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ABSTRACT: Bicomponent nanophase-separated poly(2-hydroxyethyl methacrylate)-linked-polyisobutylene
(PHEMA-I-PIB) amphiphilic conetworks were synthesized by radical copolymerization of methacrylate—
telechelic polyisobutylene (MA—PIB—MA) and different amounts of 2-(trimethylsilyloxy)ethyl methacrylate
(SEMA) followed by quantitative hydrolysis of the trimethylsilyl protecting groups. The PIB content of
the resulting conetworks, determined by elemental analysis and solid-state *H NMR under fast magic-
angle spinning (MAS), varied between 17 and 63% w/w. Phase separation and morphology of these
conetworks were investigated by DSC, small-angle X-ray scattering (SAXS), and for the first time by *H
spin diffusion solid-state NMR. Two Ty values were observed by DSC in all samples. The observed Ty
values were close to the literature values of both homopolymers (110 °C for PHEMA and —67 °C for
PIB), indicating a strong phase-separated morphology in these conetworks. Parameters were optimized
for the *H spin diffusion NMR experiments, and the measurements were carried out with six filtering
cycles and a 10 us delay between pulses at 90 °C. The NMR and SAXS measurements prove strong phase-
separated morphology. The sizes of the hydrophilic (PHEMA) and hydrophobic (PIB) nanodomains were
determined to be in the 5—15 nm range. The spin diffusion experiments also indicate strongly separated
phases without a detectable interface with mixed components. The long period of our system seems to
depend weakly on the volume fraction whereas the morphology of the nanophases depends on the volume
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fraction.

Introduction

Well-defined heterogeneous polymeric architectures
have played an important role in polymer chemistry and
technology in recent years (see e.g. refs 1-5 and
references therein). One type of these promising materi-
als belongs to amphiphilic conetworks (see Scheme 1)
which exhibit several unique advantageous properties.
The synthesis of these new bicomponent polymeric
architectures relies on the availability of well-defined
telechelic polymers, such as polyisobutylene with pre-
determined molecular weight (MW) and a narrow mo-
lecular weight distribution (MWD) obtained by quasi-
living carbocationic polymerization.6=1° The synthetic
difficulties originate mainly from macroscopic phase
separation during the preparation of the conetwork that
occurs due to the incompatibility of the polymers.
Systematic research in this field has only started in
recent years.”11729

The amphiphilic conetworks are bi- or multicompo-
nent polymeric materials which contain covalently
bonded immiscible hydrophilic and hydrophobic polymer
chain segments. This yields unique nanostructured
composites with cross-linked but nanoseparated mor-
phology.?131 The solubility parameters of the two poly-
mers are usually very different in amphiphilic conet-
works so that the components do not mix, but macro-

* Corresponding Authors. B.lI. E-mail: bi@chemres.hu. Tele-
phone: +36-1-325-9033. Fax: +36-1-325-7898. H.W.S.: E-mail:
spiess@mpip-mainz.mpg.de. Telephone: +49-6131-379120. Fax:
+49-6131-379320.

T Hungarian Academy of Sciences.

* Max Planck Institute for Polymer Research.

10.1021/ma034891h CCC: $25.00

Scheme 1. Structure of Monomers (IB = Isobutylene,
HEMA = 2-Hydroxyethyl Methacrylate, SEMA =
2-(Trimethylsilyloxy)ethyl Methacrylate) and
Methacrylate—Telechelic Polyisobutylene
MA—-PIB—MA Macromonomer

B HEMA SEMA MA-PIB-HEMA
scopic phase separation is hindered by the covalent
bonds between them. As a consequence of the network
structure, the phase separation is only possible in the
microscopic range, and therefore, the conetworks are
macroscopically homogeneous. This results in a special
bulk and surface structure which was confirmed for few
cases by transmission electron microscopy (TEM),21:30
atomic force microscopy,'42! X-ray photoelectron spec-
troscopy,* small-angle X-ray scattering,’32! small-angle
neutron scattering,! and solid-state NMR experi-
ments®? for certain conetworks. The amphiphilic conet-
works swell in both hydrophilic and hydrophobic sol-
vents1117.18.27.28 due to their amphiphilic character.
Earlier investigations of certain amphiphilic conet-
works, such as poly(2-hydroxyethyl methacrylate)-I-
polyisobutylene, poly(N,N-dimethylacrylamide)-I-poly-
isobutylene, and poly(N,N-dimethylaminoethyl methacry-
late)-I-polyisobutylene (I stands for covalently linked),
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Table 1. Synthesis Parameters of the Preparation of PHEMA-I-PIB Amphiphilic Conetworks?

sample  Wpig? [% wiw] mpig [0] Vsema [cm?] Msewma [0] Nsema [Mmol] VAIBN stock [CME] Naisn [wmol] Vrne [cm?]
1 35 0.70 2.18 2.02 9.99 2.00 20.0 3.05
2 40 0.80 2.01 1.87 9.22 1.84 18.4 3.26
3 45 0.90 1.84 1.71 8.45 1.69 16.9 3.47
4 50 1.00 1.68 1.55 7.68 1.54 15.4 3.68
5 70 1.40 1.01 0.93 4.61 0.92 9.2 4.52
6 75 1.50 0.84 0.78 3.84 0.77 7.7 4.73
7 80 1.60 0.67 0.62 3.07 0.61 6.1 4.94
8 85 1.70 0.50 0.47 2.31 0.46 4.6 5.15

a The following values are constant for all samples: (mpig + Msema)/Vail component = 0.25 g/cm?3; Mpig + Muema = 2.0 g; Nsema/Naien = 500
(W = weight %, m = mass, V = volume, n = mole). ® The values were calculated from the data used for preparation.

with around 50/50 w/w % hydrophilic/hydrophobic com-
position have shown that they are biocompatible3® and
blood compatible3* materials. The very mobile PIB
chains give flexibility to the amphiphilic conetworks,
and they are generally rubbery materials depending on
the PIB content.’® In the swollen state, conventional
hydrogels of cross-linked homopolymers lose mostly
their mechanical stability, and in the highly swollen
state, their structure can disintegrate. In the am-
phiphilic conetworks, the hydrophilic phases are co-
valently bonded in the network structure with double
covalent linked PIB chains, which prevent the disinte-
gration. The PIB chains provide the conetworks tough-
ness and additionally an upper limit of the swelling
ratio, which decreases the possibility of disintegrating
the structure. These favorable properties and the
nanoseparated morphology make the PIB-based amphi-
philic conetworks promising candidates in nanoscience
as matrix materials for building separated inorganic
nanoparticles?! and in medical applications as implants
and controlled drug release matrices.”-1112.28,3536

In this work we have systematically investigated the
structure of a poly(2-hydroxyethyl methacrylate)-I-poly-
isobutylene (PHEMA-I-PIB) amphiphilic conetwork se-
ries with different hydrophilic—hydrophobic polymer
content. The conetworks were synthesized by free radi-
cal copolymerization of methacrylate—telechelic poly-
isobutylene (MA—PIB—MA) and SEMA followed by
guantitative deprotection as described earlier.”28:36 The
chemical composition of the conetworks was determined
by elemental analysis and solid-state 'H NMR under
fast MAS. According to previous work,321 the PHEMA-
I-PI1B amphiphilic conetwork contains domains with an
average size of several nanometer, but further system-
atic morphological studies are not yet available.

For medical and nanotechnological applications it is
very important to characterize and understand the
underlying morphology and determine the size of the
nanodomains within the amphiphilic conetworks. These
structural properties should highly influence the swell-
ing properties of the conetworks in different solvents
and other physical and chemical properties. The exist-
ence of a strong phase separation was indicated by
differential scanning calorimetry (DSC).”?8 Various
solid-state NMR techniques can be used for the char-
acterization of complex polymeric structures (see e.qg.
refs 37—46). Because of the strong phase separation and
well-defined structure of the investigated amphiphilic
conetworks, the H spin diffusion solid-state NMR
technique is one of the most powerful methods to
determine phase separation in the nanometer range,
specifically for ill-defined structures.3’—4244-49 The struc-
ture of amphiphilic conetworks is macroscopically ho-
mogeneous, but short-range order was found by small-
angle neutron scattering (SANS) measurement.3! In this

study the size of the nanophases and the underlying
morphology of the chemically generated nanostructure
of these bicomponent covalent conetworks are charac-
terized by H spin diffusion solid-state NMR and small-
angle X-ray scattering (SAXS).

Experimental Section

Materials. 2-(Trimethylsilyloxy)ethyl methacrylate (SEMA)
(Aldrich) was freshly distilled, and AIBN (Aldrich) was re-
crystallized twice from methanol before use. Solvents were
used as received, except THF which was freshly distilled from
LiAIH4. The synthesis of the methacrylate—telechelic PIB
(M, = 5000 g/mol, M/M, = 1.01, functionality = 2.0) has
already been described elsewhere.”:28:36

Synthesis of Poly(2-hydroxyethyl methacrylate)-I-
polyisobutylene (PHEMA-I-PIB) Amphiphilic Conet-
works. The preparation of PHEMA-I-PIB amphiphilic conet-
works using protected hydrophilic monomer and polymeric PIB
cross-linker has already been described in a previous work,”
and the synthetic procedure given here is the same with only
minor differences (see below). The two different monomers and
the macromonomer used for this study are shown in Scheme
1. One of the changes in the synthetic procedure is the
variation of the initiator concentration ([1]) relative to the
monomer concentration ([M]). Previously [1] was always chosen
to be proportional to [M]? in order to attempt to polymerize
the hydrophilic monomer (in particular the SEMA) with a
constant chain length in the whole series of the conetworks
with different compositions. In our study, [I] was changed
linearly with [M] because the kinetics of the free radical
polymerization in a network formation reaction after the gel
point usually cannot be described by the equation based on
the above-mentioned relation:?® 1/DP, = const-[M]/([I])">.
Therefore, [1] was chosen such that the synthesis resulted in
the longest possible hydrophilic chains. Practical aspects of
the synthesis might also be important: e.g., to avoid low
monomer conversion (at low [I]), formation of bubbles (too high
[1]), etc.

The amphiphilic conetwork samples were prepared using a
linear variation of [I] with respect to [M]. The parameters of
the synthesis (the specific amounts of the reactants and
solvents) are listed in Table 1.

The desired amounts of methacrylate—telechelic PIB (MA—
PIB—MA) were measured into a 50 cm? reaction flasks. The
flasks with MA—PIB—MA, trimethylsilyloxyethyl methacry-
late (SEMA), AIBN stock solution in THF (c = 0.01 M), and
THF was placed into a glovebox filled with N,. The appropriate
amounts of SEMA, AIBN stock solution, and THF were
weighed into glass vessels. The mixtures were homogenized
with magnetic stirring bars and transferred into hollows of a
Teflon mold. Then the mold was hermetically sealed. After-
ward, it was removed from the glovebox and placed into an
oven and kept there at 60 °C for 3 days. Then, the mold was
allowed to cool before opening. The networks were allowed to
dry in air for 2 days, and then the cross-linked samples were
placed into HCI solutions (c = 0.01 M) of ethylene glycol methyl
ether/methanol (50:50) mixture, followed by methanol and
methanol/water mixture (50:50) to eliminate the protecting
groups. The networks were immersed into these solutions
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Table 2. Results of Elemental Analyses, 'H MAS NMR, and DSC Measurements of PHEMA-I-PIB Amphiphilic Conetworks

sample PIB [% w/w] PIB [% w/w] PHEMA [% w/w] PHEMA [% w/w] Tyof PIB Ty of PHEMA
no. (elemental analysis) (*H MAS NMR) (elemental analysis) (*H MAS NMR) [°C] [°C]
1 17 10 83 90 -63 111
2 24 15 76 85 -61 109
3 26 18 74 82 -60 108
4 28 26 72 74 -60 107
5 50 34 50 66 -59 102
6 57 52 43 48 -56 102
7 57 54 43 46 -57 100
8 63 62 37 38 -55 96

Scheme 2. Proposed Structure of PHEMA-I-PIB
Amphiphilic Conetworks, Specifically for Low PIB
Content Where Spherical PIB Structures of Roughly
15 nm Diameter Dominate the Morphology

~10 nm

o

PHEMA

—)

sequentially for 5 days. The HCI solutions (150 ¢cm?3) were
exchanged with fresh solutions daily. Then the samples were
immersed into methanol for 3 days and subsequently into
hexane for 3 days. The resulting materials were allowed to
dry in air for 3 days, and further drying was made in a vacuum
until constant weight (1 day at room temperature and 5 days
at 130 °C) was reached.

The architecture of the prepared amphiphilic conetworks
is determined by the starting materials of the conetwork
formation. Scheme 2 shows the designed materials containing
chains with opposite miscibility connected covalently to each
other. The PIB chains are bridging between the PHEMA
chains and have narrow MWD; i.e., M¢pig can be regarded as
constant (Mcpig = 5000 g/mol) throughout the conetwork
structure of any sample in the whole series of the conetworks.
On the other hand, M¢pneva has a broader distribution than
M. pig, and it changes with composition. Since the overall cross-
link density (D) originates from these particular quantities,
each member of the series of conetworks will possess a
different D, which increases with the PIB content of the
amphiphilic conetworks.

Elemental Composition. The compositions of amphiphilic
conetworks were determined by elemental analysis and checked
by single-pulse 'H fast MAS solid-state NMR spectra
(wr/2t = 25 kHz, 700 MHz spectrometer). The peak in the *H
spectrum at 3.9 ppm is related to the two O—CH, segments of
PHEMA, and the peak at 1.1 ppm is related to protons
originating from both PIB and PHEMA (spectra not shown).
Peak integration yielded the relative content. The results are
listed in Table 2.

The PIB content of the samples determined by NMR is
generally 5—10% w/w smaller than the results of the elemental
analysis, and the difference is independent of the PIB content.
Because of the complexity of the investigated system, the
reason for these slight differences is not obvious, and further
investigations are needed along this line.

1H Spin Diffusion Solid-State NMR. All NMR experi-
ments were performed on a Bruker DSX spectrometer, operat-
ing at *H frequency of 300.22 MHz (7.05 T) with a commercial
7 mm static double-resonance probe. To select the magnetiza-
tion of the mobile components and to selectively destroy the
magnetization in the rigid phase, a dipolar filter®’—394147.48 was

used similar to a classical Goldman—Shen experiment.*® The
dipolar filter destroys the magnetization of the rigid phase with
high Ty, but the magnetization is retained in the mobile phase.
The 90° pulse length was 3 us, and the spacing between the
90° pulses during the dipolar filter was set to 10 us. After
application of a dipolar filter, the magnetization was stored
on the +Z axis (parallel to the magnetic field Bo) for a mixing
time tm, during which 'H spin diffusion occurs. Thereby,
magnetization of the mobile PIB phase migrates to the rigid
PHEMA phase until an equilibrium of magnetization is
reached, i.e., for sufficiently long mixing times tn,. A read-out
pulse returns the magnetization to the transverse plane where
the signal of the magnetization is detected. The intensity of
the highest peak in the 'H spectra was taken for every mixing
time. Afterward, the experimental data must be corrected for
the T, relaxation which also reduces the intensity of the PIB
signal in addition to *H spin diffusion. The T relaxation decay
was first separately measured for similar mixing times, tm,
without application of the dipolar filter, such that the mag-
netization decay is mostly caused by T relaxation. The decay
curves including dipolar filter and the various mixing times
are influenced by both *H spin diffusion and T; relaxation.
Consequently, these decay curves were corrected for the prior
determined T; relaxation at each mixing time t,. This is
described in detail in refs 39 and 41. To acquire the spectra,
a dead time delay of 5 us and a spectral width of 150 kHz with
a 3.35 us dwell time were used.

The measurement of the T, transverse relaxation time is
needed to estimate the spin diffusion coefficient®®2° of the
mobile phase. The detection of the T, transverse relaxation
was obtained using a Carr—Purcell—Meiboom—Gill (CP-
MG)%253 sequence. All NMR experiments were carried out at
90 °C, that is, about 150 °C above the T4 of PIB and about
15 °C below the T4 of PHEMA to maximize the dynamical
contrast between the two phases. Because of this high tem-
perature, the option of using a solid echo for the determination
of T, of PIB was discarded. Line width studies and T,
measurements where within 10% deviations. Furthermore, it
is important to mention that the size of the determined
nanophase depends only on the root of the diffusion coefficient
and hence is less sensitive to experimental errors of T,.. We
consider the uncertainty of “¢” as the major source of inac-
curacy.

Small-Angle X-ray Scattering (SAXS). The SAXS mea-
surements were performed in an evacuated compact camera
(Anton Paar KKK). As X-ray source, Cu Ko radiation with a
wavelength of 4 = 0.154 nm was used. The scattered intensity
was recorded by a scintillation counter in a step-scanning
mode. The samples were heated to 130 °C in a vacuum for
one night to eliminate any water absorbed from the air before
solid-state NMR and SAXS measurements were conducted.

Results and Discussion

DSC Investigations. The glass transition tempera-
ture Ty of bicomponent polymeric systems depends on
the size of the heterogeneity, especially for small
domains.5455 If the polymer components are immiscible,
the sample exhibits two Ty's which can be associated
with the different microphases. The difference in the
Ty compared to the Ty of the pure material can be
associated with the size and/or perfection of the phase
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Figure 1. DSC curves of PHEMA-I-PIB amphiphilic conet-
works containing 24% wi/w (solid line) and 57% w/w polyisobu-
tylene (dotted line).

separation. For our samples, two Tg's were observed
(Figure 1), and the measured glass transition temper-
atures are very close to the literature values (Table 2)
of the respective pure components in each case (—67 °C
for PIB and 100—110 °C for PHEMA),”13556 indicating
strong phase separation of fairly pure PIB and PHEMA
in PHEMA-I-PIB conetworks. The T, of PHEMA de-
creases approximately linear while the Ty of PIB
linearly increases with increasing PIB content in the
conetworks. This phenomenon and the difference be-
tween the Tg's of the pure homopolymers and the
components of conetworks will be discussed in detail
elsewhere.5”

1H Spin Diffusion Investigations. Information on
the domain sizes of the cross-linked polyisobutylene
nanophases in amphiphilic conetworks was obtained by
IH spin diffusion solid-state NMR experiments. The
appropriate choice of temperature and strength of the
dipolar filter as varied by the number of cycles and time
separation between consecutive 90° pulses of the dipolar
filter are crucial to the spin diffusion experiments.
Because these amphiphilic conetworks are not only
physical but also chemical networks, both PIB chains
ends are covalently bonded to the high-Tg PHEMA, and
the PIB chains should exhibit a mobility gradient
similar to that of block copolymers.5® As a consequence,
the detected size of the very mobile PIB nanodomains,
e.g., as seen by NMR, could be smaller than the size as
found by scattering techniques (SAXS, SANS) or mi-
croscopy (AFM). If this effect exists, it will decrease with
increasing temperature. To maximize the mobility
contrast between the two polymeric phases and the
underlying characteristic time (10—100 us) of the seg-
mental motion, 90 °C was chosen as measuring tem-
perature in all cases. This temperature is just below the
Ty of the rigid-state PHEMA (about 100—110 °C) and
much higher than the Ty of the mobile-phase PIB (about
—60 °C). The mobility difference between the mobile and
the rigid-state components is clearly visible in the static
single-pulse 'H spectra of two amphiphilic conetworks
with different PIB contents, as shown in Figure 2. The
homogeneous 'H line width can be correlated to the
mobility of the PIB component. The rigid PHEMA has
a broad peak (=50 kHz fwhm), and the mobile PIB has
a narrow peak (~2 kHz fwhm).

The spin diffusion decay curves, as a function of the
square root of mixing time, contain three important
parameters:324! the plateau value, the slope of the initial
part, and the intercept of the extrapolated initial slope.
The choice of the strength of the dipolar filter can be
optimized via the plateau value. Furthermore, devia-
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Figure 2. 'H static NMR spectra of amphiphilic conetwork
samples with different compositions. The solid line marks the
spectra of the 63% w/w and the dotted line the 24% w/w PIB
containing sample.
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Figure 3. !H spin diffusion curves of PHEMA-I-PIB am-
phiphilic conetwork containing 28% w/w PIB, measured at
90 °C with different numbers of dipolar filter cycles (nc) with
10 us spacing between the pulses. The plateau value is 0.43
(43% of protons are mobile), and it corresponds to the relative
amount of PIB protons within the total amount of protons in
the sample.

tions from the stoichiometric ratio contain information
about mobilization or immobilization of the two phases.

The linearity of the decay of the first points vs ./t
contains information about the interface or transitional
region between different phases, and the slope reflects
the average domain size of the mobile nanophase.3841.59

After a sufficiently long mixing time, ty, the spin
diffusion process is completed and the magnetization
is equilibrated. The magnetization distribution between
both phases finally becomes equal again. Consequently,
beyond this point, the spin diffusion curve ideally
reaches a horizontal plateau value representing the
equilibrium magnetization of the system. The stoichio-
metric proton ratio of the “mobile” and “rigid” protons
can be calculated from the number of the protons of the
PIB and PHEMA phases and should, in a first ap-
proximation for a perfect phase separated system, be
equal to the plateau value as detected by spin diffusion
measurements.*! The parameters that define the strength
of the dipolar filter, such as the number of the filtering
cycles and the delay between consecutive 90° pulses,
have to be chosen carefully. If the dipolar filter is too
weak, partial magnetization of the rigid phase remains,
whereas if the filter is too strong, then some magnetiza-
tion of the mobile phase will be destroyed. Hence, the
obtained domain size will be either larger or smaller
than the real one. Therefore, optimization of the dipolar
filter strength is important.

Figure 3 shows the spin diffusion curves of the sample
containing 28% w/w PIB at 90 °C with different num-
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Figure 4. Spin diffusion curves of PHEMA-I-PIB amphiphilic
conetworks at 90 °C with six cycles of dipolar filter and
variation of the spacing between the pulses. A computer
simulation of the decay of the magnetization is also included.
For the simulation the following parameters were used:
Dmobile = 0.07 nm?/ms, Drigia = 0.8 nm?/ms, and dmebie Was
calculated from the intercept of the extrapolated initial slope
of the measured spin diffusion curve. The plateau value was
calculated from results of the elemental analysis. The simula-
tion agrees very well with the measured curve with 10 us
spacing for the 24% w/w PIB containing sample (a). For the
63% w/w PIB containing conetwork the measured plateau
value is about 10% lower, but the initial slopes of the curves
are the same (b).

bers of cycles of the dipolar filter with 10 us spacing
between the 90° pulses. This figure demonstrates the
effect of the variation of the number of filtering cycles.
In this sample, the mobile/total proton ratio is 0.43,
which corresponds roughly to the plateau value of the
spin diffusion curve obtained with six filter cycles. Note

that the spin diffusion decay vs 4/t is remarkably
linear for the first points. Thus, the two phases of the
conetworks are clearly separated; an interphase is not
detected by NMR. The other parameter that regulates
the strength of the dipolar filter is the spacing between
the 90° pulses. Figure 4 shows the results of varying
the spacing compared with simulations (six filtering
cycles were used for the measurements). The param-
eters for the simulation were obtained from the solid-
state NMR measurements (diffusion coefficient Dmgpile
and diameter of the mobile phase dmepile), and the
potential plateau value was calculated from the com-
position determined by elemental analysis.

For the conetwork containing 24% w/w PIB, the
simulated and the measured spin diffusion curve with
10 us spacing agree very well (Figure 4a). For the
conetwork containing 63% w/w PI1B, the plateau values
of the simulation and the measurements differ by 15%,
but the initial slopes of the curves, and thus their
intercept, are similar (Figure 4b). The spacing between
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Figure 5. Spin diffusion curves of PHEMA-I-PIB amphiphilic
conetworks at 90 °C with six cycles of the dipolar filter and
10 us delay between the pulses. The initial slope of the curves
and the plateau values change systematically for the PIB
content of the samples. The arrow indicates the increase in
PIB content.

pulses has a smaller effect on the intercept of the initial
slope than the number of cycles in the investigated
amphiphilic conetworks. To get comparable results, in
all further H spin diffusion experiments six filtering
cycles and 10 us delays between the pulses were used.

The spin diffusion curves of amphiphilic conetworks
with different compositions are shown in Figure 5. The
initial part of each curve is approximately linear,
consistent with strong phase separation, which is in
agreement with the results of the DSC measurements.
The linearity of the initial region indicates that the
opposing miscibility phases are separated from each
other without any substantial interphase between them.
The intercept of the initial slope of the first linear points

of the curves («/tms’o) as a function of the root of the
mixing time axis is directly proportional to the size of
the mobile nanophases.®®#! The average diameter of
these mobile nanodomains (dmopile) can be calculated

from 4/t,*° as described in the literature:37:38

d = & Def‘fth’O (1)

mobile — \/;

where € is the number of orthogonal directions that
exchange effectively magnetization between the two
different phases. The “geometry parameter”, ¢, is 1 for
lamellae, 2 for cylinders, and 3 for spheres; therefore,
it strongly influences the calculated diameter of mobile

nanodomains. /D is defined as the geometric aver-

age of y/Dyiie @nd 4/Dyyiq divided by the arithmetic
average of their square roots:3%41

«/D_ _ v Dmobile\/ Drigid
=
) (\/Dmobile + \/Drigid)/2

The value for the rigid phase spin diffusion coefficient
of Drigia = 0.8 nm?/ms has been determined previously
in the literature.3%4! The spin diffusion coefficient of the
mobile nanophase (Dmabite) can be determined from spin-
echo measurements of transverse relaxation rate T2
(in hertz) by an empirically established relation for
small diffusion coefficients (T,™1 < 1000 Hz):38

)

Drnopite(T2 %) = (8.2 x 107°T,~*® + 0.007) [nm?/ms]
®)
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Figure 6. Small-angle X-ray scattering (SAXS) traces of 24%
and 57% w/w PIB containing PHEMA-I-PIB amphiphilic
conetworks. The first-order peaks (q*) correlate with a peri-
odicity of 18.5 and 14.6 nm in these samples. The appearance
of higher small intensity peaks indicates a short-range order-
ing. The presumed approximate structure is lamellar for
sample 6 and simple cubic for sample 2.

For all PHEMA-I-PIB samples, the measured T, !
values are about 390 Hz, which results in a value of
Dmobite = 0.07 nm?/ms according to eq 3. Because of a
similar dynamic contrast for all samples, the diffusion
coefficient Dmonile Of the mobile PIB phase is nearly
independent of the mobile/rigid polymer content of the
conetworks.

There is no exact information available concerning the
shape of the mobile (PIB) nanophases in amphiphilic
conetworks (see also next section), and H spin diffusion
NMR results will not provide information about the
form of PIB nanophases. This question can be tackled
by using complementary scattering techniques. It is not
even clear whether only a single, well-defined morphol-
ogy dominates the local structure of the PHEMA-I-PIB
conetworks. It is possible to approximate the value of €
from the spin diffusion curves in combination with
SAXS measurements (see later in this article) and to
assume a morphology in analogy with phase existing
in diblock copolymers.5560.61 Therefore, the results of the
spin diffusion measurements toward the size of the PIB
nanophase will be discussed in the context of the SAXS
measurements.

SAXS Measurements. Small-angle X-ray scattering
(SAXS) supplies information about the distance of
separated nanophases and the symmetry of the nano-
domain structure. Figure 6 depicts the SAXS traces of
two samples with different PIB content. The two
samples have different structures: in the conetwork
containing 24% w/w PIB, the PIB nanophases are
separated in the PHEMA matrix, while the conetwork
containing 57% w/w PIB is co-continuous for both
components.>” The clearly visible single peaks can be
related to the long periods (smallest repeat units). In
these cases the scattering centers are the separated
nanophases, and the distance between centers of mass
of two identical neighboring nanophases can be calcu-
lated from the first-order peak. g* = 0.34 nm~! for 24%
wiw and g* = 0.43 nm~1! for 57% w/w PIB containing
sample were found, which result in 18.5 and 14.6 nm
as the long periods, respectively. Additionally, small
intensity peaks of higher order are present, indicating
that the samples have only weak long-range order. The
positions of the higher order peaks are different, sug-
gesting different structures in the two samples. The
sample containing 57% w/w PIB has small intensity
higher order peaks at 2g* and 3g* (see Figure 6), which

Macromolecules, Vol. 36, No. 24, 2003

indicates that the conetwork has an approximately
lamella-like ordered structure. The second-order peak
has a very weak intensity, in good agreement with the
expectation for a sample’s composition of nearly 0.5
volume ratio. This finding agrees with the results of
small-angle neutron scattering (SANS) measurements
on a similar system.3! The other sample (see Figure 6),
which contains 24% w/w PIB, has a different morphol-
ogy as indicated via its SAXS trace. The second-order

peak at about x/§q* is observable, but there are no
higher order peaks or their intensities are too low. This
sample also has a weakly ordered local structure, but
the SAXS trace is not sufficient for a definite assignment
(see detailed discussion in the next section). AFM
pictures®’ taken on the sample containing 24% w/w P1B
are consistent with a structure where the PIB nano-
phases are locally ordered independent spheres as
predicted by the theory for diblock copolymers, which
might serve as guidelines.5560.61

Size of the PIB Nanophases. As described in the
Experimental Section, during the synthesis of the
conetworks, the polymer chains are miscible; therefore,
the arrangement of the cross-linked PIB and protected
PHEMA chains is assumed to be statistical. After the
removal of the protecting groups, the covalently bonded
chains cannot rearrange to generate the long-range
ordered structures as predicted for diblock copolymers.>®
Because of the covalently bonded network structure, the
macroscopic phase separation is excluded and the local
relaxation of the nanostructure is also strongly hin-
dered. The chemically bonded network structure allows
only local ordering and limits long-range order. The
immiscible nanophases adopt similar structures as
diblock copolymers, but the arrangements prevail only
on short length scale. As the AFM>7 pictures of these
amphiphilic conetworks show, the number of the repeat
units (e.g. spheres or lamellae) is not larger than 10—
20. The amphiphilic conetworks have a complex nano-
morphology, and it depends strongly on the composition,
as indicated by AFM and TEM investigations.5” In this
work, the PIB nanophases are assumed to be spheres
of several nanometers in size within the PHEMA matrix
when the PIB content is very low. In the middle
composition range (about 50% w/w PIB content) the
morphology is locally ordered layered-like (lamellar) as
indicated by X-ray data, and at very high PIB content
PHEMA spheres appear. The possibility of a more
complex equilibrium (gyroid, hexagonal) and nonequi-
librium (hexagonal perforated lamellar, hexagonally
modulated lamellar) structures®?:63 can neither be con-
firmed nor excluded using the here presented NMR and
X-ray data.

Figure 7 shows the average size of PIB domains
calculated from the 1H spin diffusion solid-state NMR
and from the SAXS measurements. The “geometry
parameter” ¢ in eq 1 is important for the correct
interpretation of the NMR results, and from the SAXS,
SANS,3! and AFM537 experiments, their value can be
estimated. In the co-continuous range (over 50% w/w
PIB content) the amphiphilic conetworks have a locally
ordered lamellar structure, and in this case, ¢ is as-
sumed to be equal to 1. This results in an average
thickness of PIB lamellae of 7.5—10 nm. If the PIB
content is very low, then the PIB nanophases are most
probably spheres (¢ = 3) and their average diameter
reaches up to 15 nm. The transition between the
“distinct spheres” and the lamellar structure is most
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Table 3. Summary of SAXS and 'H Spin Diffusion NMR Measurements for Two Selected Compositions?

diong calculated from composition and

1H spin diffusion NMR [nm]

size of PIB
sample  PIB content  vol fraction €=3 €=2 e=1 long period by ~ _"anophase [nm]
no. [% wiw ] of PIB sc bce fcc hexagonal lamellar SAXS [nm] NMR SAXS
2 24 0.27 18.2 19.9 22.0 20.3 17.8 18.5 14.6 14.8
6 57 0.61 20.1 21.9 24.3 19.9 11.8 14.6 7.2 8.9

2 The long period diong Was calculated from *H spin diffusion NMR results with different “geometry parameter” e. The suggested structures
are simple cubic ordered PIB spheres in a PHEMA matrix for sample 2 and lamella-like ordering for sample 6 (the best agreeable calculated
long periods with the measured values are indicated with bold numbers).

20+

N
(&,
1
2]
o

size of PIB nanophase [nm]
o B
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10 20 30 40 50 60 70

PIB content [w/w %]

Figure 7. Average size of mobile-phase (PIB) nanodomains
vs composition as measured by spin diffusion experiments
utilizing different e values. SAXS experiments for two selected
samples were included, and the stoichiometric content was
used to calculate the PIB domain size (circle with cross inside).
For well-established morphologies ¢ values with full symbols
are used; for less defined morphologies ¢ values with open
symbols are used (up triangle for e = 1, down triangle for € =
2, and square for € = 3).

probably continuous, so the ¢ value decreases continu-
ously from 3 to 1. The average diameter of PIB
nanophases in the intermediate range is between 7.5
and 15 nm, and the distribution of their size and shape
seems to be very broad.

From the first-order peak (g*) of the SAXS traces, the
periodicity (long period) can be calculated (Table 3). For
the sample containing 24% w/w PIB g* is 0.34 nm™1,
which results in a distance of 18.5 nm as a long period.
As mentioned in the previous section, the sample has a
weak short-range ordering, but the SAXS trace alone
is not sufficient to determine the structure. For the
sample with 57% w/w PIB content, the first-order peak
at 0.43 nm™1 results in a periodicity of 14.6 nm (long
period), and the appearance of higher order peaks at
2g* and 3g* indicates that the sample has a lamella-
like structure. The NMR results and composition data
exclude several types of local ordering, and a possible
structure will now be discussed.

From the NMR measurements, the average size of
PIB nanophase is known, and the volume fraction of
the components can be calculated from the composition
data (pp|B =0.92 g/cm3; PPHEMA = 1.07 g/cm3). In Table
3 the calculated long periods for some given simple
symmetries (simple cubic, sc; body-centered cubic, bcc;
face-centered cubic, fcc; hexagonal; lamellar) are com-
pared with the SAXS measured long periods. For sample
2 (24% w/w PI1B), the simple cubic, and for sample 6
(57% w/w PIB), the lamella-like ordered morphology
show the best agreement between the measured and
the calculated values of the long period. The q posi-
tions of the Bragg peaks for these ideal and pure

structures vary as follows: for sc g*:v2q*:v/3q*:2q*;
for bce q*:\/iq*:x/gq*:Zq*; for fcc q*:x/iq*:Zq*:«/ 11/2g*;

for hexagonal q*:v/3g*:2q*:v/7q*; for lamellar q*:2q*:
3g*:4g*. In the SAXS trace of sample 6 the first three
peaks at 1, 2, 3g* can be observed according to lamellar
morphology. For sample 2 only the first- and third-order
peaks at g*, «/§q* are clearly observable. The second-
order peak at ﬁq* cannot be identified on the tail of
the broad g* because of its small intensity. The values
for sample 2 agree very well, but for sample 6 the
thickness of PIB lamellae calculated from SAXS is
larger than the NMR measured size (Table 3). The PIB
layer thickness was determined from NMR with e = 1,
which is fully justified if the lamellae have an infinite
grain size. If their grain size is “finite”, the effective spin
diffusion can occur in more than one dimension, i.e.,
mainly perpendicular to the lamellae but also parallel
to them at the boundaries. Thus, the “geometry param-
eter” should then be chosen between 1 and 2. This can
explain the difference between the SAXS results and
the NMR experiments.

As described in the experimental part, the chain
lengths of the PIB chains are the same (My, = 5000
g/mol, contour length of about 25 nm) for all conetwork
samples. The radius of the statistical coil of one PIB
chain is only about 3 nm, so we can conclude that a PIB
nanosphere with diameter of 10—15 nm is composed of
about 60—180 chains, but we have no detailed informa-
tion about the conformation and dynamics of chains
within the conetwork. Nevertheless, the strong separa-
tion and the difference of the Gaussian chain size and
the detected domain size suggest a highly stretched
conformation. The effect of the conformation (y-gauche
effect) on the 13C chemical shift of PIB methyl and
methylene carbons was already analyzed by ab initio
calculations and 3C CP/MAS measurements.465 Pre-
liminary measurements on the conetwork samples car-
ried out at low temperature reveal the isotropic chemical
shift of the methylene carbon. The determination of the
contribution of the conformations, however, is difficult
because of spectral overlap with other carbon signals
from the PHEMA (—O—CH,;—, —CH,—OH, and the
tertiary carbon). This study therefore requires further
investigation, e.g., by establishing adequate filtering of
the PHEMA signals (T3, T2 filter) and is currently under
investigation.

Conclusions. PHEMA-I-PIB amphiphilic conetworks
with different PIB contents were synthesized. The
conetworks were investigated by DSC, H spin diffusion
solid-state NMR, and SAXS. Nanophase-separated struc-
tures were found for both phases in all of the conetworks
without detectable interphase between them as indi-
cated by 'H spin diffusion solid-state NMR data. At
lower PIB content, the PIB nanodomains (spheres) are
segregated from each other in a PHEMA matrix, most
probably in a simple cubic structure, and the average
diameter of the spheres is about 15 nm with 18—20 nm
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long period. At higher PIB contents (>50% w/w) the
structure of the conetworks is co-continuous, and the
different phases form lamellae on the local scale; the
size of the PIB domains is about 7.5—10 nm with 15—
20 nm long period. These structures only exist on the
short range, the number of repeat units (e.g. spheres
or lamellae) is not more than 10—20 unit cells. In the
intermediate composition range, the morphology is more
complicated, and most probably the transition between
the “separated” and co-continuous structure is gradual
with increasing PIB content.
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