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Abstract

The morphology of cross-linked polymers plays an important role in their physical
and chemical properties. NMR cryoporometry allows for the investigation of these structures
over different length scales, through appropriate choice of probe liquid. The different
structures of two different polymeric samples, one a cross-linked polymer hydrogel, the other
a pore-expanded ion-exchange polymer, are analysed here. The ability for NMR
cryoporometry to analyse both polymeric materials in the swollen state is successfully
demonstrated, as is the importance of probe-liquid choice for the analysis of different regions
of the pore structure. In both cases, water is used to identify populations of pores smaller
than ca. 5 nm. The use of
t-butanol and menthol reveals the presence of additional mesoporous structures in the ion-
exchange resin as well as the responsiveness of the pore structure to the liquid used to swell

it.
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NMR Cryoporometry of crosslinked polymers
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1. Introduction

Incorporating a three-dimensional cross-linked network to a polymer sample has a
drastic effect on its structure and physical and chemical properties. Polymer hydrogels, for
instance, typically have high water contents, large surface areas, and diverse fluctuating
porosity [1-5]. These properties can render them extremely biocompatible [6] and they are
commonly used for various applications including contact lenses [7], tissue engineering [8,9]
and drug delivery [10]. The uses and applications of such materials depends on the both the
pore structure and the state of any liquid, particularly water, within the cross-linked pore
network. Nuclear magnetic resonance (NMR) cryoporometry [11-16] offers a robust and

flexible method for obtaining such information about a range of different polymer networks.



There are a number of ways of describing and discussing the nature of water in porous
gel systems. The porous system can be described in terms of the state of the water present
within the network. In this context, there are three types of water present in polymer
hydrogels. These are free water, which is present in the macropores, weakly-bound water,
which may interact with the polymer, and strongly-bound or hydrogen-bonded water, which
remains liquid below 258.15 K [17]. The pore structures themselves can also be described in
terms of the pore sizes, where micro-, meso- and macropores are used to describe voids of d
<2nm,2<d<50nmandd>50nm, respectively [18]. The effective porosity and pore
structures of these polymer systems is highly dependent on the amount of cross-linking
present and also on the swelling of the polymer in, for example, aqueous solution. Figure 1
is a schematic illustration of the typical changes in structure as the cross-linking percentage is
increased. As the number of cross-linked polymer chains increases, so should the number of

microporous structures in the material.

A separate class of cross-linked polymers are ion-exchange resins or, rather, ion-
exchange polymers [19,20]. Based on water-insoluble polymers such as cross-linked
polystyrene, subsequently functionalised, and typically synthesised in the form of
micrometre-scale beads, the incorporation of polar groups onto the styrene groups means that
these polymers can still exhibit swelling behaviour. Despite not necessarily containing
macropores (i.e. pores greater than 50 nm in diameter), the cross-linked, net-like structure of
ion-exchange polymers is often described as macroporous or macroreticular. Where they do
differ from the more conventional gel-phase cross-linked polymers is in that they may have
additional mesoporosity (i.e. pores between 2 and 50 nm in diameter) created by the addition
of a porogen during the polymerisation process [21]. The porogen prevents further growth of
the polymer chain and thus creates voids within the structure. The size of the void can be

tailored by increasing or decreasing the amount of porogen used, albeit with the possibility of



structural frailties if too much porogen is added [22]. Examples of porogens include toluene,
ethylbenzene and isobutanol [23]. As a result of this additional structure, macroreticular
resins hold two main advantages over their gel-phase analogues; (1) they have an ordered
porosity which can reach up to hundreds of nanometres in diameter, allowing larger species
to travel through their architectures and (2) a higher cross-linking density can be achieved.
Crucially, a higher cross-link density creates a more chemically stable system that is far more
resistant to oxidation [23]. A schematic representation of the difference between a

conventional cross-linked polymer gel and a macroreticular polymer is shown in Figure 2.

Macroreticular resins have proven to be effective catalysts, particularly in non-polar
media where their lack of affinity for the reactants improves the separation of the desired
products from the starting material [21]. Another major application of such resins is in water
treatment [24]. Hard water contains ions such as calcium and magnesium and causes an
undesirable build-up of scale in places including boiler systems. The resins soften the water
by interchanging the divalent cations with sodium ions, followed by subsequent regeneration
of the resin [21]. The choice of resin is tailored to remove different types of impurities
contained in water. Four main types of ion-exchange polymers exist [25]; strongly acidic
cation exchange (SAC), weakly acidic cation exchange (WAC), strongly basic anion
exchange (SBA) and weakly basic anion exchange (WBA). In both example applications, the
pore size and structure are important parameters to control in the optimisation of the

application.

A number of methods exist for the measurement of pore sizes. Nitrogen porosimetry
is a well-established technique for analysing polymeric materials in their dry state [26].
However, the materials studied here all find their applications when swollen with liquid. It is
preferable to study their structures when in their operational state [27]. Differential scanning

calorimetry (DSC) thermoporometry is a commonly used technique for analysing the



saturated porous structure of polymers. Weber et al. synthesized a series of ordered
mesoporous poly(2-hydroxyethyl methacrylate-co-ethylene glycol dimethacrylate) networks
employing the hard-templating methodology [28]. Analysis by DSC yielded pore sizes of 10-
12 nm with little dependency on the cross-link density. The technique, however, has its
limitations. 1za et al. revealed a significant variation in pore sizes when attempting to study
the structure of poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) hydrogels in an
aqueous solvent [29]. This variation was attributed to effects such as the heterogeneity of the

structure and the cutting of the sample, as well as sensitivity issues with the technique.

NMR cryoporometry is an alternative thermoporometric approach. Whilst DSC is a
transient heat flow technique, with a temperature sweep typically in the order of
0.1to 1 K min~!, the NMR method measures the melting/freezing processes in a series of
discrete steps. NMR cryoporometry has been successfully demonstrated to work on a number
of ordered polymeric matrices such as polymeric nanoparticles [30], porous polymer particles
[31] and biodegradable polymer microparticles [32]. However, neither hydrogels nor swollen

macroreticular resins have ever been studied using this technique.

Both DSC and NMR cryoporometry share the same basic principles, where an
observed depression in melting point of a confined liquid is used to obtain a pore size
distribution, as introduced by Gibbs and Thomson [33-38]. This melting point

depression, AT,,, is predicted by Equation 1.

4T
AT, =T, — T(x) = xAVH—lfp 1)

where T, is the bulk solid melting point, Tm (X) the melting point of a crystal with diameter x,
Y IS the surface energy at the crystal-liquid interface, AH, the bulk enthalpy of fusion, and

ps the density of the frozen probe liquid [39]. For any chosen liquid, the parameters in



Equation 1 can be collected into a single value, known as the melting point depression
constant, k.. This constant determines the range of pore sizes that a liquid can accurately
analyze. An estimate for k. can be obtained if values are known for the molar volume of the
liquid, the free energy at the crystal/liquid interface, and the latent heat of melting. Invoking
the additional contribution from a non-freezing surface layer, I, (labelled in other works
variously as 2¢, 2sl, €, A and t) leads to Equation 2, which is used to determine the pore size

given an experimentally acquired melting point depression.

ke
x—21

AT, =

)

Judicious selection of the probe liquid is paramount. The melting point of the liquid
has to be accessible to the variable temperature apparatus of the spectrometer. The value of
k. is distinct for each liquid, and controls the range of pore sizes that can be accessed and
analysed. Different values of k. correspond to different ranges of pore sizes. If the pore is
too large, then the melting point will not be depressed enough to be measured. On the other
hand, if the molecule is too large, it simply cannot access the pores. A range of different
liquids will be needed to explore the full range of length scales within the porous material.
Solvent quality is a further, important, consideration here. The probe liquid needs to be able
to access the porous structure. A good solvent will swell the polymer gel more than a theta, or
a poor, one. The probe liquid may also influence the size of the pores it is measuring. In
Amberlyst resins, the degree and extent of swelling observed is known to depend on the

polarity of the solvent present.

In this work, NMR cryoporometry is used to analyse the porosity of two different
polymer systems, a chemically cross-linked (disordered) copolymer hydrogel and an

Amberlyst polymer resin. Both systems have extensive cross-linking with an effective



microporosity. The cross-link density was varied in the disordered hydrogel in order to assess
the ability of NMR to quantify its density. In addition to this, Amberlyst has an ordered
mesoporosity. To successfully measure and characterise these differences in pore sizes,
architectures and chemistries requires probe liquids with different thermodynamic and
physical properties. As such, four different probe liquids, water, t-butanol, menthol and
cyclohexane, were chosen to illustrate the importance of matching the chemical, physical and
thermodynamic parameters of the probe liquid to the material being analysed. The strong
potential for NMR cryoporometry for the analysis of polymer pore structure is demonstrated,

along with some cautionary notes about the importance of probe liquid choice.

2. Materials and Methods

2.1. HEA-HMAA
A general synthetic methodology for the poly(2-hydroxyethylacrylate-co-2-
hydroxymethylacrylamide), P(HEA-co-HMAA), polymer hydrogels is supplied in Sl.1.a.

Figure 3 shows the chemical structures of polymer and cross-linking groups.

2.2. Amberlyst A26 Resin
The resin was provided by the Dow Chemical Company. A general synthetic
methodology is supplied in the SI.1.b. Figure 3 shows the chemical structures of polymer

and cross-linking groups.

2.3. NMR Experiments: Preparation
Menthol (Sigma-Aldrich, 99 %), t-butanol (Sigma-Aldrich, 99 %), cyclohexane (Fisher

Scientific, 99 %) and DI water were used without additional purification. A small amount of
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each polymer (ca. 20 mg) was initially placed in a sample tube prior to the addition of the
solvent. The polymer was allowed to swell in the solvent for approximately 24 hours to
ensure that the equilibrium solvent content was attained; confirmed by excess residual liquid
remaining in the vial. The polymer was then carefully removed from the liquid and blotted in
pre-soaked filter paper to remove any excess. The sample was transferred to a 5 mm standard
NMR tube and sealed with parafilm. The samples containing t-butanol and menthol were kept
above their corresponding bulk melting temperatures to prevent early freezing of the probe

liquid.

2.4. NMR Experiments: Cryoporometry
All NMR measurements were carried out on a Bruker Avance spectrometer, equipped

with a 5 mm PABBO BB-1H Z-GRD probe, with a frequency of 300 MHz.

To obtain suitably low temperatures, a Bruker BVT3200 temperature control system, with
a stated precision of 0.1 K, was used. The cooling system passes a combination of N2 gas and
air over the sample at a flow rate of 400 | h~! with the probe heater set to a maximum of 17%
output. Before starting experimental work, the temperature control system was calibrated
using a deuterated methanol NMR thermometer, producing a calibration relationship between
the nominal spectrometer temperature and actual sample temperature [38]. For all
cryoporometric studies, the probe was tuned and matched at all temperatures except those
close to the expected phase transitions of the liquid to ensure any changes to the signal

intensity during this period were a result of the phase change only.

NMR spectra of the polymer/liquid samples were acquired with the CPMG [41,42] pulse
sequence using a total echo time of 4 ms for all experiments. The CPMG spin-echo was used
to ensure that broad signals of the polymers were removed in all experiments. Typical sets of

1H NMR spectra detailing melting curves, with complete removal of any background



polymer signals, are included in the SI. To acquire an NMR melting curve, such as in SI.2,
the temperature was initially decreased until no signal was observed i.e. when the sample was
completely frozen. The temperature was then increased in steps of 0.2-0.3 K. At each
temperature step, before the acquisition of NMR data, the sample was left to equilibrate for at
least 10 minutes from when the NMR signal stopped changing in intensity. Acquired NMR
signal intensities have been corrected to account for the effect of Curie’s law, where the
signal intensity decreases with increasing temperature outside of phase transformations [43].
The signal intensities are then further normalized to a value where all of the confined water is

liquid and any negligible remaining amount of bulk water remains frozen.

2.5. Differential Scanning Calorimetry

The DSC measurements were made using a Mettler-Toledo DSC 1 STAR® system
equipped with a liquid nitrogen cooling supply. Samples of approximately 2 mg of the water
swollen P(HEA-co-HMAA) polymer were used. The samples were initially taken down to
228 K to ensure all of the liquid was frozen. A heating rate of 0.5 K min~! was used through
to a final temperature of 283 K. To transform the DSC melting curves into a pore size

distribution, the procedure outlined in Majda et al. was followed [44].

2.6. SEM Imaging

SEM images of the 25% cross-linked P(HEA-co-HMAA) polymer were obtained from
TESCAN using a JSM-7200F Field Emission SEM. For sample analysis, lower acceleration
voltages of approximately 1-2 kV and a detection system, including chamber-SE and in-beam

SE detectors, were used.
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3. Results and Discussion

3.1. P(HEA-co-HMAA): Water as a Probe Liquid

Figure 4 follows the melting of water in four P(HEA-co-HMAA) polymer samples, with
varying cross-link densities. In all samples, the NMR signal intensity increases with
temperature, as the water confined within the cross-linking networks melts. No further rise is
observed past the bulk melting temperature suggesting that no water was present on the
exterior of the gels. As the cross-linking percentage is increased, the density of smaller
effective pores also increases. This behaviour is revealed in Figure 4, where there is a
proportion of water, present within these smaller pores, that melts at a lower temperature.
This is revealed by the increase in signal intensity at lower temperatures, most visible in the
melting curve data of the 25% cross-linked sample. As the temperature is increased closer to

that of bulk melting, it tends towards that of the other three samples.

In order to convert the melting point data to a pore size distribution, parameters from
reference 39 were used where water was estimated to have a melting point depression
constant of 49.53 K nm and a non-freezing surface layer of 0.53 nm [45]. Figure 5 shows the
conversion of the melting point data (Figure 4) into pore size distributions lower than 5 nm.
As a probe liquid in cryoporometry experiments, water is much more suited to analysing

structures which have small pores, a reflection of its melting point depression parameters.

Figure 5 reveals a correlation between the percentage of cross-linking in the polymer
sample and the population of weakly-bound water present, as shown by the increase in
relative pore volume for up to 5 nm. The pore size distributions indicate that a larger volume

of water is present in the mesoporous region of the 25% cross-linked polymer, confirming the
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hypothesis that the polymer has an increased amount of smaller effective pores compared to
the other samples as a result of the higher cross-link density. Similarly, the 1.25% cross-
linked polymer contained the least amount of water in this region, reflecting lower density of
effective pores smaller than 5 nm in size. Outside of this region, however, the relative pore
volume for water continuously increases with no plateau prior to the bulk melting region —
illustrating the extent of swelling of the polymer in water and the presence of a large
concentration of free water. The results demonstrate the ability of NMR cryoporometry, using
water as the probe liquid, to distinguish differences in cross-linking density in a disordered

polymer hydrogel.

3.2. P(HEA-co-HMAA): Application of Other Probe Liquids

Further NMR cryoporometric experiments were attempted, using t-butanol, menthol and
cyclohexane as probe liquids. No pore melting was observed for any of the three liquids.
Before cross-linking, the polymer was soluble in both water and t-butanol but insoluble in
menthol and cyclohexane. The cross-linked polymer was insoluble in all four liquids. In spite
of its favourable polarity, t-butanol did not cause the polymer to swell significantly enough to
enter the microporous structure of the cross-linked polymer. The failure to reproduce
measurements of the smallest pore sizes (those depicted in Figure 5) using t-butanol are
shown in S1.3. There is no evidence of any mesoporosity or bound probe liquid. Similar
results were obtained using both menthol, despite a polar hydroxyl group present in the
molecule, and cyclohexane, as both probe liquids are unfavourable solvents for the original

polymer.

3.3. P(HEA-co-HMAA): Confirmation with Microscopy
To further characterise the polymer, SEM images were obtained for the 25% cross-linked

polymer swollen in water. Figure 6 contains a series of four SEM images between 10 and 1
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pm in scale. A further set of images at lower magnifications are included in SI.4. These
images reveal structural information about the polymer matrix, including the possible
identification of polymer fibres, the presence of macropores and also the presence of a
nanometre scaled fine structure. The cross-linking creates large voids, approximately 2-3 um
in diameter. These pore sizes are far too big to depress a liquid melting point enough to be
observed by either NMR or DSC analyses. It is in the finer structure of the polymer, most
visible in Figure 6(d), where the effective microporosity, consistent with the NMR melting

data and pore size distributions of Figures 4 and 5, may be present.

3.4. P(HEA-co-HMAA): Confirmation with DSC measurements

DSC was unable to provide any quantitative information on the effective porosity of the
gel. As illustrated in SI.5, even at the lower end of possible pore sizes, DSC was unable to
detect the same pore melting that NMR recorded. No observable melting, let alone
observable differences in water behaviour across the cross-linked series, was observed for
this set of polymer materials. As such, NMR boasts some advantages over DSC, even though

both fail to quantitatively deduce the nature of water throughout the swollen polymer.

3.5. Amberlyst: Water as a Probe Liquid

In contrast to the P(HEA-co-HMAA) polymer hydrogel, the Amberlyst resin has porosity
on two different length scales. It is the microporosity, caused purely by the cross-linking, that
defines how well the Amberlyst can swell in solution. Macroreticular resins, especially those
with a low cross-link density, remain collapsed [46], or only swell slightly, in nonpolar
solvents [47]. The second, mesoporous, region of porosity is highly ordered. This region is

readily accessible for analysis using NMR cryoporometry.

The resin was first analysed using water as the swelling liquid. Figure 7(a) shows the

melting of water confined within the polymer matrix. The absence of a plateau in signal
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intensity with respect to temperature, similar to that observed with all four P(HEA-co-
HMAA) samples in Figure 4, suggests that the polymer swells significantly in water, with a
large proportion of free water present. Free water remains unaffected by the polymer
network. Strongly bound water is simply not observable by the NMR method, as it does not
freeze at the temperatures achieved by the experimental method. A small concentration of
weakly bound water is confirmed to exist, corresponding to a microporous region in the
material. A pore size distribution (Figure 7(b)), obtained using the melting point depression
parameters used previously with P(HEA-co-HMMA), indicates a small proportion of water in
a weakly bound state, similar to that found in the hydrogel previously, but most of the water
content is in pores too large to depress the melting point enough to be observed. These results
suggest an inability of NMR cryoporometry to measure an accurate pore size using water as
the probe liquid in this polymer system. The swelling of the polymer, and the added
macroreticular structure, leads to the substantial presence of free water and effective pore

sizes too large for thermoporometry analysis.

3.6. Amberlyst: Other Probe Liquids

To probe the macroreticular structure of the resin, the polymer was saturated in t-butanol
and also in menthol. These alcohols have been demonstrated to work reliably in NMR
cryoporometry measurements of controlled pore glasses [48]. NMR was able to detect
confined melting for t-butanol in the mesopores of Amberlyst A260H. Figure 8(a) follows
the melting transition from completely frozen through to complete pore melting. The melting
curve data was converted into a pore size distribution (Figure 8(b)), using melting point
depression parameters from reference 48 (k. = 119.2 K nm and 2| = 1.7 nm [48]) and an
average pore diameter of 29 nm was obtained. This is in excellent agreement with the average

pore diameter reported by the manufacturer in the dry state, and also that obtained by
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combined nitrogen and mercury porosimetry [49]. This implies that very little swelling of the

mesoporous region occurs when the resin is swelled with t-butanol.

Figure 9(a) depicts the NMR melting curve of menthol within the pores of the resin, data
converted to a pore size distribution in Figure 9(b), again using melting point depression

parameters from reference 48 (k. =219.3 Knm and 2| = 1.9 nm [48]).

The pore size distribution reveals an average pore diameter of 47 nm. This is significantly
larger than the pore diameter obtained using t-butanol as the probe liquid. The differences
here can be attributed to the different swelling behaviour of the ion exchange polymer in the
presence of different liquids, with different polarities and different interactions between the
liquids and both the polymer backbone and the functional groups. The added mesopores are
known to swell to different extents depending on the nature of the liquid present.
Additionally, no pore melting was observed for cyclohexane. Cyclohexane may simply be too

hydrophobic to swell the polymer.

4. Conclusions

This is the first time that NMR cryoporometry has been used to accurately determine pore
sizes for a macroreticular resin in the swollen state. The Amberlyst resin used in this work
contains ordered regions of mesoporosity, created by the addition of a porogen during the
polymerisation process. Pore size distributions corresponding to this mesoporosity were
successfully obtained using both t-butanol and menthol. It has been shown in a number of
previous studies that the ordered mesopore structure of macroreticular resins can change,

depending on the polarity of the liquid to which it is subjected to [46,47, 50]. NMR

15



cryoporometry reveals this behaviour. Note that, it would not be at all possible to explore

these phenomena using gas techniques.

While menthol is only slightly larger than t-butanol, the pores expand to almost twice the
size of those observed in the presence of the smaller alcohol. As the swelling behaviour of a
macroreticular polymer is a function of the interactions of the solvent with both the polymer
backbones and with any functional groups present, the dependence of swelling on the liquid
used is not trivial. For example, the resins in Reference 49 that are most similar to Amberlyst
A26 (i.e. cross-linked polystyrene polymers containing basic quaternary ammonium groups)
showed an increase in swelling in ethanol compared to water, but small differences in the

basicity of the resins lead to strong differences in the swelling behaviour when in benzene.

In comparison to the other, widely used, thermoporometric technique, DSC, NMR holds
some advantages. DSC calibration methods have not yet been obtained for alcohols such as
t-butanol and menthol in order to convert the heat flow data into a pore size distribution.
However, melting point depression data for any liquid can be used to estimate values for k..
and 21 [51, 52]. There are also further complications in preparation of the sample, due to the
relatively high bulk melting point of menthol, which can be controlled easier during the
sample preparation process when the sample is in an NMR tube, compared to a DSC crucible.
NMR cryoporometry also allows for the acquisition of both melting and freezing curves,
which can reveal valuable information about the geometry and structure of the pores, such as

bottlenecks and ‘inkwell” structures [53].

The analysis of the P(HEA-co-HMAA) polymer suggests that cryoporometry may have
some limitations when trying to analyse a microporous polymer gel system. The polymer
swelled significantly when subjected to water which suggested, at first instance, that no

porosity data, qualitatively or quantitatively, could be obtained. However, by focusing on the
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region that has previously proven to be most effective for water (<10 nm), differences
between samples with different cross-linking percentages become clear. A larger proportion
of weakly bound water was found in the polymer sample with the highest amount of cross-
linking due to the higher density of smaller micropores formed. However, the polymer failed
to swell in the other three liquids. This may be due to two reasons. First, there is a mismatch
of chemical properties. While menthol contains a polar group, cyclohexane is apolar, and the
original polymer, before cross-linking, does not dissolve in either liquid. As such, the
hydrogel pores remain collapsed in the presence of cyclohexane and menthol. Second, the
molecular sizes of cyclohexane, menthol and t-butanol are all significantly larger than that of
water (see SI.7 for estimations of molecular size for all four probe liquids). Note that
cyclohexane and t-butanol are similar in molecular size but differ in polarity, with the
original polymer dissolving in the tertiary alcohol. However, a combination of the increased
molecular size of t-butanol compared with water and the increased rigidity of the polymer
backbone introduced by the cross-linking reaction suggest that, while smaller than the pore
sizes measured, the alcohol may simply be too large to cause the cross-linked polymer to

swell.

This work demonstrates that NMR cryoporometry can be used to study the pore structures
and dimensions of different polymeric systems. Importantly, the probe liquid needs to be
matched to the properties of the polymer, not only in terms of chemistry but also in terms of
the sizes of the pores being studied and the probe liquids used to study them. Where
mesoporous structures exist, as in macroreticular resins, pore sizes can be responsive to the
nature of the swelling liquid. lon exchange polymers are key to many areas of science and
their proficiency lies in the fact that their properties change in the swollen state. NMR

cryoporometry can measure these changes and, more generally, offers the ability to
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accurately probe mesoporous structures in their operational, wet, state in order to elucidate

important structural information.
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Figure 1. Schematic illustration of increasing percentage of cross-linking within the polymer

network.
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Figure 2. Schematic representation of the structural difference between a cross-linked

polymer gel and a macroreticular ion exchange polymer.
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systems used in this study.
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Figure 4. NMR melting curves for the water-swollen P(HEA-co-HMAA) polymer samples
containing 25 % (filled circle), 12.5 % (hollow square), 6.25 % (hollow diamond) and 1.25 %

(filled triangle) cross-linker.
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Figure 5. Pore size distribution data obtained from melting water confined in the pores of

the P(HEA-co-HMAA) polymer samples containing 25 % (filled circle), 12.5 % (hollow

square), 6.25 % (hollow diamond) and 1.25 % (filled triangle) cross-linker, calculated for

pores lower than 5 nm in size.
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Figure 6. SEM images of the water-swollen P(HEA-co-HMAA) polymer, with 25% cross-

linker, at magnifications of (a) 18.2k x, (b) 10.3k x, (c) 68.9k x and (d) 162k x.
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Figure 7. NMR melting curve for the macroreticular resin swollen with water and (b) the

subsequent pore size distribution obtained using melting point depression parameters of k. =

49.53 K nm and 2. = 0.53 nm.
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Figure 8. NMR melting curve for the macroreticular resin swollen with t-butanol and (b) the

subsequent pore size distribution obtained using melting point depression parameters of k. =

119.2 Knmand 27 =1.7 nm.
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Figure 9. (a) NMR melting curve for the macroreticular resin swollen with menthol and (b)
the subsequent pore size distribution obtained using melting point depression parameters

of k. =219.3 Knmand 2/ = 1.9 nm.
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