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Abstract Solution behavior of two commercially used
polyether glycols with poly(oxyethylene) (PEO)-poly
(oxypropylene) (PPO)-poly(oxyethylene) (PEO) triblock
composition—Diol (linear) and Triol (star-like)—was stud-
ied, concerning the concentration and temperature effects
until the cloud point (CP). 2-(2-butoxyetoxy) ethanol
(DB) increased their miscibility with water. The structural
study was performed with 25% DB in water, which pro-
duced isotropic solutions at room temperature at all poly-
mer concentrations. Micelle’s formation was only observed
above 40% of polymer, when reversed micelles were
formed. The solvent nuclei of the reversed micelles
increased with increasing polymer concentrations, caused
by dehydration of the PPO chains, then decreased at further
higher concentrations, with completely dehydrated hydro-
phobic chains. When CP is reached, the solvent nuclei are
separated by large polymer domains, without phase separa-
tion. Neither ordered nor gel phase was formed, probably
due to a combination of high miscibility and short hydro-
phobic segments. The study was performed by Small-
Angle X-ray scattering (SAXS) and complemented by
Fourier-transformed infrared spectroscopy (FTIR) and
dynamic light scattering (DLS). The main contribution of
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this work is based on the fact that the knowledge of the sol-
ubility behavior of Diol and Triol, by changing the solvent
or temperature, opens up new possibilities of their use to
phase separation processes in industrial applications and
delivery systems. Moreover, the elucidation of mechanisms
of solubility allows for the design of novel polyether gly-
cols with tailored solution behavior for efficient perfor-
mance in its target use. All applications rely on their
solution behavior and can be benefited from the present
results.
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Introduction

Polyether glycol polymers, formed by the combination of
different polymeric chains, can change their physicochemi-
cal, interfacial properties, and solution behavior when dis-
solved in aqueous solution (Alexandridis and Hatton, 1995;
Booth and Attwood, 2000; Ivanova et al., 2000), presenting
amphiphilic character and self-assembly properties. Special
attention has been devoted to triblock copolymers, which
aggregate in solution in the form of micelles (Brown
et al., 1991; Malmsten and Lindman, 1992; Mortensen and
Pedersen, 1993; Reddy et al.,, 1990; Wanka et al., 1990;
Zhou and Chu, 1988b). In particular, triblock copolymers
with PEO-PPO-PEO structure, where PEO is polyethylene
oxide and PPO is polypropylene oxide, form a big copoly-
mer family, normally called polaxamers, obtained by varia-
tion of chain lengths and PEO:PPO ratio. The micelles
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formed in aqueous solution have a core predominantly
formed by PPO and a corona formed by hydrated PEO
blocks (Mortensen, 1992). Different chain lengths and
PEO:PPO ratio are responsible for different polymer hydro-
phobicity/hydrophilicity (Holmberg et al., 2002), causing a
rich polymorphism of structures formed in water and other
solvents (Alexandridis, 1997; Liu et al., 1997b). The poly-
mer concentration and solvent conditions strongly influence
the micelles shape, size, and phase, as well as the possibil-
ity of formation of ordered and liquid-crystal phases
(Alexandridis et al., 1998; Alexandridis and Hatton, 1995;
Chaibundit et al., 2007; Israelachvili et al., 1976; Lobry
et al.,, 1999). The presence of a co-solvent (Desai et al.,
2001; Ivanova et al., 2000; Pandit and Mclntyre, 1997), salt
(Alexandridis and Holzwarth, 1997; Teixeira et al., 2011),
and temperature variation (Wanka et al., 1994) have a
strong effect on the chains’ hydration and consequently on
the micelles’ shape or phase. Reverse micelles have also
been observed for some copolymer structures, concentra-
tions, and solvent conditions (Alexandridis et al., 1996;
Alexandridis and Andersson, 1997; Chu, 1995).

Several block copolymers, and especially those con-
taining relatively high molecular weight PEO blocks
(Dormidontova, 2004; Kwon and Okano, 1996; Lee et al.,
1995) are biocompatible, and this makes the structures
formed in solution promising for pharmaceutical use, for
surface modification, drug delivery (Allen et al., 1999;
Davaran et al., 2017; Kwon and Okano, 1996; Lee et al.,
1995; Miyazaki et al., 1992, 1995; Sharma et al., 2008b),
and other related applications (see (Alexandridis and
Hatton, 1995) and references therein) Poloxamers are also
good carriers of DNA for gene therapy (Pitard et al., 2002).

The structure used for drug delivery depends on the car-
ried species and on the different administration, that might
be, for example, parenteral (micelles), oral (micellar clus-
ters), or subdermal and topical administration (gel depots)
(Cambon et al., 2014). The performance of drug solubility
and delivery by micelles depends directly on the micelle
sizes, size of hydrophobic cores, and the compatibility of
hydrophobic drugs with the hydrophobic segments. When
gel is used, the system should form a gel at physiological
temperatures (Sharma et al., 2008a).

The behavior of the polyether glycols in selective sol-
vent, primarily in polar aqueous solutions, has been an
important subject in fundamental and applied research
(Cambon et al., 2014; Etampawala et al., 2016; Liu et al.,
1997a; Parekh et al., 2012; Wang and Feng, 2010). Yet,
one of the most remarkable characteristics of polyether gly-
cols is their lower critical solution temperature (LCST)
behavior in polar selective solvents, commonly referred to
as cloud point (CP). The CP of a system containing a poly-
mer is identified as the temperature at which the polymer
becomes extremely hydrophobic and a micro-phase
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separation occurs, causing a sharp decrease in transmittance
of visible light, hence being known as ‘“clouding.” This
point, and the formation of a two-phase system, can be
applied for compounds extraction (Hinze and Pramauro,
1993; Watanabe and Tanaka, 1978).

The phase behavior of polyether glycols in aqueous sys-
tems, in particular the critical “clouding” behavior charac-
terized by the CP is critical to the industrial use of these
polymers in applications such as synthetic metalworking
fluids and foam control especially in biological fermenta-
tion processes. The use of polyether glycols in water-based
metalworking fluids relies on the LCST behavior and the
ability to form concentrated polymer films on the hot metal
surface that contact the fluid during cutting, drilling,
quenching, and other metal-working processes (Brown,
1994). The microphase separation of the polymer-rich
phase enables a lubricant layer for the metal-to-metal con-
tact as the localized surface temperatures rise during the
process, while the aqueous phase provides cooling. Skold
and co-workers (Misra and Skold, 2001); (Bajouk and
Skold, 2003; Misra and Skold, 2000) have indicated that
the mechanisms of phase behavior of polyether glycols
could impact significantly the performance of water-based
metalworking fluids and the proper design of the polymer
could make the polyether glycols even more effective in
this application.

Studies by Németh, Scamehorn, and their co-workers
(Chaisalee et al., 2003; Németh et al., 1998) have observed
a reasonably disseminated description of the foam control
effect of polyether amphiphilic molecules in aqueous sys-
tems, where the coacervates or close packed micelles
formed by the polymers at the micro-phase separation that
occurs at the CP generates a hydrophobic droplet like spe-
cies that destabilizes the interfacial forces by forming dis-
continuous insoluble domains and thus breaking the foam
lamellae and causing foam destabilization. The same mech-
anism of a hydrophobic droplet formed by the poliether
glycol at CP in the lamellae of the foam has been reviewed
by Pelton (Pelton, 2002), where it is suggested as an effec-
tive foam control in fermentation processes, which are quite
challenging foaming systems due to the combination of
high airflow and the abundance of foam stabilizing compo-
nents in broths such as proteins and other cellular structures
or metabolites. Therefore, the more detailed aspects of the
behavior of polyether glycols during CP are fundamental to
the elucidation and improvement of industrial foam control
processes where multi-million pounds of polyether glycols
are used globally.

The CP has been largely studied on linear triblock copol-
ymers (Liu et al., 1997a; Patel et al., 2010a, b; Wang and
Feng, 2010). Few studies include the effect of the function-
ality (number of terminal hydroxyl groups) in the hydration
of PEO groups (Akinshina et al., 2015; Dormidontova,
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2004; Kadam et al.,, 2010). According to Dormidontova
(Dormidontova, 2004), the PEO segments and their termi-
nal groups interact via hydrogen-bonding among them-
selves and with the solvent, and the water molecules also
interact with each other via hydrogen-bonding. The compe-
tition between these interactions (PEO-PEO, PEO-water,
and water—water) is responsible for the decrease of misci-
bility and consequent clouding when the temperature
increases.

The effect of short and long chain alcohols in the misci-
bility of PEO and PPO segments and the consequent forma-
tion of copolymer’s micelles has also been studied and
related to hydrogen-bonding (Parekh et al., 2012).

Particularly for amphiphilic poly(alkylene oxide), such
as PPO-PEO block copolymers, the CP in water and aque-
ous nonionic polar systems has been used as the main char-
acterization parameter of commercial industrial products
(Schonfeldt, 1969). It has been demonstrated that commer-
cially produced poly(alkylene oxides) of the ABA and
BAB types have a clouding behavior in water, which takes
place in a temperature range that can be of several degrees
until a significant cloudiness, measured by light transmit-
tance, is detected (Zhou and Chu, 1988a, 1994). Prior to
clouding, the changes in hydration of the different polymer
segments can cause modifications in the micelles structure
and in the system phase (isotropic, gel liquid-crystalline)
(Wanka et al., 1994). The effect of temperature on the
structural behavior of triblock copolymers has been exten-
sively studied (Davaran et al., 2017; Foster et al., 2009;
Herfurth et al., 2016; Mortensen and Pedersen, 1993; Pillai
et al., 2016). All the cited works observed an increase of
aggregates or micelles size when temperature increased, for
pure (Davaran et al., 2017; Foster et al., 2009; Herfurth
et al., 2016; Mortensen and Pedersen, 1993; Pillai et al.,
2016) and with solubilized drugs (Foster et al., 2009), for
linear (Foster et al., 2009; Mortensen and Pedersen, 1993)
and star-like (Davaran et al., 2017; Herfurth et al., 2016;
Pillai et al., 2016) block copolymers, when direct micelles
were formed.

Some polymers with interesting structure for commercial
applications have poor miscibility with water. To increase
their miscibility, a solution of water and 2-(2-butoxyethoxy)
ethanol is normally used, which has been largely employed
in the characterization of alkylene oxide adducts in the
manufacturing of commercial products. This solvent also
narrows the clouding temperature range, facilitating a more
accurate and sharp detection of decrease in light transmit-
tance (Schonfeldt, 1969).

Given the fundamental importance of the temperature in
the systems that present LCST, either in the aqueous behav-
ior of PPO-PEO copolymers or in its industrial characteri-
zation, it is extremely important to understand and correlate
the molecular structure of the polymers with the structures
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formed in solution. Details of the dependence as a function
of the system concentration, temperature, and the possible
differences in the CP of different structures are certainly
important parameters.

In this work, we investigate two commercially available
PPO-PEO block copolymers produced by Dow Chemical,
with different structures, but having similar PEO:PPO ratio:
Diol (with linear structure) and Triol (with a star-like struc-
ture with three PEO chains).

The aim of this study was to evaluate their behavior in
solution and self-assembly structural phenomena. These
two industrial amphiphilic polyether glycol block copoly-
mers have different chemical structures and close CP tem-
perature. The LCST curves of both copolymers in water
and in a solvent solution of water and 2-(2-butoxyethoxy)
ethanol (ether butyl diglycol) are presented for a large
range of concentrations. The structural behavior of both
polymers is obtained by Small-angle X-ray scattering
(SAXS), Attenuated total reflectance Fourier-transformed
infrared spectroscopy (ATR-FTIR) and dynamic light scat-
tering (DLS) investigations.

Experimental Section
Materials

Two polyether glycols, industrially produced by Dow, Diol
and Triol (Fig. 1a, b) were used as-synthesized in all exper-
iments. Distilled water and 2-(2-butoxyetoxy) ethanol
(DB) by Dow Chemical were used for the preparation of
solvent. The solvent used was prepared with 75% distilled
water and 25% DB and referred to as 25 dB.

Methods
Cloud Point Determination

A Mettler FP900 Thermal System equipped with FP81 C
photocell was used, with light of 24 V-2 W. Samples were
heated at a rate of 5 °C/min, at atmospheric pressure. The
CP was obtained when the visible light transmitted by the
sample decreased by 28%. CP data is reported as an aver-
age of triplicate measurements.

Attenuated Total Reflectance Fourier Transform
Infrared Spectrometry

A Thermo Nicolet Nexus 470 spectrometer with
wavenumbers ranging from 400 to 4000 cm™', with a deu-
terated triglycine sulfate pyroelectric detector, was used.
Samples were kept for at least 2 hours in glass tubes either
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Fig. 1 Chemical structures of Diol and Triol

at room temperature (24 °C), low temperature (—15 °C), or
high temperature (80 °C).

Small-Angle X-Ray Scattering (SAXS)

SAXS measurements were performed at a NanoStar SAXS
System, by Bruker, with two-dimensional detector. The
machine has a microfocus source Genix3D (CuKa wave-
length A = 1.54 A), Fox3D-focusing mirror, and two sets of
scatterless slits, all provided by Xenocs. The obtained 2D
images were integrated azimuthally and corrected for sam-
ple transmission and solvent scattering. The obtained
SAXS data covers a q-range of 0.013-0.33 A™", where q is
the reciprocal space momentum transfer modulus, defined
as g = 4 sin(B)/A, wh ere 20 is the scattering angle and A
the radiation wavelength. The samples were placed in a
glass capillary and the measurements were performed at
room temperature with varying concentration and with tem-
perature control at a fixed concentration of 50%.

Dynamic Light Scattering

DLS measurements were performed using a Brookhaven
90PIlus™ Particle Size Analyzer. The experimental setup
is composed of laser beam with wavelength 657 nm and
the detector positioned at 90° with respect to the incom-
ing beam. Temporal autocorrelation curves were
obtained using standard routines of the acquisition pro-
grams. The experiments were performed in homodyne
mode. The DLS experiment was performed for samples
with 50% Diol/Triol in 25% DB, and temperature rang-
ing from 20 °C to 70 °C.
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SAXS Modeling

Reversed spherical micelles with inner radius polydisper-
sity were modeled, with hard-spheres interaction, by using
the Decoupling Approximation. The scattered intensity is
given by (Kotlarchyk and Chen, 1983; Pedersen, 1997):

1(q)=np P(q)S'(q) (1)

Where g = 4zsind/4 is the modulus of the reciprocal
space momentum transfer, with 26 the scattering angle and
A the radiation wavelength np = conc N4/Ag is the particle
number density with conc being polymer concentration
(M), N, the Avogadro’s number and As the aggregation
number. P(q) is the form factor of core-shell reverse spheri-
cal micelles, considering that the nuclei of solvent are sur-
rounded by the polymer molecules. Thus, the inner part of
the spheres is formed by solvent, surrounded by the hydro-
philic shell (PEO), and the medium is formed mainly by
the hydrophobic part of the Diol(Triol) (PPO). The form
factor is given by (Pedersen, 1997; Teixeira et al., 2010):

P(Q) = <‘(Fcore(Q) +Fshell(‘1))2|> (2)

Where (Pedersen, 1997)

4z R?

;ore(sliell)

F(Q)core(shell) = f

< 3sin (chore(shell) ) - qRL'ure(shell) cos (chure(shell) ) >
3
(chore(shell) )

<pmedium(shell) ) ~ Pshell(core)

(3)
Feore(sheny 18 the scattering amplitude due to the micelles

core (the solvent nucleus in this case) or the shell (the
hydrophilic region of the polymer).
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Reore and Ry, are, respectively, the core and total radius (L5)n(1+ 2,7)2
of the spheres. r= W (12)

Pmedium 18 the electron density of the matrix (in this case,
the PPO segments).

pshet 18 the electron density of the micelles shell, formed
by the PEO segments.

Peore 18 the electron density of the micelle core, in this
case the solvent used (25 dB).

S’(q) is the apparent interparticle structure factor,
given by:

S'(q)=1+p(q)[S(q)—1].

The factor P suppresses the oscillations of the true struc-
ture factor S(q) due to the polydispersity:

2
BILLC)] @
(IF@)P)

The inner radius was considered to be polydisperse, with
Gaussian size distribution:

1 (R— <R>2]

(2r0?)

f(r)= (5)

7l ey

where o is the root-mean-square deviation from the mean
radius and (R) is the average radius.
The above averages are:

(IF@F) = [ IFt@n s ©)
and

0 2
(F(g))2= jo Fla.nf(r)dr| - )

As the micelles are not charged, we used the Percus
Yevick hard-sphere interaction (Kinning and Thomas, 1984):

1
SO 2mcayay ®)

A = 2qRygs, Rpys is the interaction (hard sphere)
radius, and

G(A)= % <sinA—AcosA) + % (2AsinA + (2 —A%) cosA —2>

+2(=A* cosA+4 [(3A2=6)cosA

A5
+ (A% —6A)sinA +6]) 9)
where
a=(1+2'7)2/(1_,7)4 (10)
ﬂ:—f»,(nwz)z/(]_v)z; (11)
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and 5 = 47R>np/3 is the hard-sphere volume fraction and
np is the particle number density.

A fraction of interacting micelles in solution was
included in the total scattering intensity, which corresponds
to a polydispersity of the interaction radius. Thus, the total
intensity was calculated, allowing the possibility of interac-
tion between a fraction of the micelles in solution (Teixeira
et al., 2010):

1(q)=BG+SFxP(q) (1+frS(q)) (13)

As the experiments were not performed in absolute scale,
we include the term SF = scaling factor, which accounts for
the particle number density and the scale differences
between the experiment and the absolute unit. BG is a flat
background noise. fr is the fraction of the micelles that take
part in the interaction. The modeled function was written
and fitted with the program Igor Pro (WaveMetrics, http://
www.wavemetrics.com), version 6.37, using the least-
squares method.

The input parameters are:

BG = constant background

SF = overall scaling factor

Reore(A) = inner radius = radius of the solvent nucleus

Rypen(A) = total radius of the sphere = Rpar + thickness
of the polar region

Pshell = electron density of the polar region (PEO). It was
initially calculated from the number of electrons and vol-
ume of a PEO chain. This value was used as starting value,
which was then left free to be fitted.

Peore = €lectron density of the solvent (micelle nucleus).
It was calculated from the number of electrons and volume
of water and 2-(2-butoxyethoxy) ethanol molecules,
weighed by their concentration (75% water:25%
2-(2-butoxyethoxy) ethanol). This value was kept constant
during all the fitting procedure.

Pmedium = electron density of the (PPO). It was initially
calculated from the number of electrons and volume of a
PPO chain, which was used as starting value and then left
free to be fitted.

conc = solvent concentration (M), as the micelles are
reverse

Rys = interaction (hard sphere) radius

Gpolycore = roOt-mean-square deviation from the mean
radius (of the inner (solvent) radius)

fr = fraction of interacting micelles

As peore 18 known and fixed, the electron densities
of the shell and medium are scaled by their contrast
with peore. Therefore, the values are reliable and
meaningful.

WILEY AOCS&
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The concentration of the sample was calculated from the
mass percentage of polymer in solution. As the micelles are
reverse and the concentration is used to calculate 1 (volume
fraction of hard-spheres), the concentration of solvent in
Molar is used as input parameter. The amounts of water
(75%) and DB (25%) were considered for the molecular
weight calculation. This parameter was kept constant dur-
ing the fitting procedure.

BG and SF were initially fitted and an average was chosen
to be the same constant value for the whole set of curves

Reores Renells Pshetls Pmedium» Ress Opolycore and fr were fitted

From 6p01ycore, the inner radius polydispersity was calcu-
lated (8core = Ocore/Reore)

Results
Cloud-Point

Initially, the CPs of Diol and Triol in distilled water were
determined. The CP in pure water occurred at quite low tem-
peratures (Table 1), indicating very high hydrophobicity of
Diol and Triol. To increase the CP, a solution containing
25% of 2-(2-butoxyetoxy) ethanol (ether butyl diglycol) in
water was used throughout (25 dB). The CPs of Diol and
Triol for concentrations of 3-99% in 25 dB are shown in
Table 2. The transmittance curves are shown in Fig. S1. The
CP temperature decreases up to concentrations of 25% Diol,
where it reaches a minimum, and increases after 35% Diol.
At 90% and 95% Diol, the temperature at which the solution
transmittance decreased was not sharp; therefore, the values
were not presented. For 97%, the CP was not even observed.
When the solutions are left at rest for a long time, a phase
separation occurs immediately above the CP temperature.
The CP temperatures obtained for Triol followed the same
trend, and the values were very close for both systems.

Attenuated Total Reflectance Fourier
Transformed Infrared

The ATR-FTIR spectra of polyether glycols Diol and Triol
are shown in Fig. S2. The wavenumbers related to the

Table 1 Cloud points of Diol and Triol in distilled water

Polyether glycol mass % Cloud point (°C)

Diol Triol
0.5 34.3 32.4
1.0 314 28.7
25 27.8 25.4
5.0 23.8 22.5
10.0 223 21.3

WILEY AOCS&

Table 2 Cloud points of Diol and Triol in 25% of 2-(2-butoxyetoxy)
ethanol in water (25 dB)

Polyeter glycol (Mass %) Cloud point (°C)

Diol Triol
3.0 73.7 -
5.0 67.8 67.1
10.0 59.5 58.9
20.0 54.7 53.6
25.0 54.9 53.1
35.0 54.9 54.7
40.0 56.9 55.8
50.0 63.6 60.5
60.0 68.5 64.8
70.0 72.4 68.3
80.0 75.0 70.0
90.0 - -
95.0 - -
97.0 Not observed Not observed
98.0 Not observed Not observed
99.0 Not observed Not observed
99.5 Not observed Not observed

vibrational spectra of the different groups present in the
sample were identified: a broad peak between 3100 and
3700 cm™", due to the stretching of the O—H groups from
water, 2-(2-butoxyetoxy)ethanol and the hydroxyl groups
at the end of the polymer chains; the stretching of the
C—O—C of the polyether chains at 1100 cm™'; the vibra-
tion of the C—H chains; bending vibration of O—H groups
at the end of the chains and the hydrogen bond of the water
molecule, near 1650 cm™! (Bayly et al., 1963; Shen and
Wu, 2003; Zhang et al., 2008b). All these observed regions
are in agreement to what is expected for aqueous solutions
of PEO-PPO-PEO copolymers (Guo et al., 2000; Jia et al.,
2010; Su et al., 2002a, b).

The analysis of the data was qualitatively performed due
to the low spectral resolution. The stretching of the C—O
groups is known as an indication of micelles formation (Jia
et al., 2010; Su et al., 2002b). As the water content is not
high, and as the PEO groups have more affinity with water,
the hydrophobic PPO chains, which are more abundant in
our samples, would tend to be located at the surrounding.
Thus, we infer that the micelles in the present system are
reverse. No significant difference was observed between
Diol and Triol, which is expected, as both have the same
groups.

Dynamic Light Scattering

The results obtained by DLS for Diol showed correlation
times in the range of decimals of microseconds from 20 °C

J Surfact Deterg (2021) 24: 783-800
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to 55 °C, increasing with temperature, becoming much
higher from 60 °C on, reaching units of microseconds. At
70 °C, the correlation curve rises up, indicating the pres-
ence of very large particles in solution. The correlation cur-
ves for Triol present longer correlation times, which also
increase with temperature and become considerably high
already at 55 °C, showing that the particles are growing. At
70 °C, the particles are even larger, as the correlation curve
moves up. The correlation curves of Diol and Triol for all
measured temperatures are shown in Fig. S3.

SAXS
Concentration Dependence

SAXS curves at room temperature were obtained for polymer
concentrations ranging from 5% to 95%, but no intensity was
detected for concentrations lower than 40%. Thus, analysis
was performed for 50% on. The curves are shown in Fig. 2,
in the same arbitrary units for both measurement sets.

0.25 —
a .
A Diol X 50 %
—~ 020 3 O 60%
= hE A T0%
S ' ® 80%
> 1% s 4 m 9%
= 3‘ - | 95%
m -
c 010 o
g e
c 5
- 0.05-—
0.00 — | | IS
005 0.10 0.15 020 0.25 0.30 0.35
A
q(A)
0.25 — N Triof
% ri
. ° X 50 %
~ 0.20 — :& O 60%
S - A T0t%
S iy ® 80%
g 0.15 — ] B 90 %
= : ] | 95%
2 0104 S
[ o g 2%a
< § o
= 0.05-— 8
0.00 |_= I I I _ﬁ_—#r
0.05 0.10 0.15 020 025 0.30 0.35
-
q(A)

Fig. 2 SAXS curves for Diol in 25 dB (left) and Triol in 25 dB
(right)
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For both systems, an increase in intensity is observed
between 50 wt% and 80 wt%, where it reaches its maximum
value, then decreases and shifts toward higher g-values. The
intensities at each concentration are close for both systems,
except for 95 wt%, which is lower for Diol. As the polymer
concentration is very high, reverse micelles were considered.
The spherical shape fitted properly the micelles in the system.
Attempts to fit the form factor of direct spherical micelles
and elongated structures were made, leading to unreasonable
parameters (results not shown). Thus, intensity of reverse
spherical core-shell micelles with hard-spheres interaction
was fitted to the curves, where the PPO hydrophobic seg-
ments were considered as the outer medium and the PEO
hydrophilic groups as the outer part of the micelles surround-
ing the inner solvent cores.

The fitting results for Diol and Triol at room temperature
are shown in Figs. 3 and 4, respectively, and the fitted
parameters in Tables 3 and 4, for Diol and Triol, respec-
tively. The inner micelle radii increase from 50% to 80% of
polymer (for both polymers), decreasing at 95%. The core
radius is bigger for Triol, for practically all concentrations.
The total micelle radius (Rge) is almost constant, up to
80%, decreasing at 90% and 95%.

The electron densities of the hydrophilic and hydrophobic
segments are very close, but distinguishable within the error
bars. Their variation with concentration is shown in Fig. 5.
Figure S4 shows the theoretical intensity calculated with the
parameters obtained for the sample with 50% Diol, for a
core-shell structure, compared to the intensity calculated for
homogeneous particles with the same parameters, showing
the effect of the small electron density differences. The
interaction radius is constant up to 80%, starting to decrease
at 90%, for Diol and Triol, being very close to the total
radius and, although within the error bars, slightly smaller
in some cases. It might happen as the polymer chains are
flexible and can be interpenetrated. At 90% and 95%, the

fraction of interacting hard-spheres decreases, as little sol-
vent is available. The polydispersity of the core (solvent)
radius oscillates, having the highest value at 95%. However,
as we do not have enough accuracy to determine how much
water there is in the polymer chains, it is not reasonable to
speculate about precise radius or polydispersity. Instead, we
shall only take the general trend, as to say, at higher poly-
mer concentration, the system tends to be more polydisperse
than at lower polymer concentrations. Both systems, Diol
and Triol, are very similar at room temperature.

Temperature Dependence
SAXS curves were also obtained for the concentration of
50 wt% of Diol in 25 dB at 25 °C, 50 °C, 60 °C, and

70 °C, and are shown in Fig. 6. As the temperature
increases, the oscillation “peak” becomes asymmetrically
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Fig. 3 SAXS curves of Diol (symbols) with fitted intensities (lines)

broader toward higher q, whereas its maximum is seen
almost like a shoulder and moves to lower g-values as the
temperature increases.

The fitted curves and the obtained parameters are shown
in Fig. 7 and Table 5, respectively. The values of R ... and
Rgnen Obtained for the temperature-controlled run are higher
than those obtained at room temperature, even at 25 °C. As
the room temperature was not controlled, it might have been
different from 25 °C. Besides, there might also be some
fluctuation in concentration, as both series correspond to dif-
ferent sample preparations. Therefore, comparisons are
made only among curves belonging to the same set of mea-
surements. As the temperature increases, R... decreases
and the interaction radius (Ryg) increases, whereas Ry
does not show any special tendency, having similar values
at 25 °C and 70 °C.

WILEY AOCS&

The electron densities of the PPO medium and polar region
(Table 5 and Fig. 5) are very close. The difference between
them become very small at 50 °C and above (see Fig. 5 — bot-
tom). The PEO chains, hydrophobic at higher temperatures,
shrank and, for being so short, are close together with the
hydrophobic PPO chains. The micelles’ shell corresponds to a
transition layer between the solvent core the hydrophobic
medium, being no longer well-defined. Polidispersity of the
solvent core (8.re) is negligible, except at 70 °C.

Discussion

Diol and Triol have a low PEO:PPO ratio and tend to be
quite strongly hydrophobic, reaching the CP at room

J Surfact Deterg (2021) 24: 783-800
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Table 3 Parameters obtained from the fittings of the samples containing Diol in 25 dB at room temperature, at different concentrations
50% 60% 70% 80% 90% 95%
Reore (A) 172+ 0.2 175+ 0.5 182+ 0.2 18.0+0.2 18.6 = 0.1 14.1 £ 0.1
Rypen (A) 59+1 60.6 + 0.3 60.7 £ 0.5 60.0 + 0.5 56 +1 49 + 1
Pshell (el/A%) 0.3511 + 0.0008 0.3557 + 0.0002 0.3570 £ 0.0002 0.3615 + 0.0001 0.3604 + 0.0002 0.3690 + 0.0002
Pmedium (el/A%) 0.3500 + 0.0001 0.3539 4+ 0.0001 0.3539 + 0.0002 0.3585 + 0.0002 0.3584 + 0.0002 0.3676 + 0.0002
Rys (A) 60 + 1 60 + 1 60 + 1 59+1 58+ 1 54+1
Score 0.109 £+ 0.017 0.120 £ 0.017 0.143 £+ 0.006 0.139 + 0.017 0.134 + 0.016 0.191 +0.014
fr 1 1 1 1 0.9+ 0.1 0.34+0.1

Reore, inner radius (inner solvent core); Ry, total radius, including the hydrophilic radius; pghen, €lectron density of the hydrophilic (PEO) part;
Pmedium» €lectron density of the hydrophobic medium (PPO); Ry, interaction radius; d.qre, polydispersity; fr, fraction of interacting micelles; pcores
0.333 electrons/A>.

J Surfact Deterg (2021) 24: 783-800
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Table 4 Parameters obtained from the fittings of the samples Triol in 25 dB at temperature, at different concentrations

50% 60% 70% 80% 90% 95%

Reore (A) 17.1 £ 0.1 187402 21.0 £ 03 20.7 + 0.2 20.1 £0.1 154 4+ 0.1
Rypent (A) 60.1 £ 0.3 61.6 + 0.4 61.0 £ 0.3 61.0£0.5 56+ 1 51.8£0.5
Penent (eI/A) 0.34675 £ 0.00005  0.3500 £ 0.0001  0.3497 + 0.0001  0.3539 &+ 0.0001  0.3572 £ 0.0001  0.3650 = 0.0001
Pmedium (VA 0.34550 &£ 0.00005  0.3480 £ 0.0001  0.3470 + 0.0001  0.3510 & 0.0001  0.3557 + 0.0001  0.3633 £ 0.0001
Rus (A) 61+ 1 61+ 1 61.1 +0.5 60 + 1 59+ 1 56.2 £ 0.7
Seore 0.175 £ 0.012 0.123 £ 0.011 0.133 & 0.005 0.097 & 0.005 0.060 = 0.005 0.188 + 0.007
fr 1 1 1 1 0.76 £ 0.03 0.30 & 0.05

Reore, inner radius (inner solvent core); Ry, total radius; including the hydrophilic radius; pgpen, electron density of the hydrophilic (PEO) part;
Pmedium» €lectron density of the hydrophobic medium (PPO); Ryg, interaction radius; d.ore, polydispersity; fr, fraction of interacting micelles. pcores

0.333 electrons/A>.
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temperature at 10% in water. The addition of 25% of the
glycol ether butyl diglycol (DB) to water considerably
increases their hydrophilicity and consequently their CP up
to 75 °C (Diol) and 70 °C (Triol) at 80%, allowing the
presence of micelles in solution up to very high copolymer
concentrations, preventing turbidity and phase separation.
CP of Triol is close to, but always lower, than Diol.
Herfurth et al. (2016) also observed lower CP for star-like
copolymers in comparison to linear copolymers. The struc-
tures (micelles and ordered structures) formed by triblock
copolymers depend on the copolymer structure, on the
PEO:PPO ratio and the solvent quality. The low PEO:PPO

WILEY AOCS&

ratio favors the formation of micelles with negative curva-
ture (reverse, with curvature toward the polar part).
Pluronic 192 (EOgPO4EOg) and Pluronic L122
(PEO;PPO,(,PEO;;) also formed reverse structures in
aqueous solution (Svensson et al., 1999) at high polymer
concentrations, although direct micelles were observed at
low concentrations. But both L.92 and L122 have longer
PPO chains than Diol and Triol, which most affects the
micelle formation.(Alexandridis et al., 1994) Here, the
shorter PPO chains favored the negative curvature. Besides,
non-polar solvents, with strong tendency to swell the PPO
chains, are able to promote the formation of reverse

J Surfact Deterg (2021) 24: 783-800
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Fig. 7 SAXS curves (symbols) of 50% Diol in 25 dB at different temperatures, along with fitted intensities (lines)

structures (Svensson et al., 1998). Especially, the mixture
of a PPO resembling solvent in water increases the misci-
bility of the whole molecule, being the reason why micelles
were not observed at concentrations as high as 30 wt%, as
the whole molecule is well hydrated. When the copolymer
concentration increases, PPO becomes hydrophobic, segre-
gation between PEO and PPO chains occurs, and the
micelles are formed. At this high concentration, the short
PEO chains promote the formation of reverse micelles.

The variation of the three radii (R, Repens and Ryg)
with polymer concentration can be easily followed in Fig.

J Surfact Deterg (2021) 24: 783-800

8, for Diol and Triol. Starting from the highest polymer
concentration, decreasing from 95% to 80% the small cores
formed mainly by solvent increase when the amount of sol-
vent increases, accompanied by an increase in the interac-
tion radius. With further increase in solvent concentration
(decreasing polymer concentration from 70% to 50%), the
micelles radius slightly decreases, whereas the interaction
radius is almost constant. As more solvent is present one
would, in principle, expect the solvent radius to increase.
However, the chains have flexibility to be loose or more
compact, and can be shrunk or more extended, depending
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Table 5 Parameters obtained from the fittings of the sample 50% Diol in 25 dB at different temperatures

25°C 50 °C 60 °C 70 °C

Reore (A) 0 220+ 023 223 +03 13.6 £ 0.1
Rypen (A) 78+ 1 84+ 1 7142 77+ 1

Phert (el/A3) 0.3420 + 0.0002 0.3418 + 0.0001 0.34227 + 0.00001 0.35584 + 0.00002
Pmedium (€VAY) 0.3410 + 0.0002 0.34157 £ 0.00002 0.34201 + 0.00001 0.35555 + 0.00002
Rus (A) 81+ 3 95+ 4 100 + 3 105 + 2

Score XX XX XX 0.291 4+ 0.003

fr 1 1

1 1

Reore, inner radius (inner solvent core); Ry, total radius; including the hydrophilic radius; pgpen, electron density of the hydrophilic (PEO) part;
Pmedium» €lectron density of the hydrophobic medium (PPO); Rys, interaction radius; 8.ore, polydispersity; fr, fraction of interacting micelles. The
items marked as xx are negligible (error higher than the corresponding value); peore, 0.333 electrons/A>,
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Fig. 8 Left. Core, total and interaction radii as a function of polymer concentration right. Core and interaction radii as a function of concentration.

Up, Diol; bottom, Triol

on the hydration they are exposed to, and also on their
hydrophobicity, which depends on the solvent conditions
(presence of ions, temperature, co-solvents). At 50% of
polymer, there might still be a certain amount of solvent
hydrating the corona chains and even the PPO chains,
which should be swollen. As the polymer concentration
increases to 70-80%, the solvent is gradually expelled from
the chains, which shrink, resulting in a slightly higher inner
radius, while the distance between centers remains practi-
cally constant, with more compact chains. Above 80%,
there is too little solvent in the sample, so the inner radius
decreases and the chains shrink further, shortening the

WILEY AOCS&

distance between solvent spheres. The chains shrinkage is
in agreement with the increase in their electron density,
observed in Tables 3 and 4 and Fig. 5. The increasing dif-
ference between the electron densities of the PPO medium
and the shell with increasing concentration also shows a
gradual separation of the shell and the highly dehydrated
medium: from well hydrated polymer when micelles start
to be well observed at 50% until complete dehydration of
the medium when the concentration increases and the sol-
vent is expelled. SAXS curves for 100% Diol and 100%
Triol showed the features of core-shell structure and could
only be fitted with two-electron density spheres, clearly

J Surfact Deterg (2021) 24: 783-800
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indicating a separation of the PEO and PPO chains
(Fig. S5). Segregation of different parts of block copoly-
mers and the decrease in the amount of solvent in the
hydrophobic segments have already been observed by other
authors (Etampawala et al., 2016). A decrease in the frac-
tion of interacting micelles from unity for the highest
concentrations suggests that the cores are not equally
distributed in the sample volume.

Temperature Dependence

The PPO blocks are more hydrophobic, and responsible for
the micelles formation (Alexandridis et al., 1994) at a con-
stant concentration, when the temperature increases. At
moderate temperature, the PEO groups are hydrophilic, but
its hydrophilicity decreases as the temperature increases
and both blocks become more hydrophobic (Holmberg
et al,, 2002). Then, the polymer region grows fast and
finally phase separates from the aqueous phase at the
CP. The core radius decreases when the temperature
increases (Table 5). The total radius varies without any par-
ticular tendency. The tiny difference between the electron
densities of the PEO and PPO chains (Fig. 5) become even
smaller at higher temperatures, making it hard to distin-
guish the interface between these two regions. The increase
in the electron densities with the temperature indicates a
shrinkage of the chains due to dehydration. The interaction
radius increases at higher temperatures, showing the forma-
tion of big polymer domains separating the small solvent
nuclei, which become farther apart from each other.

Our samples were neither viscous nor birefringent, as
usually expected for high concentrations and/or high tem-
peratures (Agrawal et al., 2007; Chaibundit et al., 2007;
Israelachvili et al., 1976; Lobry et al., 1999; Park and Char,
2004; Tew et al., 2005; Zhang et al., 2007, 2008a), indicat-
ing that neither ordered nor liquid crystalline phases were
formed. Phase transition concentration and temperature
depend on the combination of the PPO size and the PEO:
PPO sizes ratio. Several works observed ordered phases of
block copolymers in aqueous solution (Chaibundit et al.,
2007; Israelachvili et al., 1976; Lobry et al., 1999), but the
polymers reported have longer hydrophobic and much lon-
ger hydrophilic chains than Diol. Viscous solutions have
also been obtained (Chaibundit et al., 2007), even at low
polymer concentration (Herfurth et al., 2016), and usually
when ordered phases are present (Ghaouar et al., 2016), for
copolymers with longer chains, especially long PEO chains.

Gel phase formation and CP strongly depend on the sizes
and relative ratios of PPO and PEO chains. Diol has short
PPO chain size (30 monomeric units) and extremely short
PEO (two chains with 7 units). The PEO:PPO ratios are
0.47 for Diol and 0.41 for Triol. The polymers studied in
the cited works have much higher PEO:PPO ratios.

J Surfact Deterg (2021) 24: 783-800

Whereas PPO size mainly affects the micelle formation
(cmc and cmt) (Alexandridis et al., 1994), the CP is mainly
affected by the size of the PEO chains, which, in our case,
is smaller than all of the cited copolymers. Such small PEO
chains are responsible for the low CP of Diol (22.3 °C) and
Triol (21.3 °C) in water at 10%. The 25 DBD increases the
CP to 59.5 °C for Diol and 58.9 °C for Triol, at 10%, as
the solvent can easily penetrate the PEO and PPO regions.
The good hydration of the whole molecule and the low
PPO and PEO contents in the molecule, is probably respon-
sible for the absence of an ordered or gel phase, when the
concentration increases. The formation of reverse micelles
can also be inferred by the increase in the CP at 40% and
higher polymer concentrations (Table 2), that happens for
both, Diol and Triol. From this concentration on, as the
amount of solvent in the system decreases, the CP only
increases. In systems containing direct micelles, the
micelles sizes increase with temperature, becoming very
big near the CP. In this case, as the micelles cores are
formed by the solvent, their size decreases, becoming much
smaller at 70 °C, at the same time that the interaction
radius, Ryg, increases (Table 5). It means that the polymer
domain surrounding the solvent cores increases. The
increasing electron densities of the chains suggests that
they are more compact with water expulsion and occupy
more space (decrease in solvent core radius) and one can
dare to think of an equivalence to a phase separation, as the
solvent cores are further apart. The separation between
polymer and solvent might occur non-homogeneously
within the sample, creating different core sizes and dis-
tances, which can cause a poor fitting quality of the curves
for intermediate q-values.

As the PPO chains form the medium outside the solvent
cores, they are entangled in an almost solvent free medium,
and the samples are not viscous, except at the CP. In the
work of Chaibundit et al. (2007) the viscous phase is due to
the entanglement of the chains in the water medium. Pure
(100%) Diol and Triol are gels, but the sample studied with
temperature variation at the present work is at 50%, in a
PPO-friendly solvent. Some ocular observations were made
in samples at 10% and 50% Diol, in solvents containing pure
water, 5% of 2-(2-butoxyetoxy)ethanol (5DB), 10%
2-(2-butoxyetoxy)ethanol (10 dB) e 25% 2-(2-butoxyetoxy)
ethanol (25 dB), that were heated with a loose temperature
control. At 10% Diol, increasing contents of glycol in water
makes the samples more homogeneous and increase the tem-
perature at which it becomes turbid. On the other hand, the
sample with 50% Diol is isotropic and homogeneous even in
pure water. This might be because the micelles are reverse at
50% and the matrix medium is formed by (still hydrated)
polymer. In 25 dB all samples were isotropic, non-birefrin-
gent, at all temperatures just below the CP. Fig. 9 illustrates
the trend of the changes that take place in the system with
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50%

Fig. 9 Schematic illustration of the structural features of the copolymers in 25 dB at different concentrations. Left up: 50%; left bottom: 80%;

right up: 95%

concentration variation. At 50% of polymer the chains are
well hydrated, with well extended PPO chains forming the
medium around solvent cores. As the solvent is present all
over the system, the inner solvent cores are small. As the con-
centration increases up to 80%, the solvent is expelled from
the hydrophobic medium, increasing the size of the inner
core, and the flexible chains shrink, keeping the distance
between solvent cores unchanged. At extremely high poly-
mer concentration (90% and 95%), there is too little solvent
in the system, so that the micelles cores become very small,
the polymer chains shrink further and the distance between
micelles decreases. Fig. 10 illustrates the structural changes
in the system as a function of temperature, at a constant poly-
mer concentration of 50%. From 25 °C to 60 °C, the cores
and total micellar radius decrease slightly and the main
change is the increase in the distance between solvent cores.
The space between the cores is filled by the polymer chains.
At 70 °C, the solvent cores are very small and farther apart,
with a higher polymer amount occupying the space between
the cores.

Karlstrom calculated the phase diagram of the PEO-water
system by using Flory-Huggins theory and concluded that
the peculiar behavior of the triblock copolymers in increasing
temperatures is a consequence of modifications in the PEO
structure as a function of temperature changes and that differ-
ent conformations of the polymer promote different interac-
tion with the solvent (Karlstrom, 1985). Another model
proposes that the local structure of the solvent changes with
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temperature (Kjellander, 1982; Kjellander and Florin, 1981).
Later on, Lindman and Karlstrom concluded that it is not
possible to determine which of the above proposed models
can explain the behavior observed experimentally (Lindman
and Karlstrom, 2009) and possibly both mechanisms might
occur. However, conformational changes of PEO chains,
from more polar at low temperature to less polar at high tem-
perature were observed by NMR already in the 70s (Viti and
Zampetti, 1973). Nevertheless, all the results converge to the
fact that PEO chains are hydrophilic at low temperatures and
dehydrate and shrink at high temperature. It is known that
addition of alcohol to water modifies its local structure
(Nishikawa et al., 1987). It is far beyond the scope of this
work to study the theoretical origin of the change in the mis-
cibility of the polymers, but the water—water and water-
polymer interactions might have been modified by the pres-
ence of the 2-(2-butoxyetoxy) ethanol. Short chain alcohols
like ethanol and methanol are also very good solvents for
block copolymers, but they suppress the formation of
micelles and the CP (Parekh et al., 2012). In addition, the
increasing hydrophobicity of the PPO chains and defined sep-
aration between the different chains when the polymer con-
centration increases might be caused by the competition
between polymer-solvent and polymer-polymer interactions,
being the last one favored when the number of polymer
chains is higher than solvent molecules.

Thus, the use of a solvent which has affinity for both
parts of the polymer, together with a particularly small

J Surfact Deterg (2021) 24: 783-800
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Fig. 10 Schematic illustration of the structural features of the 50% Diol in 25 dB at different temperatures. Up left: 25 °C; up right: 50 °C; bot-

tom left: 60 °C; bottom right: 70 °C

PEO chain, increased the CP, at the same time it prevented
the formation of gel and viscous phase and precipitation for
the highly concentrated system.

The aim of the present work was to characterize the
structural behavior of the two block copolymers in the pres-
ence of a solvent containing water and dibutyl diglycol.
Micelles were only observed for high polymer concentra-
tions, small structural changes occurred between 50% and
95% of polymer in solution at room temperature, no
ordered phases were formed and the samples were not vis-
cous. Deeper structural changes occur near the CP. The CP,
in 25 dB, increases with concentration above 50%. The
control of the sizes and viscosity is important in the produc-
tion of structures for drug delivery (Cambon et al., 2014).
25 dB narrows the CP temperature range, favoring the
quality control of the polyether glycol, in a way of certify
its composition (Schonfeldt, 1969).

Conclusions

The structure of Diol and Triol micelles in an aqueous solu-
tion of 25% dibutyl diglycol at room temperature was char-
acterized for high polymer concentrations, and also for a
mass concentration of 50%, at different temperatures, until
the CP. The short hydrophilic and hydrophobic chains of

J Surfact Deterg (2021) 24: 783-800

the linear (Diol) and the star-like (Triol) block copolymers
make both practically immiscible in pure water, with conse-
quent precipitation at low temperatures, even at low con-
centrations.  The  solvent containing 25%  of
2-(2-butoxyetoxy) ethanol in water is miscible with both
copolymers at all polymer concentrations ranging from 5 to
95%, at room temperature. Above 40% the PPO chains
become hydrophobic and reverse micelles are formed. The
higher the concentration, the more hydrophobic are the
PPO chains, which gradually expel the solvent that will
form the cores, surrounded by the hydrophilic PEO chains.
At very high polymer concentration (above 80%) the
amount of solvent is too small and the PPO chains are
completely dehydrated. At this stage, when more polymer
is added to the system, the size of the solvent nuclei
decreases. At the limit of pure polymer sample, a structure
of segregated hydrophilic PEO inside the hydrophobic PPO
medium is formed.

As expected, the hydrophobicity increases with tempera-
ture. In pure water, the CP is reached at room temperature
for 10 wt% of polymer. As the 25 dB has affinity for both
regions of the copolymers, the CP increases, and the poly-
mer is present in solution without precipitation, at the
whole concentration range at room temperature. Above
40 wt% (Table 2) of polymer in solution, with the forma-
tion of reverse micelles, the CP decreases. But the segrega-
tion process, with increasing temperature, also occurs at
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this concentration: the polymer region increases, and the
solvent nuclei decrease in size and get further apart. As the
solvent nuclei were already well separated from each other,
the phase separation does not form a single solvent phase,
as it usually occurs at the lower concentrations normally
studied in other systems.

As a consequence of the short hydrophobic segments,
responsible for the micelles formation, and the high affinity
of both polymers with 25 dB, no ordered phase is formed,
despite the high concentrations and temperature increase.
Higher amounts of the glycol in water promote the misci-
bility of higher polymer concentrations, and at higher tem-
peratures. The miscibility of 25% glycol: 75% water with
the polymers at room temperature in all concentration range
is important for commercial use.

The linear and star-like polymers with similar PEO and
PPO contents have very similar behavior in a polar solvent
system, except for the slightly lower CP for Triol. This
might be because the PEO chains are more exposed to the
solvent in Triol, as they are more spread than in Diol.

Metalworking, foam control, structures for drug carrier
and delivery, stabilization of cubosomes and hexoxomes
and all other applications that rely on their solution behav-
ior can be benefited from the present results.
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