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Abstract

Temperature induced conformational changes of poly( p-oligo(ethylene glycol) styrene) (POEGS) in aqueous solutions were investigated by
small angle neutron scattering (SANS), neutron transmission and dynamic light scattering (DLS). The molecular weight of the polymer studied
was 9400 g/mol with a polydispersity index of 1.18 and each repeat unit of the polymer had four ethylene glycol monomer segments. The poly-
mer was water soluble due to the hydrophilicity of the OEG side chains and these solutions showed lower critical solution temperature (LCST)
depending on the concentration of the polymer. Measurements of solution behavior were made as a function of temperature in the range of 25—
55 °C for three polymer concentrations (0.1 wt%, 0.3 wt%, and 1.8 wt%). Neutron transmission measurements were used to monitor the amount
of polymer which precipitated or remained in solution above the cloud point temperature (Tcp). DLS revealed the presence of large clusters in all
solutions both below and above Tcp while SANS provided information on the structure and interactions between individual chains. It was found
that in the homogeneous region below Tcp the shape of individual polymers in solution was close to ellipsoidal with the dimensions R, = 37 A
and R, = 14 A and was virtually independent of temperature. The SANS data taken for the most concentrated solution studied (1.8 wt%) were fit
to the ellipsoidal model with attractive interactions which were approximated by the Ornstein—Zernike function with a temperature-dependent
correlation length in the range of 24—49 A. The collapse of individual polymers to spherical globules with the radius of 15 A above Tcp
was observed.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Water-soluble polymers exhibiting structural and property
changes in response to temperature have received a great
deal of attention in biomedical applications [1], microfluidic
(microchemical) systems [2], catalysis [3], and environ-
mentally responsive emulsions [4]. Understanding the fun-
damentals of the conformational changes during the phase
transition is imperative for these applications. An extensively
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studied system showing such behaviors is poly(N-isopropyl-
acrylamide) (PNIPAM), which exhibits a lower critical solution
temperature (LCST) of ~34 °C [5—9]. In dilute solution the
coil-to-globule transition of this polymer near the LCST has
been observed by light scattering; and the transition is accom-
panied by partial dehydration and intra-molecular contraction
[6]. A recent dielectric study suggests that PNIPAM possesses
11 water molecules per monomer unit in homogeneous aque-
ous solution and completely dehydrates near the LCST [8]. In
addition to PNIPAM, poly(ethylene glycol) (PEG) and PEG-
containing polymers have also been investigated extensively
due to the unique properties of PEG, including nontoxicity,
ion-transporting ability, nonrecognition by the human immune
system, etc. In many cases, branched PEGs are preferred over
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linear PEG chains due to crystallization difference. To this
end, star-like, comb-like and dendrimer-like PEGs have been
synthesized [10]. PEG-grafted comb polymers, in particular,
have found many uses including applications in solid phase
ionic conductors [11], compatibilizers in polymer blends
[12], catalysts for phase transfer reactions [13], colloidal stabi-
lizers [14], and in modifying surfaces to prevent nonspecific
protein or bacterial adhesion [15].

Despite numerous studies of comb-like PEG-grafted poly-
mers, some fundamental issues such as conformation and
phase behavior in water have not attracted much attention
[16]. On the molecular level, these “hairy” or comb-like
copolymers consist of a backbone chain with multiple trifunc-
tional branch points from each of which a linear side chain
emanates. Their conformation is affected by many factors
such as the number of side chains per unit monomer, molecu-
lar weight of the backbone and side chain, and solvent quality
[18,19]. When both the side chains and backbone are suf-
ficiently long, the polymers can be highly extended to give a
“topological” stiffness [17], and have been described as a
“molecular bottle-brush’’ [18]. However, when the backbone
is placed in a poor solvent, the intra-molecular attraction
will influence the overall conformation [19,20].

SANS is a powerful technique to study solution properties
of polymers on length scales in the order of 10—1000 A. Tt has
been used to investigate thermoresponsive polymers, such as
PNIPAM [7,21,22]. Previously, we have reported the synthesis
of poly( p-oligo(ethylene glycol) styrene)s by nitroxide-medi-
ated radical polymerization which were found to exhibit
LCSTs in water [23]. Each styrenic monomer bears one side
chain consisting of four EG monomers end-capped with
a methyl group. In this article, we report results of combined
DLS and SANS studies of the structure of dilute poly( p-tetra-
kis(ethylene glycol) styrene) (PTrEGS) solutions in D,O as
a function of temperature and concentration. The neutron
transmission data are used to evaluate the amount of polymer
that remains in the solution above Tcp. DLS provides data on
the size of the large polymer clusters in solutions at different
temperatures. SANS gives information on conformation and
interactions between individual polymers both below and
above Tcp [24].

2. Experimental section
2.1. Materials

The chemical structure of the monomer is shown in the in-
set of Fig. 1. The weight-average molecular weight, M., of the
polymer is 9400 g/mol and the polydispersity index is 1.18, as
determined by gel permeation chromatography. The densities
of the backbone and side chains are assumed to be that of
PS (1.05 g/cm’) and PEG (1.12 g/cm?), respectively. The dry
volume of one polymer molecule is calculated from the den-
sity and molecular weight as V,, = 14 300 A3,

Cloud points were measured by placing the solutions in
the water bath (Neslab RTE 7 refrigerated circulator) which
was controlled to be within +0.1 °C. The temperature was
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Fig. 1. Cloud point temperature curve of aqueous solutions of PTrEGS in H,O.
Inset is the chemical structure of the polymer.

increased in steps of 1 °C and it was found that the solutions
reach equilibrium at a new temperature after 5 min. The Tcp
was recorded when the polymer solution became opaque.
The Tcps of the PTrEGS solutions in D,O as a function of
concentration are shown in Fig. 1.

2.2. Dynamic light scattering (DLS)

DLS measurements were conducted with a PDE Expert
(Multi Angle Light Scattering Platform) equipped with a Preci-
sion Detector, digital correlator, a temperature controller, and
a solid-state laser (model 25-LHP-928-249, A =823 nm) at
a scattering angle of 90°. The copolymers were dissolved in
deionized water or deuterated water in an ice/water bath at
5°C and the clear solutions were filtered into borosilicate
glass tubes with an inner diameter of 4 mm by use of Millipore
Teflon filters (800 nm pore size). The tubes were then sealed
and were thermostated in a sample vat connected to a refriger-
ated circulator (Fisher Scientific) for 24 h before the measure-
ments. The data were recorded at each temperature after the
solutions were equilibrated for 20 min. The second-order
correlation function of the scattered light intensity, g(2)(l),
was analyzed by the CONTIN analysis method. g®(r) can
be expressed by the following equation:

g 0] =a (148" 0)]")

where A is the baseline, ( is the coherence factor determined
by the geometry of the detection, and g'"(r) is the normalized
electric field correlation function. Generally, gV is ex-
pressed by the distribution function G(I') of the decay time
T as:

gV ()] = /G(T)exp( —I't)dr

For a translational diffusion mode, I" can be used to determine
the diffusion coefficient D through I' = Dg?, where ¢ is the
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scattering vector. The hydrodynamic radius Ry, is related to the
diffusion coefficient D by the Stokes—Einstein equation:

where kg is the Boltzmann constant, T is the absolute temper-
ature, and 7 is the viscosity of the solvent.

2.3. SANS measurements

SANS measurements were performed in the Center for
Neutron Research at the National Institute for Standards and
Technology on the NG3 30m instrument with a neutron wave-
length of A=6.0A (AXMA ~ 0.15). Two sample-detector
distances were used (1.33 m and 8.00 m), which leads to an
overall g-range of 0.0042 < g=4mA " sin 6 < 0.045 AL,
where 20 is the angle of scatter. The data were corrected for
instrumental backgrounds as well as detector efficiency and
put on absolute scale [the cross-section I(g) in units of
cm '] based on direct beam flux method. Scattering from
the solvent was subsequently subtracted [25]. The neutron
cross-section was measured as a function of polymer concen-
tration and temperature. It may be expressed as [26]:

P(q)V3S'(q) + bkg (1)

where P(q) = |(F(q))|* is the form factor, F(g) is the form
factor amplitude, ¢ is the volume fraction of the particles,
Ap is the scattering length density difference between the par-
ticle and solvent (D50, 6.4 x 107° A‘Z), V} is the volume of
one particle and S(g) is the structure factor which can be mod-
eled by the modified Ornstein—Zernike function [26b] which
has been widely used to account for the attractive interactions
near the phase boundary of various microemulsion systems
[26c.d]:
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All solutions were prepared in D,O and refrigerated at
T =15 °C (i.e. far below T¢p) for several days before the ex-
periments. The temperature range covered in the experiments
was 25—55 °C and the temperature was controlled to better
than £0.2 °C using a water circulation bath. Before starting
the measurements, solutions were equilibrated at each temper-
ature for 60—90 min, and this interval much exceeds the char-
acteristic equilibration time of ~5 min for 1° step determined
using light scattering. The run times at each temperature at the
8.00 m sample-detector distance (SDD) were 10 min, 30 min
and 80 min for 1.8 wt%, 0.3 wt% and 0.1 wt% solutions, re-
spectively. At SDD = 1.33 m, the run time for all solutions
was 5 min.

3. Results and discussion
3.1. Clusters and solubility

Fig. 2 represents the results of DLS measurements for two
PTrEGS aqueous solutions (0.1 wt% with Tcp ~ 45 °C and
1.8 wt% with Tcp ~ 40 °C) at different temperatures. The re-
sults clearly indicate the existence of two populations of the
polymer species in solutions below their Tcps. The smaller
species are individual polymers characterized by a relatively
narrow size distribution with dimensions (40—50 A) that are
similar in both solutions. The larger species are identified as
polymer clusters (aggregates) with a broad size distribution
in the range of 400—1000 A for 0.1 wt% and 1000—
10000 A for 1.8 wt% solutions. Clustering phenomena in
PEG/water system have attracted considerable attention and
various mechanisms, such as impurities, crystallization, hydro-
gen bonding, hydrophobic backbone, and end group inter-
actions have been proposed [28]. Comparison of the areas
under the corresponding peaks shows that the amount of indi-
vidual polymers in solution is small (~2—3 wt%). As the tem-
perature increases and approaches Tcp, the clusters in both
solutions grow in size due to association. The size distribution
of cluster in the 0.1 wt% solution narrows and its average size
becomes smaller at temperatures above Tcp (45 °C). The same
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Fig. 2. Hydrodynamic radius distribution as a function of temperature for 0.1 wt% and 1.8 wt% PTrEGS solutions in D,0.
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effect is observed for the 1.8 wt% solution (40 °C), where the
size of the remaining clusters in solution decreases signifi-
cantly and becomes comparable to the size of the clusters
above Tcp of the 0.1 wt% solution (~700—800 A). As will
be discussed below, the observed decrease of the cluster sizes
is due to the precipitation of a fraction of large clusters above
Tcp and/or dehydration of the clusters.

Neutron transmission is defined as the ratio of the transmit-
ted beam intensity after attenuation by the sample to the inci-
dent neutron intensity. It is one of the parameters used for
converting the intensity of scattering in counts per second
into neutron cross-section with unit of cm™~'. Due to the fact
that the total neutron cross-section of hydrogen is much higher
than the cross-sections of other atoms, the transmission is
highly sensitive to the presence of protonated materials in
the beam [27]. Thus, transmission measurements provide
information on the concentration of the protonated polymer
in the deuterated solvent. When any polymer precipitates to
the bottom of the cell at a given temperature, it does not con-
tribute to the attenuation, since the beam diameter (1.2 cm) is
smaller than that of the cell (2 cm). As shown in Fig. 3, the
transmission of the 1.8 wt% solution increases between
38 °C and 43 °C. This indicates that a fraction of the largest
polymer clusters precipitates from the solution in this temper-
ature range, which resulted in a decrease of average size of the
clusters still remaining in the solution. At the same time, the
solution transmission remains constant above 43 °C and thus
a fraction of smaller clusters and individual polymers remains
dissolved in D,0 up to a temperature of 55 °C. As will be dis-
cussed later, the SANS data suggest the presence of smaller
compact clusters (due to dehydration) in the solutions at
55 °C. The transmission of dilute solutions, 0.1 wt% and
0.3 wt% solutions, remains constant within experimental error
both below and above the corresponding Tcps (Fig. 3). How-
ever, precipitation of some large clusters above Tcp cannot
be ruled out in these systems because of the low concentration
of the polymer in solution; which makes it difficult to detect
the changes in the transmission due to the small amount of
polymer precipitation.
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Fig. 3. Neutron transmission of the studied solutions as a function of
temperature.

3.2. Structure of individual PTrEGS polymers in toluene-d

Toluene is a good solvent for both the backbone (PS) and
the side group (EG) and thus it is considered as a solvent of
choice for measuring the form factor of individual (non-
interacting) polymers. SANS data for the 1.8 wt% solution
of the polymers in toluene-d are shown in Fig. 4. The assump-
tion that SANS from this solution arises from individual
polymer chains was confirmed by comparing the measured
and calculated values of the zero angle neutron cross-section
1(0)= ¢Ap2Vp as obtained from Eq. (1) taking into account
that P(g=0)=S(g=0)=1. For 1.8 wt% polymers in
toluene-d, using Ap=4.76 x 107 A~2 and V, = 14300 A,
the calculated 7(0) ~ 0.050 cm ™! which agrees well with ex-
perimental value of /(0) ~ 0.063 cm™ !, This further confirmed
that the SANS data for the 1.8 wt% of PTrEGS polymer in
toluene-d were from single chain scattering.

Comb-like polymers can adopt a variety of shapes depending
on the ratio between the length of the backbone and side chain
polymers [29]. When the size of the backbone is smaller than
that of the side chains, the polymer tends to adopt a spherical
conformation. As the length of the backbone increases,
ellipsoidal or cylindrical conformation becomes more favorable
[29c]. Therefore we expect that the shape of the polymer in a ho-
mogeneous domain below Tcp is either a prolate ellipsoid or
a short cylinder. By fitting the data to each of the form factors
we obtained R, =37 A, R, =14 A for the ellipsoidal model
and R,=14 A, Ry, =54 A for the cylindrical model (see
Fig. 4). The quality of fits as well as the values of calculated vol-
umes of the ellipsoid and cylinder is similar and the SANS
results do not allow for favoring one model over the other.

3.3. Structure and interactions in PTrEGS—D>0
solutions

Unlike toluene, water is a non-solvent for the backbone of
the studied polymer and thus strong association/clustering
effects may be anticipated in aqueous solutions of PTrEGS
because of the poorer overall solvent quality. SANS data for

4l o Scattering data of 1.8 wt% PTrEGS in Toluene-d8 at 25 °C
- —— Fit to the form factor of an ellipsoid (reduced y2=5)
2+ or a cylinder (reduced x2=5)
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Fig. 4. SANS data of 1.8 wt% PTrEGS in D,0 and toluene-d at 25 °C.
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0.1 wt%, 0.3 wt% and 1.8 wt% solutions in the temperature
range 25—55 °C are shown in Fig. 5. The upturn at small
values of scattering vectors at T < Tcp represents a “tail”” of
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Fig. 5. SANS data of the (a) 0.1 wt% and (b) 0.3 wt% and (c) 1.8 wt% solution
at different temperatures. The solid lines are fits to the models described in the
text. The error bars on the SANS curves are removed for the sake of
clarification.

the scattering function from large and relatively loose clusters,
the size of which is too big to be resolved using SANS. The
value of the scattering vector (¢*) at which the upturn starts
to appear is concentration dependent: ¢* =0.06 A for
0.1 wt% solution, g* = 0.008 A~! for 0.3 wt% solution and
1.8 wt% solution.

Fitting the SANS data for the dilute aqueous solution
(0.1 wt%) at temperature (T =25 °C) well-below the corre-
sponding cloud point (Tcp=45°C) gives R,=36 A,
R,=16 A for the ellipsoidal model and R,=15A, R, =
52 A for the cylindrical model. Within experimental error,
these results agreed well with the data obtained from solutions
of PTrEGS in toluene-d. This result is surprising because of
significant difference in the solvent quality with respect to
the backbone polymer. We speculate that the dimension of
PTrEGS chains in D,O remains similar to that in toluene-d be-
cause the solvation of the side chains screens out backbone—
solvent interactions and prevents chain contraction at T < Tcp.
This assumption is supported by the globularisation of the
PTrEGS chains above Tcp due to almost complete dehydration
of the side chains of the polymer (see below).

The scattering intensity in the ‘“‘intermediate range” in-
creases with temperature and reaches a maximum at 7= Tcp
of each solution. The increase of I(g) as T = Tcp is due to
the polymer—polymer attractive interactions. This interaction
becomes stronger as the phase boundary is approached [26].
Moreover, solution concentration plays a critical role in the
interaction. For example, the probability of the polymer—
polymer interactions in very dilute solutions can be negligible.
Thus it is reasonable that there is only a minor increase in /(q)
in the ¢ > ¢* domain from ~0.03 to ~0.06 A" for 0.1 wt%
and 0.3 wt% solutions, respectively (see Fig. 5a and b). In ad-
dition, the scattering curves for these solutions can be fitted to
Eq. (1) (O—Z equation) to extract the form factor only (S(g) in
Eq. (1) = 1 for weakly interacting chains). The situation is
different for the more concentrated solution (1.8 wt%), where
the interactions between polymers become strong enough to
make a significant contribution to the structure factor. Fitting
of the SANS data to the model of ellipsoids with attractive in-
teractions at different temperatures below Tcp gives the fitting
parameters shown in Table 1. The results demonstrate that the

Table 1
Results from fitting the 1.8 wt% SANS data to an ellipsoid form factor with
an Ornstein—Zernike structure factor

(0 R, (A) Ry (A) £ $(0)
37 31 15 42 13
38(CP) 29 15 49 22
39 30 15 45 20
40 29 15 37 15
41 31 15 30 8
42 30 15 27 6
43 28 15 24 4

R, is the rotation axis and Ry, is the short axis of an ellipsoid. £ stands for the
interaction distance and S(0) is related to the interaction strength. The errors
generated from the fitting are less than 1.0 for these four parameters and are
not included in this table.
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dimensions of the individual polymers remain unchanged in
the vicinity of the cloud point. On the other hand, the charac-
teristic distance (correlation length &) as well as the amplitude,
or susceptibility of the interactions, which is proportional to
S(0), changes significantly and reaches maximum values
near Tcp (£ ~ 49 and S(0) ~ 22).

At temperatures far above the Tcp of each solution
(T =55 °C), the scattering pattern changes dramatically. The to-
tal neutron cross-section decreases because of the precipitation of
some of the polymer above Tcp as discussed above. In the low ¢
limit compact clusters with sharp interfaces are formed as evi-
denced by SANS with an exponent (n) of —4.0 (I(q) ~ ¢") for
q <0.015 A~'. SANS data from 1.8 wt% solutions in the
q > g* region (see Fig. 5c) can be fitted to a form factor of
a mostly dehydrated spherical globules with a radius of 15 A.
The globules remain dissolved and do not precipitate, probably
due to the availability of water-soluble EG chains in the outer
shell of the globule [20a]. The statistics of the high-g data for
most dilute solutions of 0.1 wt% and 0.3 wt% is not sufficient
to provide reliable fits to the spherical model in the g > g*
domain.

In summary, the conformation and interactions between
PTrEGS polymers in aqueous solutions have been studied by
SANS and DLS. The polymer conformation was confirmed
by the SANS data for 1.8 wt% polymer solution in toluene-
d, which provided the form factor of the polymers in D,O.
It was found that the individual polymers adopt ellipsoidal
or short cylindrical shapes in both toluene-d and D,O at
T < Tcp. The individual polymers coexist with loose clusters
even in dilute aqueous solution (0.1 wt%) at 25 °C. With in-
creasing temperature, up to Tcp, clusters become larger while
interactions between polymers become stronger. At higher
polymer concentrations, the interactions can be described by
the O—Z equation around the Tcp. The polymer dimensions
remain approximately constant at 7 < Tcp while the inter-
actions are temperature dependent and reach maximum around
Tcp At temperatures ~ 15 °C above Tcp, polymers collapse
into a spherical globules with the diameter ~ 15 A.
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