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Morphology of the poly(vinyl
alcohol)–poly(vinyl acetate) copolymer
in macrodefect-free composites: a 13C
magic-angle-spinning nuclear magnetic
resonance and 1H spin-diffusion study

ANGIOLINA COMOTTI*t , ROBERTO SIMONUTTI, PIERO SOZZANI
Dipartimento di Scienza dei Materiali, Università di Milano, via Emanueli 15, 20126-Milano,
Italy

A study was made of the macrodefect-free (MDF) composite based on aluminate cement

and a poly(vinyl alcohol)–poly(vinyl acetate) (PVAc) copolymer by 13C cross-polarization

magic-angle-spinning nuclear magnetic resonance. The spectra were run on both the

copolymer and the MDF composite in order to observe the atomic environments of the

carbon nuclei. An analysis of the intramolecular hydrogen bonds showed a stronger

modification in the sample containing CaAl2O4 (CA) than in that containing Ca3Al2O6 (C3A).

From the spectra, it was seen that deacetylation had occurred, and that there was interaction

between acetate groups and the calcium and aluminium ions. Proton relaxation times both

in the laboratory frame, T1 (H), and in the rotating frame, T1q(H), were exploited for the study

of the dimension of the polymer matrix in MDF composites. An extended interphase was

identified in the composite containing CA. A comparison with the behaviour of the

composite based on silicates Ca3SiO5—PVAc highlights the better mixing of the phases in the

MDF composites containing CA.
1. Introduction
The term macrodefect free (MDF) is applied to ce-
ment-based composites with good mechanical proper-
ties [1, 2], i.e., high flexural strength and high Young’s
modulus. Such composites represent a new class of
materials, made by combining water with a hydraulic
cement and a water-soluble polymer, and subjecting
the product to high shear mixing and a curing—drying
process [3—5]. The most well-known composites are
made of calcium aluminates (CaAl

2
O

4
(CA) and

CaAl
4
O

7
(CA

2
) ) and a poly(vinyl alcohol)—poly(vinyl

acetate) (PVAc) copolymer.
The composite is characterized by high strength and

toughness because the polymer affects the rheology of
the mixture; in addition the high-pressure procedure
helps to reduce material porosity. Also the interphase
between the organic and inorganic matrices, formed
by chemical bonding and physical interaction, imparts
improved mechanical properties. An amorphous layer
at the ceramic—polymer interface has been observed
[6—10] and has been found to consist of a metastable
hydrated aluminate product and a polymer matrix
cross-linked with the aluminium atoms. Furthermore,
*Author to whom all correspondence should be addressed.
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the role of the interphase has been observed during

0022—2461 ( 1997 Chapman & Hall
both wet and dry mechanical tests; at the nanometre
level, the microstructure and composition of this inter-
phase has mainly been studied by electron microscopy
(transmission electron microscopy, scanning electron
microscopy and high-resolution electron microscopy)
and by X-ray photoelectron spectroscopy.

MDF materials have also been characterized by
other methods [11—15], including solution chemistry,
X-ray diffraction (XRD), infrared and conduction
calorimetry. Groves and co-workers [11—13] studied
the hydration of calcium aluminate in the presence of
the PVAc copolymer and proposed the formation of
a cross-linked polymer phase with aluminate ions.
Infrared measurements indicate the presence of
a metal carboxylate product and XRD data suggest
the formation of hemihydrate calcium acetate. Ed-
monds and co-workers [14, 15] focused on the hy-
dration of aluminate cements with PVAc copolymers
at different acetate group percentages. They confirmed
the interaction of the aluminium ions with the poly-
mer and suggested the formation of either acetate ions
or an ester group complexed to a metal ion. Moreover,
they observed that, in the early stages of the hydration,

metal ions interact with the ester groups.
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Solid-state magic-angle-spinning (MAS) nuclear
magnetic resonance (NMR) is a technique highly sen-
sitive to the local environment of the observed nuclei
and, by the selection of proper pulse sequences, it can
give a measurement of domains at the nanometer
level. A MAS NMR study on MDF materials based
on Ca

3
SiO

5
(C

3
S) had already been performed by the

present authors, observing 13C and 29Si nuclei and
exploiting the proton spin diffusion phenomenon
across the heterogeneous interfaces for the detection
of the adhesion between the phases [16]. Further-
more, the hydration of calcium aluminate powders has
been studied by both 27Al MAS NMR [17—21] and
wide-line proton relaxation times [22]. On the other
hand, MDF composites based on aluminates have
rarely been characterized by solid-state NMR tech-
niques [23, 24]. Owing to the low concentration of
water (water-to-cement ratio, 0.1) and the kinetics of
the reaction in MDF composites, the formation of an
extensive inorganic hydrated phase is precluded and,
therefore, the detection by 27Al MAS NMR of the
hydrated inorganic phase may be difficult. Thus the
study of the composite materials was made by com-
bining 1H and 13C cross-polarization (CP) MAS
NMR spectroscopy.

The composite materials that we studied were ob-
tained by mixing, under a high-pressure procedure,
one of the most reactive components of aluminate
cements, CA, and the PVAc copolymer. A compara-
tive study of a material containing a less reactive
inorganic compound, C

3
A, was performed. The reac-

tion products (acetates) and the physical interactions,
such as hydrogen bonding, were characterized. The
dimension of the polymer phase and of the interphase
in the composite were determined by measuring the
proton relaxation times in both the laboratory and the
rotating frame, calculated by transferring the magnet-
ization to 13C nuclei. The proton relaxation of the
polymer materials was found to depend essentially on
the molecular motions, but it is also affected by the
phenomenon of spin diffusion [25] which gives spatial
information. In our MDF materials the proton relax-
ation times, selectively detected by 13C, are influenced
by the propagation of the magnetization from the
organic to the inorganic phase and by the intimacy of
the phases.

2. Experimental procedure
2.1. Materials
An 80% hydrolysed PVAc was purchased from Nip-
pon Synthetic Chemical Industry Co. Ltd, Japan
(Gohsenol KH-17s) with a degree of polymerization of
300—3000 and a viscosity (4% in water; 20 °C) of
32—38 mPa s. The microstructure of PVAc in solution
was determined by 13C and 1HNMR [26—29].

The synthesis of C
3
A and CA was carried out using

stoichiometric quantities of calcium carbonate and
Al

2
O

3
. The relative mixtures were repeatedly ground

and heated, C
3
A at 1400 °C and CA at 1300 °C, until

equilibrium conditions were reached. The powders
obtained were characterized by XRD and optical

microscopy.
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Each powder was then mixed with an 80% hydro-
lysed PVAc copolymer and distilled water and then
pressed at 80 bar and heated at 353 K for 10 min in air
(pressed samples). The composition of the pressed
samples was as follows: sample PVAc—C

3
A, 10 g of

C
3
A with 1 g of PVAc; sample PVAc—CA, 10 g of CA

with 1 g of PVAc; both of these underwent the above-
mentioned processing with a water-to-cement ratio of
0.1. Some of these samples were subjected to further
curing at 353 K for 24 h in air (cured samples) [3].
Both the flat sheets of the composite (pressed samples)
and the cured samples were analysed by MAS NMR.
XRD profiles of the powders were obtained with a Sie-
mens D5000 diffractometer, using CuKa radiation
and a diffracted-beam monochromator.

2.2. Nuclear magnetic resonance
spectroscopy

High-resolution 13C MAS NMR spectra were ob-
tained at 75.5 MHz on a CXP300 Bruker instrument
operating at a static magnetic field of 7.4 T. A MAS
Bruker probe was used with 7 mm ZrO

2
rotors spin-

ning at a standard speed of 5 kHz. CP spectra were
determined at 1 ms contact time. A high-power proton
decoupling (DD) field of 15 G was applied, the delay
between pulses being 5 s for CP MAS. Spin temper-
ature alternation was applied [30]. For each spectrum
about 5000—10 000 transients were collected. A 90°
pulse for proton of 3.5 ls was used. The resolution for
carbon was checked on glycine (width at half-height,
26Hz). Crystalline polyethylene was taken as an ex-
ternal reference at 33.63 ppm for tetramethylsilane.
Relaxation measurements of ¹

1
(13C) were performed

by the Torchia [31] method.

2.3. Pulse sequence description and
space-domain determination

The pulse sequence applied to measure spin diffusion
among protons in the high-resolution mode are shown
in Fig. 1. Proton relaxation times ¹

1q(H) in the rotat-
ing frame were measured indirectly by varying the
length of a 1H spin-lock period prior to a fixed pro-
ton—carbon CP contact period (Fig. 1a). Proton relax-
ation times, ¹

1
(H), in the laboratory frame were meas-

ured by applying an inversion—recovery sequence to
the 1H and successively transferring the proton mag-
netization to the rare nuclei by the CP contact period
(Fig. 1b). The relaxation rates were determined using
a non-linear least-squares best-fit procedure of the
intensities, M(s), in the carbon domain, using one
exponential function or the sum of two:

M (s) " +
i

M
0i

expA!
s

¹
1i
B (1)

An array of experiments with variable CP contact
times [32] allowed us to measure the relaxation times,
¹

CH
and ¹

1q(H), from the fitting of M(s) (Fig. 1c):

M(s) " M
0

exp[!s/¹
1q(H)]!exp(!s/¹

CH
)

1!¹ /¹ q(H)

CH 1

(2)



Figure 1 Pulse sequences applied to obtain high-resolution spectra
and the measurement of abundant nuclei relaxation times. Pulse
sequence applied for the measurement of the relaxation times (a) in
the rotating frame, ¹

1q(H) and (b) in the laboratory frame, ¹
1
(H).

(c) CP pulse sequence.

Equation 2 consists of two terms: one describes the
build-up of 13C magnetization with the time constant
¹

CH
and the other is dominated by the relaxation in

the rotating frame, ¹
1q(H). Equation 2 is valid when

¹
1q(13C) is much slower than ¹

1q(H).
It is the fluctuation of the dipolar coupling gener-

ated by the motion of the molecules that causes the
proton relaxation [25, 33]. The frequency range of
such fluctuations determines the values of the proton
relaxation times, both in the laboratory frame, ¹

1
(H),

and in the rotating frame, ¹
1q(H). The ¹

1
(H) values

are of the order of seconds, and those of ¹
1q(H) of the

order of milliseconds.
In solids, for strongly homonuclear coupled nuclei,

nuclear magnetization can migrate among the regions
through a flip—flop mechanism. The magnetization
path length is dominated by the diffusion phenom-
enon. Proton relaxation times are therefore subjected
to the spin-diffusion effect which, depending on the

size of the regions, averages out the proton relaxation
values [34—42]. If the region domains are large with
respect to the time necessary for the relaxation, then
the time constant measured is the intrinsic relaxation
of the phase but, if the size of the regions is smaller
than the space travelled by the magnetization diffu-
sion, the proton relaxation times may be lowered or
raised as a function of the next region proton relax-
ation time. It can be concluded that ¹

1q(H) and ¹
1
(H)

relaxation times give an insight into phase heterogen-
eities of different dimensions, from a few nanometres
to tenths of a nanometre.

In polymer materials the abundant proton density
allows efficient spin diffusion. Many papers have been
published on the morphology of crystalline and
amorphous regions in homopolymers based on this
technique [37, 42, 43] and on the polymer blend
homogeneity at the nanometre level [38—41, 44]; sev-
eral models [34, 37, 45] have been proposed to calcu-
late the spatial domains from ¹

1
(H) and ¹

1q(H). In an
isotropic regime of propagation of magnetization and
considering a three-dimensional model the average
mean square distance, S¸2T, can be determined as
follows:

S¸2T " 6Ds (3)

where D is the spin-diffusion coefficient and s repres-
ents ¹

1
(H) or ¹

1q(H). The diffusion coefficient meas-
ured by Douglass and Jones [46] for n-alkanes is
6.2]10~16 m2 s~1 in the laboratory frame and is pro-
portional to the proton concentration to the power
1/3. We can assume that in our polymer system the
diffusion coefficient corresponds to that of n-alkanes,
the proton density being almost coincident. In the
presence of a spin-lock field along the x axis, D was
calculated to be half of that in the absence of the
spin-lock field, since spin diffusion is proportional to
(3 cos h2!1) [37]. Thus ¹

1
(H) values, which show

longer relaxation times and a faster diffusion coeffic-
ient, are sensitive to larger dimensional scales than
¹

1q(H).
If no such diffusion coefficient is available, a rough

estimation of the mean square displacement is ob-
tained from [33]

S¸2T +

Sl2
0
T

¹
2
s

(4)

where l
0

is the distance between protons (about
0.1 nm) and ¹

2
is the spin—spin relaxation (¹

2
+

10 ls). In fact, the reciprocal of ¹
2

corresponds to the
transition rate of the flip—flop phenomenon. For the
acetate phases the last equation will be considered.

3. Results and discussion
PVAc copolymer, obtained using 80% deacetylated
poly(vinyl acetate), was adopted as the starting
polymer. Under the basic conditions used in the prep-
aration of the composite the PVAc could further
deacetylate, forming poly(vinyl alcohol), acetate
groups (Fig. 2) and a polymer—ceramic interphase
[6—10]. This process of deacetylation can occur either

partially or completely.
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Figure 2 Schematic representation of PVAc copolymer and the organic products formed during the process to form MDF composites.
Figure 3 75.5 MHz 13CCPMASNMR spectra of PVAc. The CP
mixing time was 1 ms. No window functions were applied.

3.1. Characterization of
poly(vinyl alcohol)—poly(vinyl acetate)

Fig. 3 shows the 13C MAS NMR spectrum of PVAc. It
should be emphasized that the 13C MAS NMR spec-
trum is especially informative about hydrogen bond-
ing, the most striking effect being the presence of three
peaks for the methine atoms [47]. In this kind of
polymer the chemical shift of the methine carbons
depends on the number of intramolecular hydrogen
bonds; this number is mainly influenced by the stereo-
chemistry of the polymer: mm triads may give rise to
two intramolecular hydrogen bonds and mr to one.

¹
1
(13C) relaxation time measurements showed two

exponential decays of about 80 s and 10 s for most
signals (Table I) and were assigned to the crystalline

and amorphous phases respectively [47—49]. The
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TABLE I ¹
1
(13C) carbon relaxation times of PVAc, as derived

from the CP ¹
1

sequence (Torchia’s sequence; see text), where
a biexponential best-fitting minimum square was applied and the
values are affected by a 10% error

Assignment Chemical
shift

¹
1
(13C) ¹

1
(13C)

(ppm)
(s) (relative

percentage)

CH
3

22.5 16.3$0.6
CH

2
45.4 11.1$1.5/94.2$11.4 48/52

CH 65.7 12.8$1.6/86.7$7.9 42/58
CH 71.2 11.6$2.1/83.6$8.2 35/65
CH 77.4 2.3$1.1/58.3$4.3 16/84
CO 171.8 69.5$1.1

¹
1
(13C) are confirmed by the work of Terao et al.

[47].
1H spin—lattice relaxation times both in the laborat-

ory and in the rotating frame were measured on PVAc
sample (Tables II and III). The magnetization decays,
both in the laboratory and in the rotating frame, are
monoexponential (Fig. 4). The PVAc polymer shows
a ¹

1
(H) value of about 3.4 s, suggesting homogeneity

of the phases on this time scale. Complete homogen-
eity of the different regions (amorphous and crystal-
line) is also observed from the ¹

1q(H) values
(Table III), which defines smaller regions. The phase
heterogeneities, if present, are thus smaller than 4 nm.
If the dimensions of each region were large enough to
avoid spin diffusion averaging the differences, a biex-
ponential decay would have occurred [50, 51]. The
¹

1q(H) values were also confirmed through the vari-
able-CP-contact-time experiment (Table IV). Fig. 5
illustrates the magnetization intensity and the best
fitting of Equation 2 (see exponential part) as a func-
tion of contact times for all the signals of the PVAc
sample.

The ¹ (H) values of the PVAc—Ca(OH) sample

1 2

were found to be about 5 s. Thus we can be sure that



TABLE II Proton relaxation times in the laboratory system,
¹

1
(H), transferring proton magnetization to 13C by CPMASNMR

sequence in pure PVAc, in PVAc—C
3
A and in PVAc—CA, where the

values are affected by a 10% error

Assignment Chemical ¹
1
(H) (s)

shift
(ppm) PVAc PVAc—C

3
A PVAc—CA

CH
3

22.8 3.4 ND!

26.7 0.4 0.18
CH

2
45.4 3.4
46.6 1.4 0.24

CH 66.0" 3.4 1.3 0.24
71.3# 3.4 1.3 0.23
76.6 1.0
77.4 3.2

CO 169.5 0.4 0.19
171.8 3.3
182.6 ND! 0.14

!ND, not determined.
"The exact chemical shift is 65.7 ppm.

the alkalinity does not affect the ¹
1
(H) values in the

MDF composite but in the presence of CA or C
3
A the

¹
1
(H) values of the polymer are mainly influenced by

the phase modification.

3.2. 13C cross-polarization magic-angle-
spinning nuclear-magnetic resonance
spectra of composites containing
CaAl2O4 and Ca3Al2O6

The 13C CP MAS analysis of the PVAc—CA sample
(Fig. 6b) shows that complete deacetylation occurred,
as shown by the absence of the peak at 22.8 ppm
[6, 12—14]. From the signal resonance at 182.6 ppm of
the carboxylic group, it can be deduced that acetates
are formed [16]. Fig. 6a shows, for reference purposes,
the 13C CP MAS spectrum of aluminium acetate. The
downfield carboxylic peak appears broadened and
#The exact chemical shift is 71.2 ppm.

#The exact chemical shift is 71.2 ppm.
Figure 4 Variation in the logarithm of the magnetization, M, at
specific times s for measuring ¹

1q(H) values. The decays correspond
to the intensity of each peak of PVAc copolymer. (d), 171.8 ppm;

this effect could be due to the formation of calcium
acetate; the methyl signal of calcium acetate (at
25.7 ppm) [16] overlaps the aluminium acetate peak
at 26.7 ppm. For what concerns the methine peaks
of the PVAc—CA composite, the relative intensity
was different from the PVAc spectrum; the peak at
77.4 ppm partially disappeared. This effect was at-
tributed to the loss of intramolecular hydrogen bonds
of methine groups in the mm triads. Also, the peak
intensity at 71.2 ppm, associated with the presence of
one hydrogen bond, was reduced compared with the
peak with no intramolecular hydrogen bonds (at
65.7 ppm), suggesting a marked reduction in intra-
molecular hydrogen bonds in the MDF composite.
Probably the polymer forms intermolecular hydrogen
(s), 22.5 ppm; (h), 65.7 ppm; (n), 71.2 ppm; (e), 45.4 ppm.
TABLE III Proton relaxation times in the rotating frame, ¹
1q(H), transferring proton magnetization to 13C by CP MASNMR sequence in

pure PVAc, in PVAc—C
3
A and in PVAc—CA, where the values are affected by a 10% error

Assignment Chemical ¹
1q(H) (ms)

shift
(ppm) PVAc PVAc—C

3
A PVAc—CA

Monoexponential monoexponential
Monoexponential Biexponential Relative

percentage

CH
3

22.8 5.5$0.1 ND! ND!

26.7 ND! ND! 2.0$0.2
CH

2
45.4 5.6$0.1
46.6 4.8$0.3 0.2$0.1/5.3$0.3 25/75 4.0$0.2

CH 66.0" 5.3$0.1 4.5$0.2 0.2$0.1/5.1$0.2 21/79 3.8$0.2
71.3# 5.6$0.1 4.7$0.3 0.4$0.2/5.5$0.4 22/78 4.4$0.2
76.6 ND! ND!

CO 169.5 2.9$0.2 0.9$0.5/4.0$0.8 32/68 3.9$0.3
171.8 6.0$0.1
182.6 ND! ND! 2.2$0.4

!ND, not determined.
"The exact chemical shift is 65.7 ppm.
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TABLE IV ¹
CH

and ¹
1q(H) values measured from PVAc, where

a non-linear best-fitting minimum square was applied to the inten-
sity of each 13CCPMASNMR signal at increasing contact times
and the values are affected by a 10% error

Chemical shift ¹
CH

¹
1q(H)

(ppm) (ms) (ms)

22.8 0.54 6.3
45.4 0.17 5.4
65.7 0.12 5.1
71.2 0.15 5.4
77.4 0.19 7.0

171.8 0.55 8.5

Figure 5 75.5 MHz 13CCPMAS spectra at defined contact times
s of PVAc sample.

bonding with the hydrated inorganic phase and with
water molecules.

The 13C CP MAS spectrum of the PVAc—C
3
A

sample (Fig. 7b) revealed lower deacetylation (in the
range of 70—80%), evidenced by the presence of the
peak at 22.8 ppm, and the formation of aluminium
and calcium acetate identified by the peak at 26.7 ppm
for the methyl groups. As concerns the downfield
region of the spectrum in Fig. 7b the signal at
182.6 ppm coincides with aluminium acetate groups
(Fig. 7a). The low intensity of this peak suggests,
however, that acetates must resonate also at about
170 ppm. In the same region the ester groups of the
PVAc polymer are detected and the presence of car-
bonation products cannot be excluded [52]. As occur-
red in the composite containing CA, the peak intensity
for methine groups is modified, but the methine peak
intensity of the PVAc—C

3
A sample, associated with

the presence of two intramolecular hydrogen bonds
(methine peaks downfield), was less reduced than that
in the PVAc—CA sample. We can conclude that the
polymer microstructure was more affected by the pres-
ence of the CA than the C

3
A inorganic matrix.

3.3. Phase domains in aluminium-based
macrodefect-free material

¹ (H) and ¹ q (H) relaxation time measurements

1 1

were performed on both composite materials. ¹
1
(H)
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Figure 6 75.5 MHz 13CCPMASNMR spectra: (a) aluminium acet-
ate, no resolution enhancement applied; (b) PVAc—CA pressed
sample, no resolution enhancement applied. The CP mixing time
was 1 ms. ssb: spinning side bands.

Figure 7 75.5 MHz 13CCPMASNMR spectra: (a) aluminium acet-
ate, no resolution enhancement applied; (b) PVAc—C

3
A pressed

sample, line broadening refinement of 30 applied. ssb: spinning

side bands.



Figure 8 Logarithmic values of the intensity of magnetization,
M

0
!M, for measuring ¹

1
(H) values (see Section 2). M

0
is the

equilibrium magnetization and M the intensity of the peak at
appropriate time s. Each point refers to the peak at 65.7 ppm at

relaxation times of the polymer in the PVAc—C
3
A

sample are less than 1.5 s, quite short compared with
the reference polymer PVAc values (3.4 s) (Table II
and Fig. 8). Although the ¹

1
(H) values of hydrated

aluminate phases were not measured, it can be sup-
posed that proton relaxation times are shorter than
those in the polymer material because of the quadru-
polar nature of the aluminium nucleus. Our assump-
tion was confirmed by looking at the ¹

1
(H) of

alumina which is as long as a few hundreds of mil-
liseconds [53]. The ¹

1
(H) values of 1.5 s indicate that

the extension of the polymeric phases is below 80 nm.
From the analysis of the peak at 26.7 ppm, acetate
ions show proton relaxation times of 0.4 s. It can be
concluded that the phase of the acetates is segregated
with respect to the polymer matrix and probably the
acetate phases are located in aluminate areas. By con-
trast, ¹

1q (H) measurements indicate the occurrence of
two components in the polymer in the presence of C

3
A

(Table III). One is almost equivalent to the value of
pure PVAc (&about 5.5 ms); the other is lower than
0.5 ms. The fast component represents a minor part
and is assigned to the polymeric domain, approximat-
ing the inorganic component. The polymer domains
are mostly larger than 4 nm. From the ¹

1
(H) and

¹
1q (H) values it can be deduced that the dimensions

of the polymer matrix are confined within 4 and 80 nm
for C

3
A-based MDF composite.

The ¹
1
(H) relaxation times of the polymer in the

PVAc—CA sample were drastically reduced (Table II
and Fig. 8). The values were quite short (0.2 s) com-
pared with the reference PVAc sample, suggesting
that, on the ¹

1
(H) time scale, the dimension of the

polymeric phase is not larger than the limit value of
30 nm. Each 13C species showed the same values even
for the acetate peaks. This indicates that the acetate
given s for PVAc, PVAc—C
3
A and PVAc—CA, respectively.
Figure 9 75.5 MHz 13C CPMASNMR spectrum of a PVAc—CA
cured sample, no resolution enhancement applied. The CP mixing

phases were intimately mixed with the polymer at this
time scale. The ¹

1
(H) relaxation times of the

PVAc—C
3
A and PVAc—CA samples suggest a stronger

influence of the inorganic phase in the sample contain-
ing CA. The ¹

1q (H) values of the PVAc—CA com-
posite were reduced compared with those of the PVAc
(Table III). The size of the polymeric region is smaller
than the distances travelled by the magnetization.
According to the relaxation time of 4 ms, the observa-
tion is restricted to small domains of approximately
3 nm. Compared with the measurement based on
¹

1
(H) measurements, the system is still homogeneous

on the ¹
1q(H) time scale. The acetate peak showed

lower ¹
1q(H) values (2 ms) than that of the polymeric

matrix (4 ms). It can be deduced that the acetate phase
was segregated for dimensions of 2 nm. On compari-
son of ¹

1
(H) and ¹

1q(H) values of acetate peaks
in the PVAc—CA composite, the spatial arrangement
of the acetate domains was confined to between 2
and 20 nm. Had the carboxylic groups been
covalently bonded to the polymer, the same ¹

1q(H)
would have been measured for both polymer and
acetate peaks. The detection of the segregated acetate
phase confirmed that the ester groups were
deacetylated.

Compared with C
3
A, CA shows shorter relaxation

times, suggesting an efficient mixing of the phases.
Moreover, a more evident loss of intramolecular
hydrogen bonds was observed in the PVAc—CA
composite, probably caused by the aluminium interac-
tion. These results appear to be in agreement with
previous reports proposing that chemical bonds on
calcium monoaluminate surfaces exist in the form of
polymer hydroxyl interactions with the aluminium
atom [7—9].

It should be noted that the XRD data of both the
composites gave no indication of a hydrated inorganic
phase. This could be because the formation of crystal-
line and ordered hydrated aluminate phases was hin-
dered.
time was 1 ms.
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3.4. Poly(vinyl alcohol)—poly(vinyl
acetate)—CaAl2O4 and (poly(vinyl
alcohol)—poly(vinyl acetate)—Ca3Al2O6

cured composite
Some PVAc—CA and PVAc—C

3
A materials were sub-

jected to further curing: heating at 383 K for 24 h in an
oven (atmospheric air). The 13C CP MAS NMR spec-
trum of PVAc—C

3
A did not change, suggesting that

heating did not affect, at the molecular level, the
deacetylation degree and the composition of chemical
species in the MDF composite [54, 55]. On the con-
trary, the 13C CP MAS NMR spectrum of the
PVAc—CA composite, after curing, showed strong
modification in the carboxylic region (Fig. 9). The
peaks, in this region, appear broadened owing to de-
hydration and the signal at about 170 ppm can most
probably be associated with calcium acetate and the
formation of carbonate phases [54].

4. Conclusions
By observing 13C NMR nuclei to measure hydrogen
relaxation times in different molecular neighbour-
hoods we were able to determine the organic—inor-
ganic phase interaction. This aspect was investigated
by techniques recently used in the field of heterogen-
eous interfaces, exploiting a regime of rapid magnetiz-
ation diffusion across the heterogeneous interface
[16]. In this paper a further indication is given that the
proton relaxation times, as observed from the carbon
atoms, are sensitive to the inorganic phase, leading to
the estimate of the intimacy of the phases and the
quality of the interface.

Magnetization diffusion through the interfaces in
PVAc—CA seems effective as regards the ¹

1
(H)

measurements. The values obtained appear to indicate
that the polymer phase is greatly affected by the pres-
ence of the inorganic phase within 30 nm. The analysis
of ¹

1q(H) relaxation times in the PVAc—CA com-
posite seems to reveal that distances travelled by the
magnetization in homogeneous domains are confined
to a few nanometres.

In the PVAc—C
3
A composite it can be affirmed that

a large part of the homogeneous domains of the poly-
mer in the composite is confined within 4 and 80 nm.
Based on the ¹

1q (H) values we were able to identify
a fast component possibly assigned to the or-
ganic—inorganic interphase.

With regard to localized interactions, resulting in
the formation of weak bonds or specific interactions,
we examined the statistical distribution of intra-
molecular hydrogen bonds from the chemical shift of
the polymer’s methine in the composite. These results
led us to the conclusion that a major interaction of the
polymer with the CA rather than with the C

3
A inor-

ganic matrix exists. Analysis of the methyl signals,
evidenced in the 13C spectrum, showed that complete
deacetylation occurred in the PVAc—CA sample and
only partial deacetylation in the PVAc—C

3
A sample.

As regards the comparison of the interactions be-
tween partially acetylated poly (vinyl alcohol) and
some of the main reactive components of cement dur-

ing the hydration process including C

3
S [16], a dra-
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matic reduction in ¹
1

relaxation times was observed
in the presently studied composites containing alumi-
nates instead of silicates. ¹

1
(H) relaxation times re-

corded through 13C observations and measured on
composites containing CA indicate the presence of
polymeric regions of a size smaller than those occur-
ring in the C

3
A and C

3
S composite obtained under

the same process.
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