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Gel-Type Polyacrylic Resins Cross-Linked with Trimethylolpropane-
trimethacrylate: The Issue of Their Nanostructure and Molecular
Accessibility Unveiled with a Combination of Inverse Steric Exclusion
Chromatography (ISEC), and ESR and CP-MAS “C NMR Spectroscopy
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Abstract: Six gel-type functional resins,
that is, three poly-DMAA-co-TMPTP
(DMAA = N,N-dimethylacrylamide,
TMPTP = trimethylolpropyltrimethac-
rylate) samples with different degrees
of cross-linking (0.6, 1.2, 1.7% mol)
and three poly-DMAA-co-MA-co-
TMPTP (MA =methacrylic acid, ca.
5.5% mol) samples with 1.7, 3.5, and
7 % mol cross-linking were investigated
with ISEC (inverse steric exclusion

Introduction

The most commonly employed supported metal catalysts
that are active in the liquid phase are materials built up with
an inorganic support or active carbon, and a nanoclustered
metal(0) component. In some cases the support may exert

chromatography), and ESR and CP-
MAS (cross polarization magic angle
spinning) "*C NMR spectroscopy after
swelling in water and other solvents.
This unprecedented combination of
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functional resins - ISEC (inverse
steric exclusion chromatography) -
nanostructures - NMR spectroscopy

conceptually independent physico-
chemical techniques provides a thor-
ough overall consistent picture of the
morphology of the resins on the nano-
meter scale and of the molecular acces-
sibility of the swollen polymer frame-
work to the paramagnetic probe TEM-
PONE (2,2,6,6-tetramethyl-4-oxo-1-
oxypiperidine) and to selected solvents.

also a co-catalytic effect.l'! In the early seventies, organic
supports such as functional resins,>™ started to be consid-

ered as valid alternatives to inorganic ones, and Mresin
nanocomposites have been successfully tested in reactions
relevant to fine chemistry and specialty chemicals applica-
tions and, at least in one case, they are currently used for

[a] Dr. E. Pozzar, Prof. B. Corain
Dipartimento di Scienze Chimiche
Universita di Padova
Via Marzolo 1, 35131 Padova (Italy)

[e] Dr. K. Jerabek

Institute of Chemical Process Fundamentals
Czech Academy of Sciences
165 02 Suchdol-Praha 6 (Czech Republic)

Fax: (+39)049-8275223 [f] Prof. A. Grassi
E-mail: benedetto.corain@unipd.it Dipartimento di Chimica
[b] Dr. A. Sassi, Dr. G. Pace Universita di Salerno Via S. Allende
Istituto di Scienze e Tecnologie Molecolari, C. N. R. 84081 Baronissi (Italy)
Sezione di Padova, Via Marzolo 9, 35131 Padova (Italy) Fax: (+39)089-965296
[c] Dr. S. Lora E-mail: agrassi@unisa.it
ISOF, Istituto per la Sintesi Organica e la Fotoreattivita

CNR, Sezione di Legnaro, Viale dell’Universita 1

35020 Legnaro, Padova (Italy)

[d] Prof. A. A. D’Archivio

—_

Dipartimento di Chimica Ingegneria Chimica e Materiali

Universita di L’ Aquila, Via Vetoio Coppito Due

67010 L’ Aquila (Italy)
Fax: (+39)0862-43-3753
E-mail: darchivi@ing.univagq.it

Chem. Eur. J. 2005, 11, 73957404

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

WWILEY

) InterScience’

7395



CHEMISTRY—

A EUROPEAN JOURNAL

the industrial synthesis of a semicommodity (i.e., methyliso-
butylketone).”! In these innovative metal catalysts, metal
nanoclusters are designed to be dispersed inside a design-
able polymer framework (Figure 1). The support is thus ex-
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Figure 1. Schematic comparison between a conventional nanostructured
metal catalyst supported on a conventional inorganic framework (a) or
inside a functional resin organic framework (b).

pected to play a role in controlling the access of the reagents
(R) to the metal surface, the transport of the products (P)
to the bulk liquid phase (Figure 1) and even to exert a possi-
ble effect on the thermodynamics and the kinetics of the re-
action itself.[

In addition to the results published in the past decade and
reviewed by Corain and Kralik in 2000 (among which we
mention a very elegant paper appeared in 1991 by Toshima
and associates!’l) and from those stemming from our own
recent experience,® ' we would like to mention the recent
contributions by Shi and Deng,"! and by Uozumi and
Nakao.” In addition to these last promising results, Fierro
and associates have recently reported™ on the successful
direct synthesis of hydrogen peroxide from dihydrogen and
dioxygen in methanol/water mixtures in the presence of pal-

Abstract in Italian: Sei resine funzionali di tipo gel del tipo
poli-DMAA-co-TMPTP (DMAA = N,N-dimetilacrilammide,
TMPTP =trimetilolpropiltrimetacrilato) caratterizzate da di-
versi gradi di reticolazione (0.6, 1.2, 1.7 % mol) e del tipo
poli-DMAA-co-MA-co-TMPTP (MA =acido metacrilico ca
5.5 -% mol) con grado di reticolazione 1.7, 3.5, 7% sono
stade studiate tramite ISEC (inverse steric exclusion chroma-
tography), ESR e CP-MAS (cross polarization magic angle
spinning) C NMR dopo rigonfiamento in acqua e altri sol-
venti. Questa inedita combinazione di tecniche chimico-fisi-
che, concettualmente indipendenti tra loro, offre una descri-
zione complessiva e consistente della loro morfologia nano-
metrica e una valutazione quantitativa dell’accessibilita dei
loro reticoli polimerici sia alla sonda paramagnetica TEM-
PONE sia alle molecole di opportuni solventi.
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ladium/resin (resin=Lewatit K 2641 in acidic form) cata-
lysts. While the authors stipulate that the metal is present as
a “Pd**” species, specific tests carried out in these laborato-
ries strongly suggest that the remarkable activity of Fierro’s
catalysts is due to the presence of nanoclustered Pd’ already
present in the as-prepared catalyst.¥

Cross-linked polymer materials utilised so far as supports
of metal nanoclusters are normally classified as gel- or mac-
roreticular-type.”! However, regardless of their micro- and
nanomorphology differences, in both cases the individual
metal nanoclusters eventually experience comparable prob-
lems of accessibility on the nanometer scale (Figure 2).

Gel type Macroreticular

swelling ¢

Figure 2. Schematic pictures of nanometer level morphology of gel-type
and of macroreticular resins in the swollen state. Metal nanoclusters are
indicated as black spots.

It seems reasonable to state that the most useful design
and the best utilization of this type of supported metal cata-
lyst rests on a thorough knowledge of 1) the structure of the
relevant supports in their working state (i.e., in their swollen
state) on the nanometer scale and 2) their molecular accessi-
bility to solvent molecules and to reagents of substantial
size. In this context, we have been active for more than one
decade in the synthesis of properly designed gel-type resins
built up with acrylic comonomers cross-linked with bifunc-
tional cross-linking agents, typically N,N'-methylenebisacryl-
amide.®! We have developed our program so far upon taking
advantage of y-rays-induced polymerization,” and we have
established a multimethodological approach to the quantita-
tive evaluation of the nanostructure and molecular accessi-
bility of our materials after swelling in suitable solvents. Our
so far established tools are inverse steric exclusion chroma-
tography (ISEC),™ ESR spectroscopy of stable radical pen-
etrating the nanoporous domains of the swollen materi-
als®' and pulse field-gradient spin-echo (PGSE) NMR
analysis of the resins after full swelling in given sol-
vents.'®) ESR and PGSE NMR spectroscopy provide de-
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tailed information on the rotational mobility of given para-
magnetic probes and on the translational mobility of given
molecules in the interior of nanoporous materials, respec-
tively. ISEC is an extremely useful tool to assess the nano-
meter scale morphology of swollen polymer frameworks in
terms of either the model designed by Ogston, based on the
space occupancy by the solvated polymer chains (polymer
chain concentration, mmmm ), or of the conventional
cylindrical pore model™ (see later for details). The rele-
vance of these conceptual and physical tools to metal cataly-
sis technology has been recently highlighted by us.”'? Inter
alia, we have in fact discovered that functional resins, thanks
to their controllable nanoporosity, can behave as templates
in the production of size-controlled metal nanoclusters (tem-
plate controlled synthesis approach);?? this fact is relevant
for applications in chemical processing.

We report in this paper on the synthesis of acrylic resins
composed of the trifunctional cross-linking agent trimethyl-
olpropanetrimethacrylate (TMPTMA), the structural como-
nomer N,N-dimethylacrylamide (DMAA) and the function-
al comonomer methacrylic acid (MA). The specific aims of
this paper are 1) a verification of our multimethodological
approach to provide convergent and quantitative informa-
tion on the nanostructure of swollen gel-type resins, 2) the
critical and comparative inclusion of another powerful ana-
Iytical tool, that is, CP-MAS *C NMR and 3) the evaluation
of the effect of a trifunctional cross-linker on the overall
morphology of the resins in their swollen state. It should be
pointed out that TMPTMA has been already employed as
cross-linker to produce macroreticular resins based on gly-
cidyl methacrylate,’™ " one of which resin was characterised
with ISEC.!

Results and Discussion

Figure 3 illustrates the structure and Table 1 gives the molar
composition and labelling nomenclature (MASF and AAD)
of the investigated resins. For details about synthesis and
polymerisation yields, see the Experimental Section.
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Figure 3. Schematic representation of the structure of resins AAD and
MASF. Theoretical molar fractions of DMAA (a), TMPTMA (b) and
MA (c) are given in Table 1.
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Table 1. Molar composition [% ] of synthesised resins.!

DMAA TMPTMA MA
MASF2 99.4 0.6 0.0
MASF4 98.8 1.2 0.0
MASF6 98.3 1.7 0.0
AADI 93.1 1.7 5.2 (0.53 meqg™")
AAD2 91.1 35 5.4 (0.51 meqg™")
AAD3 87.2 7.0 5.8 (0.50 meqg™")

[a] For the structures of DMAA, TMPTMA, and MA in the polymer see
Figure 3.

Resins in the form of colourless particles (400-180 um)
were examined as such, apart from the case of ISEC mea-
surements that require a smaller size (<180 um). Polymeri-
sation yields were near to 95% as expected from previous
experiencel® and elemental analyses were consistent with
the composition of the reaction mixtures, again in line with
the known close similarity of the reactivities of the involved
comonomers.

Thermal behaviour (TGA): All resins were investigated
under identical conditions (see Experimental Section), and
for MASF6 and AAD1 TGA analysis was coupled with IR
monitoring of the gaseous products stemming from the
heated samples. The MASF resins exhibit a somewhat great-
er thermal stability than resins AAD (Figure 4). The ther-
mal stability of the AAD resins appears to increase appre-
ciably with the increase in the degree of cross-linking.
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Figure 4. TGA profile of resin AAD1 and MASF6; 20°Cmin™" under ni-
trogen.

For the AAD series in the gas phase, the IR spectra
reveal that resin decomposition is in fact a thermal depoly-
merization (Figures 5 and 6, see also the Supporting Infor-
mation).

For all investigated resins, the presence of a significant
amount of carbon dioxide (the relative abundance of which
increases with the temperature) is interpreted as the conse-
quence of the concomitant thermal decomposition of the
cross-linker.
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Figure 5. Gas evolution during TGA runs from AADI. IR spectra are re-
corded from 40°C to 800°C at 20°Cmin~' under nitrogen at a sampling
frequency equal to one spectrum every 30 s, with a spectral resolution of
4cm .
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Figure 6. FTIR of gases released at approximately 430°C during TGA
runs from: AAD1 (lower spectrum) and from homopolymerised N,N-di-
methylacrylamide generated in the thermobalance during the TGA-DTA
of the monomer (upper spectrum). See also the Supporting Information.

Nanometer-level morphology in water—ISEC analysis:
ISEC provides detailed information on the swollen-state
morphology of cross-linked polymers. It is based on the
analysis of elution behaviour of standard solutes with known
effective molecular size flowing through a column filled
with the investigated material, under conditions in which
the chromatographic process is influenced by steric (en-
tropic) effects only. Similarly to the case of the other porosi-
metric methods, the mathematical treatment of the elution
data is based on the depiction of the morphology of the in-
vestigated material by using a simple geometrical model. It
has been proved that the morphology of swollen polymer
gels is best described on the basis of the so-called Ogston’s
model,”™ depicting pores as spaces among randomly orient-
ed rigid rods. This simplified depiction of the morphology of
swollen polymer networks provides a fair description of
both the intensive parameters (polymer chain densities) and
extensive properties (specific volumes of variously dense
polymer fractions). On the other hand, the basic character
of the much more common cylindrical pore model depicting
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pores as cylindrical holes in solid matter differs from the
physical reality of the polymer framework geometry rather
substantially. However, although the description of the swol-
len morphology of a polymer matrix based on the cylindrical
pore model produces unrealistic values for the pores vol-
umes (extensive properties), it provides a useful description
of the porosity in terms of pores diameter distribution (in-
tensive property). The ISEC data are collected in Tables 2
(Ogston’s model) and 3 (cylindrical pores model).!*!

Table 2. ISEC data for resins MASF and AAD according to Ogston’s
model.

Volume of swollen polymer fractions [cm®g~!]

¢ [mmmm7)?  MASF4 MASF6 AADI AAD2 AAD3
0.1 0.00 0.00 0.00 0.00 0.00
02 0.46 024 0.22 0.15 0.00
04 226 0.14 0.51 0.00 0.00
0.8 0.00 0.00 0.00 0.93 0.00
L5 0.00 2.60 2.16 0.55 0.99
SV [emPg P 2.73 2.98 2.89 1.63 0.99
Vi [cmg ' 2,94 2.54 2.55 1.87 137

[a] Polymer chain concentration. [b] Total swollen polymer volume calcu-
lated as the sum of individual ISEC-detected polymer fractions. [c] Total
swollen polymer volume evaluated from column balance (see text for de-
tails).

Table 3. ISEC data for resins MASF and AAD according to the cylindri-
cal pores model.

Pores volume [cm®g~']"

d [nm]™ MASF4 MASF6 AADI1 AAD2 AAD3
0.6 0.37 (0.71) 3.09 2.37 1.32 1.00
1.1 0.00 (0.00) 0.00 0.00 0.00 0.00
1.6 0.00 (0.00) 0.00 0.00 0.00 0.11
2.7 0.00 (0.00) 1.73 1.59 1.00 0.18
32 1.61 (1.54) 0.00 0.13 0.11 0.00
43 1.22 (0.42) 0.00 0.00 0.00 0.00
8.1 0.02 (0.00) 0.00 0.00 0.00 0.00

19.4 0.00 0.00 0.02 0.00 0.01

[a] £ of the pore volume [cm’g™']: 3.22 MASF4; 2.43 AAD2; 1.30
AAD3. Numbers in parentheses refer to a resin poly-DMAA-MBA
(MBA =methylenebisacrylamide, 4.1 % mol, reference [23]). [b] Pore di-
ameter.

The comparison between the observed figures for Vi,
and XV, for each resin is a good means to evaluate the over-
all reliability of ISEC analysis. The parameter Vi, is the
difference between the known volume of the empty ISEC
column and the experimentally determined interparticle
volume of the resin bed. It is therefore a model-indepen-
dent, directly determined quantity. The XV, parameter is the
sum of volumes of the differently dense fractions (five in
this case) that comprise the swollen-state morphology
model. Individual V; are adjustable parameters of the
model, and their values are the result of the mathematical
treatment of the elution volumes of standard solutes, aimed

Chem. Eur. J. 2005, 11, 73957404
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at minimising the differences between the experimentally
determined values and those stemming from the model com-
puted. Ideally, XV; should be equal to V,y,. If the value of
YV, is smaller than that of V.., a portion of the polymer
gel must be so dense that even the smallest of the steric
probes (D,O in this case) is unable to enter a part of V.
Consequently, this part of the polymer framework is “invisi-
ble” to the chromatography analysis. If, however, the value
of XV; is greater than the true polymer gel volume V.,
then the volumes of some of the model parts must be over-
estimated or the retention of the standard solutes must be
influenced not only by entropic (steric) factors, but also by
enthalpic (adsorption) interactions. Such discrepancies are
usually the result of the presence of the most dense fractions
(higher polymer chain concentrations), for which the mor-
phology information is less reliable than for the less dense
ones, which are more accessible to the employed steric
probes. On the basis of the above discussion, ISEC analysis
turns out to be quite reliable for MASF4, AAD2 and
AAD3.

The porosity pattern provided by the computation of the
observed retention volumes in terms of cylindrical pores,
Table 3, is intrinsically less sophisticated (and less physically
correct) than that offered by Table 2. However, it turns out
to be in fact very useful if ISEC analysis is aimed at predict-
ing the physical ability of the polymer framework to control
and limit the size of metal nanoclusters generated inside of
it upon spontaneous aggregation of individual metal
atoms.”” Thus, although nanopores are not really present in
the polymer framework, the framework itself behaves to-
wards the mobility of the steric probes along the column as
if cylindrical pores were existing entities.

Keeping this in mind, we note that resins MASF6, AAD1,
AAD2 and AAD3 have very narrow pores with an effective
diameter of 0.6 nm. Moreover, it is clear that the trend of
total volumes of accessible porosity, as quantified by sum of
the pore volumes (Table3) from MASF4 to AAD2 and
AAD3 is consistent with the increase of percentage of the
degree of cross-linking : (3.22 (12%)—243 (3. 5%)—
1.30cm®g™! (7. 0%)). Interestingly, the less cross-linked
macromolecular framework (MASF4) also features relative-
ly large pores with effective diameters equal to 3.2 nm
(50% of total accessible volume) and to 4.3 nm (38% of
total accessible volume). Finally, while 2.7 nm pores are
present in MASF6, AAD1, AAD2 and AAD3, their contri-
bution to the overall porosity decreases with the increase of
the degree of cross-linking. It can be concluded that both
the observed morphological features and the overall trends
are essentially consistent with the expectations based on the
trend of the molar fractions of TMPTMA involved in the
polymerisation process (Table 1). Employment of the tri-
functional cross-linking agent does not induce the formation
of peculiar morphological features. The swollen state mor-
phology of the resin MASF4 cross-linked with 1. 2% mol of
trimethylolpropanetrimethacrylate is similar to that exhibit-
ed by one of our previous resins cross-linked with 4.1 % mol
methylenebisacrylamide (Table 3).

Chem. Eur. J. 2005, 11, 73957404
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Nanometer-level morphology in water—ESR analysis: In
previous papers we have extensively shown that the rota-
tional mobility of the spin probe 2,2.6,6-tetramethyl-4-oxo-
1-oxypiperidine (TEMPONE) is a good indicator of the mo-
lecular accessibility and nanoporosity of swollen gel-type
resins that result from the employment of classical bifunc-
tional cross-linking agents.'*'® Good indications of molecu-
lar accessibility and nanoporosity were also gathered in the
case of macroreticular resins®®! and of the unconventional
macro-, meso- and microporous resin polybenzimidazole.?’!
When the rotation of TEMPONE is “free”, that is, ham-
pered only by moderate microviscosity effects and not by
chemisorption phenomena, the fast spin-probe reorientation
is able to average out the magnetic anisotropies®™ producing
a well-resolved three-line spectrum (Figure 7). Under these

Figure 7. ESR spectra of TEMPONE in water-swollen a) MASF6 and b)
AAD?2 at 25°C.

conditions, the rotational correlation time 7 of the nitroxide,
(obtained from the broadening of the triplet lines, see Ex-
perimental Section) provides two pieces of information. It
tells us that the spin-probe does reach the nanoporous do-
mains under exploration (i.e., they turn out to be accessible
to a molecule of substantial size) and it also inversely quali-
tatively correlates with the average size of cavities within
the investigated swollen polymer framework.'*"® Typical
motionally averaged (r=10""-10"s) spectra of TEM-
PONE inside swollen MASF6 and AAD2 are reported in
Figure 7; the situation is qualitatively similar for MASF2,
MASF4 and AADI. Relevant values of 7, hyperfine cou-
pling constants (a;,) and activation energies (E,) are given
in Table 4.

Table 4 shows that the decrease of average size of the
nanopores located inside the swollen polymer framework,
caused by the increase in the degree of cross-linking, is par-
alleled by a progressive decrease of spin-probe mobility (an
increase of 7). Interestingly, the 7 values referring to AADI1
and MASF6, which have the same degree of cross-linking
(Table 1), are very similar in agreement with the quite simi-
lar ISEC pattern (Tables 2 and 3). Apparently, possible addi-
tional noncovalent cross-linking, due to hydrogen bonds in-
volving the pendant carboxylic groups of AADI1, does not
appreciably modify the polymer framework accessibility.
Quite in contrast with these observations, the spectrum of
AAD?3 collected at room temperature clearly suggests dis-
persion of TEMPONE in more than one environment, as
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Table 4. Rotational correlation times z, isotropic hyperfine coupling con-
stants a;,, and apparent rotational activation energies E, of TEMPONE
in water swollen resins. Data referring to AAD3 were obtained by means
of spectra simulation (Figure 8a); relative intensities of the two detected
spectral components are given in parenthesis.

7 [ps] (£5%, 25°C)  ay, [G] (£0.03)

E, [kImol™'] (£0.5)

bulk 11 15.88 178
MASF2 37 15.77 185
MASF4 46 15.73 18.0
MASF6 73 15.71 19.2
AADI 67 15.69 182
AAD2 158 15.63 126
AAD3 49 (14%) 15.87 -
419 (86%) 15.63 -

witnessed by distinct line broadening and asymmetry in the
high-field line (Figure 8).

)

Figure 8. a) Observed (thick line) ESR spectrum of TEMPONE in water-
swollen AAD3 at 25°C; simulated (thin line) ESR spectrum with param-
eters listed in Table 4 and 0.3 G line-width. b) Line shape changes of
high-field line as temperature increases from 25°C (minimum amplitude)
to 75°C (maximum amplitude) with 10°C step.

Under these conditions, to get information on the gel-
phase nanomorphology, the spin-probe mobility was evalu-
ated by means of line-shape simulation (see Experimental
Section). The observed spectrum was nicely simulated by as-
suming a two site-model (Figure 8a). The t and a;,, values
referring to the two components together with relative pop-
ulations are given in Table 4. This observation implies that
TEMPONE resides in two different domains in which it ro-
tates quite “freely” (minor component) or it is subjected to
relatively high microviscosity (major component). In this
context, the 7 value referring to the predominant spectral
contribution confirms the decreasing trend of spin-probe
mobility with cross-linking given by ESR analysis of “un-
complicated” spectra (see Table 4).

The temperature dependence of the rotational diffusion is
expressed in terms of the apparent activation energy E,
evaluated from Arrhenius plots. The observed E,’s for the
MASF resins and AAD1 (Table 4) approach the value of
bulk water, as is typical of low cross-linked gel-type resins,
for which the spin-probe reorientation mechanism is scarce-
ly affected by the relatively low polymer chain density. A
quite surprising datum is observed in the case of AAD?2,
which exhibits a markedly lower E, value relative to the
pure solvent. A similar behaviour was previously found in

7400 —— www.chemeurj.org
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the case of resins characterised by the coexistence of gel-
type domains and larger cavities (mesopores)®! or chan-
nels®!! and was attributed to the combined effect of molecu-
lar tumbling inside each of these two different environments
and the exchange dynamics between them. The behaviour
of AAD3 provides direct evidence of exchange. The fact
that at 25°C individual spectral contributions are observed
reveals that the exchange rate of spin-probe among the dif-
ferent sites is relatively slow3! under these conditions.
However, as temperature increases, the line shape progres-
sively approaches the features of a single-component spec-
trum (Figure 8b), as expected for a fast-exchange regime.””
Besides temperature, cross-linking can strongly affect the
translational mobility of molecules dispersed inside the poly-
mer network"™ and, consequently, the exchange rate be-
tween gel-type domains with different polymer chain densi-
ty. In this context, the behaviour of AAD1 or the MASF
resins seems to fall in a fast-rate limit; this is consistent with
the expected relatively high permeability of the network to
the spin probe molecules. Thus, under these circumstances,
the line width reflects the weighted average rotational
mobility of the spin-probe population, and temperature
dependence provides a reliable estimation of the activation
energy of the rotational diffusion. In AAD2 both rotational
and exchange dynamics occur on a timescale intermediate
between those of AAD1 and AAD3. We suspect that the
observed seemingly single-component spectrum given by
AAD?2 actually consists of unresolved spectral contributions
given by spin-probes located in slightly different environ-
ments and subjected to a moderately slow exchange. In this
case, both reorientation and exchange dynamics produce
line broadening but with opposite temperature dependence,
the final result being an apparent decrease of E,

To further evaluate nanometer level morphology of the
resins in water on the basis of ESR analysis, Cu**(aq) was
incorporated inside AAD resins as additional spin-probe.
Figure 9 shows some relevant ESR spectra of AAD resins
equilibrated with 0.8 wt% Cu’*(aq) corresponding to a 8:1
carboxylic group/Cu** ratio. Incorporation of Cu®*(aq) was
carried out after swelling the resin with methanol (see the
Experimental Section). The ESR spectra of the AAD resins
collected at room temperature after methanol removal in
vacuum (Figure 9a) are very similar and reveal clear hyper-
fine splitting from the parallel direction, as typical of almost
complete immobilised Cu**. Line broadening and apparent
“doublet” structure (see downward arrows in Figure 9a) in
the parallel region suggest partitioning of Cu** among dif-
ferent binding sites. At the same temperature, the ESR
spectra collected after swelling with water (Figure 9b,c) still
exhibits well-resolved anisotropic hyperfine structure, partic-
ularly in the case of AAD3. This is clear evidence of the
fact that Cu** undergoes an effective coordination by the
carboxylate pendants that prevents the metal ion from tum-
bling freely and consequently leads to averaged ESR param-
eters. In fact, the magnetic parameters evaluated from the
spectra (listed in Figure 9) are typical of Cu’** bound to
oxygen ligands in a distorted octahedral configuration.”

Chem. Eur. J. 2005, 11, 73957404
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Figure 9. a) ESR spectrum at 25°C for Cu’* in AAD2 in the dry state;
downward arrows indicate “doublet” splitting in the parallel region. ESR
spectra at 25°C for Cu’* in b) AAD2 and c) AAD3 after swelling with
water.

The observed g and A values, in view of the Peisach and
Blumberg plots,*® are compatible with a total charge of Cu
complex ranging from +1 to 0, thus suggesting binding to
one or two carboxylic groups, respectively. In this context,
simultaneous linkage to two carboxylic groups attached to
the polymer backbone is supported by the observed lower
swelling of copper- and zinc-neutralised resins as compared
with the swelling behaviour in water of the same resins after
complete neutralisation with Na™. The size of spaces hosting
Cu** can significantly influence copper dynamics.* ™ In
principle, the increase of polymer-chain concentration (the
decrease of cavity size) can favour multipoint linking of
Cu?* to the resin functionalities, on the one hand, and cause
the increase of medium viscosity, on the other; the conse-
quence of both effects is a restriction of spin-probe mobility.
In water-swollen AAD3, ISEC analysis reveals essentially
cavities with size comparable to that of Cu’*(aq), that is,
about 0.6 nm.P”* Under these conditions, both binding and
physical entrapment are responsible for the almost complete
immobilisation of Cu?* as proved by the observed solid-type
ESR spectrum. In the case of water-swollen AAD1 and
AAD?2 (the spectra are very similar), the solid-type spec-
trum overlaps onto a broad signal (Figure 9b) typical of free
tumbling. This finding is consistent with the pore size distri-
bution provided by ISEC for both AAD1 and AAD2,
which, in addition to the kind of porosity observed for
AAD3, reveals larger cavities (equivalent cylindrical pores
with diameter of about 3 nm), inside which free reorienta-
tion of Cu** can easily occur.
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Nanomorphology in the dry and swollen state—CP/MAS
BCNMR spectroscopy: The polyacrylic resins AADI,
AAD2, AAD3, MASF2, MASF4, and MASF6 were investi-
gated by means of cross- polarization magic-angle-spinning
(CP-MAS) "*CNMR spectroscopy to gain further insight
into the their nanostructure in the swollen state. Preliminari-
ly, the CP-MAS "*C NMR spectra of dry resins were record-
ed under the conditions described in the Experimental Sec-
tion. The corresponding spectroscopic data are listed in
Table 5 and are compared with those of the corresponding
resins swollen in water, methanol, and n-octanol (for
MASF6 only).

Table 5. Selected CP-MAS *C NMR data for MASF and AAD resins in
the dry state and after swelling in different liquids (H,O, MeOH, n-octa-
nol): carbonyl and N-methyl chemical shift (d) and the corresponding full
width at half maximum (W,;,). Spectra were collected with 3 ms contact
time unless otherwise stated.

Oc—o [ppm] Wi, [Hz] On.cus [ppm] Wi»(Hz)
MASF2
H,0 —al —al 36.7, 34.1 —al
MASF4
dry 175.3 246 37.1 313
MASF6
dry 1752 233 36.9 287
H,0 176.9 40 38.4,37.1 54,41
H,0"! 177.2 141 37.9,37.3 115, 110
MeOH 176.1 53 373, 35.9 68, 59
MeOH" 176.0 49 37.3,35.9 69, 70
n-octanol 175.4 105 37.6, 36.3 121, 93
n-octanol® _lal Ll 37.1 274
AAD1
dry 175.6 258 37.1 275
H,0 176.4 75 38.0, 36.7 77,74
MeOH 174.5 80 36.3, 35.0 91, 52
AAD2
dry 175.9 264 372 310
MeOH 177.0 109 38.5,37.1 84, 68
AAD3
dry 175.6 311 37.1 328
H,O 176.1 306 37.3,35.9 140, 119
MeOH 176.9 267 38.1,36.7 126, 117

[a] Not recorded. [b] Contact time= 1 ms.

In the ®CNMR spectrum of dry MASF4 and MASF6,
two main resonances are detected at d=175.3 and 37.1 ppm
that are attributed to the nonresolved carbonyl groups of
polyacrylamide and TMPTMA, and to the N-CHj signals,
respectively. Moreover spinning side bands resulting from
partly averaged chemical shift anisotropy under MAS condi-
tions are detected at the spinning rate. The signals of the
methylene and methine carbon atoms of the main chain, ex-
pected at about =41 and 35 ppm, likely overlap the broad
N-CHj; signal. In particular, the resonance of the methylene
carbons is expected to be very broad, because of the spread-
ing of the chemical shifts of these signals due to the stereo-
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irregular placement of the side groups of the polymer chain.
Comparison of the MASF spectra with those of the resins of
the AAD series permits the signals at 0 =8.5, 19.5, 24.5, 46.0
and 67ppm of the latter samples to be assigned to
TMPTMA. The intensity of these resonances actually in-
creases as the TMPTMA molar fraction in the copolymer
increases, thus suggesting their attribution to the cross-link-
ing agent. A tentative assignment of these carbon atoms is
given in Table 6.

Table 6. CP-MAS "*C NMR chemical shift () observed in AAD resins
and attributed to the cross-linking agent TMPTMA.

o [ppm] 0 [ppm]
|
8.5 H;C—CH,— <|1— 24.5 H3C— CHy—C—
0o
1] | | |
19.5 —C-C— <|?— 46.0 - IQ—
CH;
| I
67.0 —C—CH,—0—C-
|

The AAD resins were synthesised by employing MA co-
monomer. The MA concentration in the polymer can be
only indirectly deduced by integration of the *C NMR sig-
nals, since MA resonances are not resolved from those of
TMPTMA. In fact the intensity ratio of peaks at about 6=
9ppm (—CH;) and 65ppm (—CH,—O—) match the
TMPTMA composition very well, whereas other signals at
about 0=20 and 45 ppm are more intense, due to overlap-
ping with the MA resonances. This method is evidently not
a rigorous one and it permits only a rough evaluation of the
monomer composition, assuming the same proportionality
of all ®C NMR spectral lines with their molar concentration
in the polymer. However, the observed values are in good
agreement with data resulting from elemental analysis, prob-
ably as a result of the short contact time of 1 ms employed
in recording the CP-MAS *C NMR spectra.

The resins are thus swollen in solvents with different sol-
vating properties, namely water, methanol, and n-octanol,
under conditions described in the Experimental Section.
MASF6 is investigated in greater detail as representative ex-
ample of the resins. The CP-MAS C NMR spectra of the
dry resin and of the resin swollen in methanol swollen are
compared in Figure 10.

A solvent effect on the line width (W,,,) of the *C signals
is clearly observed: both carbonyl and N-CHj; resonances
are narrower in the gel than in solid state, and the signal
line width decreases as the solvating properties of the sol-
vent increases as a result of the decrease of 'H/'H dipolar
interaction and increased mobility of the polymer chain.[]
Actually the W, values of the carbonyl groups range from
233 Hz in the solid state to 40 and 53 Hz, in water and meth-
anol gels, respectively. A comparable trend is observed for
the N-CHj signals in the same solvents. In higher alkyl alco-
hol solvents, for example, n-octanol, the solvating effects are
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Figure 10. CP-MAS "C NMR spectra of the resin MASF6 a) dry and
b) swollen in methanol. Both spectra were recorded by using 3 ms con-
tact time (CT) and 5 s repetition time.

small and the line width of the quoted signals increased to
about the half value of the solid state.

As discussed in the previous sections, the gel swollen in
water can yield a relatively dense volume as a result of the
reduced accessibility of some nanoporous domains to the
solvent molecules. Actually the line width of the *C signals
is found to be dependent on solvent and contact time used
in the cross polarization pulse sequence. In methanol gel the
W,, values remain unchanged (40-55 Hz) at contact times
of 1 and 3 ms, whereas they increase in water gel approach-
ing a value half of that of the solid state value (140 vs
240 Hz) when the shorter contact time of 1 ms is used. A
broad line width is still observed for the sample swollen in
n-octanol at a contact time of 3 ms. Methanol exhibits evi-
dent good solvating properties, thus enabling elevated and
homogeneous mobility of the polymer backbone as well as
of the side groups: this is confirmed by the lack of the spin-
ning side bands for carbonyl and N-CHj; signals and by an
increased spectral resolution at any contact time that per-
mits two signals for the nonequivalent N-CH; carbons to be
detected. Moreover the *C NMR signal of methanol is at
0=50.3 ppm and its intensity increases as contact time is in-
creased from 1 to 3 ms. This increase is the result of the re-
duced mobility of solvent molecules located nearby the mac-
romolecular chain: indeed a longer contact time for the
growth of this signal during the cross polarization time is
needed. Gels of MASF6 in water and n-octanol are seen to
be heterogeneous in nature and domains with different mo-
bility of the polymer chain are detected. As a matter of fact
complex cross polarization dynamics are observed which
produce a line width of the signals that is dependent on the
contact time.’ It is worth noting that in the CP/MAS
C NMR spectrum of MASF6 gel in water, recorded with a
contact time of 3 ms, two signals at 6 =38.5 and 36 ppm are
detected and attributed to the main chain methylene and
methine carbon atoms: these signals are not found in the
spectra of the methanol gel, even when the contact time is
varied. The reduced polymer chain mobility in water per-
mits an efficient cross polarization of the signals due to
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these carbon atoms that are thus now observable. In metha-
nol gel the high mobility of the swollen polymer chain pro-
duces a fast relaxation of the "*C nuclei and fast decay of
the signal intensity during the contact time yielding a nonef-
ficient cross polarization process.

Three samples characterised by increasing molar concen-
tration of the cross-linking agent TMPTMA, namely
AADI1-3, were also analyzed. The increased degree of
cross-linking reduces, as expected, the chain mobility and
the access of the solvent molecules to the polymer chain.
Hence, an increase of the line width of the carbonyl and of
the N-CHj; signals is expected and actually detected as the
TMPTMA content in the polymer sample increases (see
Table 5). The line width of the carbonyl >C NMR signals of
the resin AAD3, containing the highest molar fraction of
TMPTMA, is about the same for dry and swollen resin. In
contrast, when the concentration of the cross-linking agent
is reduced, a significant reduction of the line width is ob-
served and the W, values approach those found in the spec-
tra of the MASF series.

Conclusion

Functional gel-type acrylic resins with polymethylene chains
featured by N,N-dimethylamido and carboxylic pendants,
and interconnected with a trifunctional cross-linker (0.6 to
7.0 % mol), exhibit (with the partial exception of AAD3) an
essentially uncomplicated homogeneous polymer frame-
work, after being swollen with water and examined with
ISEC and ESR techniques. These techniques provide a con-
vergent picture of a homogeneous macromolecular three-di-
mensional structure that is featured by “nanopores” poten-
tially able to play a decisive role in controlling the growth
of metal nanoclusters® ranging from 2 to 4 nm in diameter.
In its turn, the preliminary analysis of the polymer gels by
CP-MAS “CNMR spectroscopy permitted us to describe
qualitatively the solvating properties of the polymer chain at
variance of solvents exhibiting different polarity. Comple-
mentary information consistent with those given by ISEC
and ESR are actually provided by this technique. Thus, 1)
the accessibility of the nanoporous domains to molecules of
substantial size is confirmed in water and in methanol by
ISEC and ESR analysis; water and methanol are seen by
CP-MAS BCNMR spectroscopy to produce a sort of
pseudo-solution state; 2) the structural homogeneity per-
ceived by ESR spectroscopy is confirmed by CP-MAS
BBC NMR spectroscopy of the sample in methanol but not in
water, in which clear evidence of an appreciable inhomoge-
neity are observed; and 3) the increase in the degree of
cross-linking is accompanied by a decrease of the solvation
of the polymer chains revealed by CP-MAS "*C NMR spec-
troscopy, in line with the observed decrease of porosity
clearly evidenced by ISEC analysis.
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Experimental Section

TGA experiments: TG-IR analyses were carried out with an SDT2960
thermobalance (TA Instruments) coupled with a Nicolet Nexus FT-IR
apparatus, equipped with a Nicolet TGA interface. TG curves were re-
corded under a working N, flux equal to 70 cm’min~', with a heating
rate equal to 20°Cmin~". The measurements were carried out on about
10 mg of sample in an open alumina pan.

ISEC analysis: D,0, sugars, and polydextranes were employed as stan-
dard solutes in ISEC characterisation of water-swollen resins. Details of
the experimental procedure and data treatment were reported else-
where.['*!#]

ESR measurements: About 50 mg of ground material were swollen with
a 1.510*M aqueous solution of the paramagnetic probe TEMPONE
(90-95% from Sigma) under nitrogen. The sample was allowed to reach
the swelling equilibrium, and after pouring the suspension onto filter
paper to remove the excess solution, a suitable amount of swollen materi-
al was quickly transferred into the ESR tube. The ESR spectra were re-
corded using an X-band JEOL JES-RE1X apparatus working at 9.2 GHz
(modulation 100 kHz) over the temperature range 5-50°C at 5°C steps.
The temperature of the sample was controlled by a variable-temperature
unit Steler VTC91, the accuracy being +0.1°C. The spectra of the spin-
probe generally appear as those typical of a fast-motion regime.*”! Under
these conditions, the rotational correlation time 7 of TEMPONE was cal-
culated according to the formula given in Equation (1),*** in which
®,=5.7810" Hz; the parameters h,,, h, and h_, (the intensities of the
low-, middle-, and high-field lines, respectively) and AH, (the peak-to-
peak width of the central line) were obtained by peak-picking from the
first derivative spectrum.

T=6.14-10"0 AH, [(ho/h, )" + (ho/h_)?=2)[1-02 (1 + 1) (1)

The numerical constant of Equation (1) (in units of sG™') was evaluated
on the basis of the components of the hyperfine A tensor observed in
single crystals:*! A =5.5 G, A,=5.8 G, A,=32.5 G. To account for polar-
ity effects, the right hand side of Equation (1) was multiplied by (ay/a;,)*
in which ay=(A,+A,+A)/3 and a,, is the hyperfine isotropic term eval-
uated from the observed splitting in motionally averaged spectra. The
computer program NLSLP was used to simulate bimodal spectra assum-
ing Brownian isotropic reorientation of the spin-probe and Lorentzian
line-shape. The magnetic parameters observed in single crystal® were
used in line-shape simulation, but the A tensor components were proper-
ly scaled to fit the observed splitting. A well established protocol“! based
on the reaction with copper acetate and concomitant release of acetic
acid was used to prepare magnetically diluted samples of Cu’* in AAD
resins. One gram resin was pre-swollen in 10 mL of methanol, then suita-
ble aliquot amounts of a solution of Cu(OOCCHj;), and Zn(OOCCHs;),
in methanol were added to give the complete neutralisation of carboxylic
groups of the resin with Cu’>* and Zn?* and a desired Cu** content. The
mixture was gently stirred at room temperature for 30 min, after which
time the resin was separated by filtration, washed with methanol and
dried at 50°C under vacuum to constant weight. The X-band ESR spec-
tra of Cu>* were recorded at 25°C in the spectral range 2400-3400 G.
Calibration of g values was based on DPPH (DPPH = a,a’-diphenyl-f3-
picrylhydrazyl) (g=2.0036).

Solid-state CP-MAS "“C NMR spectroscopy: Solid-state CP-MAS
BCNMR spectra were recorded at room temperature on a Bruker
AMX300 spectrometer (75.46 MHz for '*C) by using high power decou-
pling and standard cross-polarization techniques. The magic angle was
calibrated with KBr side bands and the samples were spun at 5 kHz in
4 mm diameter zirconia rotors equipped with Kel-F caps. Approximately
2000 scans were collected by using 90° pulse (3.4 ps), 1, 3 or 5 ms cross-
polarization contact time (for the specific value used see the text and
Table 5), 5s recycle delay, and 2k data points with zero filling to 16 K
corresponding to an acquisition time of 45 ms. The free induction decays
were processed with a 10 Hz exponential line broadening. The "*C chemi-
cal shifts are referenced to tetramethylsilane at 6=0ppm using the
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methyl signal of sodium 3-(trimethyl-silyl)-1-propane sulfonate as exter-
nal reference.

Materials: All reagents and solvents were of reagent grade and were
used as received.

Resin synthesis: Resins were prepared upon y-ray irradiation of designed
mixtures of the comonomers DMMA and MA (both from Aldrich, 99 %)
and the cross-linker TMPTMA (Polysciences, 99 % ). The monomers mix-
tures were prepared in screw-caped glass vials and, after air removal with
dinitrogen, they were exposed to y-rays from a “’Co source at 0. 12 Gys™
at room temperature and at a distance of 22 cm for 24 h. The resulting
clear rods were thoroughly crushed in a glass mortar under methanol, ex-
tensively washed with the same solvent, vacuum dried and, after further
dry grinding with an impact grinder, sieved to a particle size of 400-
180 um. Elemental analyses (C, H, N) of the samples were carried out by
means of a Carlo Erba 1106 analyzer. Details are provided in Table 7.

Table 7. Synthetic data (elemental analysis) for the resins MASF and
AAD.

C [%]® H [%]® N [%]t Yield [%]

MASF2 59.59 9.07 13.62 94
(60.64) (9.12) (13.85)

MASF4 59.24 9.09 13.43 97
(60.70) (9.09) (13.58)

MASF6 59.50 921 13.01 96
(60.75) (9.06) (13.32)

AADI 59.53 8.43 12.34 96
(60.55) (8.97) (12.71)

AAD2 59.44 8.62 11.56 94
(60.73) (8.89) (11.94)

AAD3 59.61 8.70 10.23 97
(61.05) (8.76) (10.59)

[a] Calculated theoretical values are given in parentheses and are based
on 100 % polymerisation yield.
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