Available online at www.sciencedirect.com

SCIENCE‘dDIRECTQ

polymer

ELSEVIER

Polymer 46 (2005) 9908-9918

www.elsevier.com/locate/polymer

Pulsed electron beam irradiation of dilute aqueous
poly(vinyl methyl ether) solutions

Thomas Schmidt™®, Ireneusz Janik®, Stawomir Kadtubowski®, Piotr Ulariski®, Janusz M. Rosiak®,
Rudolf Reichelt®, Karl-Friedrich Arndt®*
Unstitute of Physical Chemistry and Electrochemistry, Dresden University of Technology, Mommsenstr. 13, D-01062 Dresden, Germany

®Institute of Applied Radiation Chemistry, Technical University of £6d%, Wréblewskiego 15, 93-590 LédZ, Poland
CInstitute for Medical Physics and Biophysics, University of Miinster, Robert-Koch-Str. 31, D-48149 Miinster, Germany

Received 11 January 2005; received in revised form 26 May 2005; accepted 27 July 2005
Available online 29 August 2005

Abstract

A dilute aqueous solution of the temperature-sensitive polymer, poly(vinyl methyl ether) (PVME), was irradiated by a pulsed electron
beam in a closed-loop system. At temperatures, below the lower critical solution temperature (LCST), intramolecular crosslinked
macromolecules, nanogels, were formed. With increasing radiation dose D the molecular weights M,, increase, whereas the dimensions
(radius of gyration R, hydrodynamic radius Ry,) of the formed nanogels decrease. The structure of the PVME nanogels was analyzed by field
emission scanning electron microscopy (FESEM) and globular structures with d=(10-30) nm were observed. The phase-transition
temperature of the nanogels, as determined by cloud point measurements, decreases from 7., =36 °C (non-irradiated polymer) to 7., =29 °C
(cp,=12.5 mM, D=15 kGy), because of the formation of additional crosslinks and an increase in molecular weights. The same behavior was
observed for a pre-irradiated PVME (y-irradiation) with higher molecular weight due to intermolecular crosslinks. After pulsed electron
beam irradiation the molecular weight again slightly increases whereas the dimension decreases. Above D=1 kGy the calculated

p-parameter (p=R,/Ry,) is in the range of p=0.5-0.6 that corresponds to freely draining globular structures.

© 2005 Published by Elsevier Ltd.
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1. Introduction

Hydrogels are networks of hydrophilic polymers that
swell in aqueous media with a multiple water up-take in
comparison to their mass or volume [1]. In particular,
hydrogels that react with a strong change in their swelling
degree or mechanical properties on a slight change in a
physical property of the surrounding medium (temperature,
pH value, ion strength, solvent concentration, etc.) have a
high potential of application [2—4]. Temperature-sensitive
gels undergo a discontinuous volume phase transition
behavior. They are in a highly swollen state at temperatures
below a critical temperature. At temperatures above this
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temperature they are in a shrunken state. The volume phase
transition temperature is near to the lower critical solution
temperature (LCST) of the corresponding solution of non-
crosslinked polymer. The swelling/deswelling kinetics of
sensitive hydrogels depend on the inverse square of their
dimension [5]. In order to improve the response time, the
hydrogel dimension has to be reduced. Therefore, the
synthesis of gels in nanometer or micron range is necessary.
In the literature [6—10] different definitions of the terms
nanogel and microgel are present. Funke et al. [6] use the
term microgel for intramolecular crosslinked macro-
molecules. On the other hand, such intramolecular
crosslinked macromolecules were defined as nanogels by
several authors [7-11]. The term microgel is often used for
intermolecular crosslinked polymers or products of hetero-
geneous polymerization techniques, e.g. emulsion or
precipitation polymerization [12-16]. Recently, many
investigations were performed to synthesize temperature-
sensitive microgels based on poly(N-isopropyl acrylamide)
PNIPAAm [12-14] and poly(N-vinyl caprolactam) PVCl
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[15,16], respectively. In this work, we use the term nanogels
for intramolecular crosslinked macromolecules.

Our investigations are performed on temperature-
sensitive poly(vinyl methyl ether) PVME, a hydrophilic
polymer with a LCST in aqueous solutions of about 34 °C
[17]. The volume phase transition temperature has been
determined by several methods, e.g. DSC [18], IR [19], or
NMR spectroscopy [20]. Aqueous PVME solutions can be
crosslinked to form a macroscopic network (hydrogel) by
high-energy radiation (electron beam or y-rays) at concen-
trations above the overlap concentration ¢ [21-27]. The
mechanism of crosslinking initiated by high-energy radi-
ation of PVME in aqueous solutions was studied by pulse
radiolysis and electron spin resonance (ESR) spectroscopy
[28,29].

Irradiation at low polymer concentrations (¢ <c') does
not result in the formation of macroscopic networks.
Depending on the irradiation parameters (radiation dose
D, dose rate Dy, polymer concentration cp, irradiation
temperature 7) molecules with different structures can be
obtained (long-chain branched polymers, nanogels, or
microgels).

A method to synthesize micro-sized hydrogels by
irradiation techniques is the simultaneous polymerization
and crosslinking of monomers in aqueous emulsions [30,
31]. Furthermore, radiation crosslinked microgels were
prepared by y-ray irradiation of aqueous poly(ethylene
oxide) PEO solutions [32]. Irradiation with low dose rates
(y-rays) leads to contracted polymer structures due to the
inter- and intramolecular crosslinking reaction. Various
studies of y-ray irradiation of low concentrated aqueous
solutions of poly(vinyl alcohol) PVA [33-35] and PVME
[36] were performed. Furthermore, the irradiation tempera-
ture of aqueous solutions of temperature-sensitive polymers
strongly influences the obtained structure. Irradiation of the
collapsed structure of PVME in diluted aqueous solutions
above LCST leads to temperature-sensitive microgel
particles having a porous structure [37]. These particles
can serve as a template, e.g. for emulsion polymerization of
pyrrol. It results in needle-like conductive polymer
structures [38].

Increasing the dose rate (e.g. pulsed electron beam
irradiation) increases the number of radicals at the polymer
chain and changes the properties of the products. Irradiation
of diluted aqueous solutions with pulsed electron beams
(generation of a large number of radicals on each separate
polymer chain in a short time) leads to the intramolecular
combination of the produced radicals. In dilute homo-
geneous solutions (each macromolecule is separated) of
poly(vinyl alcohol) PVA [39], poly(vinyl pyrrolidone) PVP
[40], and poly(acrylic acid) PAA [41,42] the formation of
nanogels occurs.

The aim of the work was the pulsed electron beam
irradiation of dilute aqueous PVME solutions of various
concentrations to obtain intramolecular crosslinked macro-
molecules (nanogels). These nanogels were characterized

with respect to their molecular weight, dimension, structure,
and temperature-sensitivity.

2. Experimental
2.1. Materials

Poly(vinyl methyl ether) PVME was obtained as a
50 wt% aqueous solution from Aldrich Chemical Co. The
molecular weight was determined by static light scattering
(SLS) in water as M,,=65,000 g/mol. The polymer was
used without any further purification. A higher molecular
weight sample was obtained by vy-ray irradiation of the
50 wt% aqueous solution with a radiation dose of about
30 kGy using a ®°Co source. The pre-irradiated PVME
sample was characterized by static light scattering and gel
permeation chromatography. Its molecular weight was
M,,=203,000 g/mol. Its polydispersity, determined by
GPC in THF (calibration with PS standards), was
M., /M,=3.0. The intrinsic viscosity of the contracted pre-
irradiated PVME sample was measured in THF at 7=30 °C
to [N]pranchea = 18.6 ml g_l. Based on the Kuhn-Mark—
Houwink equation [36] a contraction factor was calculated
to gl = [n]branched/[n]linear: 0.23.

PVME was dissolved in water by overnight stirring at
room temperature (RT). Solutions were prepared with water
purified by distillation and subsequent passing through the
Nanopure II system (Barnstead, final specific resistance >
17 MQ cm). Prior to the irradiation, the solutions were
filtered through 0.45 pum filters (Minisart, Sartorius). All
polymer concentrations ¢, are expressed in mol of repeating
units (M =58.08 g/mol) per liter.

2.2. Pulsed electron beam irradiation

Pulse irradiations were performed in a closed-loop flow
system (Fig. 1) consisting of a solution reservoir, Tygon
tubing, a peristaltic pump, and a quartz irradiation cell. Prior
to and during the irradiation, polymer solution in the
reservoir was being continuously saturated with argon. The
polymer solution flows turbulently through the irradiation
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Fig. 1. Schematic illustration of the experimental set-up (closed-loop
system).
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cell at a rate of 1 mls™ !, During the continuous flow, the
cell with an effective volume of 0.7 ml was pulse-irradiated
with 6 MeV electrons generated by an ELU-6 linear
accelerator (Eksma, Russia). Pulse frequency of 0.5 Hz
and pulse duration of 3 ps were applied. The average dose
absorbed per single pulse was determined by ferrocyanide
dosimetry [43—45] as 0.96 kGy. The average dose for the
whole solution volume was calculated based on the number
of the applied pulses as well as the known volume of the
solution (500 ml) and the irradiation cell (0.7 ml). For
details of the preparative pulse radiolysis see Refs. [40,42].

2.3. Static and dynamic light scattering

The weight-average molecular weight M,,, the radius of
gyration R, and the hydrodynamic radius Ry, were measured
by static and dynamic laser light scattering method with a
multi-angle Brookhaven Instruments setup consisting of a
Lexel 95E argon ion laser (4g0=514.5 nm) and a BI-200SM
goniometer. Measurements were performed using triple-
distilled water as solvent. The samples were filtered through
filters of 0.45 pm pore size before the measurement.

The angle and concentration dependence of the scattered
light was measured at T=25 °C. Zimm plot algorithm [46]
(Eq. (1)) was used to evaluate the scattering data.

K'eg 1 1 2
where K’ is an optical constant, expressed as K' =
47 n*INAAG (dnlde,)?, with N, n, dn/dc,, and Ao, being
Avogadro’s number, the refractive index of the solvent, the
specific refractive index increment of the solution, and the
wavelength of light in vacuum, and g=(41tn/Ay)sin(6/2)
the scattering vector. The Rayleigh ratio R(g) depends on
the polymer concentration c, and on the scattering angle 6.
The extrapolation of ¢,— 0 and § — 0 provides the weight-
average of the molecular weight M, the radius of gyration
Ry, and the second virial coefficient A,. The refractive index
increment was assumed to be independent of the applied
radiation dose and was taken as dn/dc,=0.1438 ml g~
[37]. The experimental errors of the detected molecular
weights and the virial coefficients are in the range of ca. 10—
20%. The angle dependence of the scattered light was
recorded at #=30-150°. The determined values of R, show
strong experimental errors, in particular at low concen-
trations ¢, <25 mM. Therefore, the values of these
concentrations are not discussed in this work.

In dynamic light scattering, the intensity time correlation
function g,(g,f) can be expressed by the Siegert relation

(Eq. (2)).

2(q,0 = A1 + Blg\ (g, D) )

where 7 is the decay time, A the measured baseline, § the
coherence factor, and g;(g,r) the normalized first-order
electric field correlation function that is related to the

measured relaxation rate I' (Eq. (3)):
&@0=J&Dﬂﬁr 3)
0

The line-width distribution G(I') can be obtained from
the Laplace inversion of g;(g,t) using CONTIN procedure
[47]. For a pure diffusive relaxation, the extrapolation of
g—0 and of c¢,—0 led to the transversal diffusion
coefficient D, which is related to the hydrodynamic radius
R), by the Stokes—Einstein equation (Eq. (4)).

kT

- 61TtnD )

h
where kg, T, and 7 are the Boltzmann constant, the absolute
temperature, the viscosity of the solvent, respectively. For
dynamic light scattering, no extrapolation of g — 0 and ¢, —0
was performed and an apparent hydrodynamic radius Ry, app
with an experimental error of ca. 10% was determined at
0=90°.

2.4. Cloud point measurements

The temperature-sensitivity of the PVME nanogels was
analyzed by measuring the UV/VIS absorbance of its
aqueous solutions in dependence on the temperature 7.
UV/VIS spectroscopy was performed with the spectrometer
Lambda 35 (Perkin—-Elmer) and quartz cuvettes with an
optical path of 5.0 mm. Pure water was used as reference for
the spectra. The spectra were measured between A=200 nm
and A=800 nm with a split of 2 nm. The temperature of the
cuvettes was kept constant at each 7 for 10 min by using a
Julabo thermostat (0-80 °C). The transition temperatures
were determined as the onset value of the increasing
absorption within an experimental error of 10%.

2.5. FESEM measurements

A valuable novel methodical approach for the structural
characterization of water-containing materials is the field
emission scanning electron microscopy (FESEM) combined
with cryo-preparation techniques. The intramolecularly
crosslinked nanogel structure was investigated in the
swollen state at 7=25 °C. A small droplet of the swollen
nanogel solution at 25°C was dropped onto a small
fragment of silicon (Si) wafer having a corresponding
temperature. The nanogels were physically adsorbed for
about 90 s to the Si wafer, before the excess solution was
removed with filter paper. Immediately following, the
samples were rapidly frozen by plunging into liquid ethane
(cooled to T=—196 °C) to avoid ice crystal formation
(vitreous ice embedding) [48]. Freeze drying was performed
within 6 h at 7= —80°C and p=5X10"° Torr using a
BAF 300 (Balzers, Principality Liechtenstein) equipped
with a turbo molecular pump. After warming up to RT the
freeze-dried samples were subsequently rotary shadowed
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with 1.5 nm platinum/carbon (Pt/C) at an elevation angle of
65°. The coated samples were examined in a high resolution
field emission scanning electron microscope (‘in-lens’ type,
model S-5000, Hitachi Ltd, Tokyo, Japan) in high vacuum
(p=4X10"" Torr) at RT. Micrographs were recorded at
8 kV acceleration voltage using secondary electrons (SE)
(for further methodical details of the FESEM, see Refs.
[49,50]). For photography the SE micrographs were
recorded using Agfapan APX100 film.

3. Results and discussions

When dilute aqueous polymer solutions are subjected to
ionizing radiation, hydroxyl radicals are formed, which
attack macromolecules by H-atom abstraction and, as a
result, carbon-centered polymer radicals are formed. These
radicals may decay by disproportion and recombination
(crosslinking). Depending on the polymer concentration and
on the dose rate two different crosslinking reactions can take
place: inter and intramolecular crosslinking (see Fig. 2). If
the average numbers of radicals per single chain Zy is low
(Zx <1), the intermolecular recombination of the formed
radicals is observed. Increasing the dose rate (dose D per
time ¢) leads to an increased number of radicals per chain
(Zg>1). In dilute solutions, where the distances between
macromolecules are relatively high, the recombination of
the formed radicals results mainly in an intramolecularly
crosslinking. The crosslinks lead to reduction of the
dimension of the macromolecule and nanogels are formed.
The resulted nanogels are more resistant to degradation
processes, because a degradation of C—C main chain bonds
does not reduce their molecular weight [42].

Therefore, in this work dilute aqueous solutions PVME
were pulsed electron beam irradiated to obtain intra-
molecular crosslinked molecules (nanogels). The nanogel
formation was studied at two PVME samples of different
molecular weights. First, the investigations were performed
with the commercially available sample. Furthermore, a
two-step crosslinking reaction was used. Irradiation with
low dose rates (y-ray irradiation) at high polymer
concentrations increases the molecular weight by inter-
molecular crosslinking. A following pulsed electron beam
irradiation leads to an intramolecular crosslinking.

3.1. Molecular weight of the PVME nanogels

By using static light scattering the weight-average
molecular weights M,, of the PVME nanogels in water
were determined with respect to the radiation dose D and the
polymer concentration cp,. In Fig. 3 the values of M,, of the
nanogels obtained by the irradiation at higher concentration
(cp=50-100 mM) are shown.

The molecular weights M,, increase exponentially with
increasing radiation dose (Fig. 3(a)), which is typically for
polymers that crosslink by high-energy radiation before

D

Fig. 2. Influence of the dose rate of the electron beam on the formed
polymer structures: (a) medium polymer concentrations and low dose rates
lead to intermolecular crosslinking, and (b) low polymer concentrations and
high dose pulses lead to intramolecular crosslinking.
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reaching the gelation dose D,. However, this increase in M,
depends on the used concentration. A molecular weight of
M, = (4-6) X 10° g/mol was obtained for the 50 mM
solutions at higher doses D in comparison to the 100 mM
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Fig. 3. (a) Molecular weight M,, of the PVME nanogels as a function of
the radiation dose D at higher polymer concentrations ¢, (¥, 50 mM;
¢, 100 mM). (b) Scaling behavior of M,, and R, at the highest polymer
concentration (100 mM).
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solutions. At higher polymer concentrations, but even below
the overlap concentration c*, intermolecular and intra-
molecular recombination of PVME radicals occurs.

The intermolecular crosslinking is strongly influenced by
the distance between neighboring macromolecules, as well
as the number of polymeric radicals. The distance can be
estimated from the volume of the coiled macromolecule in
solution, given by its radius of gyration R, and the total
polymer concentration ¢, respectively. Due to the small
distance between PVME molecules in the range of ¢, =50-
100 mM both, inter and intramolecular recombination of the
radicals occurs. In case of the commercially available
PVME, the starting molecular weight M, is almost
relatively low, because of the method of synthesis (cationic
polymerization). The pulsed electron beam irradiation of
such a medium M, compound usually leads to intermole-
cular and intramolecular crosslinking occurring side by side
and, therefore, to an increase in molecular weight. It can be
explained by a relatively low radical concentration at the
given polymer chain. Furthermore, the PVME have a rather
compact and relatively rigid structure in aqueous solutions,
as already discussed by several authors [17,29].

The occurrence of intermolecular crosslinking, leading to
a change in the macromolecular structure, is difficult to
demonstrate in the discussed case, when both molecular
weight and dimension increase upon irradiation. It can be
done, however, by analysis of the dimension of the exponent
v of the scaling law R, ~ My, of the formed irradiation
products (Fig. 3(b)). In case of polymeric coils in good
solutions an exponent of »=0.5-0.6 should be observed.
For hard spheres an exponent of »=1/3 should be obtained.
The analysis was performed for the highest concentration
(100 mM) and an experimental value of »=0.26 was
obtained. This value is close to that of the spheres within
the experimental errors. This finding can be treated as
indication that in fact nanogels are formed, having a
compact, sphere-like structure.

In the lower concentrations range (c, <25 mM) the dose
dependence of M, (Fig. 4) differs from that observed at
higher c,. Always at low doses (D<1kGy) a strong
increase in M,, was observed, that can be explained by the
already mentioned rigidity of the relatively low M,, of the
starting PVME molecules. This increase in My, strongly
depends on the used polymer concentration. At D=1 kGy
the molecular weights are of M,,=700,000 g/mol (c,=
25 mM), M,,=400,000 g/mol (¢,=17.5 mM), and M,,=
80,000 g/mol (c,=12.5 mM), respectively. After applying a
radiation dose of D>2 kGy only a slight increase in the
molecular weight was observed. In case of low concen-
trations the intramolecular crosslinking is now the dominat-
ing reaction.

3.2. Analysis of the intermolecular crosslinking

In dependence on the radiation dose D structural changes
were obtained by different processes. The ratio of

1,200,000
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400000{ @ .

200,000 4 g BT a]
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Fig. 4. Molecular weight M,, of the PVME nanogels as a function of the
radiation dose D at lower concentrations ¢, ([1, 12.5 mM; @, 17.5 mM;
A, 25.0 mM).

crosslinking to degradation reaction strongly depends on
D. At low doses D and at low polymer concentrations cp
crosslinking is preferred to main-chain scission. Cross-
linking of polymers by irradiation can occur on two different
ways: intra and intermolecular. The number of intermole-
cular crosslinks per volume can be calculated using Eq. (5)
[51].

1/ 1 1
e =3 () v

where MY denotes starting molecular weight of the non-
irradiated polymer, M,, the molecular weight at various
doses D, and ¢, the polymer concentration of the irradiated
aqueous solution. The calculated nc values in dependence
on the radiation dose D are shown in Fig. 5.

The value of the intermolecular crosslinks nc increases
with increasing polymer concentration ¢, at low values of
the dose (D <2 kGy). The pulsed electron beam irradiation
of PVME solutions at low doses leads always to an
intermolecular crosslinking due to the already mentioned
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Fig. 5. Number of intermolecular crosslinks per volume nc of the PVME
nanogels as a function of the radiation dose D at different polymer
concentrations c, ([, 12.5 mM; @, 17.5 mM; A, 25.0 mM; V¥, 50.0 mM;
¢, 100.0 mM).
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reasons. Above D=2 kGy no significant changes in these
values could be observed and irradiation with higher doses
leads to the intramolecular crosslinking—polymeric
nanogels are formed. The number of intermolecular
crosslinks ranges from nc=5.5X 10~ % mol/l (12.5 mM) to
ne=4.4Xx10"> mol/l (100 mM). In comparison to our
previous studies on y-irradiated PVME [36] at higher c,
almost the same values of nc were obtained. At this
concentration (c,=35 g/l), even below ¢’, intermolecular
crosslinking is the dominating reaction.

The slope of the functions nc=£(D) (at low doses D with
both, intra and intermolecular crosslinking) corresponds to
the values of the radiation-chemical yield of crosslinking
Gx and scission Gg.

2ep (11
4Gx —Gg = 2 [ ——— 6
X5 Dp (MQV MW> ©

where D is the absorbed radiation dose (in Gy) and p the
solution density (in g cm ™ >). In case of PVME in aqueous
solution the polymer undergoes crosslinking reaction, only
[29,31]. Therefore, the values of Gg are equal to zero and the
equation can be simplified to Eq. (7). The values of Gx were
calculated by using Eq. (7) and are shown in Fig. 6.

cp 1 1

=35 (o) @

Fig. 6 shows an increase in the radiation-chemical yield
of crosslinks Gy from Gx=3.5X10"" mol/J (12.5 mM=
0.725 g/l) to Gx=1.6X10"*mol/J (100 mM=5.8 g/I).
Janik et al. [29] analyzed the crosslinking behavior of
aqueous PVME solutions in a wide range of concentrations
¢p. The values of Gx, calculated by using three independent
methods, increase with increasing c,. Gx of the lowest
concentration (Gx=3X 10" mol/J at ¢p=20 g/1), investi-
gated in that study, was only slightly higher than the highest

concentration in our study (Gx=1.6 X 10~ % mol/J at Cp=
5.8 g/l).

3.3. The solution properties of PYME nanogels

Beside the values of M,, and R,, the SLS measurements
give information about the polymer—solvent interactions.
The values of second virial coefficient A, were analyzed in
dependence on the radiation dose D and the polymer
concentration ¢, (Fig. 7).

Generally, the values of A, decrease exponentially with
increasing radiation dose D. The interactions within the
polymer segments are getting more preferred to the
interaction between the polymer segments and the solvent
molecules. However, A, do not drop below 0. Within the
investigated concentrations and dose range, water remains
as a good solvent of PVME nanogels. The decrease in A, is
influenced by both, the increase in molecular weight M, as
well as the structural changes of the PVME molecules. First,
at D <8 kGy, A, decreases almost independently on ¢, with
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Fig. 6. Radiation-chemical yield of intermolecular crosslinking Gx of the
PVME nanogels as a function of the polymer concentration c,.

increasing radiation dose D resulting from the increasing
molecular weight [52]. At doses D>8 kGy, the concen-
tration dependence of A, becomes more pronounced. On the
one hand, M,, increases with increasing D. Therefore, A,
decrease at a constant D with decreasing c¢,. On the other
hand, the A, value is influenced beside the changes in M, by
structural modifications. The formed internal crosslinks
leading to a more compact polymer structure resulting in an
additional decrease in the solubility of the PVME nanogels.

3.4. Dimension of the PVME nanogels

Static light scattering techniques allow measuring of the
radius of gyration of macromolecules or colloidal particles,
if R, is not smaller than A/20 (4 is the wavelength of the
incident light). Since R, of the most nanogels samples
synthesized in low-concentration solutions of the commer-
cially available, medium-molecular-weight PVME, was
close to or lower than this limit (=10-20 nm), the
calculations of R, lead to not reliable results. Therefore,
the reduction of the dimension of the internally crosslinked
macromolecules was followed and discussed by using the
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Fig. 7. Second virial coefficient A, of the PVME nanogels as a function of
the radiation dose D at different polymer concentrations c,, (4, 12.5 mM;
@®,17.5mM; A, 25.0mM; V¥, 50.0 mM).
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Fig. 8. Apparent hydrodynamic radius Ry, of the PVME nanogels as a
function of the radiation dose D at different polymer concentrations ¢, ([,
125 mM; @, 17.5 mM; A, 25.0 mM; ¥, 50.0 mM; ¢, 100.0 mM).

data of the hydrodynamic radii R}, »p, Obtained by dynamic
light scattering (Fig. 8).

At polymer concentrations c¢,>25 mM Ry, ., increases
with increasing radiation dose D (e.g. for ¢, =50 mM from
Ry app=10 nm t0 Ry 5pp =30 nm at D=15 kGy) due to the
increase in M, by the intermolecular crosslinking
process. At ¢,=25mM the radius is almost constant at
R app = 10 nm despite the increase in molecular weight M,,.
At lower concentrations (¢, <25 mM) Ry, o, decreases with
increasing D to a value of Ry, ,,p, =5 nm. The dimension of
the PVME nanogels is strongly reduced by the intra-
molecular crosslinking of PVME, spite of the slight increase
in molecular weight M,,. The formed internal chemical
bonds prevent strong swelling of the polymer coil in the
aqueous solution. This effect is typical for nanogels, also
those formed by conventional, chemical intramolecular
crosslinking [8,9].

3.5. Temperature-sensitivity of the PVME nanogels

The changes in the molecular weight and the dimension
of the PVME nanogels influence the phase-transition
temperature T,,. The temperature-sensitivity of the formed
nanogels was investigated by using temperature-dependent
cloud point measurements. Fig. 9(a) shows the absorbance
in the wavelength range of A=200-800 nm of an exemplary
nanogel sample in dependence on 7.

Usually, the transition temperature of PVME is measured
at A=500 nm [53], because of no absorption of PVME at
this wavelength. However, in this work the absorbance in
the whole range of wavelength was determined (Fig. 9(a)).
Plotting the absorbance at various wavelengths versus the
temperature allows determining the transition temperature
at the onset of the increase in absorption. This absorbance of
each nanogel sample increases with increasing temperature.
For A>500 nm the measured critical temperature 7T, is
independent on the wavelength. Fig. 9(b) shows the onset
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Fig. 9. (a) Example of the temperature-dependent UV/VIS measurements
(cp=12.5mM, D=2 kGy). Absorption spectra at A=(200-800) nm as a
function of the temperature 7' (1-26.1, 2-31.5, 3-35.0, 4-36.2, 5-38.2, 6—
40.3, 7-46.6 °C). (b) Temperature dependence of the absorption at A=
500 nm of a PVME nanogel solution (c,=17.5mM) as a function of
selected radiation doses D ([, 1.0 kGy; @, 2.0kGy; A, 4.0kGy; V¥,
6.0 kGy; ¢, 15.0 kGy).

transition temperature 7., at A=500 nm of the PVME
nanogels in dependence on the applied dose D.

The phase-transition temperature 7. of the PVME
nanogels decreases with increasing radiation dose D and
decreasing polymer concentration ¢, (Fig. 10(a)). The
phase-transition temperature at a given polymer concen-
tration is influenced by the molecular weight, as well as the
structure of the bounded water at the temperature-sensitive
polymer chain. To estimate the influence of M, T, was
plotted versus M,, (Fig. 10(b)). An almost linear relationship
was observed. For higher doses a deviation from the straight
line is observed. However, the slope of these functions
increases with decreasing polymer concentration ¢, indi-
cating an influence of the formed internal crosslinks. The
additional internal chemical bonds raise the hydrophobicity
of the PVME molecules. The structure of the bonded water
molecules at the PVME chain is disturbed. A lower thermal
energy is necessary for the breakage of the hydrogen bonds
between the hydration shell and the polymer. However, the
numbers of additional bonds per each single nanogel is
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Fig. 10. (a) The critical temperature T, of the PVME nanogels at A=
500 nm as a function of the polymer concentration ¢, ({1, 25.0 mM; @,
17.5mM; A, 12.5 mM). (b) The critical temperature 7., of the PVME
nanogels at A=500 nm as a function of the molecular weights M,, (],
25.0mM; @, 17.5 mM; A, 12.5 mM).

relatively small and, therefore, the decrease in the transition
temperature 7T, is small.

All the experimental results (SLS, DLS, UV/VIS) of the
lowest used polymer concentration (c,=12.5mM) are
summarized in Table 1.

3.6. Morphology of the PVME nanogels

For nanogels a globular structure can be assumed,
because of a compact structure of the internal crosslinked
macromolecule. In [42] the expected sphere-like structure of
PAAc nanogels was detected by AFM measurements. In this
work electron microscopy (FESEM) combined with cryo-
preparation technique was used to visualize the structure of
the PVME nanogels. The measurements were performed at
an exemplary nanogel in its swollen state at T=25 °C.

The technique of cryo-preparation of water containing
samples allows visualizing their solid structure after the
freeze-drying by electron microscopy without any structural
changes during drying process. The FESEM micrographs
(Fig. 11) show the structure of the PVME nanogels in the
swollen state. Fig. 11(a) and (b) shows a porous ‘net’ of the

Table 1
Static and dynamic light scattering data and critical temperatures of the
PVME nanogels of the lowest polymer concentration (¢, =12.5 mM)

cp,=125mM SLS DLS UV/VIS
D (kGY) Mw A2 Rh,app Tcr
(g/mol) (cm? mol/gz) (nm) °O)
0.5 76,300 3.53%x1073 10.65 35.14
1.0 96,100 2.70%1073 8.50 35.06
2.0 123,000 1.04x1073 7.75 34.53
4.0 179,000 5.24X10"% 7.35 32.55
6.0 220,000 1.45X107* 7.35 32.02
8.0 283,000 1.20x107* 6.15 30.44
10.0 278,000 1.24X107° 5.95 29.86
15.0 226,000 1.54X107° 5.35 29.07

polymer sample with thin ropes (appr. 50 nm) and clusters
of particles. At higher magnifications of the particle cluster
(b) and (c) a globular structure of the particles was observed.
The diameters of the particles are typically in the range of
d=20-30nm. In Fig. 11(c) some particles with a
larger dimension (d~=50 nm) are shown. In another part of
the investigated sample (d) only the small particles are
visible.

3.7. Pre-irradiated PVME

Polymers of vinyl ether monomers can only be obtained
by cationic polymerization [54]. These polymers (like
PVME) have relatively low molecular weights (M, <
10° g/mol) due to side reactions. Cation transfer reactions
to already formed macromolecules lead to a long-chain
branching of the polymers. Therefore, the polydispersity of
these polymers is relatively high (M/M,>2).

A possibility to increase the molecular weight of PVME
is the irradiation of its concentrated aqueous solutions. In
such conditions the macromolecules crosslink mainly
intermolecularly and branched polymers with higher
molecular weight are formed. Below the gelation dose D,
no macroscopic network formation occurs and the higher
molecular weight polymer remains soluble. Such a pre-
irradiated PVME sample with higher molecular weight
(M,,=200,000 g/mol) was also used for the synthesis of
nanogels by intramolecular crosslinking initiated by pulsed
electron beam irradiation.

The pulsed electron beam experiments on the pre-
irradiated PVME were performed only at one concentration
(cp,=10 mM). This concentration, that is lower than that of
the experiments with the commercial PVME, was chosen
because the intermolecular distances of the higher M,
polymer in solution are smaller at the same concentrations.
Irradiation of this sample in the range D =0— 8 kGy leads to
an increase in molecular weights My, (Fig. 12). In the range
of very low doses (D=1 kGy) the molecular weight M,,
increases, again (Fig. 4). Between D=1 kGy and D=6 kGy
the molecular weights range from M, = 1,000,000 g/mol to
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Fig. 11. FESEM micrograph of PVME nanogels (c,=25.0 mM, D= 15 kGy) swollen in water at 7=25 °C at different magnifications. The bars correspond to

360 nm (a+b), and to 180 nm (c+d).

M,,=2,000,000 g/mol, respectively. The increase in mol-
ecular weight to M,,=3,500,000 g/mol at a dose of D=
8 kQGy is difficult to explain. Probably, the rigidity and the
steric hindrance are increased due to the long-chain
branching of the intermolecular crosslinked pre-polymer.
The radius of gyration R, and hydrodynamic radius Ry, app
of the intermolecular crosslinked sample after pulsed-
irradiation are shown in Fig. 13. Both, the R, and the
Ry app»> increase by the irradiation with D=1kGy to R,=
60 nm and Ry, ., =35 nm, respectively. With increasing
dose (D> 1 kGy) the dimensions of these PVME nanogels
decrease due to the dominance of the intramolecular linking.
The molecular weights and the radii are high enough for

3,500,000 -
3,000,000 -
2,500,000 -

2,000,000 -

My, [g/mol]
[m}

1,500,000 - O
1,000000{ PO

500,000 4.
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2 4 6 8
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Fig. 12. Molecular weight M, of PVME nanogels obtained from the pre-
irradiated sample as a function of the radiation dose D.

a correct analysis of R, by light scattering. Independently on
the error of the absolute value of R, (measurements at a
scattering angle of 90°), the p-parameter (p=R,/Ry,) was
calculated in dependence on the dose (Fig. 14). The
calculated p-parameter of the non-irradiated sample is p=
1.15. It is somewhat lower than that of a polydisperse coil in
a good solvent (p=3"?=1.73) or a polydisperse, long-
chain branched macromolecule (p=1.225) [55]. The
intermolecular crosslinking of the concentrated PVME
solution leads already to a contraction of the molecules
(as already recognizable by the determination of the
contraction factor g’=0.23). The irradiation of the dilute
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Fig. 13. Dimension ([, radius of gyration R,, @, apparent hydrodynamic
radius Ry, .pp) of the PVME nanogels obtained from the pre-irradiated
sample as a function of the radiation dose D.



T. Schmidt et al. / Polymer 46 (2005) 9908-9918 9917

1.04"
0.8

064 O

p-parameter

0.4 1

0.2 1

0.0

0 2 4 6 8
D [kGy]

Fig. 14. p-parameter of PVME nanogels obtained from the pre-irradiated
sample as a function of the radiation dose D.

solutions of these molecules at low D decreases dramatically
the p-parameter. Above D=1 kGy the p-parameter decreases
moderately to p=0.5-0.6. In the literature [56] these values
were measured for soft globular polymer structures (micro-
gels). On the other hand, the compact structures (hard spheres)
would yield higher values (p=(3/5)"?=~0.775) [55]. The
determined values of p-parameter are in the range of soft
spheres. Therefore, it can be concluded that the formed
nanogels have a globular, freely draining structure.

All the results of the nanogels obtained from the pre-
irradiated PVME sample are summarized in Table 2.

4. Conclusions

Pulsed electron beam irradiation of aqueous oxygen-free
PVME solutions at low temperatures leads at low polymer
concentrations (¢, <25 mM) to an intramolecular cross-
linking reaction of PVME. Temperature-sensitive cross-
linked macromolecules (nanogels) with small dimensions
(= 10" nm range) could be synthesized. The intramolecular
coupling of the polymer radicals strongly depends on the
polymer concentration in aqueous solution, the used
radiation dose, as well as the starting molecular weight.

In the case of the commercial PVME sample at low
radiation doses (D <2 kGy) the molecular weight of PVME
increases (independently of concentration), because of

intermolecular crosslinking of the relatively rigid PVME
molecules. At higher concentrations of PVME (¢, >25 mM)
an increase in both, M, and dimension in the whole dose
range was observed. This is due to the distance between
neighboring molecules and a low number of radicals
generated at each chain. At lower polymer concentrations
(¢p <25 mM) no further increase in molecular weight was
observed-intramolecular crosslinking reaction occurs. The
dimension (hydrodynamic radii) of the internally cross-
linked nanogels decreases. By using FESEM measurements
a compact, globular particles with diameters of d=10-
30 nm were determined. The temperature-sensitive beha-
vior of the PVME nanogels was measured by cloud point
measurements. The critical temperature T, decreases with
increasing radiation dose due to the increase in molecular
weight and a more compact structure of macromolecules.
The internal linking bonds disturb the structure of the water
shell hydrated the coils that lead to their lower transition
temperature 7.

For a pre-irradiated PVME sample of a higher initial M,,,
the irradiation experiments were performed at one concen-
tration (c, =10 mM). Again, an increase in M,, and in radius
at a low dose (D=1.0 kGy) was observed. However, after a
small increase in the dimension (R, and Ry, ,pp), the radii are
decreasing with increasing radiation does D due the internal
crosslinking of the formed macromolecules. The measured
radii allow calculating the p-parameter. A typical value for
microgels of p=0.5-0.6 independently on the dose was
calculated.
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Table 2

Static and dynamic light scattering data of the PVME nanogels obtained from the pre-irradiated sample (c,=10.0 mM)

Sample SLS DLS Pp=(Ry/Ru app)
D (kGy) M,, (g/mol) R, (nm) A, (cm® mol/g?) Ry app (M)

0.0 203,000 24.9 1.14Xx107* 21.9 1.14

0.92 1,130,000 36.5 1.91x10™* 59.0 0.62

2.00 1,100,000 29.5 7.05X107° 52.7 0.56

4.04 1,550,000 27.3 5.02X107° 53.3 0.51

6.08 1,850,000 27.7 8.06X107° 50.9 0.54

8.12 3,290,000 23.3 492X107° 50.3 0.46
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