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ABSTRACT: 3C solid-state NMR analysis has been performed on microporous superabsorbing networks
based on hydroxyethylcellulose and sodium salt of carboxymethylcellulose in order to determine the
chemically effective cross-linking degree. Microporous samples characterized by two different degrees of
cross-link have been analyzed by performing 13C cross-polarization magic angle spinning (CP-MAS) solid-
state spectra and single-pulse excitation (SPE) experiments. Cross-linking degrees, expressed as number
of cross-links per monomer, have been evaluated from the area of resonance due to methylene carbon
atoms present on reacted cross-linker molecule (divinyl sulfone) and area of resonances due to anomeric
carbon atoms C-1 of the polysaccharide rings. Optimization procedures for both CP-MAS and SPE

experiments are also reported.

Introduction

Swelling properties of cross-linked hydrophilic poly-
electrolytes in aqueous solutions are determined by
several chemical and structural factors. In fact, there
are different contributions to the free energy change
associated with the swelling process.t~ 10 In turn, the
degree of cross-link is a structural parameter of primary
importance to evaluate the swelling properties of a
polyelectrolyte network in an aqueous medium.

Generally, the determination of elastically effective
cross-linking density can be performed, among other
techniques, by using equilibrium swelling measure-
ments or by performing uniaxial compression tests on
swollen networks.111-14 However both techniques allow
a straightforward determination of cross-linking density
if the chemical structure is quite “simple” and structural
complexities, like fixed ionic charges, are absent. Inter-
pretation of experimental data is further complicated
by the eventual presence of microporosity.”

As a consequence, the availability of an alternative
experimental technique, able to supply a value for the
chemically effective degree of cross-linking, obtained
independently of the knowledge of other chemical—
physical and structural parameters (such as density of
charges, degree of ionization, and polymer/solvent in-
teraction parameter), could be an important aid for the
characterization of cross-linked systems.

Despite the interest in these materials, few methods
suitable for their characterization are currently avail-
able. In principle, as a result of chemical and/or enzy-
matic hydrolysis of the network, low molecular weight,
soluble products can be obtained and characterized with
commonly used techniques allowing the determination
of the cross-linking degree. However, degradation pro-
cesses may involve and heavily modify the chemical
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bridges responsible for the cross-links; hence, soluble
products might not be representative of the original
structure of the network.

In turn, solid-state NMR spectroscopy offers a non-
destructive approach, allowing an insight into the
chemical structure of these amorphous, insoluble ma-
terials.

Since cross-linked polymers are involved in many
industrial processes, numerous studies have been car-
ried out on the application of solid-state NMR spectros-
copy for characterizing polymeric networks. Among
other examples are phenolic resins,>1% epoxy resins,17:18
styrene-based resins,®~22 formaldehyde-based resins,23-25
methacrylate-based resins,2627 cross-linked polydivinyl-
benzenes,?® and polysaccharide-based networks.29-32

In this paper we propose the use of 13C solid-state
NMR technique for the determination of the chemically
effective degree of cross-linking in the case of a mi-
croporous superabsorbing network. This material was
obtained by cross-linking a mixture of hydroxyethylcel-
lulose and sodium salt of carboxymethylcellulose in
aqueous solution with divinyl sulfone, followed by water
extraction with acetone.

Experimental Section

Specimen Preparation. Highly absorbing cellulose-based
hydrogels synthesized in this work have been obtained by
cross-linking water solutions of carboxymethylcellulose sodium
salt (referred in the following as CMCNa) and hydroxyethyl-
cellulose (referred in the following as HEC) using divinyl
sulfone as cross-linking agent (referred in the following as
DVS). CMCNa is a cellulose ether where substituent groups
are methylcarboxylic groups and is used as suspending agent
or emulsifier in detergent, food, and textile industries.3* Also,
the other component, HEC, is a common commercial product.
It is a cellulose ether, where substituent groups are oxyeth-
ylene chains. Structures of CMCNa and HEC along with the
carbon atoms labeling are reported in Scheme 1. The degree
of substitution and the relative distribution of substituents in
the C-2, C-3, and C-6 position in cellulose ethers may strongly
affect the properties and the behavior of these polymers.3®
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Scheme 1. Schematic Structure of CMCNa and HEC;
Carbon Atoms Labeling Is Also Reported

tO—R

CMC Na: R = H; CH,C 0 O"Na*

HEC: R=H; CH,C Hy(0 CH,CH,),0H

CMCNa (cod. 41,933-8), HEC (cod. 30,683-3), and DVS (cod.
V370-0) were purchased from Aldrich Chimica s.r.l. Milano
and used as received. According to the supplier, the degree of
substitution (DS) of CMCNa is about 0.9 and the weight
average molecular weight is 700 000. The molar substitution
(MS) for HEC is about 1 and DS is about 1, while the weight
average molecular weight is 250 000. Actually different values
for DS have been determined for CMCNa by performing both
high field NMR and conductometric titration according to
procedures reported elsewhere.®¢ In fact, both techniques gave
results that are in good agreement and equal to 0.66 + 0.03.
Moreover, also the distribution of substituents at C-2, C-3, and
C-6 positions of the anhydro b-glucose moiety has been
determined by *H and 3C NMR in solution;%¢ the substituent
groups (CH,COO~ Na') turn out to be ~40% in position 3,
~40% in position 6, and ~20% in position 2. Intrinsic viscosi-
ties of polymers in water have also been determined using an
Ubbelohde capillary viscometer at 25 °C. Tests have been
performed on filtered solution of polysaccharides and distilled
water. The values obtained were 55.31 and 3.37 dL/g, respec-
tively, for CMCNa and HEC.

Cross-linking reaction has been performed according to
procedures reported in the literature.®” For this study a
mixture of CMCNa and HEC, with a weight ratio equal to 3/1,
was first dissolved in a solution of DVS and distilled water by
stirring gently at room temperature until a clear solution was
obtained. The total polymer weight fraction in the solution was
2%. Two different DVS concentrations were used in order to
obtain samples with two degrees of cross-linking: 0.04 and
0.133 mol of DVS per liter of solution. The presence of HEC is
necessary to promote quantitatively intermolecular rather
than intramolecular cross-linking. In fact, poor cross-linking
efficiency is reported®” if only CMCNa is used, seemingly due
to the electrostatic repulsion between charged macromolecules
and to the fact that few hydroxyl groups remain available for
reaction at C6, the most reactive position. After the mixing
stage, an aqueous solution of KOH was added as catalyst to
the polymer solution until a pH = 12.5 was reached. Hydrogel
formation occurred in few hours at room temperature. A
schematic representation of cross-linked chemical structure
is reported in Figure 3.

Following the reaction stage, a partially swollen hydrogel
was obtained that was subsequently cut in small pieces with
an approximate volume equal to 1 cm?®. To remove unreacted
DVS and the KOH (“washing” stage), these small pieces of
hydrogel were then soaked in distilled water, reaching equi-
librium swelling under continuous stirring. Water was used
in volumes greatly exceeding that of hydrogel and was changed
several times. In one case this stage was performed without
changing water surrounding the gel with the purpose of
detecting the eventual presence in it of unreacted polysaccha-
ride macromolecules. No traces of unreacted HEC or CMCNa
were found, at least in the limits of the adopted UV measure-
ment technique® based on sulfuric acid reaction for the
identification of cellulose derivatives.

After the “washing” stage, a dry product was obtained by
desiccating hydrogel samples through phase inversion with
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Figure 1. 13C CP-MAS NMR spectra of: (a) Carboxymeth-
ylcellulose—Na salt; the methylenic group of the carboxylated
side chain is labeled 7. (b) Hydroxyethylcellulose; side chain
oxyethylenic groups labeled 7. (c) Physical mixture carboxy-
methylcellulose—Na salt/hydroxyethylcellulose (75/25 wiw). In
the inset of (a) and (b) the spectral range 120—40 ppm is shown
after applying a Gaussian apodization function (LB = —128,
GB = 0.4).

acetone according to procedures reported in the literature.®®
According to this procedure, the swollen gel was soaked in pure
acetone, which is a solvent for water and nonsolvent for the
polymer. Two phases were then formed: a polymer-rich phase,
with negligible residual amount of water, and a water/acetone
liquid mixture. To further remove water, the cross-linked
precipitate was then collected and again put in contact with
pure acetone. These extraction cycles were repeated several
times. The material, in the form of a white glassy polymer,
was then kept under vacuum some hours to remove traces of
residual acetone. Because of the high and connected mi-
croporosity induced by the fast water extraction, the previously
described desiccation procedure guarantees a water swelling
capacity of dry samples quite higher than the one obtained
with samples desiccated by simple drying at atmospheric
condition. The swelling ratio strongly depends on pH and ionic
strength of the aqueous solution in contact with the material.



432 Capitani et al.

PPN L]

T T T T r T T T
150 188 50 158 182 s
PPX L(d.]

Figure 2. 3C CP-MAS spectra of (a) sample H with a high
degree of cross-link, (b) sample L with a low degree of cross-
link, and (c) sample U, un-cross-linked sample. On the left are
the experimental spectra, and on the right are the simulated
ones showing the reliability of the quantitative analysis.

OR

Figure 3. The possible structure of the chemical bridges
responsible for the cross-links is shown.

Typical values of sorbed amounts in distilled water at room
temperature were around 400 and 150 g of water per gram of
dry polymer, respectively, in the case of a starting DVS
concentration equal to 0.04 and 0.133 mol/L. These high
sorption capacities, accompanied by a high water retention
capability under compressive stress, make this material a good
candidate as a potentially biodegradable superabsorbing sys-
tem.

For the sake of comparison, un-cross-linked samples were
also prepared. For this purpose the starting aqueous solution
of CMCNa, HEC, and DVS (total polymer concentration 2 wt
%, CMCNa/HEC ratio equal to 3/1 and DVS concentration
equal to 0.133 mol/L) was put directly in contact with acetone
and the precipitate collected.

NMR solid-state analyses have been performed both on the
cross-linked and on the un-cross-linked samples. In the fol-
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lowing cross-linked samples prepared with a starting DVS
concentration equal to 0.04 and 0.133 mol/L will be referred
to respectively as sample L (for low cross-linking degree) and
sample H (for high cross-linking degree). The un-cross-linked
sample will be referred as sample U (for un-cross-linked).

Cross-linked samples were found to be totally amorphous
from wide-angle X-ray scattering®® analysis.

Solid-State NMR Measurements. Samples H, L, and U
were finely powdered, packed into 4 mm zirconia rotors and
sealed with Kel-F caps. Solid-state *C CP-MAS spectra were
performed on a Bruker AC-200 spectrometer, equipped with
an HP amplifier for 'H at 200 MHz, 120 W CW, and with a
pulse amplifier M3205. The spin rate was always kept at 8
kHz. The 7/2 pulse was 3.1 us, the contact time for the cross-
polarization experiment was 1 ms, and the relaxation delay
was 4 s. Spectra were obtained with 1024 data points in the
time domain, zero-filled and Fourier transformed with a size
of 2048 data points; 19 000 scans were performed for each
experiment.

As a function of the contact time, two series of experiment
were performed. The intensity of resonances was reported
against the contact time; from these data the cross-relaxation
time between protons and carbons, Tis, and the spin—Ilattice
relaxation time of protons in the rotating frame, T1,(*H), were
obtained.

Single-pulse excitation (SPE) experiments were also per-
formed; the recycle time was 40 s, and the °C 7/2 pulse was
2.8 us.

The spectral editing CP—SPI sequence®*! has also been
applied. This sequence is the standard cross-polarization (CP)
sequence combined with a simultaneous phase inversion (SPI)
during the polarization inversion (PI). Properly choosing the
pulse length for the simultaneous phase inversion, tp;1 =
Tp12 = 27 us, a carbon spectrum can be obtained where methine
resonances are zeroed and methylene resonances are inverted,
while resonances due to methyls and nonprotonated carbon
atoms are positive. Thus, a full spectral editing can be
obtained. In this paper the sequence has been applied to
sample H. In this way the resonance due to methylene carbon
atoms involved in the cross-links are brought to evidence.

Analysis of NMR resonances was performed using the
simulation program “GLINFIT”.#2 This program can perform
the full deconvolution of overlapped lines with Gaussian and/
or Lorentzian shapes. Errors in the integrals are less than 10%
of their nominal value.

Results and Discussion

Before studying the nature of the chemical bridges
in the network, CMCNa and HEC were separately
investigated by solid-state NMR. Moreover, since the
full assignment of *H and 13C spectra in solution of
CMCNa and HEC was incomplete, a full high-field NMR
study was performed, obtaining not only a full assign-
ment of the spectra but also for CMCNa the degree of
substitution and its positional distribution.3® As by
notation adopted in ref 36, we will label with a “n*” any
glucose monomer carrying a substitution in position
Cx(n), with n = 2, 3, 6. According to this notation C-1
(2*) means the anomeric carbon atom of a glucose unit
carboxylated in position 2.

Carboxymethylcellulose—Na Salt. In Figure 1la
the 13C CP-MAS spectrum of CMCNa is shown, along
with the assignment of resonances: at 178.6 ppm the
resonance of carbonyl carbons of substituent groups
—CH,COO is observable; at 104. 6 ppm the resonance
of anomeric carbon C-1 of anhydro bp-glucose units
unsubstituted in C-2 position is observed, while at 97.2
ppm the signal of the anomeric carbon C-1(2*) belonging
to anhydro p-glucose units substituted in position 2 is
observed. The upfield shift of the resonance of C-1(2*)
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is possibly due to a y-gauche effect.3643 In fact, in
solution the effect on C-1 of a chemical substitution in
C-2 is almost zero, while in the solid state a ~7 ppm
upfield shift is observable. From the ratio between the
area of resonance C-1(2*) and the area of resonance C-1,
the degree of substitution in position 2 can be obtained;
it is ~0.15. Note that, even if cross-polarization is not a
directly quantitative technique, in this case we take into
account for the same anomeric methine carbon atom,
the presence or the absence of substituent in position 2
being the unique difference. The obtained value is in
excellent agreement with the corresponding value ob-
tained in solution.®® The broad resonance centered at
~82.5 ppm is mostly due to C-4; however, other reso-
nances might also contribute.3®¢ At ~75.2 ppm a very
intense resonance is observed, resulting from the over-
lapping of resonances of different carbon atoms: C2, C3,
C5, and methylene carbons of substituents in positions
2, 3, and 6 certainly contribute. The resonance at 71.1
ppm is possibly due to C-6 as assigned from spectra in
solution.®® In fact, in the presence of the substituent
—CH,COO~Nat in position 6, C-6 undergoes an additive
B contribution,** so that a resonance shift downfield, ~8
ppm, is observed. In the absence of any substitution the
resonance due to carbon C-6 is at 62.7 ppm.

Hydroxyethylcellulose. In Figure 1b the 3C CP-
MAS spectrum of a sample of HEC is shown. At 104.2
ppm the resonance of anomeric carbon C-1 of anhydro
D-glucose units unsubstituted in the C-2 position is
observed, while at 97. 8 ppm the signal of the anomeric
carbon C-1(2*) belonging to anhydro p-glucose units
substituted in position 2 is observed. Again the degree
of substitution in position 2 can be obtained from the
ratio of the area of resonances C-1(2*) and C(1); it is
~0.05. The resonance at 83.3 ppm is mostly due to C-4;
however, other resonances might contribute. Applying
a strong resolution enhancement to the spectrum, see
inset in Figure 1b, three resonances can be easily
distinguished at 75.3, 71.5 and 69.1 ppm. The assign-
ment of these resonances is quite difficult; in fact, C-2,
C-3, C-5, and also resonances due to the oxyethylene
chains of substituents resonate in this range of fre-
guency. However, the resonance at 69.1 ppm might be
partly due to C-6*; in fact, the carbon atom in position
6, if substituted, gets a 8 contribution.** Hence, its
resonance shifts downfield. In the absence of substituent
groups, the resonance of carbon C-6 resonates at 62.3.

Physical Mixture. Finally, in Figure 1c is shown the
13C CP-MAS spectrum of a physical mixture obtained
by simple mechanical mixing of CMCNa and HEC
powders (3/1). The reported spectrum is similar to the
one obtained overlapping the spectra previously re-
ported in Figure 1a,b.

Cross-Linked Samples. The 13C CP-MAS spectrum
of sample H is reported in Figure 2a; for comparison,
in Figure 2c the spectrum of sample U is also shown.
Therewith, since DVS is soluble in CH3COCHg3, no free
DVS is present in both samples. Note that the 13C
chemical shift of the resonance of the methine carbon
of DVS is at 6 = 137.2 ppm while the chemical shift of
the methylene is 6 = 129.7 ppm (from tetramethylsi-
lane).*> Since both spectra reported in Figure 2 do not
show any carbon resonance in both ranges of frequency,
the presence of unbound DVS can be excluded for both
samples. On the same basis, the presence of DVS as a
pendant group can also be excluded. The resonance at
56 ppm observed in the spectrum of the cross-linked
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Figure 4. (top) 3 CP-MAS spectrum of sample H; the reso-
nance at 56 ppm is due to methylene carbon atoms of type A
(see Figure 3). (bottom) Spectrum obtained after applying the
CP—SPI sequence: all resonances of methine carbons are
zeroed, while resonances of methylene carbons are inverted.
Note that the resonance at 56 ppm is inverted, confirming the
attribution to methylene carbons.

compound is due to methylene carbon atoms of type A
(see labeling reported in Figure 3), i.e., adjacent to the
sulfoxide group, while methylene carbon atoms of type
B (see labeling reported in Figure 3) resonate in the
same crowded range of frequency of polysaccharides
(70—80) and cannot be resolved in solid-state spectra.
It is worth noting that the resonance at 56 ppm is fully
absent in the spectrum of sample U (see Figure 2c),
confirming the previous assignment.

The spectrum of the cross-linked compound is poorly
resolved showing a broader spectrum with respect to
the one of sample U; in particular, the C-4 and C-6
resonances are noticeably broad, possibly due to differ-
ences in the chemical environment changed by the
presence of cross-linked units. It must be observed that
carbon resonances belonging to the groups 2* and 3*
resonate quite close to the resonance of C-4 and might
contribute to its broadening, while the broadening
observed on C-6 might be due to y-gauche effects. The
13C CP-MAS spectrum of sample L is shown in Figure
2b. At ~56 ppm the resonance due to methylene carbon
A appears as a broad shoulder of the resonance due to
C-6. All other resonances are quite unaffected.

For a further confirmation of the assignment of the
resonance at 56 ppm to methylene carbon atoms of type
A, the spectral editing sequence CP—SPI has been
applied to sample H. As a result, a 13C spectrum has
been obtained where methine carbon resonances are
zeroed and methylene carbon resonances are inverted,
while resonances due to quaternary and methyl carbon
atoms are positive. The spectrum is shown in Figure 4,
bottom, for the case of sample H, while in the top the
13C CP-MAS spectrum of the same sample is reported
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for comparison. Note that for improving the resolution
a Gaussian apodization function has been applied to
both spectra; typical parameters for the shifted Gauss-
ian apodization are line broadening (LB) = —8 and
amount of shift expressed as a fraction of total data
length (GB) = 0.2.45 All methine resonances are nicely
zeroed, while resonances at 56 and 62.5 ppm are
negative, confirming the assignment to methylene car-
bon atoms, A and C-6, respectively. At ~70 and ~72
ppm methylene resonances due to oxyethylene chains
are also observable; however, a detailed assignment is
not possible.

13C CP-MAS NMR and Related CP Dynamics.
During the cross-polarization process, the polarization
of proton spins can be dissipated to the lattice by
relaxation under the spin-locked condition at a rate
1/T4,, or it can be transferred to a dilute spin system
with a rate 1/T|s. As a consequence, the cross-polariza-
tion process is effective if tcp < T1,. In turn, if contact
times are too long, the polarization is lost from the dilute
spin system to the abundant spin system and finally to
the lattice again. Hence, at short contact times, the
intensity of the resonances increases exponentially with
increasing the time, with a time constant T,s, the cross-
relaxation time between protons and carbons. Thus, an
optimum contact time exists which should be carefully
searched on each sample.

To match this requirement, CP-MAS experiments
were performed at variable contact times 7, with t;
ranging from 20 to 12000 us.

In parts a and b of Figure 5, the intensity of
resonances is reported against the contact the time for
sample U and sample H, respectively.

In simple cases, the kinetics of the cross-polarization
process is described by the following equation:4748

G
s =2 s0) @
-5\ ~
G(r) = exp m exp(—1y) (2)
where

A=1+p 3)

_ TISTlp(lH) - TISTlp(lBC)
- 13 1 (4)

T,(7C) T,((H)

_ Tlp(lsc) +Tis )

TISTlp(lH)

S(0) is the intensity of the resonance for the total CP
transfer, and S(r;) is the intensity of the resonance
measured as a function of the contact time.

Using this equation, a best fit of S(z;) was performed.
Tis, T1,(*H), and S(0) are parameters obtained from the
best fit procedure. Note that both T1,(*H) and T1,(*3C)
can be measured in proper experiments.*®> Moreover,
T1,(*H) can also be obtained from the slope 1/T1,(*H) of
the straight line at long contact times (see Figure 5).

In Table 1 T,,(*H) values measured on both sample
U and sample H are reported.
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Figure 5. Correlation between the intensity of resonances of
13C CP-MAS NMR spectra and the contact time 7 for the CP-
MAS experiment: (a) intensity of resonances of the 3C CP-
MAS spectrum of sample U vs the contact time; (b) intensity
of resonances of the *C CP-MAS spectrum of the sample H.
Lines through experimental points are obtained applying a
best fit procedure to eq 1. All parameters obtained from the
best fit procedure are reported in Table 2.

Table 1. T1,(*H) [ms] Values Measured for Same Selected
Resonances Are Reported, for an Un-Cross-Linked (U)
and a Highly Cross-Linked (H) Sample

ppm sampleH sampleU ppm sampleH sampleU

1789 13+1 59+04 754 6.2+0.3 494+0.2

104.3 6.0+03 50+02 625 50+£03 52403
82.5 55+04 48+03 560 46103

Note that T1,(*H) is not very sensitive to motion of
single molecular groups, since it is averaged within
domains up to a size as large as 1—2 nm. In the presence
of sufficient dipolar coupling among the protons, able
to provide efficient spin-diffusion over a range of 1—-2
nm, Ti,(*H) can be treated as a “phase” quantity,*
indicating that the system can be considered homoge-
neous in that spatial range. Therefore, since in both
sample U and sample H all resonances due to carbon
atom with attached protons show Ty,(*H) values quite
similar within the experimental error, both samples
should be considered homogeneous, with an efficient
spin-diffusion process averaging T1,(*H) values.

In Figure 6 the intensities of the carbonyl carbons
resonance are reported vs the contact time, for both
sample U and H. In the same figure the best fit curve
is given as a solid line. From the best fit procedure the
following parameters have been obtained:

sample U

S, = 1.50 £ 0.06 au; Tlp(lH) = (6.0 = 0.4) ms;
Ts=13£01ms
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Figure 6. Intensity of resonance of carbonyl carbon atoms
vs the contact time: sample H (W) and sample U (®). Lines
through experimental points are obtained applying a best fit
procedure to eq 1. Note that, after the reaction, due to a change
in the chemical environment of same carbonyl carbon atoms,
T1,(*H) shortens from ~13 ms down to ~6 ms.

sample H

Se =116 £0.04au; T, (‘H) =13+ 1ms;
T,s =0.60 £ 0.05 ms

Thus, in the network a net T1,(*H) lengthening and
a net T,s shortening are observed.

This effect can be rationalized on the basis of a change
of the chemical environment of carbonyls. In fact, after
the cross-linking reaction, a large variation in mobility
and first neighbor proximity of the carbonyl group is
likely to occur.

Degree of Cross-Linking. As mentioned, in char-
acterizing cross-linked polymers, the important question
arises of evaluating the actual degree of cross-linking.
In many cases resonances due to carbon atoms involved
in chemical bridges responsible for the cross-links can
be directly observed in 13C CP-MAS NMR spectra.
However, since the signal enhancement by cross-
polarization implies that signal intensities are affected
by the Kinetics of the transfer of magnetization, the
guantitative reliability of the intensity of resonances in
13C CP-MAS NMR spectra must be interpreted with
caution. In fact, the rate of the process is strongly
dependent on the number of abundant spins near dilute
spin S and their distance from S. Thus, the problem
exists of quantifying resonances due to carbon nuclei
of different types at least in the ideal case where the
system is homogeneous and Ti,(*H) is single valued.
Such a situation is quite common in simple organic
systems but not always in polymers.

One possibility consists of investigating the dynamics
of the cross-polarization; see eq 1 and Figure 5.

Equation 1 describes the rise of the 13C magnetization
with a time constant 1~1 T|s during the contact of the
13C nuclei with the proton reservoir which is cold with
regard to the spin temperature. Superimposed to this
process is the heating of the proton reservoir due to the
relaxation of the protons with a time constant T1,(*H).

Even in highly homogeneous systems in order to
guantify the measurements we should avoid the rising
branch of the 13C magnetization (see Figure 5).

In the presence of a single valued T1,(*H), the plots
of intensity are almost parallel when the contact time
is long (see Figure 5), and the intensity ratio should be
quite correct, the price to be paid being a deterioration
of the signal-to-noise ratio.

It is worth noting that a best fit of eq 1 can provide
information about the best contact time to use in the
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Table 2. Parameters Obtained from the Best Fit of Eq 1
for the Case of the Highly Cross-Linked (H) Sample

ppm S(9) Ty(tH)[ms] Tis[ms] 4 14
104.3 1.30+0.03 6000300 130+16 1.155 0.0089
825 1.31+002 5500+400 180+10 1.092 0.0061

754 1.29+0.02 6200 + 300 160+ 7 1.141 0.0015
62.5 1.24+0.02 5000 =+ 300 130+ 5 1.084 0.0085
56.0 1.194+0.02 4600 + 300 130 £5 1.041 0.0082

Table 3. Distortion of Signal Intensities Due to the CP
Procedure at Selected Contact Times for the Case of the
Highly Cross-Linked (H) Sample

ppm  [G(®)Al=osms  [G(2)A]=1ms  [G(r)/A]i=sms  [G(z)/A]r=5ms

104 0.79 0.74 0.53 0.39
82.7 0.79 0.76 0.53 0.37
75.1 0.80 0.76 0.55 0.40
62.7 0.82 0.76 0.52 0.35
56.0 0.85 0.77 0.50 0.34

Table 4. Values of Average Distortion of Signal Intensity
and of A at Selected CP Times for the Case of the Highly
Cross-Linked (H) Sample

A = [G(7)/Alhax —

7 (ms) [G(r)/A0 (G (¢)/ A Ghin
0.5 0.81 0.06
1 0.76 0.04
3 0.53 0.04
5 0.37 0.04

CP-MAS experiment for obtaining an almost quantita-
tive spectrum.5! In fact, eqs 2 and 4 can be used to
calculate the scaling factor 1 and G(z) at a fixed contact
time; the ratio A/G(7) is the factor by which the mea-
sured intensity must be multiplied for obtaining a
“correct” intensity. In turn, the ratio G(z)/A provides the
distortion of the signal intensity due to the cross-
polarization procedure.>? Since we were mostly inter-
ested in evaluating the degree of cross-linking, a best
fit of eq 1 was performed on the intensity of all
resonances due to carbon atoms with attached protons.
In Figure 5b curves resulting from the best fit procedure
are shown as solid lines through experimental points
in the case of sample H.

Parameters obtained from the best procedure have
been used to calculate 1 and y; data are shown in Table
2.

In Table 3, the distortion of the signal intensity G(z)/A
has been reported; data have been obtained applying
eq 2 at few selected cross-polarization times z; spanning
the range of interest (see also Figure 5b).

The smaller the difference in G(r)/A for different
carbon resonances, the better is the quantitative condi-
tion in the spectrum; i.e., the smaller is the A value,
the better is the quantitative reliability of intensity of
resonance (see Table 4). At longer contact times, the
signal-to-noise ratio definitively decreases; in fact, the
mean value [G(7)/A0is 0.81 at = 500 wus, while
decreasing down to 0.37 at r = 5000 us (see Table 4).

The best contact time for obtaining an almost quan-
titative CP-MAS spectrum is the time corresponding to
the highest [G(r)/A0value and to the lowest A. As a
consequence, a contact time r = 1 ms was chosen.

As is well-known, the simplest experiment for obtain-
ing quantitative measurements in high-resolution NMR
of solid polymers is the single-pulse excitation (SPE).53
A single z/2 pulse is applied to excite carbon signal
which is recorded in the presence of MAS and dipolar
decoupling (DD). The recycle time RD between succes-
sive scans must be long enough to allow all sites to relax
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Figure 7. 13C MAS SPE spectra of (top) sample H, high degree of cross-link and (bottom) sample L, low degree of cross-link. On
the left experimental spectra are shown, while on the right, the simulated spectra are reported.

back to equilibrium. This time mostly depends on the
T1(*3C) values for the relevant carbon sites and on the
flip angle of the exciting pulse. The difficult with SPE
is that in many rigid glassy or crystalline polymers
T1(*3C) values may be very long up to 102—10* s. Note
that measurements should obey to the condition recycle
time (RD) = 5T1(*3C), with RD values sometimes of the
order of hundredths of seconds. Thus, this approach may
be unrealistic. However, in the cellulose ether-based
network, a recycle time of 40 s was found, allowing all
proton bearing C atoms to fully relax. This is due to the
fact that these materials are fully amorphous.®®

In the following, we will compare the degree of cross-
linking as obtained by CP-MAS spectra performed with
cross-polarization time v = 1 ms, with the degree of
cross-linking as obtained by SPE spectra.

Both methods show some drawbacks. CP-MAS spec-
tra, even if performed in the best experimental condi-
tions, are not perfectly quantitative, while SPE spectra
always show a lower signal/noise ratio.

Chemical shifts, line widths, and line shapes obtained
from experimental spectra have been used as an input
for a program performing full spectra simulation. In-
tensities and areas of all resonances have been obtained.
In Figure 2, left, 13C CP-MAS spectra are reported
(sample U (c), sample L (b), sample H (a)), while on the
right simulated spectra are reported for comparison. In
Figure 7, left, SPE spectra are reported (sample L
(bottom), sample H (top)), while on the right, simulated
spectra are shown.

The degree of cross-linking, expressed as the number
of cross-links per monomer, has been calculated from
the ratio between one-half of the area of resonance at

56 ppm due to the two carbons of type A (see Figure 3)
and the sum of the area of resonances due to anomeric
carbons C-1(2) (=104 ppm) and C-1(2*) (=97 ppm) which
has been used as a reference.

In the case of sample L, the ratio of integrals obtained
from the simulation of the 13C CP-MAS spectra and
those obtained from simulation of SPE spectra provides
the same result; i.e., the degree of cross-link is ~0.04.
In the case of sample H, the degree of cross-linking
measured by CP-MAS is ~0.24 with a standard devia-
tion (SD) = 7% of nominal value, while its value
measured by the SPE method is ~0.33 with a SD = 10%.
Thus, the agreement between the two sets of data is
reasonable, but not excellent. As previously mentioned,
both methods have some drawbacks. The 13C CP-MAS
spectrum, even performed with the proper contact time,
might provide intensities not fully reliable. In turn, SPE
spectrum gives broader resonances (possibly due to the
contribution of mobile chain ends) and a lower signal/
noise ratio, so that the simulation is affected by a higher
uncertainty.

The actual value is probably in between, ~0.28 + 0.09.

It is worth noting that from the simulation of the CP-
MAS as well as of the SPE spectrum a resonance at ~66
ppm has been obtained. This resonance is fully absent
in the spectrum of sample U (see Figure 2a, left), and
it is probably undetectable in the spectrum of the
sample at low degree of cross-linking. It is possibly due
to methylenes carbon of type B (see Figure 3). However,
since this resonance is fully hidden in a very crowded
spectral range of frequencies, its area cannot be used
for any calculation.
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Conclusions

A 13C solid-state NMR analysis procedure has been
set up for the quantitative determination of the chemi-
cally effective cross-linking degree in polymer networks.
This technique has been shown to be very effective in
determining the degree of cross-linking, expressed as
number of cross-links per monomer, in the case of
cellulose-based chemically cross-linked networks char-
acterized by a microporous structure and displaying
superabsorbing capabilities coupled with high water
retention under compressive stress. With proper adjust-
ments, the procedure can be extended to the case of
other chemically cross-linked macromolecular systems.

13C CP-MAS spectra and SPE experiments have been
performed for evaluating the ratio between one-half of
the area of resonance at 56 ppm due to the two carbons
of type A present on cross-linker molecule (DVS) after
reaction and the sum of the area of resonances due to
anomeric carbons, C-1(2) and C-1(2*), present on polysac-
charide rings. Proper choice of cross-polarization time
for 13C CP-MAS spectra and of recycle time between
successive scans for SPE experiments allowed quantita-
tive evaluations.

Further work is in progress using *H NMR relaxom-
etry for a better understanding of local motions possibly
correlated to swelling properties.
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