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NEUTRON INVESTIGATION OF INTERACTION 

BETWEEN ANIONIC SURFACTANT MICELLES 

AND POLY (ETHYLENE GLYCOL) POLYMER BRUSH SYSTEM  
 

A polymer brush system of a neutral polymer poly (ethylene glycol) with a molecular weight of 
Mw = 20 kDa on silicon substrates in an aqueous medium was studied by the specular neutron reflectometry. 
Structural changes in the density profile of a polymer brush caused by the interaction of polymer chains with 
micelles of the anionic surfactant dodecylbenzenesulfonate acid were observed. The effect is shown to be 
related to the formation of molecular polymer-micelle associates in the bulk of the solution, which was previ-
ously studied by small-angle neutron scattering in a wide range of surfactant concentrations at various molec-
ular weights of the polymer. The density of the dry polymer layer on the silicon substrate was additionally 
characterized by X-ray reflectometry and scanning atomic force microscopy. 

Keywords: micelles, anionic surfactants, poly (ethylene glycol), neutron reflectometry, polymer brush, 
small-angle neutron scattering. 

 

1. Introduction 
 

Polymer brush systems are polymer chains 

densely tethered to the substrate surface by strong co-

valent bonds. The polymer molecules could be  

extremely stretched from the interface, thus forming 

a polymer palisade that remains more stable than the 

polymer layer formed by physisorption [1]. There are 

two approaches to creating a covalently tethered  

po-lymer layer on surfaces: 1) through a chemical  

reaction of the functionalized polymer end-group 

with complementary functional groups deposited on 

the surface (“grafting to”) [2]; 2) by carrying out a 

polymerization reaction of monomers from a solution 

near the surface modified by initiator groups (surface-

initiated “grafting from”). These methods may differ 

significantly in the resulting parameters of the poly-

mer brush system; thus, the polymer layer synthe-

sized by the “grafting from” method has a higher den-

sity, while the “grafting to” method is distinguished 

by the simplicity of the synthesis procedure and the 

monodispersity of polymer chains [3].  

Micellar systems of anionic surfactant solutions 

can interact with polymers. In the case of neutral pol-

ymers, the surfactant-polymer interaction is weak, 

which is caused by the number of factors responsible 

for minimizing the free energy of the mixed micellar-

polymer system. These factors include the minimiza-

tion of the contact surface of the hydrophobic micel-

lar core with a polar solvent and the screening of the 

electrostatic repulsion of the polar groups due to the 

polymer chain incorporation into the structure of the 

micelle shell [4]. As a result of this interaction be-

tween the polymer molecule and micelles, surfactant-

polymer associates (aggregates of surfactant mole-

cules in the form of micelles binding to the polymer 

chain) appear. The corresponding process of for-

mation of polymer-surfactant associates is also called 

the micelle binding process by a polymer chain. 

The free energy of micelle binding can be esti-

mated by the expression 
 

 ,b

CMC
G k Tln

CAC
 = −  (1) 

 

where bk  is the Boltzmann constant; T  is the abso-

lute temperature; CMC  is the critical micelle con-

centration; CAC  is the critical aggregation concentra-

tion, at which the complexes begin to form. The for-

mation of surfactant-polymer associates occurs at 

CMC CAC . 
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In recent decades, there has been a significant in-

crease in interest in studies of the surfactant-polymer 

association in aqueous solutions [5]. In particular, they 

include the investigations employing the methods of 

structural analysis based on nuclear physics experi-

ments [6]. Thus, the method of small-angle neutron 

scattering (SANS) was successfully used to determine 

the structure and interaction parameters of the anionic 

surfactant dodecylbenzensulfonic acid (DBSA) micel-

lar system in the presence of polyethylene glycol 

(PEG) [7, 8]. Nevertheless, the question of surfactant-

polymer interaction in a dense polymer medium of pol-

ymer brushes remains topical. This issue is closely re-

lated to the problem of modifying the surfaces of col-

loidal systems [9] and manipulating their properties 

due to the surfactant-polymer interaction [10]. Also, 

the DBSA surfactant is used as a stabilizer of water-

based magnetic fluids for biomedical application [11], 

where the water-soluble polymer, poly (ethylene gly-

col), is often used to increase the biocompatibility of 

magnetite particles and prolong the time of particle cir-

culation in the body [12]. 

A well-known effect of the interaction of anionic 

surfactant micelles such as sodium dodecyl sulfate 

with polymer brush system of polyethylene oxide [13, 

14]. Thus, the authors [13] investigated changes in the 

density distribution profile of a PEG polymer brush 

during the adsorption of sodium dodecyl sulfate by 

the optical reflectometry method, where the depend-

ences of the adsorption of micelles on the length of 

the polymer chain, the grafting density, as well as the 

dependence on the parameter of the ionic strength of 

the solution of micelles, which is the determining fac-

tor in the process of aggregation of micelles with the 

polymer, were studied. The theoretical model of the 

polymer density distribution profile in the composi-

tion of the polymer brush during the adsorption of 

ionic surfactant micelles was described by the authors 

[15] in the framework of the self-consistent field ap-

proximation. Thus, the ability to form surfactant-pol-

ymer complexes in the bulk of the solution plays a 

significant role in the behavior of polymer brushes in 

surfactant solutions. The structure of sodium dodecyl 

sulfate micelles in a dense medium of a polymer 

brush of a weak polyelectrolyte poly dimethylami-

noethyl methacrylate was investigated by neutron re-

flectometry, where the formation of cylindrical mi-

celles and periodic layered structures of lamellae was 

observed [16]. 

In the present work, PEG polymer brush systems 

synthesized by the “grafting to” method on the sur-

face of a flat silicon substrate and its response to the 

surfactant-polymer interaction in a DBSA micellar 

solution, were studied. For these purposes, we used 

neutron and X-ray reflectometry for a PEG polymer 

brush in solutions of an anionic surfactant DBSA. It 

is assumed that the determining factor in the changes 

in the polymer brush density profile is the effect of 

the formation of complexes between PEG and DBSA, 

which we previously studied using the SANS method 

[7, 17]. Using the CMC and CAC values obtained 

from measurements of the surface tension of DBSA 

solutions [7], we estimate the complexation energy of 

micelles per one surfactant molecule   1.5  bG k T =−  

for systems with Mw = 20 kDa at polymer concentra-

tion 5 vol. %. The dry polymer brush systems on a 

silicon substrate were additionally characterized by 

X-ray reflectometry (XRR) and scanning atomic 

force microscopy (AFM). 
 

2. Methods and materials 
 

Chemical-grade purity components of do-

decylbenzenesulfonate (DBSA), (3-aminopropyl) tri-

ethoxysilane (APTES), methanol, poly (ethylene gly-

col) Mw = 20 kDa (PEG), methoxy-poly (ethylene 

glycol) – succinimidyl carboxymethyl ester (mPEG-

NHS) were purchased in Sigma-Aldrich, deuterated 

water (D2O, 99.9 %) was purchased in LLC 

“Astrachim” (St. Petersburg, Russia). To prepare 

samples of aqueous solutions, we used water purified 

with Millipore (Milli-Q) technology. 

A silicon single crystal was used as a substrate 

(Crystal GmbH, Germany) with deposited layers of 

titanium (5 nm thick) and silicon oxide (50 nm thick) 

by vacuum magnetron sputtering (Ltd Mirrotron, 

Hungary). The sputtering titanium layer using as a 

carrier layer, which enhances the specular reflection 

signal and improves the signal-to-background ratio 

[18]. 

The synthesis of the polymer brush system was 

carried out in several stages following the protocol 

presented in [19]. First, to cleanse the crystal from or-

ganic contaminants and grow an oxide film, the crys-

tal was placed in an aqueous solution of ammonia  

solution with hydrogen peroxide (30 %) in a ratio of 

(5 : 1 : 1) at the temperature of 60 °C for 15 min, then 

the crystal was kept in concentrated sulfuric acid with 

the addition of hydrogen peroxide for 20 min at a tem-

perature 100 С. To activate the surface by functional 

groups, according to [20], the substrate was immersed 

in an APTES solution in dehydrated methanol in an 

inert argon atmosphere for 24 h, then thoroughly 

washed with water and ethanol. Finally, an aqueous 

solution of mPEG-NHS was applied to the substrate 

surface and kept overnight in an inert argon atmo-

sphere. 

The control of the synthesized polymer layer was 

carried out by scanning atomic force microscopy us-

ing an NTEGRA atomic force microscope (NT-MDT, 

Spectrum Instruments, Russia) and X-ray reflecto-

metry Empyrean (Malvern Panalytical, UK). 
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The thickness and scattering length density (SLD) 
of the dry polymer layer were investigated by X-Ray 
reflectometry: beam from the air, θ - 2θ scan, slit colli-
mation. The reflectivity curve, squared modulus of the 
reflection coefficient, was measured as a function of 
the normal (relative to the substrate surface) compo-
nent of the momentum transfer. The Fourier transform 
of the reflectivity curve in the Born approximation rep-
resents a dependence of the scattering length density 
profile on the distance from the surface (interface 
depth). The SLD contrast of the deposited PEG layer 
against the substrate was due to the difference in the 

X-ray SLDs of the polymer (SLD ~ 
4 210 10  nm− − ) 

and silicon (SLD 4 2 .Si 20.07 10 ) nm− −=   The expec-

ted thickness (h ~ 1 nm) is within the instrument reso-
lution. A Cu tube was used as a source of X-rays 

( )( )λ  K  0.154 nm . =  

The morphology of the dry polymer layer on the 

surface was studied by atomic force microscopy in 

the tapping mode. This scanning mode is optimal for 

soft matter samples as it is sensitive to the structure 

of the surface as compared to the non-contact mode; 

also, it is safer because of the short duration of the 

tip/surface contact. The height profiles of the surface 

were obtained and analyzed using an NT-MDT 

NSG01 tip (N-type silicon single crystal coated with 

gold; mean radius of 6 nm; constant hardness of 

5 N/m). The scanning speed was 0.3 Hz  line, digital 

size of the AFM image was 512  512 px. 

The neutron reflectometry experiment was per-

formed on the GRAINS reflectometer, beamline 10 

of the IBR-2 pulsed reactor [21]. The instrument  

operates in the time-of-flight (TOF) mode. Reflected 

neutrons are detected by a 
3
2 He  position-sensitive de-

tector. During the experiment, the cryogenic modera-

tor with a temperature of 30 K was in operation (cold 

mode). This made it possible to obtain neutron spectra 

in the wavelength range of 0.1  0.9 nm [22]. Corre-

sponding momentum transfer q-range (normal  

component with respect to the planar surface) of 

0.01  0.2 nm-1. The experiment was carried out using 

a solid/liquid cell filled either with deuterated (heavy) 

water or with the solution of DBSA in heavy water. 

The substrate with a synthesized polymer layer was 

placed inside the cell [23]. Passing through the crys-

tal, the neutron beam was reflected from the solid- 

liquid interface, which provided a total reflection of 

neutrons, while ( )2  4 ,q     where   – SLD con-

trast due to the difference in the neutron SLDs of  

silicon (SLD = 2.074·10-4 nm-2) and heavy water 

(SLD = 6.34·10-4 nm-2). The experimental curves 

were modeled using a genetic algorithm based on the 

Parratt formalism and realized in the MOTOFIT soft-

ware [24]. 

3. Results and discussion 
 

Let us introduce the parameter of the average dis-

tance between two tethering points of polymer end-

group attachment on the substrate surface (D) and  

average polymer brush height (h) as the distance from 

the free end of the polymer chain to the surface of the 

substrate, and then the structural definition of the pol-

ymer brush system can be written as follows: 
 

 2 ,D r h   (2) 
 

where 
2r  – the root-mean-square distance between 

the ends of the polymer coil in solution. Systems that 

do not satisfy inequality (2) are called sparse grafted 

polymer brushes, or systems in the “mushroom” 

mode for which 2~ .h r  The grafting density pa-

rameter () is estimated from the relation 
 

 ,n

a

M

h N
 =


 (3) 

 

where  is the bulk polymer density, aN  is the Avo-

gadro constant, nM  is the polymer molecular weight. 

To designate the modes of polymer brush systems, the 

parameter of the reduced tethering density () of  

polymer chains is introduced [3]: 
 

 
2

,
gR

 =


 (4) 

 

where gR  is the gyration radius of a polymer coil. 

The transition between the weakly interacting mode 

( < 1), crossover mode (1 6)    and stretched 

brush mode (  6) can be distinguished. 

The thickness of the synthesized polymer brush in 

the dry state ( 0 1.7 h = nm) was determined from the 

approximation of the X-ray reflectometric curve 

(Fig. 1, а). The average distance between two adja-

cent polymer attachments to the substrate can be esti-

mated as 
 

 
0

n

a

M
D

h N
=


, (5) 

 

which is 4.4 nm for the synthesized polymer brush. 

Using the values of the radius of gyration 

4.3 nm,gR =  determined by the methods of dynamic 

light scattering and small-angle neutron scattering 

[25], it is possible to estimate the root-mean-square 

distance between the ends of the polymer coil

2   6   ~10.5 nm.gr R=  Thus, the system synthe-

sized by us satisfies condition (2) for dense polymer 

brush systems. 
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Parameters of the Ti and Si oxide deposition on a 

Si substrate were obtained from the analysis of the 

X-ray reflectometry curve (Fig. 1, b) obtained in the 

‘from air’ geometry. The resulting values are 5 nm for 

the thickness of the titanium layer and 50 nm for the 

thickness of the silicon oxide layer; roughness is 

about 0.5 nm. 

 
 

  R(q) 

 
q, nm−1 

    R(q) 

 
                                                                            q, nm−1 

a b 
 

Fig. 1. X-ray reflectometry curves from dry PEG polymer brush on the silica (a); from silicon crystal substrate 

with titanium supportive layer and silicon dioxide layer (b). Solid lines show the approximating curves. 

(See color Figure on the journal website.) 
 

An example of AFM images for dry polymer 

brushes is shown in Fig. 2. The height profile slice 

shows a rather smooth surface of the polymer layer 

with a roughness repeating the roughness of the sub-

strate surface (less than 1 nm). At the same time, ad-

ditional inhomogeneities presumably above the dense 

polymer layer are observed, which occupy about  

several percent of the polymer film area. They are sto-

chastically distributed over the layer and appear to be 

polymeric structures that represent a kind of nuclei 

for the growth of the next polymer layer; their height 

ranges from 2 to 5 nm. The AFM studies prove a good 

homogeneity of the dry polymer layer on the sub-

strate, resulting in a well-resolved peak in the XRR 

curve (see Fig. 1, a). 

 

 
X, m 

 
 A                               L, nm                                    C 

 

Fig. 2. Scanning atomic force microscopy image of the polymer layer (left), 

a line-cut profile of the polymer layer surface (right). 

(See color Figure on the journal website.) 
 

The neutron specular reflectivity curves obtained 

for different interfaces with the liquid components are 

shown in Fig. 3, a. They include (1) a substrate with-

out a polymer brush in contact with pure heavy water, 

Y
, 


m
 

H
, 
n

m
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(2) a substrate with a PEG polymer brush in contact 

with pure heavy water and (3) a substrate with a PEG 

polymer brush in contact with a micellar solution of 

DBSA (concentration 0.2 vol. %) in deuterated water. 

The reflectivity curves show oscillations with a pe-

riod of about    ~ 2 /q d   determined by the thick-

ness, d, of the SiO2 layer. The smoothing of the oscil-

lations in the reflectivity curves in the region of large 

q-value for the samples with the PEG layer is indica-

tive of the presence of a thin diffuse layer on the sub-

strate surface. A certain shift of oscillations is  

observed after the addition of DBSA to the solution. 

This is explained by an increase in both the diffuse 

layer thickness and roughness of the polymer brush 

interface with the micellar solution of DBSA. 

The neutron SLD profiles for the system with the 

polymer brush on the substrate derived from the  

reflectivity curves by modeling are given in Fig. 3, b. 

The parameters of the obtained polymer layer are 

6.6 nm in height and 1.3 nm in roughness. Upon  

addition of DBSA to the solution, the height of the 

polymer brush increases to 9.2 nm with a roughness 

of 1.7 nm. The estimated parameter of the reduced 

density of the attachment of polymer chains (4) shows 

that educed tethering density Σ increases from 12.6 to 

17.5 with the addition of DBSA. 

 

   R(q) 

 
                                                                           q, nm−1 

SLD 10−4nm−2 

 
                                                              Thickness, nm 

a b 

Fig. 3. Neutron reflectometry data: а – reflectivity from Si/Ti/SiO2 substrate in the liquid cell with heavy water (1), 

from PEG polymer brush system on the substrate in the liquid cell (2), and after addition of 0.2 vol. % solution of 

DBSA in heavy water (3). Solid lines show approximating curves; b – SLD depth profiles corresponding to the model 

reflectivity curves for the heavy water solutions without DBSA (1) and after the addition of DBSA (2). (See color 

Figure on the journal website.) 
 

In Fig. 4, a the SANS curves from different bulk 

solutions related to the studied interfaces are com-

pared [7]. The curves are given for (1) pure polymer 

solutions in heavy water (PEG, molecular weight of 

20 kDa, concentration of 3 vol. %), pure surfactant 

solutions in heavy water (DBSA, concentration of 

3 vol. %), and (3) mixed solutions in heavy water 

with PEG and DBSA micelles. The bell-shaped scat-

tering curves for the micellar systems show the pres-

ence of electrostatic repulsion between charged mi-

celles, which leads to the appearance of the system-

atic correlations in the arrangement of micelles in 

solution with a certain average distance between them 

(inversed to the peak position). It can be seen that the 

position of the scattering intensity maximum for the 

DBSA systems with PEG is shifted to the right; at the 

same time, the SANS curve itself is not the sum of the 

scattering intensities for PEG and DBSA components 

measured separately. Such changes in the SANS 

curves are typical for micellar systems, in which the 

average distance between micelles decreases together 

with changes in the shape of the micelle itself in the 

presence of the PEG polymer [8, 17]. 

The SANS curves were modeled in accordance 

with the general equation [26] 
 

 ( ) ( ) ( )0 ,q I P q S q Bkg= +  (6) 

 

where ( )
2 2

0I n V=   – forward scattering intensity; 

n  is the particle number concentration; V  is the par-

ticle volume;   is the SLD contrast between the 

particle and solution medium; Bkg  is the back-

ground. The scattering intensity on an isolated parti-

cle is described by the form-factor P(q), which is de-

termined by the Fourier transform of the SLD distri-

bution function in the particle. The structure-factor 

S(q) describes the scattering from correlations caused 

1 

3 

2 

2 

1 
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by the particle interaction. In the case of anionic sur-

factant micelles, the form-factor of an ellipsoid of 

revolution with the interaction potential of the 

screened spheres was used [27]. 

It is well known that due to molecular forces be-

tween neutral polymers and micelles of ionic surfac-

tants, supramolecular aggregates can form [4, 28]. 

Such aggregates have the structure of a polymer 

chain, to which up to several micelles are bound [6]. 

The structure of DBSA-PEG molecular aggregates 

was studied by the SANS method at low concentra-

tions of free micelles [17]. Fig. 4, b shows the exper-

imental SANS curves for the DBSA-PEG associates 

at different molecular weights of the polymer. The 

formation of a supramolecular associate occurs in 

systems with polymer molecular mass Mn > 10 kDa 

[17, 29], in this case, a second correlation peak ap-

pears in the SANS curve at ~ 0.2q  nm-1, which cor-

responds to the average distance between molecular 

aggregates. 
 

  I(q), cm−1 

 
                                                                               q, nm−1 

   I(q), cm−1 

 
                                                                           q, nm−1 

a b 
 

Fig. 4. SANS data. а – PEG 20 kDa addition effect on the DBSA micellar system: 1 – scattering from PEG 20 kDa 

solution with 3 vol.% concentration; 2 – scattering from DBSA 3 vol. % solution; 3 – scattering from DBSA 3 vol. % 

+ PEG 3 vol. % mixture solution (3) [7]; b – scattering from the surfactant-polymer complexes at low concentrations 

of free micelles in solutions with PEG 0.05 vol. % + DBSA 0.2 vol. % for different molecular weight of polymer 1kDa 

(1), 20 kDa (2), 30 kDa (3) (vertically shifted curves) [17]. Solid lines show the model curves. (See color Figure on 

the journal website.) 
 

  
Fig. 5. Schematic representation of substrate layers with a polymer brush system in deuterated water (left), 

the formation of surfactant - polymer complexes in polymer brush systems (right). 
 

The complex formation of charged micelles with 

a neutral polymer is accompanied by stretching of the 

polymer chain [4]. Thus, the average distance be-

tween micelles in the composition of one complex 

reaches 7 nm for a polymer with a molecular weight 

of 20 kDa for which the gyration radius is 4.3 nm 

without micelles [17, 25]. Thus, the change in the 

height of the PEG polymer brush which is in contact 

with the micellar solution of DBSA in the NR expe-

riment is reasonably explained by the attachment of 

micelles to the polymer, which causes the stretching 

of the polymer chain. This effect was studied theore-

tically [14, 15]; this was also observed earlier for  

sodium dodecyl sulfate and sodium dodecylbenzene 

sulphonate micelles interacting with poly (ethylene 

glycol) polymer brushes [13]. It is important to note 

1 

3 
2 

1 

2 

3 
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that the ability of micelles to bind to a polymer brush 

largely depends on the energy of formation of surfac-

tant-polymer associates, as well as on the polymer 

brush tethering density. The formation of DBSA-

PEG associates in the dense PEG polymer brush is 

schematically shown in Fig. 5. 
It should also be noted that there is a well-known 

non-cooperative mechanism of DBSA-PEG interac-
tion associated with the formation of hydrogen bonds 
between the polar part of DBSA and the polymer link 
[30]. In this case, under certain conditions, the for-
mation of associates is possible, the structure of 
which is qualitatively different from the structure of 
micellar aggregates. Namely, the formation of supra-
molecular structures with lamella morphology  
occurs. The structure of DBSA complexes in the 
dense medium of the PEG polymer brush under study 
remains unexplored and requires further investiga-
tions. It is well known that due to the screening of the 
electrostatic repulsion between the surfactant polar 
groups in the micelles, the critical packing parameter 
changes, and, along with the formation of spherical 
micelles, the formation of cylindrical micelles or  
lamellae is also possible in the polymer brushes [16].

 

4. Conclusions 
 

The polymer brush system of poly (ethylene gly-

col) with a molecular weight of 20 kDa was synthe-

sized on a silica substrate using the “grafting to” 

method with a final average distance between the 

points of attachment to the substrate of ~ 4.4 nm. A 

dense polymer layer with a thickness of ~ 2 nm was 

detected. Experimental curves for polymer brush sys-

tems were obtained by neutron reflectometry in the 

geometry of an incident beam from a substrate into a 

liquid. From the obtained scattering length density 

profile of poly (ethylene glycol), the polymer brush 

revealed an increase in the effective height from 6.6 

to 9.2 nm when adding dodecylbenzenesulfonate acid 

to the system. We attribute the change in the thickness 

of the poly (ethylene glycol) polymer brush to the co-

operative interaction of micelles with the polymer 

chain, which has so far been observed in bulk solu-

tions of dodecylbenzene acid and high molecular 

weight poly (ethylene glycol). 
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НЕЙТРОННІ ДОСЛІДЖЕННЯ ВЗАЄМОДІЇ МІЖ МІЦЕЛАМИ 

АНІОННОЇ ПОВЕРХНЕВО-АКТИВНОЇ РЕЧОВИНИ 

ТА СИСТЕМОЮ ПОЛІМЕРНОЇ ЩІТКИ ПОЛІЕТИЛЕНГЛІКОЛЮ 
 

Методом дзеркальної нейтронної рефлектометрії було досліджено системи полімерної щітки нейтрального 

полімеру поліетиленгліколю з молекулярною масою Mw = 20 кДа на поверхні кремнієвої підкладинки у водному 

середовищі. Виявлено ефект зміни структури профіля густини полімерної щітки при взаємодії ланцюгів полімеру 

з міцелами аніонної поверхнево-активної речовини додецилбензолсульфонатної кислоти. Було показано, що 

ефект, який спостерігався, пов’язаний із процесом утворення молекулярних комплексів між полімером та міце-

лами в об’ємі розчину, що був нами досліджений раніше методом малокутового розсіяння нейтронів у широкому 

діапазоні концентрацій поверхнево-активної речовини при різній молекулярній масі полімеру. Щільність наса-

дження молекул полімеру на кремнієву підкладинку було досліджено методами рентгенівської рефлектометрії 

та скануючої атомно-силової мікроскопії. 

Ключові слова: міцели, аніонна поверхнево-активна речовина, поліетиленгліколь, полімерна щітка, нейтронна 

рефлектометрія, малокутове розсіяння нейтронів. 
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