfactants studied in this investigation. Another 
feature worth observing is the fact that the adsorption 
prior to the sharp rise is higher for the decyl surfactant 
than for those with longer hydrocarbon tails. The trends 
in the adsorbed amount with varying concentration are 
also observed when the mean refractive index (nd of the 
adsorbed film is plotted against the concentration (see ref 
8). 
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Figure 3. Adsorbed amount (r) and the fraction of C14E6 in 
the mixed micelles (Xl,fie, given by eq 3 and 4) at two different 
constant bulk concentrations (c1) of C14& as a function of the 
total fraction of C&6 in the solution 
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Figure 4. Adsorbed amount (r) and the fraction of C12E6 in 
the mixed micelles (X1,d0 given by eq 3 and 4) at two different 
constant bulk concentrations ( c d  of as a function of the 
total fraction of in the solution (X2). 

The effects of mixing two monodisperse surfactant 
samples were also investigated, and the results are 
presented in Figures 3 and 4, where the total adsorption 
of pure surfactants and mixtures thereof is plotted against 
the composition. The measurements were performed at  
two different total concentrations (0.1 and 1 mmol*L-') of 
cl& and C12E5 and varying amounts of CIOE~ and C12E8, 
respectively. In the CI4EdC1oE6 case shown in Figure 3 
we have cmc's that differ by 2 orders of magnitude, while 
in the C12E5/C12Es system displayed in Figure 4 the cmc's 
are of the same order of magnitude. For consistency, the 
adsorbed amount is presented as pmolm-2. The average 
molecular weights used for the conversion from mg to 
pmol were obtained by assuming that the composition in 
the adsorbed layer varies linearly with the adsorbed 
amount. This may not be absolutely correct, but errors 
associated with this assumption are not significant. It is 
obvious from the figures that the additions of a surfactant 
with higher EO/C ratio result in a decrease ofthe adsorbed 
amount. The path from one single surfactant system to 
another depends on the relations between the total 
concentration and the cmc's ofthe surfactants. In contrast, 
no effect on the adsorbed amounts was observed upon 
additions of a small poly(ethy1ene oxide) oligomer (MW = 
600). Additions of a larger poly(ethy1ene oxide) (MW = 
6000) result, however, in a total replacement of all 
surfactants studied with polymers a t  the interface. 

The mean optical thickness (df)  for C12E5, C I ~ E ~ ,  and 
C12E8 versus the bulk surfactant concentration (Cb) is 
presented in Figure 5. It is clear from this graph that the 
mean optical thickness varies in a manner similar to that 
of the adsorbed amount, although the increase in df also 
appears sharp for the surfacants with rather large EO 
head groups. 
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Figure 5. Mean optical thickness (d f )  of adsorbed poly(ethy1ene 
glycol) monododecyl ethers versus bulk concentration (Cb) at 
T = 25 "C. The cmc's of the different surfactants are indicated 
with open and filled arrows. Solid lines are only drawn to guide 
the eye. 
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Figure 6. Plateau adsorption (r,) and mean optical thickness 
(df,,) as a function of the number of ethylene oxide (m) groups 
in the ethylene oxide head group for polyethylene glycol 
monododecyl ethers. Solid lines are only drawn to  guide the 
eye. 
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Figure 7. Plateau adsorption W,) and plateau mean optical 
thickness (dep) as a function of the number of carbons (n) in the 
hydrocarbon tail for hexa(ethy1ene glycol) monoalkyl ethers. 
Solid lines are only drawn to guide the eye. 

Average plateau values of the adsorbed amount (r,) 
and the mean optical thickness (dc,) for dodecyl surfactants 
are plotted as a function of the number of ethoxy groups 
(m)  in the head group in Figure 6. Corresponding data 
for hexa(ethy1ene glycol) surfactants with varying number 
of carbons (n) in the hydrocarbon tail are shown in Figure 
7. The adsorbed amount increases with increasing carbon 
or decreasing ethoxy number. For the hexa(ethy1ene 
glycol) series it is further seen that this increase levels off 
at  n x 14. The thickness, on the other hand, displays a 
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shows a wide stability range for the lamellar phase, while 
for C12E8 this phase has almost disappeared and has been 
replaced by micellar and hexagonal regions that now 
extend over a large portion of the phase diagram. With 
increasing temperature and concentration, C12E5 micelles 
show a tendency to grow, and there may be a transition 
from micellar phase to lamellar liquid crystal. ClzEa 
micelles, on the other hand, remain small and roughly 
spherical even at higher temperatures and concentra- 
tions.16 These observations are prevalent for this class of 
surfactants and consistent with changes of the head group 
area and hydrophilic portion of the surfactant. 

The self-assembly is also influenced by different coso- 
lutes. Many of these lower the free energy of association 
and consequentlyreduce the cmc and/or promote aggregate 
growth. Macromolecular cosolutes in particular may 
significantly shift the cmc, due to various effects that 
contribute to the favored self-assembly at  a polymer chain. 
Macroscopic interfaces may also influence surfactant self- 
assembly, and the interaction energy per surfactant 
molecule can, both in this case and in that of polymer 
chains, be very low in spite of major effects, due to the 
large aggregation numbers. 

In the present study we have considered a series of 
nonionic surfactant molecules at  the silica-water inter- 
face. Because of the high precision of the ellipsometer 
used, minute changes in adsorption as a function of 
surfactant chemical structure can be ascertained. All 
measured adsorption isotherms (Figures 1 and 2) display 
a high degree of cooperative behavior and demonstrate 
that surfactant-interface interactions are best described 
in terms of surface induced, or facilitated, self-assembly. 
The interaction between the surface and surfactant 
unimers is clearly very small, although we can identify 
a small contribution, rangingfrom 0 to about 0.4pm0l*m-~ 
in the concentration region prior to the sharp rise in 
adsorption. The high values are notably observed for 
in a concentration region where the ethylene oxide 
oligomers have been shown to reach maximum adsorp- 
tion. 

The sharp rise in adsorption observed prior to the cmc 
indicates #at lateral interactions between surfactant 
unimers start to come into play. It has, indeed, been shown 
experimentally by fluorescence spectroscopy measure- 
ments by Levitz et aL4J8 that these interactions result in 
the formation of interfacial aggregates just prior to  the 
cmc. The break point where the self-assembly related 
increase in adsorption is first noticed is rather well defined 
((0.6-0.9)cmc, Table 1) and will hereafter be referred to 
as the critical surface aggregation concentration (csac). 
We note that the difference between the two parameters 
is quite small, thus confirming that the interaction 
between the surface and the surfactant molecules is quite 
weak, <0.5 kT. As the bulk surfactant concentration 
attains the cmc value, the surfactant activity reaches its 
maximum value to good approximation, and therefore, no 
further adsorption takes place as the concentration is 
increased. This implies that the adsorption process occurs 
mainly below the cmc, in agreement with the conclusion 
drawn earlier from equilibrium and kinetic studies by 
Klimenko and co-workers,19 although the experimental 
results in that investigation differ in important aspects 
from those obtained by us.2o 
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Figure 8. Schematic experimental phase diagrams ofthe C&d 
water (upper graph) and ClzE$water (lower graph) systems 
over the temperature range 0-100 "C. The diagrams are 
redrawn from ref 15. L1, L, La and W are isotropic solution 
phases, I1 cubic phase of packed spherical micelles, V1 normal 
bicontinuous cubic phase, HI normal hexagonal phase, L, 
lamellar phase, and S the solid surfactant. 

rather different behavior. Thus, varying the number of 
EO groups (m)  does not result in any significant change 
of the observed plateau thickness. An increase in the size 
ofthe hydrocarbon tail, however, results in a close to linear 
increase of the mean thickness of the adsorbed film with 
a number of carbons in the chain. 

Discussion 
The most significant feature of surfactant molecules in 

water (and some other polar solvents) is their self- 
assembly. This leads to aggregates of a wide range of 
geometries, from spherical micelles to bilayers and 
reversed-type structures. The best information on the 
polymorphism of the aggregates is provided by the phase 
behavior. A large number of different phases have been 
identified for surfactant-water systems, and the main 
molecular features controlling the relative stability of the 
most common phases have begun to become well under- 
stood.13J4 For the nonionic surfactants studied in this 
work, the typical sequence with increasing surfactant con- 
centration: spherical micelles-rod micelles (or cubic liquid 
crystal)-hexagonal 1 c-cubic 1 c-lamellar 1 c-reversed 
micellar, is obtained, but for a given surfactant at  a given 
temperature only a few of the phases appear.16 As 
indicated in the phase diagrams shown in Figure 8, C d 5  
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or c12E8, respectively. c is the total surfactant concentra- 
tion (c1 + C Z ) ,  and 6 = cmcl - cmcz. The fraction of the 
surfactants (C1& or C12Es) in the mixed micelles is then 
obtained as 

The location of the break point, the general shape of the 
isotherm and the magnitude of the plateau adsorption 
agree rather well with theoretical predictions,21,22 as well 
as with experimental findings on similar surfactant 
systems.4-10~22 Some ambiguity regarding the location of 
the breakpoint where the large increase in adsorption is 
first observed does, however, exist between different 
studies. This might, as we stated previously, be due to 
the extremely slow kinetics observed in this region, but 
it could also be an effect of different surface properties 
and/or polydispersity of the surfactant samplee8 A cross- 
over point at low coverage is also observed between the 
C12E6 and C&8 isotherms. This has been shown earlier 
for C12E6 and C12E25 by Bohmer et al.,7 who further 
demonstrated this finding for systems in which the head 
group adsorbs at the interface, by means of self-consistent 
field theory. The observation that the csac is shifted to 
lower concentrations, relative to the cmc, for surfactants 
with longer EO chains indicates that the adsorption energy 
per surfactant molecule increases with increasing EO 
chain length. The striking similarity in the isotherm and 
the plateau surfactant adsorption, observed for surfactants 
with similar EO/C ratio, shows, however, that monomer- 
monomer surfactant interactions are of primary impor- 
tance to the adsorption and that variation in head group1 
surface interactions due to variation of head group size 
plays a minor role. 

From the adsorbed amounts we obtain an apparent 
surface area per surfactant molecule (the avalue in Table 
1). If we assume that the adsorbed surfactants form 
complete bilayers at  the surface, then the area per head 
group is twice this value, i.e., 58 and 184 A2 for C12E5 and 
C12E8, respectively. The head oup area of &E5 in the 

C12E5, the surface self-assembly results in the formation 
of aggregates that may or may not be discrete, while the 
much larger value for C12E8 is only compatible with a 
discrete structure, like micelles, a t  the interface. It is not 
possible to probe the interfacial structure from the values 
of the adsorbed amount, but we note that the general 
trends agree well with that observed in bulk solution. 

In order to compare the association behavior in bulk 
solution with that at  the solid-liquid interface and to 
relate mono- and polydisperse systems we further per- 
formed a series of measurements where the adsorption of 
mixtures of monodisperse surfactants was studied. The 
adsorption in the presence of micelles can be viewed as 
a competition between surface aggregates and bulk 
micelles of surfactant. The adsorption data on the mixed 
systems is presented together with calculated mixed 
micellar properties to see whether the composition of the 
mixed surface aggregates, due to specific surfactant 
interactions in the aggregates or with the surface, differ 
from that of the bulk micelles. To calculate the micelle 
composition, we used ideal solution theory,24 which has 
been shown to  apply to nonionic systems. This theory 
gives the following expression for the concentration of the 
individual components in the micelles 

lamellar 1 c phase is about 45 x 2.23 Thus, in the case of 

-(c - 6) + J(c - SI2 + 4c,d 
C1,mic = C1 - (2) 

2(% - 
cmcl 

where 1 and 2 represent either C1& or ClzEs and C10E6 

(3) 

and plotted against the bulk ratio of Cl& and C12E8 in 
Figures 3 and 4, respectively. It is clear from these figures 
that there are strong correlations between, on the one 
hand, the compositions of the mixed micelles and the 
adsorption, and thus the composition of the interfacial 
aggregates, on the other. The shape of the adsorption 
curves deviates slightly from the theoretical predictions 
of the bulk micellar composition. The sigmoidal shape of 
the adsorption versus bulk ratio curves may indicate the 
presence of small steric constraints, which to some extent 
seem to prevent ideal mixing in the surface aggregates at  
low and high bulk ratios. This could be due to the fact 
that surface micelles have a more planar structure, since 
the adsorbed layer thickness of the C14EdC10EG system is 
likely to be controlled by the surfactant with the highest 
ratio in the aggregate. Incorporating a decyl chain when 
the aggregates are dominated by tetradecyl chains, or vice 
versa, will then lead to exposure of some of the chains to 
a less hydrophobic environment. This picture was pro- 
posed by Roberts et aLZ5 who observed a similar phe- 
nomenon for mixed anionic surfactants adsorbed on 
alumina. The effect is, however, very small, and the size 
of the surfactant aggregates, whether located in the 
vicinity of the surface or in the solution, is likely to have 
a similar dependence on the surfactant ratio. 

The fact that the mean optical thickness and the mean 
refractive index of the film can be calculated separately 
contributes further to a unique understanding of the 
structure of the adsorbed layer. From Figure 5 it is clear 
that the plateau thickness is obtained directly by increas- 
ing the concentration above the csac. This shows that 
there is no formation at  first of other intermediate 
aggregates, such as hemimicelles or monolayers, a t  the 
surface. The subsequent increase in adsorption observed 
for C12E6 and C12E8 after the plateau thickness has been 
established is instead the result ofa more effective packing 
of the surface aggregates at  the surface and/or simply a 
two-dimensional growth of these in the surface plane. An 
analogous finding is observed in the dynamics of adsorp- 
tion,20 where dfchanges very little in the interval ranging 
from intermediate to high coverage. The feature is seen 
during both adsorption and desorption. 

In Figure 5 and 6, it can also be seen that the plateau 
thickness remains more or less constant when the number 
of hydrophilic EO groups (m)  of dodecyl surfactants is 
varied from five to eight. The adsorbed amount on the 
other hand decreases by roughly a factor of 3 when C12E5 
is replaced by C12E8. This indicates that C12Es forms small 
discrete aggregates at the interface, whereas C12E5 forms 
more extended structures, like oblates or bilayers. The 
observation that the extension of the aggregates normal 
to the surface is rather insensitive to the number of EO 
groups in the head group is also observed in the lamellar 
liquid crystalline phase.26 As the molecular volume of 
the surfactant increases, due to added EO groups, the 

(21) Bohmer, M. R.; Kmpal, L. K .  Langmuir 1990, 6, 1478. 
(22) Levitz, P. Langmuir 1992, 7 ,  1595. 
(23) Strey, R.; Schomacker, R.; Row, D.; Nallet, F.; Olsson, U. J. 

Chem. SOC., Faraday Trans. 1990,86, 2253. 
(24) Clint, J. H. J. Chem. Soc., Faraday Trans. 1 1975, 71, 1327. 

(25) Roberts, B. L.; Scamehom, J. F.; Hanvell, J. H. In Phenomena 
in Mixed SuTfactant Systems; Scamehorn, J .  F., Ed.; American Chemical 
Society: Washington, DC, 1987. 

(26) Carvell, M.; Denver, D. G.;  Lyle, I. G.; Tiddy, G. J .  T. Faraday 
Discuss. Chem. SOC. 1986, 81, 223. 
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Figure 9. Sketch of the optical model of the adsorbed layer 
used for the calculations of the hydrocarbon layer thickness 
(&c) and the total layer thickness (d) presented in Figures 
10-12. The adsorbed layer is modelled as consisting of an 
interior HC + EO-water part surrounded by an EO-water 
layer. 

head-group area increases likewise and the bilayer 
thickness remains nearly constant. While varying the 
length of the EO chain gives insignificant changes to the 
mean optical thickness (Figure 6), varying the alkyl chain 
length results in a major change (Figure 7). The increase 
in the thickness of the surfactant layer is close to linear 
with the number of carbons (n) in the alkyl chain. The 
increment for one monomer is 1-1.5 A per carbon. This 
is in agreement with the increment in length of a fully 
extended hydrocarbon chain (=1.27 A),27 which normally 
governs the dimensions of surfactant self-assemblies for 
bulk phases. 

Both the magnitude of the mean optical layer thickness 
and the fact that this does not change with the size of the 
polar tail are in good accord with data obtained by means 
of X-ray and neutron scattering m e a ~ u r e m e n t s ~ ~ ~ J ~  as 
well as with hydrodynamic data.7 The value of the 
thickness is, however, slightly smaller than that obtained 
by neutron reflection  measurement^.^!^ 

The mean optical thickness (df) and the refractive index 
(nf) discussed so far represent an equivalent real adsorbed 
layer thickness in the case where we have a uniform 
refractive index throughout the adsorbed layer. However, 
in order to determine the thickness in the inhomogenous 
case, we must know how the layer is built up. For this 
we take advantage of the following model of the adsorbed 
layer: (i) The hydrocarbon portions of the surfactant 
molecules are associated into aggregates which include 
very little water. This region is indicated by HC in Figure 
9. (ii) An EO-water layer surrounds the HC region, and 
this region is treated as a homogeneous layer with a 
characteristic refractive index that depends on the com- 
position of the layer. This area is indicated as EO-water 
in Figure 9. (There is no need for the two EO-W regions 
to be equally thick or have the same composition). (iii) 
The concentration of EO outside the EO-W volume is 
negligible. 

The optical properties of such a film, which may be 
studied by ellipsometry, can be evaluated in terms of an 
optical two-layer model of the adsorbed layer. This 
includes a HC + EO-W layer with a thickness d ~ c  and 
a EO-W layer with thickness d-d~c. The refractive index 
of such a layer can then be evaluated by different effective- 
medium expressions (cf. refs 28, 29). For our system, 
where the difference between the refractive indices of the 
pure components is small, <lo%, a satisfactory estimate 

(27) Tanford, C. The Hydrophobic Effect; Wiley: New York, 1980. 
(28) Botcher, C. J. F. Theory of Electric Polarization; Elsevier: 

(29) Looyenga, H. Physica 1965,31,401. 
(30) Chiu, Y. C.; Chen, L. J. Colloids Surf. 1989,41, 239. 
(31) Mukerjee, P.; Mysels, K. J. Critical Micelle Concentration; Nat. 

Stand. Ref. Data Ser.; Nat. Bur. Stand. (U.S.): Washington, D.C., 1971. 

Amsterdam, 1978; Vols. I, 11. 
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Figure 10. Possible values of the adsorbed layer thickness (d) 
and hydrocarbon layer thickness (&c) as a function of volume 
fraction (&c) calculated on the basis of the optical model 
presented in Figure 9 from plateau adsorption data for C12E6. 
The points on the left and right hand side of the solid lines 
represent two extremes. The former shows the thicknesses 
obtained if the adsorbed layer is built up by spherical micelles 
with a radius corresponding to  the length of fully stretched 
hydrocarbon chains, while the points on the right hand side 
represent those obtained if the hydrocarbon layer thickness is 
minimal and equal to that seen in the lamellar phase.26 All 
thicknesses between these two extremes are possible. The 
dotted lines show how far this region extends if the coverage 
is limited by the maximal length of two extended hexaethylene 
oxide chains. 

is obtained using the Lorentz-Lorenz relation 

where 

The variables & and ni are the volume fraction and the 
refractive index of component i, respectively. If these 
relations are applied to the model of the adsorbed layer, 
the following relations for the refractive index of the two 
layers are obtained 

where &o is the volume fraction of EO in the EO-W layer 
and &C the volume fraction of HC in the HC + EO-W 
layer. &O can also be expressed as 

where V E ~ ~ H C  is the volume ratio between the ethylene 
oxide and hydrocarbon parts of the surfactant. The optical 
properties of the film can thus be described in terms of d, 
d ~ c ,  and &c. Two of these values can be determined from 
ellipsometer data if the third is known. 

We have plotted d ~ c  and d for C12E6 as a function of the 
coverage &C in Figure 10. The points indicated at  the 
lowest coverage, &C = 26%, correspond to a situation 
where the layer is built up by spherical micelles with a 
radius corresponding to the length of fully extended 
hydrocarbon chains, while the points at  the highest 
coverage, &C = 66%, represent the values obtained if the 
adsorbed layer is built up by lamellae with the smallest 
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Figure 11. Possible values of the adsorbed layer thickness (d) 
and hydrocarbon layer thickness ( ~ H c )  a5 a function of volume 
fraction (&c) calculated from plateau adsorption data for 
dodecyl surfactants with varying lengths of the poly(ethy1ene 
oxide) chain. 

dHC observed in the bulk lamellar phase.26 All degrees of 
coverage between these extremes are possible. Values of 
dHC and d for all surfactants studied in this region are 
presented in Figures 11 and 12. The thickness, d ,  is always 
larger than the optical average film thickness df. The 
reason for this is the relatively low refractive index of the 
EO-W layer, due to the presence of substantial amounts 
of water, which gives this part of the film low weight in 
the calculation of df .  

The idea of an adsorbed layer built up as a complete 
bilayer is clearly incompatible with data for all the 
surfactants presented in Figures 11 and 12, but it is still 
not possible to evaluate the dimensions of the adsorbed 
surfactant aggregates without making further assump- 
tions. 

If the HC domains are viewed as pancakes (oblates), 
where the distance between two pancakes is twice the 
maximal length of the ethylene oxide chain, we can 
estimate the maximal axial ratio possible for the adsorbed 
aggregates (emax) as 

2b 
emax  = - 

dHC 

where the radius of the hydrocarbon core (b)  is 

- d H C  b =  

Values of emax for all the surfactants studied in this 
work are presented in Table 1. We note that the 
information deduced about the surfactant self-assembly 
structures at  the silica-water interface parallels that of 
bulk surfactant-water systems closely. The lipophilic 
surfactants, C12E5, C&6, and C1&, form large surface 
aggregates, while the hydrophilic ones, ClzEs and C~OEG, 
adsorb as small, possibly close to spherical, micelles. The 
ClzEe surfactant is intermediate and shows moderate 
micelle growth. The interaction between the surface and 
the surfactant molecules is weak but we still expect the 
surface to induce some changes in the self-assembly 
structure, notably promoting disk like structures. For 
understanding the adsorption, detailed comparative stud- 
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Figure 12. Possible values of the adsorbed layer thickness (d)  
and hydrocarbon layer thickness ( ~ H c )  as a function of volume 
fraction (&c) calculated from plateau adsorption data for hexa- 
(ethylene glycol) surfactants with varying lengths of the 
hydrocarbon tail. 
ies of surfactant self-assembly in bulk and at  interfaces 
should be fruitful. 

Conclusion 
Adsorption properties of a series of nonionic surfactants 

have been studied and related to the molecular structure 
and composition of the surfactants. The adsorption 
process of these substances is very cooperative. At low 
concentrations, adsorption remains low, but as surface 
aggregation is initiated a t  a quite distinct concentration 
((%0.6-0.9)cmc), a large increase ofthe adsorbed amount, 
as well as the thickness of the adsorbed layer, is observed. 
The sharp increase in these parameters then levels off 
and reaches stable plateau values rather quickly, and these 
plateau values are observed around the cmc. The rise in 
the adsorbed amount is generally more extended for 
surfactants with high EO content. Mixing of two mono- 
disperse surfactants was found t o  result in changes of the 
adsorbed layer properties that are correlated with the 
changes in monomer activity in bulk solution calculated 
by simple ideal solution theory. Slight deviations, prob- 
ably due to the architectural constraints in the two- 
dimensional surface aggregates, were however noticed. 
The increase in the adsorbed layer thickness is more or 
less steplike for all surfactants, indicating that aggregates 
with a well-defined extension normal to the surface are 
formed prior to the cmc. Varying the number ofEO groups 
in the surfactant does not alter the mean ellipsometrical 
thickness significantly, but increasing the number of 
hydrocarbons on the chain results in a close to linear 
increase of the thickness. Modeling the adsorbed layer 
as heterogeneous, composed of a hydrocarbon region 
surrounded by ethylene oxide and water, results in a 
slightly more complex picture. The layer thickness with 
this optical model is notably higher than the value of the 
mean optical thickness. We also conclude that all sur- 
factants adsorb to the surface as discrete aggregates, with 
a size that increases with increasing hydrocarbon content. 
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