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ABSTRACT: High-field W-band (95 GHz) electron spin resonance spectroscopy of various spin probes
was used to study the structure of highly cross-linked porous polymer resins based on a styrene-
divinylbenzene matrix. The pores of these resins were created by template imprinting with reverse micelles
solubilized in the mixture of monomers and cross-linkers prior to the polymerization. Functional groups
in the resins were introduced by the use of polymerizable cosurfactants in the reverse micelles. Sufficiently
large unpolar spin probes exhibit a distribution of mobilities that can be attributed to regions with different
degrees of cross-linking in the polymer. The dynamics of a surfactant spin probe is sensitive to the presence
of pores and the functionalization of the pore surface with highly polar groups. This effect disappears
when the headgroup of the surfactant spin probe is esterified. It can be considered as a structural memory
effect related to the use of reverse micelles as templates for imprinting. The result indicates that the
pores can be filled or washed selectively.

Introduction
Selective interactions of molecules or molecular ag-

gregates according to their size and shape are important
for self-assembly of materials by supramolecular inter-
actions and for improved controls of chemical processes.1
Polymer materials with well-defined porous structures
can serve the latter purpose and are thus useful in
various applications such as chemical catalysis2 and
selective binding and removal of drugs3,4 and biological
molecules such as proteins5,6 and nucleotide bases.7 The
preparation of cross-linked synthetic polymers with size-
and shape-specific binding sites is usually achieved by
template-imprinting techniques.8-10 Recently, molecular
aggregates such as reverse micelles have been found to
be suitable templates for imprinting polymer resins with
cavities of specific sizes.11-14 This control of the pore size
is achieved in a very simple fashion, as the size of the
reverse micelles formed by sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) can be controlled by varying the
water content inside.

The further development of such materials, in par-
ticular their fine-tuning, requires advances in structural
characterization. While the size of the pores in the dry
state can be measured by BET gas absorption-desorp-
tion experiments, the accessibility of these pores by
molecules of different sizes cannot be easily monitored.
To date, the method of choice for the latter purpose is
liquid chromatographic tests with molecules of different
sizes, but these can only provide indirect information.15

Direct information could be obtained by tracer tech-
niques. Among these, electron spin resonance (ESR)
spectroscopy appears to be particularly well suited, since
a multitude of ESR tracers (spin probes) with different
size, shape, and polarity are readily available. Further-

more, the spectral line shapes of the spin probes depend
strongly on their rotational dynamics, and the inter-
pretation of probe dynamics in relation to structure and
dynamics of the matrix is established for various
materials of current interest, such as biological samples,
liquid crystals, polymers, and liquids in normal or
supercooled states.16-24 Specific characterization of sec-
tions of a polymer chain18,25 or domains in complex
systems26-28 have been demonstrated. Hydrogen-bonded
spin probes can also be attached to specific sites in a
polymer.29 In suitable cases their dynamics scales with
the polymer relaxation.30 The interaction of a variety
of surfactant spin probes with different classes of
polymers has been investigated in some detail by several
groups.31-34 In many of these experiments the spin
probe is not chemically attached to the host molecule
but is accommodated in the available free volume. Thus,
it appears to be quite natural to use an ESR spin probe
approach to characterize porous materials. The versatil-
ity of such studies is enhanced by recent technical
advances, which made possible the detection of continu-
ous wave (CW) ESR signals at W band (95 GHz) and
high magnetic fields B0 ) 3.4 T.35 This leads to increased
spectral resolution and enhanced orientation selectivity,
which in turn allow for the detection of quite subtle
differences in the rotational dynamics of the spin
probes.36,37 It remains to be explored whether such slight
differences in probe dynamics can be used to extract
reliable information on polymer structure and on the
interaction between additives and polymers. The present
work answers this question by applying high-field ESR
measurements on spin probes to sense the presence and
functionalization of nanosized pores in new porous
polymer resins.13-15

Experimental Section
Sample Preparation. The polymer resins were prepared

by bulk copolymerization of styrene (S) and divinylbenzene
(DVB) as described previously.13 To create the porous struc-
ture, the polymer resins were template-imprinted with reverse
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micelles of sodium bis(2-ethylhexyl) sulfosuccinate (AOT),
which was dissolved in the mixture of comonomers prior to
the initiation of the polymerization (Figure 1). The pore size
can be adjusted by the amount of water contained in the
reverse micelles. BET sorption and desorption with nitrogen
were used for the characterization of the porous resins in the
dry state.13,14 The factors affecting the porosity of the resin
were studied and optimized.14 AOT was dissolved in the
mixture of the comonomers at a concentration of 0.2 M. For
the porous samples used in this work, the water-to-AOT molar
ratio (W) in the reverse micelles was fixed at 12. The amount
of the cross-linker (DVB) used was set at 50 vol %, but the
purity of DVB was 55%, which means that the actual degree
of cross-linking is ca. 27.5%. Bulk polymerization was initiated
upon the addition of 2 wt % of AIBN followed by ultraviolet
(UV) irradiation at a wavelength of 254 nm. The resulting
resin (RW12) was subsequently ground and washed in a
Soxhlet extractor (starting with toluene, changed into ethanol,
then water, then ethanol, and final diethyl ether). It was then
dried above 373 K for at least 1 day and sieved. The fraction
with particle size <120 mesh (less than 125 µm in diameter)
was used in the inverse size exclusion chromatography.15 The
heating cycle resulted in no weight change or changes in the
porous structure. Solvent removal was complete as evidenced
by NMR.14 The resin without imprints (RW0) was synthesized
under the same conditions with the same degree of cross-
linking but without the AOT reverse micelles. Hydroxyl and
sulfonic acid groups were introduced into the resin cavities
by the use of polymerizable cosurfactants (see Figure 1) such
as 2-hydroxylethyl methacrylate and sodium styrenesulfonate
(both purchased from Aldrich). Henceforth, the functionalized
porous resins will be denoted as RW12-OH and RW12-SO3

-.
The amount of the polymerizable cosurfactant was ca. 40 mol
% of the amount of AOT dissolved in the mixture of the

comonomers. These highly cross-linked polymers exhibit no
glass transition up to their decomposition temperature above
570 K.13,14 They are less susceptible to effects of thermal history
than linear polymers.

The ESR spin probes TEMPO, 7-DOXYL-stearic acid (SA)
and its methyl ester (ME), 3-DOXYL-17â-hydroxy-5R-andros-
tane (AN), and 3â-DOXYL-5R-cholestane (CH) were all pur-
chased from Aldrich and used without further purification.
Their chemical structures are shown in Figure 2. The spin
probes were dissolved in methanol (1 mM), and 1 mL of the
solution was mixed with 100 mg of each polymer resin and
stirred for 3 days. A first group of samples was obtained by
drying the resins at about 380 K for at least 1 day under
vacuum and transferred to capillary tubes (0.7 mm i.d.) for
the ESR measurements. This class of samples are referred to
as “unwashed” samples. Alternatively, after stirring the solu-
tion, the latter was filtered off, and the resins were washed
with dichloromethane for 2 h. Then, the solvent was filtered,
and the resin was rinsed and also dried at about 380 K for at
least 1 day under vacuum. These samples will be referred to
as “washed” samples. No segregation of the spin probes in both
washed and unwashed samples was evidenced in the ESR
spectra. No residual solvents were detected by NMR.

ESR Spectroscopy. The CW ESR experiments were car-
ried out on a Bruker E680 spectrometer operating at 95 GHz
(W band) with a Bruker Teraflex probehead. All spectra were
recorded at room temperature and stored in a computer for
off-line analysis. For the simulation of the line shapes we used
numerical routines described elsewhere.38,39 Alternative soft-
ware is available.40 The routines were originally developed for
X-band line shapes and now extended to the W-band case by
taking into account the nuclear Zeeman interaction. The
evaluation assumes that the reorientation occurs after a mean
residence time τ in each orientation by sudden jumps of
angular width ε0 around isotropically distributed rotation
axis.30,41 The corresponding rotational correlation time τ2 (the
area below the correlation function of the spherical harmonic
Y2,0) is τ/[1 - sin(5ε0/2)/(5 sin(ε0/2))]. In addition to the
rotational model parameters the other input parameters to
calculate the ESR line shape are the principal components (gx,
gy, gz) and (Ax, Ay, Az) of the electron g tensor and the hyperfine
tensor, respectively. The x axis of the principal frame for both
tensors is parallel to the N-O bond, the z axis is parallel to
the nitrogen and oxygen 2π orbitals containing the unpaired
electron, and the y axis is perpendicular to the xz plane (Figure
2). For each spin probe the components are determined by
fitting the corresponding rigid-limit powder line shape and are
fixed during the fitting of the spectra of mobile probes.

Results and Discussion

ESR Line Shapes and Molecular Motion. The
W-band ESR line shapes change markedly for rotational
motions on time scales between tens of picoseconds and
tens of nanoseconds as summarized by the numerical
simulations which are shown in Figure 3. The main
broadening mechanism of the ESR line shape is the
coupling between the reorientation of the spin probe and
the relaxation of the electron magnetization M via the
anisotropy of the electron Zeeman and the hyperfine
magnetic interactions. When the molecule rotates, the
coupling gives rise to fluctuating magnetic fields acting
on the spin system. The resulting phase shifts and
transitions relax the magnetization and broaden the
resonance. For reorientation that is much faster than
the ESR time scale (τ2 ) 66 ps), the anisotropy of the
interactions is averaged, and a triplet of fairly narrow
lines is observed (fast limit, Figure 3a). The splitting is
due to the hyperfine coupling to the 14N nucleus and
the widths of the three lines due to hyperfine-dependent
relaxation rates. For slower reorientation (τ2 ) 460 ps),
these line width differences become more pronounced,
and the clearly discernible triplet structure is lost

Figure 1. Preparation scheme of the polymer resins. The pore
size can be controlled by adjusting the water content inside
the reverese micelles prior to polymerization. The functional-
ization of the pore surface is achieved by admixing polymer-
izable surfactants.
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(transition to slow tumbling, Figure 3b). When the
reorientation rate decreases further, the spectrum
becomes significantly broader, as the anisotropy of the
g and hyperfine tensors is no longer averaged (slow
tumbling, Figure 3c). In the slow tumbling regime with
correlation times (τ2) between approximately 0.5 and 20
ns, the line shape is most sensitive to the rate and
specifics of the reorientation process. Finally, when the
motion becomes significantly slower than the time scale
of the CW ESR experiment, the line shape can be hardly
distinguished from the line shape in the rigid limit (τ2
> 50 ns, transition to rigid limit, Figure 3d).

The dynamics of spin probes in polymers is affected
by polymer motion to a degree which strongly relies on
the coupling strength.18 Recently, the scaling between
the polymer relaxation and the dynamics of spin probes
which can form hydrogen bonds or ionic structures was
evidenced.26,30 In the present work, we therefore tune
the coupling strength by variation of the size and
functionality of the spin probes.

Classification of ESR Line Shapes. For the spin
probe TEMPO, the ESR line shape was found to be
virtually the same for all the resins under investigation.
This was ascribed to the small size of this radical, which
is insufficient to probe the structural features of inter-
est. Therefore, all further discussions will be limited to
the larger AN, CH, SA, and ME spin probes (Figure 2).

Despite the wide variety of resins and spin probes
under study, the ESR line shapes may be grouped in
terms of three typical patterns. As an illustration, their
numerical simulations are shown in Figure 4. Two
patterns are typical of spin probes which are either
exclusively fast reorienting (F-type) or exclusively slowly
reorienting (S-type). The F-type motion is not rapid

enough to completely average the anisotropic spin
interactions as shown in Figure 3a. Instead, a single
relatively broad resonance, corresponding to an inter-
mediate case between parts b and c of Figure 3, is
observed (e.g., see the line shape with τ2 ) 1.61 ns in
Figure 4). The S-type line shape resembles that of
Figure 3d. The third line shape is a weighted sum of
the S- and F-types (SF-type) and indicates a bimodal
distribution of mobilities. It is shown here for two
different fractions of the fast component (wf ) 0.7 and
wf ) 0.3). Table 1 summarizes the results of the above
basic classification for the different spin probes and
samples studied. Differences between SF-type line
shapes of the same probe in different polymers will be
discussed below. No spectrum was obtained for the CH
probe in washed samples of RW0, which indicates that
this probe is completely removed from the nonporous
polymer by the washing process. It is somewhat unusual
that the probe AN of a similar molecular size exhibits
a slightly higher affinity to the polymer resin, probably
due to the absence of the hydroxyl group in this probe.

Effects of Probe and Solvent Polarity. For the
probes AN and ME the washing process leads to
changes in the distribution of the rotational correlation
times already in the nonporous resin (see probe AN in
Figure 5). We tentatively assign this effect to the
different distributions of these unpolar spin probes in
the polymer resins suspended in the more polar metha-
nol (ε ) 33.0) and the less polar dichloromethane (ε )
8.93). In methanol suspensions, these unpolar spin
probes are expected to prefer sites in the most densely
cross-linked regions, as these cannot as easily be swollen
and contain a smaller fraction of the polar solvent. After
drying, the spin probes are thus effectively immobilized

Figure 2. Molecular structure of the spin probes used and definition of the principal axes frames of the g and hyperfine tensor.
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and exhibit only the S-type spectrum. In dichlo-
romethane suspensions, on the other hand, the differ-
ences in the polarity of the densely cross-linked and less
cross-linked regions are smaller. The unpolar spin
probes may thus distribute between both types of sites
and exhibit SF-type spectra. In this picture, the F-type
spectrum of the SA probe with its polar headgroup also
finds a natural explanation, since the headgroup is
expected to prefer the most polar sites. These sites are
in the less cross-linked regions, where the concentration
of the polar solvent is higher. In agreement with this
preference for the solvent over the polymer, a significant

part of the SA probes is removed from the nonporous
sample RW0 by washing. Note also that the existence
of a small fraction of slowly reorienting SA probes
(<10%) cannot be excluded by our simulations given the
limited signal-to-noise ratio in the spectra.

The S-type spectra of AN, CH, and ME in both
nonporous and porous unwashed samples can best be
simulated by assuming that the nitroxide moieties of
these probes undergo reorientations by large-angle
jumps with ε0 ) 60°.30,38,39 Such large-angle reorienta-
tion was already reported for doxyl stearic acids and
esters in polymer aggregates.34 As an example, the

Figure 3. Dependence of the ESR line shape on the rotational
correlation time of the spin probe τ2 (simulations). The spin
probes are assumed to rotate by jumps of size ε0 ) 60° with a
rotational correlation time τ2. The g tensor principal values
are gx ) 2.0093, gy ) 2.0063, and gz ) 2.0028, and the hyperfine
tensor principal values are Ax ) 19.61 MHz, Ay ) 14.01 MHz,
and Az ) 90.06 MHz. All line shapes were convoluted with a
Gaussian curve with a variance of 0.2 mT. (a) Fast limit, τ2 )
66 ps. (b) Transition to slow tumbling, τ2 ) 460 ps. (c) Slow
tumbling, τ2 ) 6.6 ns. (d) Close to the rigid limit, τ2 ) 46 ns.

Figure 4. Three typical patterns of the ESR spectra (simula-
tions). The line shapes correspond to jump size ε0 ) 60° and
rotational correlation times τ2 ) 1.61 ns (F pattern) and 46 ns
(S pattern). The SF pattern is a weighted superposition of the
S and F line shapes. Magnetic and convolution parameters are
as in Figure 3.
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experimental and simulated ESR line shapes of AN in
unwashed RW12 are shown in Figure 6. The experi-
mental and simulated spectra agree quite well. The
reorientation of AN, CH, and ME in unwashed samples
exhibits correlation times of about 50 ns. On this time
scale, the broadening of the ESR line shape has limited
sensitivity to the rotational dynamics. This prevents the
detailed characterization of the reorientation process.
Nonetheless, we found that, if the jump size ε0 is
decreased to approach the small-angle diffusion limit,
the quality of the fit becomes worse. In particular, the
discrepancies are not recovered by considering aniso-
tropic diffusion due to the prolate shape of AN, CH, and
ME. This finding agrees with the conclusion of another
ESR study on the reorientation of CH in the glass-
former o-terphenyl.41

The SF-type spectra of AN, CH, and ME in washed
samples again do not exhibit significant differences for

nonporous, porous unfunctionalized, and porous func-
tionalized samples (see Table 2). For example, all the
spectra for AN can be simulated by a superposition of
20% of an S-type spectrum with a rotational correlation
time of 46 ns and 80% of an F-type spectrum with a
rotational correlation time of 2 ns. Jump reorientation
with ε0 ) 60° is assumed in both cases. The insensitivity
of the unpolar spin probes to the presence and func-
tionalization of pores is not surprising, since the above
discussion suggests that they prefer the polymer bulk.
These spin probes may thus only be suitable to char-
acterize the specifics of cross-linking.

Structural Memory Effect for Surfactant Probes.
In contrast, the spectra of SA in washed samples depend
significantly on the presence of pores and on their
functionalization, as can be seen in Figure 7. Only an
F-type spectrum is observed for the nonporous sample
RW0, while SF-type spectra are observed for the two
porous samples RW12 and RW12-SO3

-. In the porous
sample RW12, approximately 30% of the spin probes are
immobilized with a rotational correlation time τ2 ) 13
ns. In RW12-SO3

- with sulfonated pore surface, the

Table 1. Basic Classification of the ESR Line Shapes of the Spin Probes Mixed in the Different Resins before and after
Washinga

RW0 RW12 RW12-OH RW12-SO3
-

probe
without
washing

with
washing

without
washing

with
washing

without
washing

with
washing

without
washing

with
washing

AN S SF S SF S SF S SF
CH S S SF S SF S SF
ME S SF S SF S SF S SF
SA F F F SF F SF F SF

a For a quantification of differences between SF line shapes in different polymers, see Table 2. See text for details. Note: S and F
indicate slow and fast components, respectively.

Figure 5. Experimental ESR line shapes of AN in RW0 and
RW12 resins after washing. The insets refer to RW0 (a) and
RW12 (b) resins before washing. The superimposed dotted
lines are the simulated line shapes being expressed as a
weighted sum of two components: one F-component (τ2 ) 2.0
ns) and one S-component (τ2 ) 46 ns). The weight fractions
are ws ) 0.4, wf ) 0.6 for RW0 and ws ) 0.3, wf ) 0.7 for RW12
resins. All the other parameters are as in Figure 3. The narrow
peaks marked by asterisks in the upper traces are signals due
to manganese impurities.

Figure 6. Comparison of the experimental ESR line shape
of the AN spin probe in unwashed RW12 resin with a
simulated line shape assuming the jump model with ε0 ) 60°
and τ2 ) 46 ns. Magnetic and convolution parameters are as
in Figure 3.

Table 2. Fractions of the Slow Component (ws) of the
SF-Type ESR Line Shapes of the Spin Probes Mixed in

the Washed Resinsa

probe RW0 RW12 RW12-OH RW12-SO3
-

AN 0.4 0.3 0.2 0.2
CH 0.3 0.3 0.3
ME 0.3 0.3 0.3 0.3
SA 0.0 0.3 0.3 0.6
a See text for details.

Macromolecules, Vol. 35, No. 10, 2002 Porous Polymer Resins 3981



fraction of immobilized spin probes (60%) is higher than
for the unfunctionalized pores, and their rotational
correlation is longer (τ2 ) 26 ns). Functionalization with
hydroxyl groups does not have such an effect; i.e., the
spectra of SA in RW12 and RW12-OH (not shown) are
virtually the same (Table 2).

These effects cannot be solely due to the size and
molecular shape of the probe, as size and shape are
almost the same as for the ME probe. The ability of SA
to discriminate between nonporous and porous samples
must thus be attributed to the presence of a strongly
polar headgroup. Furthermore, the slow fraction of the
SA probes must be localized close to the pore surface,
as it senses the sulfonate groups. In contrast, the fast
fraction resides in the bulk, as its mobility is not
influenced by the presence and functionalization of the
pores.

This behavior finds a natural explanation in a struc-
tural memory effect. During the loading of the resin
with spin probes and during washing, the pores are
filled with the polar solvent. The surfactant spin probe
may thus recognize the reverse micelle structure im-
posed by the templating and may insert into this
structure at those sites where the AOT surfactant
molecules were localized during synthesis. Its localiza-
tion would then be analogous to the localization of the
polymerizable surfactants shown in the bottom of Figure

1. The effect is reinforced by the presence of other ionic
groups at the pore surface. Such a memory for the
reverse micelle structure explains that a probe with a
size of only about 1 nm is sensitive to the presence of
pores with an average size of about 10 nm. Note also
that the targeting of the pore surface by the SA spin
probes depends on a subtle balance between solvent and
polymer polarity, as it fails in methanol suspensions of
the resin and works in dichloromethane solutions.

Conclusions

Various ESR spin probes can be used to characterize
different structural aspects of porous polymer resins.
Moreover, their spectra indicate how the pores can be
filled or washed selectively. Unpolar spin probes of a
sufficiently large size are mainly found in rigid, densely
cross-linked regions of the resin if the loading is
performed in methanolic suspensions. The subsequent
washing with the less polar solvent dichloromethane
induces a distribution of such unpolar probes between
densely cross-linked and less cross-linked regions. Un-
polar spin probes are insensitive to the presence and
functionalization of pores.

In contrast, a fraction of the surfactant probe SA is
trapped close to the pore surface when the weakly polar
solvent dichloromethane is used. This fraction can be
increased and becomes dominant by functionalization
of the pore surface with sulfonate groups. Esterification
of the surfactant headgroup of the spin probe effectively
eliminates this sensitivity to the presence and function-
alization of the pores. This preference of a surfactant
headgroup for the surface of pores created by imprinting
with reverse micelles can be considered as a structural
memory effect, governed by size, shape, and amphiphilic
character of the molecule. The detection of such subtle
differences in site selectivity of probe molecules or
additives by high-field EPR may also be of interest for
the study of heterogeneous polymeric materials and of
the principles that govern self-assembly of soft matter
by supramolecular interactions. Further work along
these lines is now in progress.
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