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’ INTRODUCTION

Stimuli-responsive materials constitute a rapidly growing field
of interest in polymer and colloid science due to their ability to
undergo sharp changes in their physical properties as a result of
small variations in external conditions such as temperature, light,
salt concentration, ionic strength, and pH.1�4 Recently, amphi-
philic copolymers have attracted considerable attention because
of their advantageous physical properties in the context of bio-
medical and nanotechnological applications such as drug deliv-
ery, cell encapsulation, and tissue engineering.5�11 When these
materials are dissolved in a selective solvent, micelles of various
morphologies may be formed.

Recent molecular dynamic simulations and theoretical predic-
tions of the self-assembled structures formed from amphiphilic
comblike copolymers upon poor solvent quality for the back-
bone reveal that the sequence of morphological transitions is
governed by a balance between repulsive interactions among the
branches and the solvophobic interactions of the main chain.12�14

The formation of a “pearl necklace” structure, comprised of
multiple spherical micelles in solution, which are stabilized by
steric repulsion between coronas, has been reported for copolymers

which have a sufficiently dense level of grafting. In the case of
sparsely grafted copolymers, however, the formation of intramo-
lecular aggregates of diverse morphology including pearl neck-
laces of spherical micelles, unimolecular wormlike cylindrical
micelles, and also disk-shaped, lamellar-like intramolecular ag-
gregates were suggested.13

Our research is focused on the cationic polyelectrolyte poly-
(ethylene imine) (PEI), which has been recently recognized as
one of the most efficient nonviral vectors for in vivo and in vitro
transfections. At low pH, linear PEI (LPEI) is extensively
protonated (at pH 2.4,∼70% of the amino groups are positively
charged, and at pH 7 this proportion decreases to 30%), whereas
at high pH it is an essentially neutral polymer (at pH 10,∼4% are
positively charged).15�17 Commercially available PEI is a highly
branched, water-soluble polymer which is usually prepared via
cationic ring-opening polymerization of ethylene imine. LPEI
can be produced by the living cationic ring-opening polymerization
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ABSTRACT: A range of well-defined, sparsely grafted, comblike
linear poly(ethylene imine)/poly(2-ethyl-2-oxazoline) (LPEI-comb-
PEtOx) and comblike linear poly(ethylene imine)/linear poly-
(ethylene imine) (LPEI-comb-LPEI) polymers with various degrees
of polymerization of both main and side chains were prepared. Their
aqueous solution properties were investigated by means of dynamic
light scattering (DLS) and small-angle neutron scattering (SANS)
over a temperature range of 25�65 �C. For LPEI-comb-LPEI poly-
mers the particle distributions were mono-, bi-, or trimodal depending
upon the temperature and/or polymer composition. The particles tended to decrease in size upon heating due to the weakening of
intra- and interchain hydrogen bonds between �NH groups of the polymers and also with water molecules. However, the
aggregates formed from the LPEI-comb-LPEI polymers featuring longer main chains, shorter branches, and lower grafting densities
were more resistant to heat-induced disassociation. LPEI-comb-PEtOx particles featured smoother temperature variations of
hydrodynamic radius and typically bimodal distributions. The shape and structure of the small LPEI-comb-PEtOx aggregates
(average radius ∼6 nm) as well as their temperature evolution were studied by SANS. A variety of structures were observed,
depending upon the polymer composition. The LPEI-comb-PEtOx polymers with low grafting densities and short branches formed
elongated aggregates, whereas particles of spherical core�shell structure were observed for the more densely grafted polymer with
longer branches. Spherical or rodlike aggregates were monitored in LPEI-comb-LPEI aqueous solutions.
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of 2-ethyl-2-oxazoline (EtOx),18,19 followed by alkaline or acidic
hydrolysis of the resulting PEtOx.20�24 LPEI exhibits markedly
different solubility properties compared with the commercially
available, highly branched PEI. Because of its linear and flexible
backbone, LPEI is insoluble in water at room temperature but
dissolves when heated.24 Moreover, LPEI has been found to
adopt a double-stranded helix structure in the solid state, when
free from traces of moisture.25�28 Upon introduction of water
molecules into the crystal lattice, a planar-zigzag conformation is
adopted. Thermal effects upon the crystalline structure of LPEI
in water have also been investigated.29,30 The solubility change
was attributed to the thermal induced conformational transition
from the planar-zigzag form to random coil one, followed by
hydration. In the heating/cooling cycle large hysteresis, attrib-
uted to the formation of intermolecular hydrogen bonds, has
been observed. The cloud points seen in solutions of LPEI have
been directly related to the polymer’s melting point and the
degree of polymerization.22

Several copolymers of other thermosensitive blocks with PEI
have been explored in order to modify its cytotoxicity and
transfection efficiency and their response to stimuli in solution.31�35

Our study has focused on the solution properties of LPEI-comb-
PEtOx copolymers comprised of a LPEI backbone with hydrophilic
PEtOx branches. PEtOx has been identified as a biocompatible
polymer, with even faster blood clearance than poly(ethylene
oxide) (PEO), which makes it especially attractive for a variety of
biomedical applications.36,37 Furthermore, a cloud point tem-
perature of around 61�64 �C, which can be tuned by varying the
degree of polymerization, polymer composition, and concentra-
tion, was found for PEtOx polymers with molecular weights
ranging from 20 to 500 kDa.36,38 It has also been reported that
PEtOx with a molecular weight below 10 kDa does not exhibit a
cloud point.39,40

Quantitative deacylation of LPEI-comb-PEtOx to prepare
LPEI-comb-LPEI polymers has been reported.41,42 In contrast
to LPEI-comb-PEtOx, LPEI-comb-LPEI consists of insoluble
branches as well as an insoluble polymer backbone (at room
temperature), and to the best of our knowledge, the thermal and
aqueous solution properties of these polymers remain unstudied.

Herein, we aim to quantify the physicochemical changes and
possible phase transitions of the comblike polymers LPEI-comb-
PEtOx and LPEI-comb-LPEI in water in order to achieve a more
fundamental understanding of their solution phase behaviors.
The effect of the main and side chain lengths, as well as the
grafting density on the aggregates formed from the various LPEI-
based comblike polymers in aqueous solution, has been studied
as a function of temperature using dynamic light scattering and
small-angle neutron scattering.

’EXPERIMENTAL SECTION

A. Materials. All glassware was dried at 150 �C overnight and
assembled under a stream of dry nitrogen. 2-Ethyl-2-oxazoline (Aldrich)
was distilled from calcium hydride. Methyl p-toluenesulfonate (Aldrich)
was purified via vacuum distillation. Acetonitrile (Aldrich, 99.8%)
anhydrous, tetrahydrofuran (Aldrich, 99.9+%, HPLC grade), anhydrous
dichloromethane (Aldrich, g99.8%), and anhydrous diethyl ether
(Aldrich, g99%) were used without further purification. Hydrochloric
acid (32%) was purchased from Fisher Scientific. Dialysis tubing
(Medicell International Ltd.) with cutoff in the range from 3.5 to
20 kDa was used for the separation of LPEI-comb-PEtOx comblike

polymers from unreacted PEtOx. Deuterium oxide (Aldrich) and high-
purity water (Elga Ultrapure) were used throughout.
B. Polymerizations. Synthesis of PEtOx.The following procedure

for the synthesis of PEtOx66 is representative. 2-Ethyl-2-oxazoline (8.33 g,
84 mmol) was added to a solution of methyl p-toluenesulfonate (220 mg,
1.18 mmol) in 100 mL of acetonitrile, aiming to obtain PEtOx with a
degree of polymerization of 71. The reactionmixture was stirred at reflux
for 144 h and then cooled to room temperature. After evaporation of the
solvent under reduced pressure, the residual solid was dissolved in
anhydrous dichloromethane and precipitated in cold diethyl ether. After
filtration, the product was dried under vacuum, yielding 7.2 g (93%) of
PEtOx66 (determined by 1H NMR) as a yellow powder. The other
PEtOxn polymers were obtained by altering the ratio of monomer
(EtOx) to initiator (TsOMe).

Synthesis of LPEI.The following procedure for the synthesis of LPEI96
is representative. PEtOx96 (1.00 g, 0.105 mmol) was dissolved in 4.7 M
HCl(aq) (5 mL) and heated at 100 �C for 12 h. After cooling to room
temperature, the acid/water was evaporated under reduced pressure.
The resulting solid was redissolved in water and the pH adjusted to 8�9
by addition of 2.5 M NaOH(aq) solution. The resulting precipitate was
filtered and washed thoroughly with deionized water. The remaining
water was removed by freeze-drying to afford the product as a white
powder.

Synthesis of LPEI-comb-PEtOx. The following procedure for the
synthesis of LPEI20-comb20-PEtOx96 copolymer (the coding of samples
is described below) is representative. In a separate flask, PEtOx96 was
synthesized by initiating EtOx (10.0 g, 101 mmol) with methyl
p-toluenesulfonate (0.19 g, 1.02 mmol) in 100 mL of acetonitrile. To
the solution of living PEtOx96, a hot solution of the initiator core LPEI20
(dried by azeotropic distillation) in toluene was added. In this case, the
molar ratio of oligomer PEtOx chains to secondary amine groups (on the
LPEI core) was one. Themixture was refluxed for 8 h, during which time
the LPEI-comb-PEtOx formed a separate liquid phase. After cooling to
room temperature, the comblike polymer was dissolved in anhydrous
dichloromethane and precipitated in cold diethyl ether. Ungrafted
PEtOx oligomers were removed by dialysis (20 kDa MWCO) against
deionized water. Finally, water was removed from the polymer by freeze-
drying.

Synthesis of LPEI-comb-LPEI. The following procedure for the syn-
thesis of LPEI20-comb20-LPEI96 is representative. The resulting LPEI20-
comb20-PEtOx96 copolymers were hydrolyzed by heating in 4.7 M
HCl(aq) at 90 �C overnight. After cooling to room temperature, the
pH was adjusted to 9�10 by slow addition of 2.5 M aqueous NaOH
solution. The mixture was then heated to reflux under a nitrogen
atmosphere, and the product formed an oily layer on the surface of
the solution, which became solid upon cooling. It was removed and
redissolved in 600mL of boiling water. This mixture was allowed to cool,
and a white suspension was obtained. After ultracentrifugation at 8000 rpm
for 10 min, the clear liquid was decanted, and the white precipitate dried
via azeotropic distillation with toluene in a Dean�Stark apparatus to
afford the title compound as a white solid.
C. Preparation of Polymer Solutions. Aqueous solutions of

LPEI-comb-PEtOxwere prepared by dilution of stock solutions prepared
gravimetrically by adding water/D2O to a preweighed quantity of the
copolymer and mixing overnight under gentle mechanical agitation.
LPEI-comb-LPEI and LPEI aqueous solutions were heated to 60 �C
before the addition of the appropriate quantity of water/D2O. DLS and
SANS measurements were performed with dilute43�45 polymer solu-
tions (3.75 mg mL�1), to which no other compounds were added. The
pH values of the solutions were approximately 7.5 for LPEI-comb-PEtOx
and 9 for LPEI-comb-LPEI.
D. Analysis. Gel Permeation Chromatography (GPC). GPC was

performed using a PL-GPC50 system with tetrahydrofuran as eluent
at a flow rate of 1.0 mL min�1. Samples were prepared as solutions



7396 dx.doi.org/10.1021/ma2012859 |Macromolecules 2011, 44, 7394–7404

Macromolecules ARTICLE

in tetrahydrofuran. Calibration was performed with polystyrene
standards.
Proton Nuclear Magnetic Resonance (1H NMR). 1H NMR spectra

were recorded at 400 MHz on a Bruker ICONNMR spectrometer. The
samples were prepared as solutions in CDCl3 or D2O. The chemical
shifts (δ) are quoted in ppm and are referenced to the residual solvent
peak.
Dynamic Light Scattering (DLS). The light scattering photometer

consists of a 50 mW He/Ne laser, operating at 633 nm with a standard
avalanche photodiode (APD) and 90� detection optics connected to a
Malvern Zetasizer Nano S90 autocorrelator. The quartz glass cylindrical
cuvette was sealed and then immersed in a temperature controlled cell
holder. Hydrodynamic radii (Rh, in nm) of the polymers were measured
at 90�. At least 10 correlation functions were analyzed per sample, at
each temperature, in order to obtain an average measurement.
Small-Angle Neutron Scattering (SANS). The SANS experiments

were performed at the SANS1 instrument at the FRG1 research re-
actor at Helmholtz-Zentrum Geesthacht: Zentrum f€ur Material and
K€ustenforschung GmbH, Geesthacht, Germany.46 The range of scatter-
ing vectors q from 0.05 to 2.6 nm�1 was covered by four sample-to-
detector distances (from 0.7 to 9.7 m). The neutron wavelength was
0.81 nm, and the wavelength spread of themechanical velocity selector was
10% (fwhm). The samples were kept in quartz cells (Helma, Germany)
with a path length of 2 mm. For isothermal conditions, a thermostated
sample holder was used. The raw spectra were corrected for background
signals from the solvent (D2O), sample cell, and other sources by con-
ventional procedures. The two-dimensional isotropic scattering spectra
were azimuthally averaged, converted to absolute scale, and corrected for
detector efficiency by dividing by the incoherent scattering spectrum of
pure water, which was measured with a 1 mm path length quartz cell.
The smearing induced by the different instrumental settings was in-
cluded in the data analysis.47

’RESULTS AND DISCUSSION

Synthesis and Characterization of PEtOx and LPEI Poly-
mers. The living character of the cationic ring-opening polymeri-
zation of EtOx has been extensively investigated and reviewed.18,19,36

In this work, the strong electrophile methyl p-toluenesulfonate
was employed to initiate the polymerization of EtOx. A number
of polymerizations were carried out (Table 1) aiming to prepare
polymers with degrees of polymerization (DPs) from 20 to 99.
The PEtOx polymers were characterized by GPC and

1H NMR. The polymer characterization data are shown in the
Supporting Information. GPC analyses gave monomodal dis-
tributions with dispersity indices ranging from 1.1 to 1.3. The
DPs of the PEtOx were estimated from the 1H NMR spectra of
thepolymers inCDCl3.The experimentalDPs are in good agreement

with the theoretical values and with those calculated from the feed
(Table 1).
LPEI was obtained by acidic hydrolysis of PEtOx. It was

reported previously that the degree of deacylation of PEtOx
could be controlled by the amount of acid used.21 To facilitate the
complete hydrolysis, an excess of acid was employed. Examina-
tion of the 1H NMR spectra revealed the degree of hydrolysis to
be >95%. The DP of the resulting LPEI was confirmed as
equivalent to that of the corresponding PEtOx precursors (see
Supporting Information).
Synthesis of LPEI-comb-PEtOx and LPEI-comb-LPEI Poly-

mers. The LPEI-comb-PEtOx and LPEI-comb-LPEIs were syn-
thesized by a comb-burst branching strategy, as utilized by
Tomalia.41,42 Recently, this method has been successfully applied
by Aoi48 to obtain chitin derivatives featuring PEtOx side chains.
The technique involves the grafting of PEtOx chains onto a LPEI
“initiator core” in order to produce comb-branched LPEI-comb-
PEtOx copolymers. These compounds were then hydrolyzed in
order to obtain the final LPEI-comb-LPEI products. In particular,
the reaction involves the quenching of the living PEtOx oligo-
mers onto secondary amines of LPEI resulting in LPEI-comb-
PEtOx in good yields (Figure 1). This strategy allows significant
control of the critical molecular design parameters, such as size,
shape, surface chemistry, and topology. For example, when the
blocks of LPEI are particularly long, rod-type morphology can be
expected, whereas spherical forms are favored when the blocks
are shorter. A number of polymerizationswere carried out, aiming to
prepare sparsely grafted comblike polymers with random graft
positions and with varying chain lengths of both LPEI backbone
and PEtOx branches. The polymer compositions and degrees of
grafting (DG) were determined from the 1H NMR spectra in
D2O (see Supporting Information). This data are presented in
Table 2. All comblike polymers have also been characterized by
solid-state Fourier transform infrared (FTIR) spectroscopy. The
transmittance FTIR spectra of some of the solid LPEI-comb-
PEtOx and LPEI-comb-LPEI polymers are shown elsewhere.49

The structure of LPEI-comb-PEtOx and the final LPEI-comb-
LPEI polymers is schematically presented in Figure 2.
Dynamic Light Scattering. In this section we consider the

solution properties of sparsely grafted LPEI-comb-PEtOx and
LPEI-comb-LPEI copolymers in water. For comparison pur-
poses, the solution behavior of the related LPEI polymers was
studied as well. For LPEI-comb-PEtOx, water is a poor solvent for
the main chain at ambient temperatures but efficiently solvates

Table 1. Characterization Data for PEtOx and LPEI
Polymers

PEtOx

DP LPEI

theor expa dispersity by GPC Mn
a code DPb Mn

b code

20 20 1.1 2000 PEtOx20 20 860 LPEI20
50 48 1.2 4800 PEtOx48 48 2100 LPEI48
71 66 1.3 6600 PEtOx66 66 2900 LPEI66
99 96 1.2 9600 PEtOx96 96 4200 LPEI96

aDetermined by 1H NMR (CDCl3).
bDetermined by 1H NMR (D2O,

60 �C).
Figure 1. Synthesis of LPEI-comb-PEtOx and LPEI-comb-LPEI poly-
mers (where p + q = n).
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the branches. Solutions of LPEI-comb-PEtOx appeared optically
transparent at all temperatures. They remained stable and clear
for at least 1 month after preparation. LPEI and LPEI-comb-LPEI
were initially dissolved by heating the solutions to 60 �C, fol-
lowed by cooling to 45 �C. The solutions were equilibrated at
45 �C for 15 min and then quickly placed into the DLS holder.
The solutions appearedmoderately to highly opalescent and only
became clear at the highest temperatures tested. DLS measure-
ments were carried out at five different temperatures (25, 35, 45,
55, and 65 �C) for the LPEI-comb-PEtOx polymers and at 45, 55,
and 65 �C for LPEI and LPEI-comb-LPEI polymers. The
observation of bi- or trimodal relaxation time distributions made
the determination of the static light scattering parameters impos-
sible.
Examples of relaxation time distributions for LPEI, LPEI-

comb-PEtOx, and LPEI-comb-LPEI polymers are shown in
Figure 3. The calculated hydrodynamic radii are summarized in
Table 3. For LPEI, at 45 �C, along with the fast modes cor-
responding to particles with dimensions of several nanometers,

slow modes of amplitude g47% and Rh
slow g 155 nm were also

observed. Upon increasing the temperature, however, the slow
modes disappeared and distribution was monomodal (see
Figure 3a). For both LPEI66-comb4-LPEI48 and LPEI96-comb5-
LPEI48 the distributions were monomodal at all temperatures
tested. At 45 �C large particles with radii of 407 and 899 nm were
observed for the solutions of LPEI66-comb4-LPEI48 and LPEI96-
comb5-LPEI48, respectively, which decreased to 52 and 114 nm
upon heating to 65 �C. For the other LPEI-comb-LPEI polymers
accompanying modes were observed at elevated temperatures
(see Figure 3b). Typically, the slowmodes featured amplitudes of
g62% and correspond to particles with dimensions from 82 to
480 nm. Fast particles with Rh

fast e 32 nm and amplitudese6%
were responsible for intermediate modes observable at 55 �C. Of
particular interest are the fast modes which appeared upon
heating the solutions of LPEI20 to 55�65 �C. These particles
have radii of several nanometers, and it is reasonable to assume
that they are unimers. The dissolution of LPEI in water upon
heating has been recently described in terms of melting of the
hydrated polymer crystals.22,30 Furthermore, the latest simula-
tion data described the conformation of a linear polymer under
poor solvent conditions as a globule of densely packed blobs
which unfold in the presence of a good solvent.51,52 By the use of
DLS we are now able to directly monitor the thermal effect upon
the LPEI and LPEI-comb-LPEI particles in solution and deter-
mine the factors that affect the aggregates’ stabilities. The data
show that upon heating the large particles gradually dissociated
into smaller aggregates, their contribution to the scattering light
decreases, and eventually the polymers dissolve to unimers. This
can be attributed to the weakening of intra- and interchain hydro-
gen bonds between water and the �NH groups of LPEI29,30,53

and LPEI-comb-LPEI, leading to an increase in the polymer
mobility and solubility. Recently, disintegration of large micro-
meter-size aggregates upon heating has been also reported for the
poly(glycidol)-based analogues to the Pluronic block copoly-
mers.54,55 The disintegration of the large particles has been
assigned to the breakdown of the multiple intra- and interchain
hydrogen bonds in the poly(glycidol) moieties, either via direct
poly(glycidol)�poly(glycidol) interactions or interactions
mediated through water molecules. In contrast to LPEI96, where
the slow particles are still observed at 55 �C, the aggregates for-
med from LPEI20 dissolved at this temperature. This is not
surprising, as LPEI crystals of lowermolecular weights are known
to possess correspondingly lower dissolution temperatures in
aqueous solution.22 Compared to the LPEI aggregates, LPEI-
comb-LPEI aggregates do not completely dissociate, with the small
particles either accompanied by their larger counterparts or else
not observed in the solution at all. The particles’ size and thermal
stability over the entire temperature range were found to decrease in
the following order: LPEI96-comb5-LPEI48 > LPEI66-comb4-LPEI48 >

Table 2. Characterization data for LPEI-comb-PEtOx and LPEI-comb-LPEI Polymers

DP of main

chain (LPEIn)
a

DP of branches

(PEtOxn)
a

DGb

(%)

LPEI content in

LPEI-comb-PEtOx (mol %)

code

LPEI-comb-PEtOx

code

LPEI-comb-LPEI

66 48 4 34 LPEI66-comb4-PEtOx48 LPEI66-comb4-LPEI48
96 48 5 29 LPEI96-comb5-PEtOx48 LPEI96-comb5-LPEI48
66 66 7 18 LPEI66-comb7-PEtOx66 LPEI66-comb7-LPEI66
20 96 20 5 LPEI20-comb20-PEtOx96 LPEI20-comb20-LPEI96

aDetermined from 1HNMR spectra of PEtOx and LPEI precursors (see Table 1). bDetermined from 1HNMR spectra of LPEI-comb-PEtOx in D2O at
60 �C; the data are in agreement with that previously reported.32,50

Figure 2. Representation of polymer structures. The structures are not
intended to reflect the polymer’s conformation in solution.
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LPEI66-comb7-LPEI66 > LPEI20-comb20-LPEI96. The most resis-
tant to heat-induced dissociation are the particles formed of
LPEI-comb-LPEI polymers with a longer main chain, shorter
branches, and lower grafting density (i.e., LPEI96-comb5-LPEI48
and LPEI66-comb4-LPEI48). Although the size of the particles

formed from these two polymers is reduced significantly upon
heating, at elevated temperatures the relaxation time distributions
were still monomodal, implying the presence of large objects with
dimensions over 50 nm. However, under the same conditions,
the aggregates formed from the remaining two LPEI-comb-LPEI

Figure 3. Relaxation time distributions for 3.75 mg mL�1 aqueous solutions of (a) LPEI96 at 65 �C, (b) LPEI66-comb7-LPEI66 at 55 �C, (c) LPEI66-
comb4-PEtOx48 at 25 �C, and (d) LPEI66-comb7-PEtOx66 at 65 �C.

Table 3. Variation of the Hydrodynamic Radius (Rh,
d in nm) with Temperature for LPEI, LPEI-comb-LPEI, and LPEI-comb-

PEtOx Polymers in Aqueous Solution

T (�C)

polymer 25a 35a 45 55 65

LPEI20 b
47155; 535.1 0.8 0.8

LPEI96 b b
90329; 105.1 36220; 644.4 4.4

LPEI20-comb20-LPEI96 c b

247 80141; 314; 173.9 8082; 203. 5

LPEI66-comb7-LPEI66 b c b
91480; 948 83277; 632; 114.5 62104; 383.4

LPEI66-comb4-LPEI48 407 247 52

LPEI96-comb5-LPEI48 899 669 114

LPEI20-comb20-PEtOx96 b b b b b
40128; 607.3 42144; 586.3 48115; 526.4 47131; 536.3 45104; 556.2

LPEI66-comb7-PEtOx66 b b b b b
37156; 6312 29132; 7111 27142; 7310 32135; 689.1 40140; 608.9

LPEI66-comb4-PEtOx48 b b b b b
57110; 434.9 55114; 454.9 53127; 474.7 55124; 554.7 5599; 554.3

LPEI96-comb5-PEtOx48 b b b b b
58122; 427.3 55113; 457.2 53148; 477.3 4997; 516.6 4987; 516.4

aNo measurements were performed for LPEI and LPEI-comb-LPEI at temperatures of 25 and 35 �C. bBimodal distribution. cTrimodal distribution.
dThe intensities of the different modes as percentages are presented as superscript on the particles' Rh.
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polymers—LPEI66-comb7-LPEI66 and LPEI20-comb20-LPEI96—
were found to decrease in size to particles with radii of just a few
nanometers. The initial temperature increase, from 45 to 55 �C,
was found to reduce a larger proportion of the LPEI20-comb20-
LPEI96 aggregates to relatively smaller particles in comparison
with the LPEI66-comb7-LPEI66 aggregates. Moreover, the larger
objects in the investigated temperature range were the slow
particles for LPEI66-comb7-LPEI66 aqueous solutions. The data
imply that the important factors influencing the thermal resis-
tance of the polymer aggregates are the lengths of both the main

chain and branches and the grafting density. One explanation for
these observations could be that steric repulsion between the
branches encourages the heat-induced dissociation, and there-
fore the particles formed from either less-branched LPEI-comb-
LPEI polymers or those with shorter branches can be expected to
display greater thermal stability.
In contrast to LPEI and LPEI-comb-LPEI, LPEI-comb-PEtOx

polymers formed smaller particles in aqueous solution, with
smoother temperature variations of Rh

slow. The relaxation time
distributions were typically bimodal at all temperatures (see
Figure 3c,d). The particles responsible for the slow modes are
with Rh

slow from 87 to 156 nm. The fast modes are with amplitudes
approximately equal to or higher than those of the slow modes at
elevated temperatures and correspond to particles which cover
the Rh

fast range from 4.3 to 12.0 nm (see Table 3). It is reasonable
to assume that these are dimers, trimers, or slightly larger
aggregates. As seen from Table 3, there was no significant
alteration in the Rh

fast values upon heating the LPEI-comb-PEtOx
aqueous solution from 55 to 65 �C. It is also important to be
emphasized here that in the temperature range studied, although
the slow and fast peaks have comparable amplitudes, the con-
centration of the structures responsible for the slow mode will be
considerably smaller.56,57 For all samples, a decrease inRh

slow was
observed with increasing temperature, a feature which correlates
well with the increasing solubility of LPEI moieties upon heating.
The addition of PEtOx side chains and the accompanying change
in macromolecular topology had a dramatic effect on the solu-
bility of the polymer as a whole. Despite the collapsed LPEI
backbone at room temperature, the copolymer solutions are
stable with respect to microphase separation. The temperature

Figure 4. SANS profiles obtained from 3.75 mg mL�1 aqueous disper-
sions of LPEI96-comb5-PEtOx48 (open squares) at 25 �C; LPEI96-comb5-
PEtOx48 (closed squares) and LPEI66-comb7-PEtOx66 (closed circle) at
60 �C.

Table 4. SANS Data of the Particles Formed from LPEI-comb-PEtOx Polymers in Aqueous Solutionsa

slopes at q ranges

polymer T (�C) 0.01�0.03 0.1�0.3 Dmax, Dmax,CS (nm) I(0) (cm�1), ICS(0) (cm
�1nm�1) Rg, RCS,g (nm) r, rCS (nm)

LPEI20-comb20-PEtOx96 25 0.61 0.73 15 0.080 ( 0.002 4.76( 0.13 6.2

45 0.60 0.85 15 0.083( 0.004 4.65( 0.1 6.0

60 0.53 0.63 15 0.090( 0.002 4.46( 0.13 5.80

LPEI96-comb5-PEtOx48 25 0.56 1.54 15 0.185( 0.002 4.40( 0.06 5.70

3.5 0.011( 0.0001 1.15( 0.02 1.62

45 0.54 0.83 15 0.206( 0.003 4.41( 0.07 5.70

3.5 0.013( 0.0001 1.13( 0.02 1.58

60 0.46 0.69 13 0.209( 0.005 3.86( 0.06 5.00

4 0.014( 0.0001 1.08( 0.02 1.50

LPEI66-comb7-PEtOx66 25 0.60 1.55 15 0.244( 0.004 4.62( 0.05 6.00

6 0.014( 0.0001 1.57( 0.03 2.20

45 0.60 1.24 15 0.278( 0.003 4.59( 0.05 5.90

6 0.016( 0.0001 1.55( 0.02 2.17

60 0.49 1.83 15 0.328( 0.004 4.54( 0.06 5.90

6 0.019( 0.0001 1.57( 0.03 2.20

LPEI66-comb4-PEtOx48 25 0.64 1.55 17 0.189( 0.004 4.76( 0.13 6.10

3.5 0.011( 0.0001 1.06( 0.02 1.49

45 0.60 1.19 17 0.215( 0.003 4.74( 0.13 6.10

3.5 0.014( 0.0001 1.07( 0.02 1.50

60 0.55 0.82 15 0.212( 0.005 4.01( 0.1 5.20

3.5 0.015( 0.0001 1.03( 0.02 1.45
a Slopes of I(q)∼ q�α plots at different q ranges; scattering at “zero angle” I(0) or cross-sectional scattering at zero angle, ICS(0); radius of gyration (Rg)
or cross-sectional radius of gyration (RCS,g); finite maximum dimensions of the small particles (Dmax); equivalent sphere radius r or equivalent radius of
circular cross section rCS of the aggregates.



7400 dx.doi.org/10.1021/ma2012859 |Macromolecules 2011, 44, 7394–7404

Macromolecules ARTICLE

sensitivity of thermosensitive polymers depends upon the extent
of the interactions of polymer segments with water via hydrogen
bonding. Increasing the temperature weakens the hydrogen bonds
between polymer and water molecules, and depending on the
hydrophilic/hydrophobic balance of the polymers, a macrosco-
pically observable precipitation at well-defined low critical solu-
tion temperature (LCST) can be observed.58,59 Recently, Weber40

has studied the aqueous solution behavior of comblike copoly-
mers with hydrophilic oligo(2-ethyl-2-oxazoline) side chains and
hydrophobic methacrylate backbones. By incorporating suffi-
ciently low molecular weight PEtOx (which does not feature an
LCST) moieties onto a methacrylate backbone, they obtained
PEtOx-based comblike polymers which exhibit the LCST beha-
vior of high molecular weight PEtOx. Tuning of the cloud point
(CP) by varying molecular weight and composition for other
PEtOx-based copolymers has also been achieved.36,39 LPEI-comb-
PEtOx polymers do not cloudwithin the temperature range studied.
However, significant dehydration of the PEtOx block is expected at
high temperatures.
Comparing the results for the copolymer with the highest

(LPEI96-comb5-PEtOx48) and the lowest (LPEI20-comb20-PEtOx96)
LPEI contents, the larger decrease in Rh

slow upon heating was
observed for the former polymer (from 122 nm at 25 �C to 87 nm
at 65 �C). A similar trend was previously reported for aqueous
solutions of poly(p-dioxanone)-graft-poly(vinyl alcohol) upon
heating, where a transition from LCST to upper critical solution
temperature (UCST) phase behavior was observed by varying
the hydrophobic/hydrophilic balance of the copolymer.60 In
order to investigate the particle structure and possible phase
transitions induced by changing solvent strength and how these
are affected by the polymer composition, aqueous solutions of
the comblike LPEI-based copolymers were further studied by
SANS and the results are shown below.
SANS Analysis. SANS experiments were performed at 25, 45,

and 60 �C for LPEI-comb-PEtOx and 45 �C for some of the LPEI-
comb-LPEI polymers.
Representative SANS profiles for selected LPEI-comb-PEtOx

polymers are shown in Figure 4. The scattering data were first
analyzed by slope determination (i.e., I(q)∼ q�α). The slopes at
different q ranges were calculated and selected examples are
presented in Table 4. As seen in Figure 4, the scattering curves of

the polymers are similar in shape, and at low q range (q <
0.3 nm�1) the scattering from structures with an average radius
of 6 nm could be detected. On the q scale of the SANS mea-
surements no traces of scattering from the large LPEI-comb-
PEtOx particles (seen as a slow mode by DLS) were observed.
Therefore, it has been assumed that the main scattering objects in
the SANS experiments are the small particles, which were detected
as a fast mode by DLS.
The complete q range was analyzed by the indirect Fourier

transformation (IFT) approach developed by Glatter61 and later
revised by Pedersen.62 Previously, IFT has been successfully
applied to characterize the aqueous solution properties of a range
of polymer and surfactant systems.54,63,64 Details of this analysis
are presented in the Supporting Information. This approach
requires only limited information on the possible shapes of the
aggregates: spherelike (all three dimensions are of same length
scale), rodlike (one size dimension is much larger than the other
two), or sheetlike (one dimension is small relative to the other
two). Application of IFT enabled us to calculate the shape of the
p(r) function (pair distance distribution function); from the p(r)
function it is possible to calculate I(0) (scattering at “zero angle”)
and Rg (radius of gyration of neutron scattering contrast within the
aggregate). The values of these two quantities for each polymer are
shown in Table 4. At elevated temperatures the scattering contrast
of the particles becomes larger (i.e., I(0) increases and Rg decreases
upon heating) which could be attributed to polymer dehydration.

Figure 5. Pair distance distribution function, p(r), obtained from the
SANS data of a 3.75 mg mL�1 solution of LPEI20-comb20-PEtOx96 at 25
�C (open squares), 45 �C (open triangles), and 60 �C (closed squares).

Figure 6. (a) Pair distance distribution function, p(r), and (b) cross-
section pair distance distribution function, pCS(r), for a 3.75 mg mL�1

solution of LPEI96-comb5-PEtOx48 at 25 �C (open squares), 45 �C
(open triangles), and 60 �C (closed squares).
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LPEI20-comb20-PEtOx96. The scattering curves were analyzed
using the IFT model, assuming spherelike geometry. Figure 5
shows the evolution of the p(r) function with temperature for the
solution of LPEI20-comb20-PEtOx96. The p(r) function is highly
asymmetric and displays more than one maximum value within
the temperature range tested. The first maximum was attributed
to the compact LPEI domains, whereas the second can be
attributed to scattering from the corona (presumably consisting
of PEtOx branches) which becomes more compact as the
temperature increases. The third maximum in p(r) function
may be related to the maximum size of the particles, which is
∼10 nm (Rh

fast ∼6 nm, see DLS). Although increasing the tem-
perature did not cause significant alterations in the aggregates’
structures, a slight decrease in the total size of the aggregates and
a more pronounced level of scattering from their interior was
observed.
The Rg values were determined from the second moment of

the p(r) functions (Table 4) and are related to both the size of the
particles and the distribution of the scattering length density
within the particles (see Supporting Information). For homo-
geneous objects, radii of equivalent spheres, r, could be calculated
from Rg, where r = (5/3)1/2Rg. For all LPEI-comb-PEtOx
polymers the values of r are slightly smaller than those of Rh

fast,
as determined by DLS. This is probably due to the presence of a

hydration layer which gives a significant contribution to the DLS
results but is almost invisible by SANS.
LPEI96-comb5-PEtOx48. The scattering data for LPEI96-comb5-

PEtOx48, the polymer with the longest LPEI backbone, was
analyzed according to the IFT model, assuming spherelike and
rodlike geometries. Figure 6a shows the evolution of p(r) func-
tion with temperature. At all temperatures, the p(r) function is
asymmetric; it decreases gradually at long distances, which
implies that the aggregates are anisotropic, presumably rodlike.
The scattering intensity for rodlike aggregates can be expressed
via a cross-section pair-distance distribution function pCS(r) (see
Figure 6b). Its Gaussian shape is characteristic for almost homo-
geneous, cylindrical crew-cut aggregates. It is reasonable to
assume that they are composed of a cylindrical LPEI core sur-
rounded by a thin PEtOx corona. Compared with LPEI20-
comb20-PEtOx96, the Rg values for LPEI96-comb5-PEtOx20 are
somewhat smaller (see Table 4). One possible explanation is the
higher contribution of the PEtOx side chains to the scattering for
LPEI20-comb20-PEtOx96, relative to that of LPEI96-comb5-
PEtOx48.
LPEI66-comb4-PEtOx48 and LPEI66-comb7-PEtOx66.The aque-

ous solution behaviors of these polymers are very similar to that
observed for LPEI96-comb5-PEtOx48. At all temperatures, the
asymmetric shapes of the p(r) functions for LPEI66-comb4-PEtOx48

Figure 7. (a) Pair distance distribution function, p(r), and (b) cross-
section pair distance distribution function, pCS(r), for 3.75 mg mL�1

solutions of LPEI66-comb7-PEtOx66 at 25 �C (open squares), 45 �C
(open triangles), and 60 �C (closed squares).

Figure 8. (a) Pair distance distribution function, p(r), for 3.75
mg mL�1 solutions of LPEI66-comb7-LPEI66 (open triangles) and
LPEI96-comb5-LPEI48 (closed ovals) at 45 �C. (b) Cross-section pair
distance distribution function, pCS(r), for a 3.75 mg mL�1 solution of
LPEI66-comb7-LPEI66 at 45 �C.
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(see Supporting Information) and LPEI66-comb7-PEtOx66
(Figure 7a) point to an anisotropic shape of the aggregates. Slight
decreases in the particle dimensions were observed for LPEI66-
comb4-PEtOx48 at elevated temperatures, when the contribution of
the core to the overall scattering of the aggregates is increased
(Table 4). A further reanalysis by IFT as scattering from rodlike
particles gave the pCS(r) functions shown in Figure 7b and in the
Supporting Information. The shape of the pCS(r) function for
LPEI66-comb4-PEtOx48 is only slightly asymmetric, with a decrease
of both cross-section size and asymmetry at high temperatures,
suggesting that the cylindrical cross sections of LPEI66-comb4-
PEtOx48 aggregates become more compact and closer to circular
(see Supporting Information). The pCS(r) func-
tion for LPEI66-comb7-PEtOx66 aggregates exhibits two maxima
which can be explained by the core�shell model (Figure 7b).
The analysis implies that the cylindrical structures consist of a
core and shell (the contribution of the shell increases with
temperature) and do not exhibit detectable changes in size over
the temperature range studied (see Table 4).
LPEI-comb-LPEI Polymers. The p(r) distribution functions for

LPEI66-comb7-LPEI66 and LPEI96-comb5-LPEI48 at 45 �C are
shown in Figure 8a. For LPEI66-comb7-LPEI66 the corresponding
p(r) function is characterized by two maxima at short and long
distances, which are attributed to the scattering of the main chain
and of the branches, respectively. The particles formed are large,
with radii of over 10 nm. The data correlate well with the particle
dimensions indicated by DLS. The largest particles are these
formed from LPEI96-comb5-LPEI48. The almost-Gaussian shape
of the p(r) function for this polymer implies that the particles
are compact and close to spherical. The data for LPEI66-comb7-
LPEI66 showed values of slopes at low q close to �1, which is
characteristic of rodlike objects. IFT analysis for rodlike objects
adequately accounted for the data with the pCS(r) function

shown in Figure 8b. Its asymmetric shape is indicative of an
elliptical cross section for LPEI66-comb7-LPEI66 aggregates.

’CONCLUDING REMARKS

A range of LPEI and sparsely grafted, random LPEI-comb-
PEtOx and LPEI-comb-LPEI polymers have been synthesized
and their aqueous solution-phase behaviors studied over a range
of temperatures. Large particles which tended to decrease in size
upon heating were observed in both the LPEI and LPEI-comb-
LPEI solutions. In contrast to LPEI, the formation of larger and
more thermally stable particles was observed in the LPEI-comb-
LPEI aqueous solutions. The thermal stability was more pro-
nounced for the polymers featuring longer backbones, shorter
branches, and lower grafting densities (LPEI96-comb5-LPEI48
and LPEI68-comb4-LPEI48). LPEI-comb-PEtOx polymers were
found to form smaller aggregates with smoother temperature
variations of Rh. The shape and internal structure of the LPEI-
comb-PEtOx and LPEI-comb-LPEI aggregates as well as the
temperature evolution of LPEI-comb-PEtOx particles were further
studied by SANS. The LPEI-comb-PEtOx particles (observable as
fast modes by DLS) were composed of compact LPEI domains,
with PEtOx corona. They also exhibit structural polymorphism,
which depends upon the polymer composition. The polymers
with low grafting density and short branches form aggregates of
anisotropic, rodlike shape (LPEI96-comb5-PEtOx48, LPEI66-comb4-
PEtOx48, LPEI66-comb7-PEtOx66), whereas particles featuring a
spherical core�shell structure were observed when the polymer
was densely grafted, with long branches (LPEI20-comb20-
PEtOx96, see Figure 9). For LPEI66-comb4-PEtOx48 aggregates,
an increase in temperature led to formation of cylindrical aggregates
with more compact, nearly circular cross sections. Core�corona
type cylindrical aggregates were observed for LPEI66-comb7-PEtOx66

Figure 9. Shape transitions of LPEI-comb-PEtOx small particles with temperature and polymer composition. The objects are not drawn to scale.
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aqueous solutions. In contrast to LPEI66-comb7-LPEI66, where
the scattering data were described by assuming rodlike geometry,
LPEI96-comb5-LPEI48 formed compact and almost spherical
aggregates.
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