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ABSTRACT: Aqueous formulations containing polymers and surfactants find several
applications in pharmaceutics, coatings, inks, and home products. The association
between polymers and surfactants contributes greatly to the function of these
complex fluids, however, the effects of polar organic solvents, ubiquitous in
formulations, remain mostly unexplored. We have analyzed small angle neutron
scattering (SANS) data to determine the conformation of a “model” nonionic
polymer, poly(ethylene oxide) (PEO), in aqueous solutions as affected by the
presence of an ionic surfactant, sodium dodecyl sulfate (SDS), and subsequent
addition of short-chain alcohol (ethanol or 2-propanol). PEO chains (M, = 90 000)
are Gaussian in dilute aqueous solutions, but become polyelectrolyte-like upon the
addition of 30 mM SDS, with about 6 SDS micelles bound to each PEO chain.
Micelles associated with polymer are similar in structure and interactions to micelles
that form in aqueous solutions in the absence of polymer. Addition of alcohol alters
both the polymer and micelle structure and interactions, leads to detachment of
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micelles from the polymer, and the PEO chains regain their Gaussian conformation. 2-Propanol is more effective than ethanol in
influencing the polymer conformation and the properties of SDS micelles in aqueous solutions, either in the presence or in the
absence of PEO. This study contributes fundamental insights on polymer and surfactant organization in solution, as well as new,

quantitative information on systems that are widely used in practice.

1. INTRODUCTION

Nonionic polymers can interact with ionic surfactants and
orgamze themselves to form various structures in aqueous
media." Interactions between polymers and surfactants depend
on solution conditions such as temperature, pH, and ionic
strength. Addition of polar organic solvents influences these
interactions and affords additional control over self-assem-
bly*~"® which is a major reason for its implementation in a wide
range of industrial formulations.""”~**

Proper characterization of the interactions and the phase
behavior and structure of aqueous polymer—surfactant mixtures
in the presence of cosolvents such as alcohols is thus important.
While a qualitative picture of how alcohols can affect polymer
or surfactant aqueous solution properties has emerged, a
quantitative understanding on the role of alcohol on surfactant-
bound polymer chains is lacking. For example, it is not clear
how alcohol molecules affect the conformation and association
of polymer chains that participate in polymer—surfactant
complexes. Further, how alcohol affects the bound surfactant:
To what extent can alcohol change the micelle shape, size, and
intermicellar interactions? Last, in what manner alcohol affects
polymer—surfactant binding: Does alcohol displace polymer
chains from the micelles? What is the molecular-level
explanatlon of the changes observed upon addition of an
alcohol?®

These questions have been addressed in the literature to
varying degrees by using various experimental techniques such
as viscosity,” concluct1v1ty,8 ﬂuorescence,5 potentlometry,
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tensiometry,” turbidimetry,” dynamic light scattering (DLS),’
scanning electron microscopy (SEM),3 nuclear magnetic
resonance (NMR),® and isothermal titration calorimetry
(ITC),>” as well as with molecular simulations.**">® Reports
using structural characterization techniques such as small-angle
neutron scattering (SANS) are less common. This is despite the
fact that SANS offers the unique capability to provide structural
information on a certain domain of an overall structure by
matching the scattering contrast of other domains to that of the
solvent. SANS investigations on polymer—surfactant complexes
formed in aqueous solutions have been pioneered by Cabane et
al””*® who, for the case of the nonionic polymers poly-
(ethylene oxide) (PEO) or ethyl(hydroxyl ethyl)cellulose
(EHEC) in the presence of sodium dodecyl sulfate (SDS),
have shown a polyelectrolyte-like behavior of the polymer
chains due to bound surfactant micelles. Using SANS, Chari et
al. reported on the micelle dimensions and intermicelle spacing
of SDS bound to PEO at different salt concentrations.”” To our
best knowledge, the only SANS study that examined polymer—
surfactant aqueous solutions in the presence of an alcohol is
that by Griffiths et al.’> who considered ethanol effects on
interactions between poly(vinylpyrrolidone) (PVP) and SDS in
terms of changes in the polymer conformation, surfactant

Received: March 6, 2014
Revised:  June 14, 2014
Published: July 11, 2014

dx.doi.org/10.1021/jp5023168 | J. Phys. Chem. B 2014, 118, 10725—-10739


pubs.acs.org/JPCB

The Journal of Physical Chemistry B

micellization, polymer—surfactant binding, and polymer—
polymer/polymer—micelle interactions.

The major objective of the present study is to address
fundamental questions on how short-chain alcohols affect the
conformation of polymer chains and the structure of micelles
incorporated in polymer—surfactant complexes in aqueous
solutions, and to provide molecular-level interpretation of the
reported changes in bulk solution properties upon addition of
alcohol. To this end, we selected the nonionic polymer PEO
and the ionic surfactant SDS as “model” ingredients,17’29_33 and
we utilized SANS with contrast variation as the most
appropriate technique to access the information that we seek.
Short chain alcohols are known to influence the solvent quality
of water for PEO>* and the bulk solution properties of PEO-
SDS complexes.® At lower concentrations in aqueous media,
short-chain alcohols can act as cosurfactants and localize in
micelles, and at higher concentrations as cosolvents, affecting
primarily the solvent phase (e.g., increasing its hydro-
phobicity).*>™*! Accordingly, in the present study, we have
investigated the effects of both ethanol and 2-propanol, over a
wide concentration range.

In what follows, we first examine polymer—water—alcohol
and surfactant—water—alcohol solutions, where the polymer or
surfactant is hydrogeneous and the solvent (water and alcohol)
deuterated, to establish the effect of alcohol on the
conformation of the polymer and the structure of the micelles
separately. We then consider polymer—surfactant—water—
alcohol solutions, with scattering contrast between the
hydrogeneous polymer and surfactant and the deuterated
solvent, to reveal the structure of the polymer + surfactant
association as affected by alcohol type and concentration. We
also analyze solutions with deuterated surfactant in order to
directly assess the conformation of (hydrogenated) polymer
involved in polymer + surfactant associations.

To the best of our knowledge, this is the first SANS study on
PEO—SDS—water—alcohol systems, only the second paper that
utilizes SANS for the study of polymer—surfactant—water—
alcohol solutions, and one of just four reports on alcohol effects
on PEO—SDS—water systems. SANS data on PEO with MW
90000 at the solvents and polymer concentration range
considered here have not been previously reported. And
while SDS—water—n-propanol solutions have been studied by
SANS,**%7 the effect of 2-propanol on SDS micelles has not
been investigated by this technique yet. Thus, this investigation
provides fundamental insights on polymer and surfactant
organization in solution, and needed structural information
for widely used systems.

2. MATERIALS

Poly(ethylene oxide) of M, = 90000 (M,/M, = 1.09) was
obtained from Polymer Source Inc. (Dorval, Quebec, Canada).
Hydrogenous sodium dodecyl sulfate (SDS) was purchased
from Sigma and deuterated sodium dodecyl sulfate
(CD5(CD,);;0S80;Na) (D25, 98%) from Cambridge Isotope
Laboratories, Tewksbury, MA. Heavy water (D,0), deuterated
ethanol (C,D;OD) (D, 99%), and deuterated 2-propanol
((CD,),CDOD) (D, 99%) were purchased from Cambridge
Isotope Laboratories, Tewksbury, MA. All chemicals were used
as received. The deuterated chemicals were stored in a
desiccator or ampules to prevent contamination with H,O
from the atmosphere. Stock solutions of polymer or surfactant
in heavy water were first prepared, and then mixed with each
other and with deuterated alcohol, where appropriate, to

prepare the desired final concentrations. Adequate time for
equilibration was allowed.

SANS measurements of PEO aqueous (D,0) solutions with
polymer concentrations of 0.2, 0.5, 1, and 2 wt % were first
performed in order to investigate the effect of polymer
concentration on chain conformation covering the dilute up
to semidilute range. In subsequent experiments with samples
containing SDS and/or alcohol, the PEO was kept at 0.5 wt %,
which is well below the overlap concentration,*” in order to
reduce the influence of large clusters.

We then investigated surfactant—water—alcohol solutions to
assess the effect of alcohol on “free” micelles (in the absence of
polymer) in terms of changes in the onset of micellization,
micelle structure, localization of alcohol, and intermicellar
interactions. The deuterated ethanol concentrations used were
10 and 20 wt %, while deuterated 2-propanol varied from S to
20 wt % in the present study. At any alcohol concentration used
in our study, the SDS concentration was 30 mM which is well
above the critical micelle concentration (CMC) values.*>*

We have performed SANS of PEO+SDS aqueous solutions
in the absence of added alcohol in order to establish the
reference case for the subsequent study on alcohol effects. In
particular, we examined dilute PEO solutions (0.5 wt %) in the
presence of hydrogenous SDS at a lower concentration (8 mM)
and at a higher concentration (30 mM). To reveal the
polyelectrolyte-like nature of the PEO chains in the presence of
bound SDS, we have investigated aqueous 0.5 wt % PEO with
30 mM deuterated SDS. In the absence of alcohol, the addition
of small amount of SDS (Cgps < ~10 mM) to a dilute PEO
solution leads to formation of a small number of micelles on the
each PEO chain which are not sufficient to bridge adjacent
PEO chains.”’ However, above 10 mM SDS, the increased
number of micelles enhances interpolymer chain bridging and
causes an increase in the solution viscosity up to a saturation
surfactant concentration (~75 mM).29

Finally, having established the conformation of PEO in water
and in water + alcohol solutions, the structure and interactions
of SDS micelles in water and in water + alcohol solutions, and
the structure of PEO bound with SDS in water, we focus to the
main object of this investigation, the effects of alcohol on the
polymer conformation in the presence of bound SDS. To this
end, we carried out SANS on solutions containing 0.5 wt %
PEO and 30 mM h-SDS or 0.5 wt % PEO and 30 mM d-SDS in
the presence of 20 wt % ethanol-d or 2-propanol-d. The alcohol
concentration (20 wt %) was selected such that it is not too
high to completely dis-assemble micelles, but sufficient to have
an effect on polymer—surfactant interactions.

3. METHODS

Small-Angle Neutron Scattering (SANS): Method of
Approach. Scattering data obtained from SANS measure-
ments were analyzed using various structural models in order to
extract information regarding polymer conformation, micelle
structure, and polymer—polymer/polymer—micelle/micelle—
micelle interactions.

In dilute solutions of water and short-chain alcohol, PEO
exhibits random coil or swollen conformation.>*** At higher
polymer/alcohol concentrations, a decreased polymer solvency
leads to formation of large clusters. To describe the above, we
first invoke the correlation length model to analyze SANS data
for PEO—water, PEO—water—alcohol or PEO—SDS-d—water—
alcohol systems. We found nearly random coil conformation of
individual PEO chains at the conditions examined. Sub-
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sequently, we derive conformation-related parameters of PEO
chains, such as contour length, end-to-end distance, and
monomer length, using the Debye + power law model.

Bound micelles have a profound effect on PEO conforma-
tion. Scattering from D,O solutions of PEO with deuterated
SDS shows a strong interaction peak at intermediate g that is
reminiscent of scattering from a 5polyelectrolyte. We thus
invoke the polyelectrolyte model**** to capture the scattering
in the intermediate q range. From fittings to this model we were
able to obtain the effective monomer length and the fractional
charge for a polymer chain which are important in determining
the number of micelles bound to each chain. The overall
scattering from SDS micelles depends on the micelle shape and
size captured by the prolate core—shell form factor***¢ and the
micelle interactions expressed by a Hayter—Penfold-type
structure factor.*®*%*7

SANS Data Collection and Reduction. SANS measure-
ments were performed on the 30 m spectrometer (NG3) at the
National Institute of Standards and Technology (NIST) in
Gaithersburg, MD. Neutrons with wavelength of 6 A and
wavelength spread (AA/A) of 14.3% were focused on the
sample kept in 4 mm quartz cell at 25 + 0.1 °C. All data are for
this temperature. Sample-to-detector distances of 2 and 10 m
were used for each of the samples to cover the wave-vector (q)
range of 0.005 A™' < g < 0.3 A™". The beam time was between
180 and 4800 s for each of the measurements. Scattering data
were corrected for the scattering from background, empty cell,
and detector sensitivity. Absolute scale intensity was obtained
by normalizing the scattered intensity with a well characterized
polystyrene/deuterated 8polystyrene standard by NIST-supplied
data reduction tools.* Absolute intensity data were then
corrected for incoherent solvent scattering. Reduced SANS data
were fitted to the various models described below using a
nonlinear least-square method based on the Levenberg—
Marquardt algorithm to obtain appropriate values of the fitting
parameters. The uncertainties in the fitting parameters are
specified as one standard deviation in the fitting coefficient, and
are automatically calculated from the fitting function of the
IGOR PRO software which estimates these values using the
measurement errors assuming normally distributed errors.

SANS Data Analysis: Polymer Conformation. We have
utilized three different types of models to describe the polymer
conformation, depending on the scattering profile. The
correlation length and the Debye + power law models were
invoked to describe the scattering behavior of polymer in
water—alcohol solution, either in the absence of surfactants or
when the surfactant effect on the polymer conformation is
negligible (i.e, at high amount of alcohol present). The
scattering profiles in these cases reflect random coil
conformation of individual chains at intermediate g, along
with some low q features indicative of large clusters with no
interaction peak. To obtain physically more appropriate radii of
gyration for the individual polymer chains, compared to the
values estimated from correlation length model fits, we have
utilized the Debye model which analytically represents the
scattering behavior of Gaussian polymer chains. In polymer—
surfactant solutions with surfactant concentrations above the
critical aggregation concentration, micelles bind along the
polymer chain in a “bead-on-necklace” manner.””*’ Because of
this, the nonionic polymer exhibits scattering behavior similar
to that of a charged polymer or polyelectrolyte, ie., the
scattering profile shows an interaction peak because of charge—
charge repulsions between micelles along the polymer

chain.*”*® The polyelectrolyte + power law model was thus

used to describe scattering that includes a distinct interaction
peak due to bound micelles (polymer—surfactant solutions with
deuterated surfactants in the absence of alcohol or at low
alcohol concentrations).

Correlation Length Model. The correlation length model
consists of a combination of Lorenzian and power law terms:>°

R R
1+ (g&)" (1)

The second term in eq 1 describes the scattering behavior of
polymer chains or network for polymer concentrations below
or above the overlap concentration, respectively. The Lorenzian
exponent m was fixed** at m = 2, assuming a Gaussian nature of
PEO chain at that length scale. The first term in eq 1 describes
the Porod scattering from large objects (clusters) with the
power law exponent P capturing the scattering behavior at low
q values.

The correlation length & describes the average distance
between two polymer chain intersections in the case of
semidilute solution, and is related to the radius of gyration of a
single Gaussian polymer chain at intermediate g values: R, =
\/ 2£. The scale factor I} captures the solvation scattering of the
polymer: a lower I; value indicates more effective solvation.”*
The power law exponent P reflects the mass fractal dimension
of the clusters, and I the scattering contribution of clusters. P,
&, Ip, I, and incoherent background B are fitting parameters.

Debye + Power Law Model. The Debye + power law model
for scattering of a polymer solution is described by the
following equation:

1(q) = I_I; + ID[M] +B
q

I
I(q) =
q

2
X

)

The second term in eq 2 represents the scattering from
individual polymer chains at intermediate g values, while the
first term represents the scattering from large clusters at low g.
The variable «x is related to the radius of gyration R: x = (ng)z,
I, represents a scale factor corresponding to Debye scattering,
while I, represents a scale factor for clustering.

The power law exponent P, radius of gyration Ry scale
factors I and I, and incoherent background B are the fitting
parameters. The chain end-to-end distance R, can be obtained
from R,: Ry = 6Rgz. The Debye intensity factor I, is related to
the polymer volume fraction ¢p, scattering contrast Ap, degree
of polymerization Zp, and volume of a monomer v,, by the
relation: I, = ¢pp(Ap)*Zpy,,, where Ap is the difference between
the scattering length densities of the polymer and solvent. The
clustering strength I,/q" at low g values reflects polymer—
polymer association related to phase separation.34

Polyelectrolyte + Power Law Model. In the case of PEO
chains bound to SDS micelles in the absence of alcohol, we
have utilized the polyelectrolyte + power law model:**

Ip K
I = — 4+
(@) gt 4nlza’
2 2
+ K
27 2 (qz 2) 2 +Binc
1+ R,*(q" + «9)[q" — (12hC/a,”)] (3)

The second term in eq 3 represents the polyelectrolyte
structure factor**** and the first term represents the power-law
type scattering at low q due to large clusters present in the
solution. k is the Debye length and Ly is the Bjerrum length. K
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is the scattering contrast factor for the polymer and was
calculated from K = (b, — v,bs/v5)?, given the scattering lengths
of the monomer b, and solvent by, along with specific volumes
of the monomer vp and solvent vg. C is the molar concentration
of the polymer (number of moles of monomers present in a
unit volume) and 4 a virial parameter which is a function of the
second and third virial coefficient for monomer—monomer
interactions.*** The radius R, was calculated from R = (1/
a\/ C) (a,/(487L5)"?*)."® To reduce the number of fitting
parameters K was calculated from the molecular volumes and
scattering lengths of the monomer and solvent. h was fixed at
12 A3

The main fitting parameters are the polymer degree of
ionization a, effective monomer length a,, power law intensity
Ip and power law exponent P,. The extracted values of @ and a,,

are important in the determination of the total number of
charges present on a polymer chain.

A schematic for polymer conformation without or with
bound surfactant micelles is shown in Figure 1. Given the

Figure 1. Schematic of polymer conformation without/with bound
surfactants: Random coil (left) in the absence of bound surfactants,
and extended, polyelectrolyte-like conformation with bound micelles
(right). R, is the polymer coil radius of gyration, a,, the effective
monomer length between two charges on a chain, d the intermicelle
distance, and o0, the effective micelle diameter.

surfactant aggregation number and the number of charges
present on each micelles (obtained separately from fitting
SANS data of polymer bound surfactants as described below),
the number of micelles bound per polymer chain, and thereby
the amount of bound surfactants per polymer chain, can be
estimated.

SANS Data Analysis: Micelle Structure and Interac-
tions. A charged core—shell ellipsoid***” (Figure 2) is used
here to describe the SDS micelles. The overall scattering
intensity I (q) is given by

Imicelle(q) = A¢P(q)s(q> + Binc (4)

The form factor P(q) calculated using eqs 5 and 6 represents
the shape and structure of a micelle, while the structure factor
S(q) represents the intermicelle interactions and arrangement
of micelles in the solution. ¢ is the volume fraction of the
micelles, which in turn depends on the overall surfactant
concentration. The parameters A and B, account for additional

contributions due to absolute scaling and incoherent noise,
respectively.

S e s
P(Q)— VTOT'/O' lF(q; , b, 0, ﬂ)l dp

©)
3,(uc)
Fa, 06,3, 8) = Velp, = )" 4 Vialp, = )
C
3j1(“T)
ur (©)

Figure 2. SDS micelle represented as a core—shell prolate ellipsoid.
The core has a major axis a and minor axis b, and comprises of
hydrophobic alkyl tails of surfactants and alcohol. The shell has
thickness 6 and consists of surfactant head groups, associated water
molecules, counterions, and hydroxyl groups of alcohols. p, p,, and p;
are the scattering length density of core, shell, and solvent,
respectively. oy is the equivalent spherical diameter of the ellipsoid.

The first term in eq 6 represents scattering due to the micelle
core with volume V. = (47/3) ab? where a is the major and b
the minor core radius. The second term in eq 6 signifies
scattering due to the micelle shell (constant shell thickness &)
of the micelle with volume Vior = (47/3)(a + 8)(b + 8)% j;(u)
denotes first order spherical Bessel function of first kind
expressed by j, () = (sin u; — u; cos u;)/u?, where u; = q [a?f*
+ b2(1 = )12 p,, py and pg are the scattering length
densities of the micelle core, micelle shell, and solvent,
respectively.*®

The structure factor S(gq) was calculated using a Hayter—
Penfold-type potential,52 with mean spherical approximation
and rescaling corrections for low volume fractions, given the
micelle volume fraction, charge on a micelle, and ionic strength
of the solution.

The major fitting parameters to describe scattering from
micelles in the absence of added polymer are the surfactant
aggregation number 7, micelle volume fraction ¢, charge on a
micelle Z, and number of alcohol molecules per micelle 7z The
micelle core radius b was obtained from the Tanford formula
for a fully stretched alkyl chain®® b = 1.5 + 1.265N (A) where
N is the number of carbon atoms in the chain (N = 12 for
SDS). The core volume Vi (A’) was calculated given the
surfactant aggregation number and number of alcohol
molecules per micelle using Vi = nVitgps + neVian, where
Vigpg and Viyy oo are the volume of hydrocarbon chains of the
surfactant and alcohol molecules present in the micelle core,
obtained from Tanford’s formula Vt. = 27.4 + 269N (A®)
using N¢ = 12 for SDS, N = 2 for ethanol, and N = 3 for 2-
propanol. The major micelle core radius a was determined
using the core volume, from which the major to minor radius
axis ratio € was determined. In the occasion (at high alcohol
content) where fixing b = 16.7 A would result in ¢ < 1, the data
were fitted using core—shell sphere (¢ = 1) with equivalent
spherical radius calculated using the same core volume V¢ as
determined before. The total volume of a micelle was calculated
from the core volume V. and the shell volume Vg, considering
volume contributions from head groups, counterions, water
molecules, and polar —OD groups of alcohol present in the
shell, using Vyor = 77 (Vosoz— + (1 —a) Vg, + NHVDZO) +
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k(Vop + NgVp,0) + Vi, where a is the fractional charge on a

micelle defined as Z/n. Ny and Ny are hydration numbers,
number of water molecules associated per molecule of
surfactant headgroup or ethanol, respectively, and were fixed
at Ny = 10 and Ny = 2, following reference 36. V0., Vivass

Vp,0» and Vpp are the molecular volume of head groups,

counterions, deuterated water molecule, and polar —OD group
of the alcohol molecule, respectively. The shell thickness 6 was
calculated iteratively using the total micelle volume and micelle
core volume.

Table 1 presents values of molecular parameters used for
SANS data fittings. Scattering length densities of the core p,

Table 1. Scattering Lengths and Parameters Used for Fitting
SANS Data of SDS Solutions®

species 10° x Zb; (A) v; (A%) 10° X p; (A7?) n>°
Na* 0.0363 8.99” 0.4038 6
0S0;” 0.2602 49.80° 0.5224 4
oD 0.1247 15.80° 0.7895 2
D,0 0.1915 30.194 0.6341
ethanol-d 0.5913 96.99¢ 0.6097
CH, —0.0457 54.30 —0.0841
CH, —0.0083 26.90 —0.0307
CD, 0.2666 54.30 04911
CD, 0.1999 26.90 0.7432
H* —0.0374 - 0.0000

“Xb, is the scattering length of species i (sum of the scattering lengths
of atoms present in the group®*), v; is the molecular volume of species
i, and n; is the number of water molecules associated with each of the
species i. ’Molecular volumes from ref 46. “Molecular volume of —OH
group in ethanol was calculated by subtracting volume of CH;—CH,
from the volume of an ethanol molecule. “Molecular volumes were
calculated from bulk density at 25 °C. Molecular volumes of CH;, CH,
groups are calculated from the Tanford formula.*®

and the shell p, were calculated by the addition of scattering
length contributions of the groups/atoms present (given in
Table 1) and the molar volumes of the micelle core V. and the
shell Vi, respectively. The scattering length density of solvent
p, was calculated utilizing the scattering lengths of alcohol and
heavy water, mole fractions of alcohol present, and the bulk
densities of the solution. The scattering length density of
deuterated alcohol is almost similar to that of D,0O. The
dielectric constant values used for different water—alcohol
mixtures were obtained from the literature.>*

The form factor, structure factor, and, thereby, the overall
scattering intensity profile were calculated using all the fitting
parameters, fixed parameters, calculated micelle dimensions,
and scattering length densities. The fitting procedure, we have
followed is similar to that by Caponetti et al.*® except the fact
that in our study we varied the number of alcohol molecules
per micelle as a fitting parameter, whereas they have deduced
the aggregation number of alcohol from the increase in the
volume fraction of the dispersed (micellar) phase in the
presence of alcohol as compared to that in the “plain”
surfactant case.

SANS Data Analysis: Polymer in the Presence of
Hydrogenous Surfactant. The overall scattering intensity of
polymer + surfactant solution was taken as the additive
contribution of polymer scattering and of surfactant micelle
scattering as shown in eq 75

1(‘1) = IPolymer(q) + Imicelles(q) (7)

The first term in eq 7 represents the scattering due to
polymers associated with surfactants in the case where the
surfactants are deuterated to match out their scattering contrast
with that of the deuterated solvent. The second term represents
scattering due to surfactant micelles either bound to the
polymers or free, depending on the alcohol concentration. At
higher alcohol concentration (20 wt %), micelles detach from
the polymer chains, and the polymer regains its original random
coil conformation which has been captured using the “Debye +
power law model”. The scattering contribution of the
hydrogenous surfactant micelles I,,;.;.(q) was calculated by
subtracting the polymer scattering nglym,s(q) from the
measured overall intensity I(q), and was fitted to the “charged
prolate core-shell model” described in the preceding section.

4. RESULTS AND DISCUSSION

4.1. Polymer in Solution: PEO Conformation. We first
analyze the conformation and clustering of PEO in water
(D,0) in the absence and in the presence of alcohol, but in the
absence of any added surfactant.

Conformation of PEO in Water (No Alcohol). Scattering
profiles from aqueous PEO solutions at room temperature are
shown in Figure 3. With an increase in polymer concentration,

10

1)

Lyl

PEO in D20
H 0.2wt%
® 0.5wt%
A 1 wt%
¢ 2 wt%
—— Debye + Power Law

0.001 T T T T 1T
4 5 6 789 2 3 4 5 6789
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Intensity I1(q) (cm ')

o
<

Fam|
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Figure 3. Effect of polymer concentration on SANS intensity profiles
from aqueous (D,0) solutions of PEO. Markers are experimental data
and solid lines represent fits using the Debye + power law model.

the Guinier region near q = 0.01 shifts toward higher g values
indicating smaller coil dimensions. At 2 wt % polymer, the low
q features become stronger, indicative of formation of larger
clusters.

Table 2 shows the parameters extracted from the SANS data
when fitted with the correlation length model. The Lorenzian
screening length & decreases with an increase in polymer
concentration. The Lorenzian exponents are found in all
samples close to 1.94 reflecting the Gaussian nature of the
individual PEO chains at the temperature considered (25 °C).
In this case, values of radius of gyration for individual polymer
coils (shown in Table 2) can be estimated from & using Rg =
\/ 2&. Using the radius of gyration value (122 A) obtained for
0.2 wt % PEO solution we estimated the overlap concentration
C* = MW/(47R;’N,y/3) X 100 = 2.02 wt %, which indicates
that all the samples of Figure 3 fall in the dilute concentration
range for which the Debye model can be applied. On the other
end, the extent of clustering, as indicated by values of the
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Table 2. PEO Concentration Effect on Parameters Extracted from SANS Data Fits Using the Correlation Length Model.”

PEO concentration (wt %)

0.2
power law scale 137 x 107
(£1.30 x 1079)
power law exponent n 1.65
(£0.00)
Lorenzian scale 0.470
(£0.005)
Lorenzian screening length (A) 87
(£0.0)
Lorenzian exponent m 1.99
(+0.01)
estimated Rg (A) 122
clustering strength at g = 0.004 cm™ 0.124
reduced »* 1.11

0.5 1 2
271 X 107% 3.58 X 107% 529 x 107%
(£1.65 x 107%) (£1.22 x 1079) (£3.60 x 107%)
1.65 1.66 3.05

(x0.01) (x0.00) (x0.13)

0.717 0.765 0.754

(£0.004) (£0.002) (£0.007)

66 47 31

(£0.0) (+0.1) (£0.3)

1.94 1.94 1.94

(£0.00) (+0.00) (x0.01)

94 67 44

0.245 0.342 1.075

1.14 101 1.03

“Values of uncertainties in the fitting parameters are shown below the parameters in parentheses in italics. YReduced y values® were calculated using

x=((1/(N =N, + 1)) Z, [

— ¥M)/6,])"?* where ; is the experimental data, y" is the model prediction, o; is the standard deviation of the

measurement, N is the number of data points, and Nj is the number of fitting parameters.

Table 3. PEO Concentration Effect on Parameters Extracted from SANS Data Fit Using the Debye + Power Law Model

PEO concentration (wt %)

0.2
scale 0.358
(%0.010)
R, (A) 121
(£1.4)
clustering coefficient, A 132 x 107*
(£9 x 107°)
cluster power exponent n 1.34
(£0.02)
clustering strength at g = 0.004 cm™! 0.222
reduced y 1.10

0.5 1 2
0.545 0.559 0.640
(£0.003) (£0.002) (+0.002)

94 66 43

(£0.3) (+0.1) (x0.0)

7.59 x 107 1.60 X 1073 1.06 X 107%
(£3 x 107%) (£2 x 107%) (%1 x 107°)
1.13 1.06 2.06
(+0.01) (£0.02) (£0.00)
0.390 0.554 0.941

1.04 1.12 291

clustering strength calculated at very low q value (q = 0.004
A7"), increases with an increase in polymer concentration.
Hence, data were also fitted with the Debye + power law model
which can provide physically more appropriate values of radius
of gyration of Gaussian coils (Table 3). The obtained radius of
gyration depends on polymer concentration as R, ~ Co o A
similar trend of radius of gyration decrease with increase in
PEO concentration in aqueous solutions has been reported by
Hammouda et al.** for shorter chain PEO molecules (MW 41

500). A decrease in the Lorenzian screening length and an
increase in clustering with polymer concentration were also
observed.

Effect of Alcohol on Conformation of PEO. Figure 4 shows
the effects of alcohol addition on the scattering profiles of 0.5
wt % PEO aqueous solutions. The PEO concentration selected
was 0.5 wt %, well below the overlap concentration where the
clustering strength is relatively low, so that we focus on the
effect of alcohol on individual polymer chains rather than on
the clusters. Whereas the addition of 20 wt % ethanol-d does
not change much the PEO scattering compared to that in plain
water, the addition of similar amount of 2-propanol does. To
our best knowledge, no SANS data for PEO in 2-propanol—
water solutions have yet been reported in the literature.

Scattering data were fitted with the correlation length model
as well as the Debye + power law model, and the extracted
parameters are listed in Table 4 and S, respectively. Ethanol
does not change much the conformation of individual polymer
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Figure 4. SANS intensity profiles from aqueous (D,0) solutions of
PEO (0.5 wt %) in the presence of 20 wt % deuterated ethanol or 2-
propanol. Markers represent experimental data and solid lines
represent the corresponding model fits using Debye + power law
model. (Note: An intensity offset of 10 and 100 has been applied to
SANS data and fits of the ethanol- and 2-propanol-containing
solutions, respectively.)

chains, as seen by minor deviation in radius of gyration or
Lorenzian screening length values from the corresponding
values in the absence of alcohol. 2-propanol on the other hand,
decreases the PEO radius of gyration to 66 from 94 A, which
may indicate local dehydration because of the competitive
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Table 4. Alcohol Concentration Effect on Parameters Extracted from SANS Data Fits Using the Correlation Length Model for

0.5 wt % PEO Aqueous Solutions”

no alcohol

power law scale 271 X 107%

(£1.65 x 107°)
power law exponent 1.65

(£0.01)
Lorenzian scale 0.717

(£0.004)
Lorenzian screening length (A) 66

(%£0.0)
Lorenzian exponent 1.94

(£0.00)
estimated Rg (A) 94
clustering strength at g = 0.004 cm™ 0.245
reduced y 1.14

ethanol-d 2-propanol-d
33 x107% 0.0013
(£2.30 x 107°) (£1.50 x 1075)
1.65 1.06
(£0.00) (£0.00)
0.662 0.269
(+0.010) (+0.002)
67 46
(%0.5) (+0.2)
1.94 2.0
(+0.00) (+0.00)
95 66
0.300 0.516
1.04 1.79

“Values of uncertainties in the fitting parameters are shown below the parameters in parentheses in italics.

Table S. Alcohol Concentration Effect on Parameters
Extracted from SANS Data Fits Using the Debye + Power
Law Model for 0.5 wt % PEO Aqueous Solutions

no alcohol ethanol-d 2-propanol-d
scale 0.545 0.473 0.210
(£0.003) (£0.009) (£0.002)
Ry (A) 94 93 65
(£0.3) (£0.9) (x0.1)
clustering 7.59 x 107* 546 x 107* 0.0015
coefficient, A
(£3x 107°) (242 x 107°) (%20 x 107%)
cluster power 113 1.23 11
exponent n
(x0.01) (£0.02) (%£0.01)
clustering strength at ~ 0.390 0.484 0.516
q = 0.004 cm™*
reduced y 1.04 1.03 1.78

hydrogen bonding of 2-propanol with water present in the
hydration shell of PEO chains.” A similar decrease in the PEO
radius of gyration has been reported in water—methanol
solutions.”” The observed decrease in solvation intensity
(Lorenzian scale) in the water—alcohol system (Table 4)
indicates the water-2-propanol mixture as a more effective
solvent for PEO chains.**

Alcohol addition increases PEO clustering as evident from
higher values of the clustering strength. The amount of clusters
is higher for 2-propanol-water system compared to ethanol—
water. Addition of alcohol enhances hydrophobic interactions
between chain ends which are responsible for higher amount of
clustering.®® The effect of ethanol on the solvation and
clustering of semidilute 4 wt % PEO (MW 42900) solutions
have been studied by Hammouda et al.>* who reported a better
solvency of PEO in water—alcohol mixtures, similar to our
study.

4.2. Surfactant in Solution: SDS Micelles. In order to
establish the effect of alcohol on structure and interactions of
“free” (i.e,, not bound to polymer) micelles, we have performed
SANS on deuterated water—alcohol solutions containing 30
mM hydrogenous SDS but no polymer. To the best of our
knowledge, SANS data on SDS in aqueous 2-propanol
solutions have not been previously reported.

Effect of Ethanol on SDS Micelle Structure and
Intermicellar Interactions. Ethanol effects on SANS data for
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aqueous SDS solutions are shown in Figure S. The correlation
peak reflects repulsive interactions between micelles. The
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Figure 5. Effect of deuterated ethanol on SANS intensity profiles from
30 mM SDS in D,O. Markers indicate experimental data and solid
lines represent fits based on the core—shell prolate ellipsoid form
factor and Hayter—Penfold-type structure factor.

intermicelle distance d can be estimated from the g value at the
peak maximum d = 27/q,. As the ethanol concentration
increases, the intermicelle distances decrease. Since the
surfactant concentration has been kept constant, such a
decrease in d reflects an increase in the micelle number density
which is possible only if the micelles become smaller. The peak
intensity decreases strongly with the addition of ethanol,
indicating weaker electrostatic repulsions between the micelles.

Table 6 summarizes some of the important parameters
obtained by the SANS data fits. Addition of 20 wt % ethanol
leads to a sharp decrease by ~72% of the aggregation number 7
(number of surfactants per micelle), eventually, leading to a
disassembly of the micelles. The micelle size is also reduced as
evident by decreasing values of effective micelle diameter ¢ and
shell thickness 6. Further, the micelle shape changes from an
elongated prolate to a sphere upon addition of ethanol. The
average surface area per surfactant headgroup in a micelle drops
from its initial value of 92.7 A% in the absence of alcohol, to
72.5 A% at 10 wt % ethanol, and then again increases to around
94.3 A® at 20 wt % ethanol. These changes suggest denser
packing of surfactants in the micelle owing to the “co-surfactant
effect” at lower alcohol concentrations, but less dense packing

dx.doi.org/10.1021/jp5023168 | J. Phys. Chem. B 2014, 118, 10725—10739
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Table 6. Parameters Obtained by Fitting SANS Data of 30 mM SDS in D,0 + Ethanol-d Solution (in the Absence or the
Presence of PEO) Using the Form and Structure Factors Described in the Text”

Cg (wt %) n a ¢ x 10° e b (A) e 5 (A) T A 4 red. y
No PEO

0 760 (£01)  0.14 (£0.04) 9.43 (+0.004) 0.0 167 14 49 045 764 1788  10.60

10 443 (£02) 025 (£0.06)  11.96 (£0.018) 200 (£09) 160 10 42 0.40 522 1424 5.94

20 212 (%0.1) 036 (£0.06)  11.82 (+0.025) 120 (£01) 126 10 33 029 419 1126 533

With PEO (0.5 wt %) (Fittings for Is,umae = Ipposh-sps = Ipposd-sos)”
0 79.4 (£0.1) 0.08 (£0.02) 9.43 (£0.004) 0.0 16.7 14 4.9 0.30 100.9 181.5 6.74
20 26.0 (+0.1) 028 (£0.06)  11.82 (£0.036) 12 (+ 03) 134 10 35 029 476 1198 518

“Cy is the ethanol concentration, # the aggregation number (number of surfactant molecules per micelle), & the fractional charge or charge per
surfactant molecule in a micelle, ¢ the volume fraction of the micelles, 7; the number of ethanol molecules per micelle, b the minor micelle core
radius, € the ratio of major to minor micelle core axis, § the shell thickness, and I'; the coupling constant or dimensionless electrostatic interactions at
inter-micelle distance, k™' Debye length, and d inter-micelle distance. Values of uncertainties in the fitting parameters are shown below the
parameters in parentheses in italics font. ®In the presence of PEO, the scattering due to PEO-bound SDS micelles is obtained by subtracting (a) the
scattering intensity from deuterated alcohol—water solutions containing hydrogenous PEO + deuterated SDS from (b) the scattering intensity of the
corresponding solution containing hydrogenous PEO and hydrogenous SDS.

at higher alcohol concentrations because of a “co-solvent
effect” 36:3943,59

Ethanol also affects electrostatic interactions between
micelles as indicated by a decrease in I'}, intermicelle distances,
and surface area per headgroup in a micelle (Table 6). The
charge per surfactant molecule o increases by 157% with
ethanol addition, comparable to the ~130% increase in the
fractional charge a of SDS (45 mM) micelles upon 20 v/v%
ethanol addition reported by Safarpour et al.*®* from
potentiometric measurements. The effective Debye length of
the medium also decreases with ethanol, allowing micelles to
pack more densely.

At the same time as the intermicelle distances and thereby
micelle number density increase with alcohol addition, the
micelle volume fraction initially increases and then stabilizes at
higher ethanol concentrations. Using the micelle volume
fraction ¢ and total surfactant concentration Cgpg we can
calculate the amount of surfactant molecules that are not part of
micelles and, thereby, can obtain the critical micelle
concentration CMCy,,, from the relation CMC,,4 = Cgps
— 1 X 10 n¢p/(NyyVror) (mM), where N,y is Avogadro’s
number. We have also determined CMC values independently
using pyrene fluorescence. Table 7 shows very good agreement

Table 7. Comparison of CMC Values for SDS in Ethanol—
Water Solutions Obtained from SANS Data Fittings and
Fluorescence Measurements (Performed in Our
Laboratory), and CMC Values Reported in the Literature®®

Cp (Wt %)  CMCyroqa (mM)  CMChiyrescence (M) CMCrieraure (mM)
0 7.9 7.8 8.0
10 45 53 40
20 54 5.5 6.0

between CMC values obtained by SANS data fittings and by
fluorescence. The main drop (by ~32%) in CMC is observed at
10 wt % ethanol concentration, indicating the cosurfactant
effect, while by 20 wt % ethanol, the CMC increases marginally
(cosolvent effect).

Additional evidence of whether ethanol is acting as “co-
surfactant” or as “co-solvent” is directly obtained from the
changes in the number of ethanol molecules per micelle 7y
reported in Table 6. The 7 values are in good agreement with
the corresponding values (extrapolated for the surfactant/
alcohol ratios used in our study) obtained by fluorescence
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quenching.*® As shown in Table 6, at 10 wt % ethanol the
number of ethanol molecules that participate in a micelle is
high, supporting the “co-surfactant” effect of ethanol for the
surfactant. However, at 20 wt % ethanol, 17 decreases indicating
a “co-solvent” effect.

The effect of short-chain alcohols on properties of SDS
micelles has been previously studied with SANS by Caponetti
et al*® and Forland et al.*’ but for much lower alcohol
concentration (2% v/v and 7 wt %, respectively) than those
considered in our study. A comparable decrease (about 41%) in
aggregation number upon addition of 20 wt % ethanol in 75
mM SDS aqueous solutions has been reported by Grifliths et
al.® The higher % decrease in aggregation numbers observed in
our study can be attributed to the lower SDS concentration that
we used (30 mM) and correspondingly higher ethanol/SDS
ratio. Similar trends of decreasing SDS aggregation numbers
upon alcohol addition have been obtained by fluorescence.®

Effect of 2-Propanol on SDS Micelle Structure and
Intermicellar Interactions. Figure 6 shows SANS data and
corresponding model fits for SDS aqueous solutions in the
presence of deuterated 2-propanol. A 20 wt % 2-propanol-d
sample shifts the peak maxima from q = 0.044 A™' to q = 0.079
A", a higher shift compared to the case of 20 wt % ethanol-d.

Table 8 lists the parameters extracted by fits to the SANS
data. The aggregation number decreases by 28% per mole of 2-

14
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g 3
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E 5% d-2-Propanol
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Figure 6. Effect of deuterated 2-propanol on SANS intensity profiles
from 30 mM SDS in D,0. Markers indicate experimental data and
solid lines represent fits based on the core—shell prolate ellipsoid form
factor and Hayter—Penfold-type structure factor.
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Table 8. Parameters Obtained by Fitting SANS Data of 30 mM SDS in D,0 + 2-Propanol-d Solution (in the Absence or the

Presence of PEO) Using the Form and Structure Factors Described in the Text”

C, (wt %) n a ¢ x 10° g b (A) £ é (A) I ' (A)
No PEO
76.0 (£0.1) 0.14 (£ 0.04) 9.43 (£ 0.004) 0.0 16.7 1.4 49 0.45 76.4
5 44.8 (£0.1) 0.26 (£0.05) 11.10 (£0.086) 16.5 (£0.1) 16.1 1.0 42 0.42 53.3
10 28.5 (£0.2) 0.39 (£0.04) 12.51 (£0.010) 28.5 (£0.1) 14.6 1.0 3.6 0.37 43.0
20 13.1 (+0.1) 0.47 (+£0.03) 12.78 (+0.040) 15.4 (+0.1) 11.4 1.0 2.8 023 37.5
With PEO (0.5 wt %) (Fittings for Is,uaq = Ipposhosps = Ipeosd-sos)”
20 11.1 (%0.1) 0.62 (+£0.03) 13.28 (£0.086) 15.4 (£0.2) 11.0 1.0 2.7 0.24 325

d(A) red. y
178.8 10.60
146.3 8.75
126.7 7.85
98.2 4.02
93.0 3.34

“C, is the 2-propanol concentration; the various other g)arameters are defined in Table 6. Values of uncertainties in the fitting parameters are shown
below the parameters in parentheses in italics font. “In the presence of PEO, the scattering due to PEO-bound SDS micelles is obtained by
subtracting (a) the scattering intensity from deuterated alcohol—water solutions containing hydrogenous PEO + deuterated SDS from (b) the

scattering intensity of the corresponding solution containing hydrogenous PEO and hydrogenous SDS..

80 0.8 4
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= 3 04
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Figure 7. Effect of alcohol concentration measured in (top panels) wt % and (bottom panels) M on surfactant aggregation number 7 (left panels)

and on fractional charge a (right panels).

propanol-d added, as compared to a 19% reduction per mole of
ethanol added (see Figure 7, panels a and b). Similar to the case
of ethanol, addition of 2-propanol decreases the CMC (by

Table 9. Comparison of CMC Values for

SDS in 2-

Propanol—Water Solutions Obtained from SANS Data
Fittings (This Study) and CMC Values Reported in the

~20%) at the lower concentration examined (S wt %), but the Literature.®
CMC increases again (by ~10%) at the higher 2-propanol
Cy (wt % CMCpyoae (mM CMC e (MM

concentration (20 wt %) (Table 9). The micelles decrease in (vt %) o (mM) tierne (M)
. . c T 0 7.9 8.1
size and change in shape from prolate to spheres as indicated by

. . . . . S 6.3 6.3
the axis ratio €. The switch in micelle shape from prolate to 0 67 68
sphere occurs at about 5 wt % (0.7 M) 2-propanol as compared 20 7' 0 7’ 0
to ~10 wt % (1.9 M) ethanol. Panels ¢ and d of Figure 7 ' '
compare the variation in fractional charge (degree of
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ionization) on a SDS micelle as a function of ethanol-d or 2-
propanol-d concentration. The fractional charge rises by ~78%
per mole of 2-propanol-d added, which is much higher than the
~41% rise per mole of ethanol. This can be attributed to the
lower dielectric constants in 2-propanol solutions.

The intermicelle distances decrease more sharply when 2-
propanol is added compared to ethanol, along with lower
electrostatic repulsions reflected in a drop in coupling constant
(by ~16% per mole of 2-propanol-d added compared to ~10%
for ethanol) and the Debye lengths.

4.3. Nonionic Polymer Affected by lonic Surfactant.
PEO + SDS Association in Aqueous Solutions. We first discuss
aqueous polymer solutions in the presence of surfactant but in
the absence of added alcohol. Figure 8 shows SANS profiles for

o
1

0.01 —

PEO 0.5 wt % in D,O
® 0mMSDS

0001— | m 8mMSDS

A 30 mM SDS

K lpeo 0.5 wi%tlsps 30mm

Intensity I(q) (cm'1)
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Figure 8. Effect of SDS on SANS intensity profiles for aqueous
solutions of PEO (0.5 wt %).

dilute solution of PEO (0.5 wt %) in D,O containing different
amounts of hydrogenous SDS. In the absence of added
surfactant, the scattering from PEO solutions does not show
any correlation peak because of the nonionic nature of this
polymer. However, upon addition of surfactant an interaction
peak in the scattering profile emerges, indicative of surfactant
micelle formation. For 0.5% PEO aqueous solution with 30
mM SDS, the peak maximum gp,, falls at 0.037 A™' which
corresponds to ~170 A distance between micelles either bound
to the polymer chains or free in solution.

The overall scattering includes contributions from both
polymers and surfactants associated in solution. Since we have
obtained independently the scattering profile for 0.5 wt % of
PEO in water and that for 30 mM hydrogenous SDS in water,
we have added these two profiles and compare their sum in
Figure 8 with the scattering profile that we obtained from the
aqueous solution containing both 0.5 wt % PEO and 30 mM
SDS. The scattering profile from the PEO+SDS solution is
quite different than that obtained by summation of scattering
contributions from the individual components. In particular, at
low g values, the PEO + SDS solution exhibits lower scattering
intensity compared to the summed profile. Further, the
correlation peak maximum in the PEO + SDS case falls at a
lower g value compared to the summed profile. This
comparison suggests alteration following polymer + surfactant
association in the conformation of polymer chains and/or the
structure of micelles from their original states in plain water.

Conformation of Polymers Present in Polymer +
Surfactant Complexes. In order to decouple the individual
scattering contributions from polymers and from surfactants
present in these complexes we have utilized contrast matching,

More specifically, changes in the conformation of the
hydrogenated polymer because of possible surfactant binding
can be directly realized by the use of deuterated surfactants that
present negligible scattering contrast with the deuterated
solvent. The scattering contribution from surfactants bound
to polymer can then be obtained by subtracting (a) the
polymer scattering with deuterated surfactant from (b) the
overall scattering from polymer with hydrogenous surfactants as
discussed below.

Figure 9 shows SANS data from 0.5 wt % PEO D,O solution
in the presence of 30 mM deuterated SDS which are “invisible”

1

o
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PEO 0.5 wt % + 30 mM d-SDS in D,O
O 0 wt% d-ethanol (polyelectrolyte like fit)
20 wt% d-ethanol (Debye+power fit)
PEO 0.5 wt % in D,O (no d-SDS)
O 20 wt% d-ethanol (Debye+power fit)
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Figure 9. SANS profiles of 0.5 wt % PEO solutions containing 30 mM
deuterated SDS in D,0 without (O) or with 20 wt % deuterated
ethanol (A). The profile (O) for PEO dissolved in deuterated water +
ethanol (no SDS added) is shown for comparison. Markers represent

experimental data and solid lines represent the corresponding fits to
models denoted in the inset.

0.0001 T T T
4 5 678

oo

with respect to scattering. The interaction peak clearly suggests
a polyelectrolyte-like behavior of the PEO chains owing to the
repulsive interactions between the bound micelles on their
strands. The peak location (gp,,) in the present case coincides
with the one found in the case of hydrogenated surfactants (no
polymer) (see Figure ).

These data were fitted using the polyelectrolyte + power law
type model. The polyelectrolyte model can capture well the
interaction peak at intermediate g, while the power law fits the
data well in the low q range. The power law exponent of 1.68
and power-law intensity I, of 1.06 X 10%cm™" A" indicate

the presence of small amounts of association networks possibly
due to polymer—polymer and/or polymer-micelle-polymer
entanglements.

The degree of ionization of the polymer and the effective
monomer length extracted from the polyelectrolyte model are
0.033 and 6.35 A, respectively. These can be used, together
with the contour length of a surfactant-bound PEO chain
(estimated to 1.34 um for PEO degree of polymerization 2043
and monomer length 6.6 A) to assess the amount of surfactant
bound per polymer chain. The resulting number of effective
surfactant molecules per chain would be ~2108, out of which
~69 molecules would be charged (given a degree of ionization
of ~0.033). Since the charge on a polymer chain arises only
because of the charges of the bound micelles, the number of
micelles bound per polymer chain would be ~6.35, considering
~10.8 charges per micelle (obtained from fits to SANS data of
30 mM SDS in the absence of alcohol). The number of
surfactant molecules bound per polymer molecule would be
~482.5, considering ~76 SDS molecules per micelle.
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Accordingly, the concentration of bound SDS would be ~29.5
mM, which indicates that almost all SDS initially added to
solution is bound to PEO. For 0.5 wt % PEO (M, = 85 000),
Chari et al.*” reported the maximum amount of SDS bound to
PEO at saturation to be about 75 mM on the basis of self-
diffusion NMR and SANS measurements.

In the aforementioned fits to Figure 9, the contrast factor K
was fixed at ~12.4 barns which was calculated using by = 4.13 X
107 %em, bg = 1.92 X 1072 em, vp = 38.9 cm®/mol,® and v =
18.1 cm?®/mol. The scattering lengths were calculated using
additive contributions of scattering lengths from the atoms
constituting monomer or solvent. The polymer monomer
concentration C used was 0.11 M, obtained from the monomer
molecular weight of 44.05 g/mol and 0.5 wt % polymer
concentration. The Bjerrum length for aqueous solution used
was 7.1 A.

Structure of Micelles Present in Polymer + Surfactant
Complexes. As mentioned earlier, the overall scattering
originating from a solution that contains hydrogenated PEO
and hydrogenated SDS includes contributions from both the
polymer and surfactant. Hence, the scattering from the
surfactants incorporated in these complexes can be estimated
by subtracting the scattering due to polymers present in these
complexes (obtained by using deuterated surfactant that is
contrast-matched to the deuterated solvent) from the overall
scattering. Figure 10 shows the subtracted (Igpyact = Iprosh—sps

1

o
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Intensity 1(q) (cm )

0.001 3(no d-Ethanol present in D,O

O IhPEO 0.5 wt% + h-SDS 30 mM ~ Ih-PEO 0.5 wt% + d-SDS 30 mM

O lh-sDs30mM (no h-PEO)

0.0001 T
4

Figure 10. SANS intensity profile (O), reflecting surfactant bound on
0.5 wt % PEO in D,0O, that has been obtained by subtracting SANS
data for PEO with 30 mM deuterated SDS from corresponding data of
PEO with hydrogenous SDS. The experimentally obtained SANS
profile (O) for 30 mM SDS in D,O (in the absence of PEO) is shown
for comparison. Solid lines represent fits using the core—shell prolate
form factor and Hayter—Penfold-type structure factor.

— Ippo.d—sps) Scattering profile of surfactants in the presence of
polymers. The interaction peak in the scattering profile is
located at a slightly higher q value (0.038 A™') indicating
slightly lower intermicelle distances (163 A) for the polymer-
bound micelles as compared to the free micelles (170 A).

To obtain quantitative information on the structure and
interactions of PEO-bound micelles, the scattering profile of
surfactants in the presence of PEO (Igpy..) Was fitted using the
same form and structure factors as for SDS in water in the
absence of PEO. Compared to the free SDS micelles (Table 6),
polymer-bound micelles are slightly larger in size with
aggregation number of 79 (76 for free SDS micelles). The
volume fraction of the micelles in the presence of PEO is higher
than that found in its absence, since in the presence of polymer

the onset of micellization commences at a surfactant
concentration lower than the CMC in the absence of polymer.
On the other hand, the fractional charge of a surfactant in a
polymer-bound micelle is lower as compared to the plain
surfactant case. The lower value of the coupling constant I'; ~
0.30 for polymer-bound SDS as compared to that (~0.45) for
SDS in water indicates lower electrostatic repulsions between
head groups, which may explain the slightly higher aggregation
number observed. It emerges from the above that the structure
of SDS micelles bound to the polymer is not very different from
the structure of free micelles in aqueous solution. Similar
findings have been reported for SDS in water in the presence of
poly(vinylpyrrolidone).®

Effect of Ethanol on Polymer—Surfactant Association.
From the analysis of the polymer conformation and the
properties of bound micelles presented in the previous two
sections, it becomes evident for aqueous solutions without
added alcohol that, when SDS is added to dilute PEO solutions
above a certain concentration, micelles form on the polymer
chain and alter the polymer conformation from Gaussian coil
(typical of a neutral polymer in a good solvent) to that of a
polyelectrolyte (charged polymer) due to electrostatic
repulsion between polymer-bound micelles. The surfactant
micelles associated with the polymer have almost similar
composition as micelles free in solution. These polymer-bound
micelles can reinforce entanglements between multiple polymer
chains, leading to the enhanced extension thickening behavior
that has been observed for PEO—SDS aqueous solutions.®
Having established the structure of polymer and surfactant
associated in aqueous solution, we proceed next to examine the
changes in this structure that can be affected upon addition of
alcohol.

The effect on the scattering profile of adding 20 wt %
deuterated ethanol to a D,O solution containing 0.5 wt % PEO
and 30 mM hydrogenous SDS is presented in Figure 11.
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Figure 11. SANS profiles of 0.5 wt % PEO aqueous (D,0) solutions
in the presence of 30 mM hydrogenated SDS, and in the absence of
added alcohol or in the presence of 20 wt % deuterated ethanol or
deuterated 2-propanol.

Ethanol causes a pronounced decrease in the overall scattering
intensity. The low g region of the scattering profile shows
behavior similar to that from PEO aqueous solution in the
absence of added surfactant. The intermediate g region,
however, shows a peak similar to one found for aqueous SDS
solutions with 20 wt % of ethanol present (see Figure 5). The
peak maximum shifts toward higher g, indicating higher micelle
number density and shorter interaction distances.
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In order to focus on the effect of ethanol on the
conformation of polymers that associate with surfactants, we
employed deuterated surfactants to match their scattering
contrast with the deuterated solvent. Figure 9 shows the SANS
profile of an aqueous solution containing 0.5 wt % PEO and 30
mM deuterated SDS without and with ethanol (20 wt %)
present. It is clear that the polyelectrolyte-like conformation of
PEO (emanating from the bound SDS) is lost upon addition of
20 wt % ethanol, which intimates a complete dissociation of
SDS micelles from the polymer chain. Instead, the scattering
profile from PEO + SDS in water + ethanol appears similar to
the one obtained from PEO in water + ethanol system with no
surfactant present, where the polymer conformation is that of a
Gaussian coil. A similar observation has been reported®
regarding the loss of polyelectrolyte-like nature of the nonionic
polymer poly(vinylpyrrolidone) (PVP) in the presence of 30
mM SDS by addition of 5 wt % ethanol in water. The radius of
gyration of PEO chains in the presence of 30 mM SDS in water
with 20 wt % ethanol was found 84.6 A by fitting the Debye +
power law model to the scattering data of Figure 9; this value of
the radius is slightly lower than that found for PEO in water—
ethanol (no surfactant).

In order to decouple the structure of SDS micelles associated
with PEO in aqueous ethanol solutions, we subtract the
scattering due to polymers present in these complexes
(obtained with the aid of contrast-matched surfactant) from
the overall scattering: (Isupact = Ipposh-sps — Ipeord-sps)- The
scattering profile for micelles in this case (Figure 12a) shows
similarity to that of surfactant solution with no polymers
present. The interaction peak is located at exactly the same g
value (0.069 A™'), indicating the same intermicelle distances.
This scattering profile was fitted using the same model as that
used for SDS—water—alcohol system, and parameters related to
micelle structure and intermicelle interaction were obtained
(see Table 6). In the presence of 20 wt % ethanol, PEO-bound
SDS micelles have a higher aggregation number (26) and lower
fractional charge (0.28) compared to the corresponding values
(21 and 0.36) found for SDS micelles in aqueous solutions in
the absence of PEO (Table 6). Minor variation in SDS
aggregation numbers because of binding with PVP in the
presence of ethanol has been reported by Griffiths et al.” The
structure of SDS micelles in the presence of PEO in aqueous
ethanol solutions has not been previously reported in the
literature.

Effect of 2-Propanol on Polymer—Surfactant Association.
Figure 11 shows the effect of 20 wt % deuterated 2-propanol on
the scattering from D,O solution containing 0.5 wt % PEO and
30 mM hydrogenous SDS. Isopropanol decreases the intensity
of the interaction peak, and shifts it toward higher g values
compared to ethanol. Similar to ethanol, addition of 2-propanol
appears to cause the complete disassociation of micelles from
the polymer, allowing the PEO chains to recover their Gaussian
conformation.

Figure 12b shows the subtracted (Igppar = Ipposh-sps —
Ippo+d-sps) Scattering profile of SDS in the presence of PEO in
aqueous 20 wt % 2-propanol-d solution. The scattering profile
for micelles in this case is similar to that from surfactant
solution with no polymers present (Figure 6). The maximum in
the peak in the scattering profile is located at exactly the same g
value (0.079 A™") indicating the same intermicelle distance (93
A) for micelles in the presence of PEO compared to micelles in
its absence (at 20 wt % 2-propanol). Parameters related to
micelle structure and intermicelle interactions were obtained
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Figure 12. SANS intensity profiles (O) reflecting surfactant bound on
0.5 wt % PEO in D,0 with 20 wt % (a) ethanol-d or (b) 2-propanol-d,
obtained by subtracting SANS data for PEO + d-SDS from
corresponding data of PEO + h-SDS. The experimentally obtained
SANS profiles (O0) for 30 mM SDS in D,O with 20 wt % d-alcohol (in
the absence of PEQ) are shown for comparison. Solid lines represent
fits to the core—shell prolate form factor and Hayter—Penfold
structure factor.

from fits to the same model used for SDS aqueous solutions.
Micelles have aggregation number ~11, fractional charge of
0.62, and around 15 2-propanol molecules in each micelle (see
Table 8). The surfactant aggregation number is much smaller
and the fractional charge much higher in the case of 2-propanol
compared to the corresponding PEO—SDS—ethanol—water
system (26 and 0.28, respectively, as shown in Table 6). The
above results establish that 2-propanol can affect SDS micelles
to a greater extent compared to ethanol, irrespective of whether
PEO is present in the aqueous solution or not.

5. CONCLUSIONS

This study addresses the conformation of a “model” nonionic
polymer, poly(ethylene oxide), in aqueous solutions as affected
by the presence of a common ionic surfactant, sodium dodecyl
sulfate, and subsequent addition of short-chain alcohol (ethanol
or 2-propanol). Structural information has been obtained by
judicious analysis of small-angle neutron scattering data. The
structure and interactions of the SDS micelles in water in the
absence or presence of PEO and in the absence or presence of
alcohol have also been resolved utilizing SANS.

PEO chains of M, = 90000 adopt nearly Gaussian
conformation in dilute aqueous solutions below the overlap
polymer concentration ~2 wt % at 25 °C. The presence of up
to 20 wt % ethanol does not affect much the PEO
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conformation, however, addition of 20 wt % 2-propanol leads
to great reduction (31%) in the polymer radius of gyration.

Profound changes to the PEO chain conformation are caused
from the addition of SDS to dilute (0.5%) PEO solutions.
These changes are attributed to the association of surfactant
micelles with the polymer. The SDS-induced polyelectrolyte-
like scattering behavior of PEO emerged from SANS
experiments carried out with contrast-matched deuterated
surfactant and solvent, and was analyzed using the polyelec-
trolyte + power law model. The results indicate that almost all
surfactant micelles associate to polymer, with approximately 6—
7 SDS micelles bound to each PEO chain. Micelles associated
with polymer are similar in structure and interactions compared
to micelles that formed in aqueous solutions in the absence of
polymer. The parameters that support this conclusion came
from analysis using the core—shell prolate ellipsoid form factor
and Hayter—Penfold-type structure factor of scattering data
from surfactants associated with polymer, data calculated by
subtracting the scattering from polymer with deuterated
surfactants from the overall scattering from polymer with
hydrogenous surfactants.

Addition of alcohol affects both the polymer and the
surfactant present in these polymer—surfactant complexes, and
alters the polymer—surfactant association. Alcohol localizes at
the micelle surface and thus interacts closely with polymers that
bind with micelles. At high (20 wt %) alcohol concentrations,
PEO chains regain their Gaussian conformation following the
dissociation of micelles bound to them. Such a dissociation
offers a molecular-level explanation to the observed decrease in
extension thickening of PEO-SDS solutions at high alcohol
concentrations.® The effect of alcohol on polymer-associated
micelles is analogous to the effect on micelles free in solution.
In the absence of polymer, addition of alcohol in SDS aqueous
solutions leads to a decrease in the aggregation number (by
19% per mole of ethanol), micelle size and intermicelle
interaction, and to an increase in the micelle degree of
ionization (by 41% per mole of ethanol). For the PEO-bound
micelles the surfactant aggregation number shows a 17%
reduction and the fractional charge a 41% of increase per mole
of ethanol-d added.

Isopropanol is more effective than ethanol in influencing the
properties of SDS micelles in aqueous solutions, either in the
presence or in the absence of PEO. For free micelles, the
surfactant aggregation number decreases by 28% per mole of 2-
propanol-d added (compared to 19% per mole of ethanol-d),
while the fractional charge rises by 78% per mole of 2-
propanol-d (41% per mole of ethanol-d). The effect of 2-
propanol-d on PEO-bound micelles is the same in terms of the
surfactant aggregation number of (29% decrease per mole of 2-
propanol-d), but the micelles degree of ionization increases to a
lesser extent (24% per mole of 2-propanol-d).

To the best of our knowledge, this is the first SANS study on
PEO-SDS in water + alcohol solutions, and one of very few
reports that provide structural information for polymer—
surfactant—water—alcohol systems. Further, SANS analysis
results on PEO with M,, = 90000 and on SDS—water-2-
propanol solutions have not been previously reported. The
present study provides a case study of charging a nonionic
polymer in solution and subsequently uncharging it by means
of external additives. It quantifies the effects of alcohol on
polymer+surfactant structure in aqueous solutions, and allows
for direct comparison between ethanol and 2-propanol in terms
of their ability to modulate polymer conformation and micelle

structure and interactions. The fundamental insights provided
here on polymer and surfactant organization in solution, as well
as the specific information on systems that are widely used in
practice, should prove beneficial to applications of complex
fluids in formulations and nanomaterials synthesis.
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