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Detecting Shape of Hybrid Polymer/Surfactant Micelles:
Cryo-Transmission Electron Microscopy, SitallizAngle Neutron Scattering
and Dynamic Light Seattering Study

In-depth study of shape of hybrid micelles in théWmicellarisolutions of anionic surfactant potassium oleate,
containing hydrophobic polymer poly(4-vinylpyridine),(P4V/P) was conducted via cryo-transmission electron
microscopy (cryo-TEM), small-angle neutron sgattering (SANS) and dynamic-light scattering of visible light
(DLS). Direct visualization of the solutionsaxithicryo-TEM evidenced the coexistence of polymer-free spher-
ical micelles and branched rodlike hybridsmicelles with mean length of 200 nm and radius of 2 nm, governed
by contour length of solubilized P4VP and length of hydrophobic “tail” of potassium oleate, respectively. The
formation of branches in the hybrid'micelles"was explained by attaching the thermodynamically unfavorable
end-caps of micelles to their polymer-leaded cylindrical fragments. By SANS it was shown that the cylindri-
cal local shape and the radius ofithe micelles are independent of the concentration of embedded P4VP. Relax-
ation processes in the selutions were investigated with DLS. Three relaxation modes were observed for hy-
brid micelles, similar to, polymer=free wormlike micelles. Fast and medium relaxation modes were attributed
to diffusion of entangled‘micelar chains and their segments, respectively. The slow mode was related to elec-
trostatic repulsiombetween similarly charged hybrid micelles.

Keywords: i0pi¢” surfactant, polymer-surfactant interactions, rodlike micelles, hybrid micelles, branching
points, cryo-TEM, SANS, DLS.

Introduction

Self-organization of surfactants into the micelles of different shapes is of extensive attention of scien-
tists during the last three decades [1-4]. Hydrophobic attraction of “tails” and electrostatic repulsion of
charged hydrophilic “heads” of ionic surfactants define the shape of the resulting aggregate [2, 5]. Wormlike
micelles (WLMs) are aggregates of cylindric form that consist of two hemispheric end-caps and central cy-
lindrical part [3, 6-8]. Examples of practical applications of semi-dilute solutions of WLMs include their use
as foaming agents [9], thickeners for fracturing fluids and cosmetic products [3, 7], drag-reducers [10-11]
and drug delivery systems [12, 13].

Incorporation of a polymer into the WLMs of a surfactant results in the formation of hybrid
micelles [14-20] that possess the unique properties of both components. For example, recently obtained hy-
brid micelles of anionic surfactant potassium oleate with embedded hydrophobic polymer poly(4-
vinylpyridine) (P4VP) demonstrated both high response to hydrocarbon inherent to surfactant-based fractur-
ing fluid and enhanced drag reducing efficiency inherent to polymer chains [21]. Thus, semi-dilute solution
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of the hybrid micelles could potentially be used not only as a fracturing fluid in oil production, but also as a
drag-reducer for oil transportation.

In the previous papers [20-22], solutions of the hybrid micelles, saturated with P4VP, were investigat-
ed. Since the incorporated polymer influences the hydrophilic-hydrophobic balance of the micelles [20], the
concentration of solubilized P4VP is the key parameter that governs their shape. The current paper is devoted
to the detailed experimental study of the shape of the hybrid micelles, containing different amount of P4VP.
Cryo-transmission electron microscopy (cryo-TEM) was used to directly image the micelles, while contrast
matching technique in small-angle neutron scattering (SANS) was employed to investigate their local shape.
Additionally, dynamic light scattering of visible light (DLS) provided information about relaxation processes
in their aqueous solutions.

Experimental

Materials. Anionic surfactant potassium oleate (purity >98 %) from TCI Europe, inorganic salt KCI
(purity > 99.5 %) from Fluka, ethanol (purity > 99 %) from Merck, KOH (purity > 99 %) from Acros Organ-
ics, and polymer P4VP (molar mass 60000 g/mol, contour length 140 nm) from Sigma-Aldrich were used as
received. Water was purified using a Millipore Milli-Q system. For SANS experiments, mixture of water and
deuterium oxide (purity 99.9 %, Sigma-Aldrich) was used as a solvent.

Sample preparation. Stock solutions of polymer-free WLMs were obtaipedéby mixing 47 mM potassi-
um oleate and 80 mM KCI with Milli-Q water and stirred with a magnetic stirregfon24 fiours. The pH of the
solutions was kept at 11 with aqueous solution of 1 M KOH. Under these cgnditions the WLMs were formed
in the samples [22].

Hybrid micelles were prepared by pouring the micellar stock gefutiop on the thin polymer film. The
film was prepared by full evaporation of ethanol from the drop of 5Wt.% P4VP solution in ethanol on the
bottom of vial at room temperature. P4AVP embedded into the micelles after stirring the stock solution of pol-
ymer-free micelles in the vial with polymer film using magnatic stirrer for 1 day. Content of P4VP in the
final solutions was varied from 0.01 to 0.04 monomol/L (amoumt 6f monomer units per 1 L of solution).

Cryogenic transmission electron microscopy (cryosIEM). Cryo-TEM experiments were performed us-
ing a Titan Krios (Thermo Fisher Scientific, Hillsboro, JOR, USA) at acceleration voltage of 300 kV in
bright-field TEM in a low-dose imaging mode. The mieréscope was equipped with a Falcon 2 direct electron
detector (Thermo Fisher Scientific, Hillsboro, OR, USA). To receive the clear images of the aggregates, the
stock solution of 47 mM potassium oleate and 0:02 monomol/L P4VP was diluted 4 times with aqueous so-
lution containing 80 mM KCI. The samplés were applied onto the Lacey carbon-coated side of the 300 mesh
copper TEM grid with Vitrobot Mark 43T hermo Fisher Scientific, Hillsboro, OR, USA) [23]. After blotting
the excess of the solution with filter paper the grid was plunged into liquid ethane. The images were pro-
cessed with EPU 3.6 software,

Small-angle neutron scattering (SANS). SANS measurements were carried out using time-of-flight
spectrometer YuMO of high-fluxpulsed reactor IBR-2M (Joint Institute for Nuclear Research, Dubna, Rus-
sia). Details of the gxperiments and data treatment are described elsewhere [24]. The values of scattering
length densities for petassium oleate, monomer unit of P4VP and deuterium oxide, calculated with SasView-
5.0 program (http:/AmWw.sasview.org/), equaled to pox =0.15-10° A2, ppavp =2.00-10° A2 and
pp2o= 6.38-10° A2, respectively. To obtain scattering from potassium oleate molecules in the hybrid mi-
celles, the contrast variation technique was applied. The mixture of deuterium oxide and water with volume
ratio D,O/H,0=37/73 (v/v) was used as a solvent in the experiments to match the scattering from P4VP. The
samples were put into the Hellma quartz cuvettes of 1 mm width. Temperature was kept at 20 °C. Data was
obtained in the scattering vectors Q range from 6-103to 6-10 A,

Dynamic-light scattering of visible light (DLS). DLS data were collected with ALV/DLS/SLS-5022F
(ALV GmbH, Langen, Germany). Scattering intensity was analyzed with ALVV6010/EPP digital correlator.
Variation of scattering angle was made by stepping-motor-driven goniometer system. Helium—neon laser
(wavelength of 632.8 nm) was used as a light source. The temperature of the samples was kept at 20 °C by a
thermostat Lauda Ecoline RE 306. The samples were filtered through 0.45 um filter (Millipore Millex-FG) to
prevent the intrusion of dust. Contin method was applied for data treatment [25].

Results and Discussion
The solutions of potassium oleate with embedded P4VP macromolecules were visualized by cryo-
TEM (Fig. 1). In Figure 1 coexisting spherical and rodlike aggregates with mean length of 200 nm can be
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observed. The mean radii of cross section spherical and rodlike aggregates are circa equal to 2 nm and coin-
cide with the length of the alkyl “tail” of potassium oleate [22]. Consequently, the observed spherical aggre-
gates are, probably, polymer-free micelles of potassium oleate. The estimated mean length of the rodlike mi-
celles (Fig. 1) is close to the contour length of P4VP. One can also easily detect many “Y-shaped” branching
points in the rodlike micelles (Fig. 1). Note that zero-shear viscosity of the polymer-free micellar solution,
containing similar amount of potassium oleate and KCI, as was demonstrated by steady shear rheological
tests [22], was close to that of pure water. Consequently, spherical micelles or short rodlike micelles that do
not contribute to the viscosity of the solution are present at these conditions. Detecting rather long rodlike
micelles in the P4VP-containing solution is suggested to be the result of the solubilization of polymer chains
by the micelles. Furthermore, branches in the micellar solutions at such low concentration of surfactant have
never been observed before. As was shown by computer modelling, solubilization of P4VP induced the for-
mation of additional branching points in the hybrid micelles by attaching the energetically unfavorable end-
caps to the polymer-loaded cylindrical fragments [26, 27].
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Figure 1. Spherical polymer-free micelles and prolate hybrid micelles in agueous solution
of 12.5 mM potassium oleate and 80 mM KCI, containing 2-10-* monomol/L P4VP, as imaged with cryo-TEM.
The arrows point out the branching points in the hybrid micelles
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The shape of hybrid micelles with different amount of embedded P4VP was revealed by SANS using
contrast variation technique. In Figure 2a the neutron scattering intensity in the range of the small values of
scattering vector Q behaves as: I~Q™. The scattering intensity 1(Q) from the rodlike particles can be ex-
pressed as [28]:

~ RZ 2
Q)= ApV,Q 1exp(—TQj, @

where Ap=pq —Poren: 1S the scattering contrast, equal to the difference between the scattering density of

potassium oleate and of the solvent, Vo and R are the volume and radius of the rods. Consequently, in the
case of rodlike scatterers, In(1Q) vs Q? dependence should represent a straight line with the slope a = -0.5-R?.
Therefore, Q*-scaling in low-Q region of the scattering curves (Fig. 2a) indicates the local cylindric shape of
the hybrid micelles at all studied concentrations of P4VP. The linear behavior of the corresponding In(1Q) vs
Q? dependencies confirms this observation (Fig. 2b). Mean radius of the hybrid micelles, estimated from the
slopes of the dependencies, circa equals to 2 nm for all studied solutions and corresponds to one, evaluated
from cryo-TEM image (Fig. 1).
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Figure 2. SANS curves in 1(Q) (a) and In(IQ)ivs Q% (b) representations for micellar solutions of 47 mM potassium ole-
ate with different concentrations of embedded P4VP: 0.01 monomol/L (squares); 0.02 monomol/L (stars);
0.03 monomol/L (triangles). Matching the scattering from P4VP is used (solvent: 80 mM KCI
in D,O/H,0=37/73 (v/v), pH=1Z&). The data for solutions with 0.01 monomol/L P4V/P are actual values,
data for solutions containing 0.02/menomol/L and 0.03 monomol/L are shifted by a factor of 10 and 100 for clarity.
The solid line shows the slepe‘ef the | ~ Q™ dependence. The dashed lines are linear fits of the dependences

The relaxationgprogessesin aqueous solutions of hybrid micelles were studied by DLS. The autocorrela-
tion functions g®(q, ¥).0f ghe scattered visible light by hybrid micelles with different amount of embedded
P4VP decay multi-exponentially (Fig. 3a). Thus, in the corresponding decay time distributions A(t) three re-
laxation modes with relaxation rates 71, 7> and I3 can be observed (Fig. 3b). The obtained DLS data are very
close to those of semi-dilute solutions of the entangled polymer chains and WLMs [29-31]. Therefore, in the
case of hybrid WLMs the fast (1) and medium (1) relaxation modes (Fig. 2b), like in semi-dilute solutions of
WLMs, could be attributed to translational diffusion of the chain segments and to the hindered motion of the
entangled chains, respectively. Linear shape of the dependencies of the relaxation rates 71 and 7> on g? for
fast and medium processes (Fig. 4a and b, respectively) confirm that they represent diffusive motion. By
contrast, a non-linear dependence for slow (111) relaxation mode (Fig. 4c) suggests that this mode is the non-
diffusive one. It is, probably, related to electrostatic repulsion of the similarly charged hybrid micelles of po-
tassium oleate.
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Figure 3. Field autocorrelation functions g¥(q, t) (a) and decay time distributions A(t) (b) at scattering angle 6=90°
for micellar solutions of 47 mM potassium oleate with different concentrations of embedded P4VP: 0.02 monomol/L
(stars); 0.03 monomol/L (triangles) and 0.04 monomol/L (circles). Solvent: 80 mM KClin water at pH=11
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Figure 4. I"vs g? dependences for first (a), second (b) and third (c) components of the field autocorrelation function
g®(q, t) of the hybrid micelles in 47 mM solution of potassium oleate containing 0.02 monomol/L of P4VP.
Solvent: 80 mM KCl in water at pH=11

Conclusions

Cryo-TEM, DLS and SANS were applied to shed light on the shape of hybrid micelles in the aqueous
solutions of anionic surfactant potassium oleate with embedded hydrophobic polymer P4VP. Cryo-TEM evi-
denced the presence of branched rodlike micelles with mean length of 200 nm that is close to the averaged
contour length of solubilized P4VP chains. Formation of branches in the hybrid micelles was caused by at-
taching of the thermodynamically unfavorable end-caps of micelles to the polymer-loaded central cylindrical
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parts. The local cylindrical shape of hybrid micelles, as was shown by SANS, was independent of the con-
centration of solubilized P4VP. Values of radii of the micelles, estimated from cryo-TEM-and SANS data
were equal to the length of hydrophobic “tail” of potassium oleate. Relaxation processes in the hybrid mi-
celles were shown by DLS to be quite similar to those in polymer-free WLMs of surfactant: two relaxation
modes were attributed to diffusion of the entangled micellar chains and their segments; the third mode was
related to the electrostatic repulsion between similarly charged micelles.
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