Chem. Mater2005,17,1183-1189 1183

Structural Organization of Poly(vinyl alcohol) Hydrogels Obtained
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The structural organization of matter in poly(vinyl alcohol) (PVA) hydrogels obtained by repeatedly
freezing and thawing dilute solutions of PVA inO is investigated by use of small-angle neutron scattering
measurements (SANS). This study is the first systematic and quantitative investigation in the medium
range of length scales on PVA hydrogels obtained by freezing and thawing techniques. The studied gels
have a complex hierarchical structure, extending over a wide range of length scales. The structural
organization on the micron length scale originates from the presence of two separated phases constituted
by polymer-rich and polymer-poor regions. The network structure may be interpreted in terms of the
connectivity of the regions occupied by the polymer-rich phase, which extend over the macroscopic
dimensions of the sample. The organization on the medium length scale is provided by the presence of
small crystallites, fringed micelle-like, within the polymer-rich phase. In these regions, the crystals are
highly connected by swollen amorphous tie chains. The presence of these tie chains ensures the connectivity
of the macroscopic network. The structural organization on the short length scale is essentially provided
by the relative arrangement of chains within the crystallites and in the swollen amorphous zones. The
PVA hydrogel structure has been modeled as a collection of polydisperse and homogeneous spherical
crystallites, interacting via hard-spheres potential. SANS experiments permitted us to obtain values of
the crystallite size of about 33 A, of the volume fraction of polymer-rich phase of the order of 1% and
a value of the average crystalliterystallite correlation distances of the order of a few tens of nanometers,
independent of the imposed number of freeze/thaw cyode$of n > 1. The present analysis also indicates
that the structure of the gel obtained imposing a single freeze/thaw cycle is somehow intermediate between
the structure of the homogeneous starting solution and the structure of the already well-formed sample
obtained by imposing two consecutive cycles.

Introduction of interesting properties. They have good mechanical proper-
ties and high water content, and they are stable at room
temperature and able to retain their original shape. In
addition, they are biocompatible. All these properties make
PVA hydrogels suitable for different biomedical and phar-
maceutical applications? In particular, their high mechan-
ical strength and high elasticity are a few of the attributes
of this material that make it suitable for applications as
artificial tissues and contact lens&$:!

From the pioneering works of Pines and P¥nis was
proposed that spinodal liquigiquid-phase separation, fol-
lowed by crystallization of parts of the PVA chains, is the
origin of gel formation in PVA dilute solution in water.

Atactic poly(vinyl alcohol) (PVA) is the largest volume,
water-soluble synthetic polymer manufactured in the United
States and in Japant has vast applications in packaging,
textiles, and pervaporation membranes. The main charac-
teristics of PVA are (i) its semicrystalline character despite
its lack of stereoregularity* and (ii) a strong tendency to
exhibit both inter- and intramolecular hydrogen bonds.

Thermoreversible hydrogéls of PVA, obtained from
dilute PVA water solutions by repeatedly freezing-&20
°C and then thawing at room temperature, show a number
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Komatsu et al® investigated the relationship between provided by the presence of small crystallites, fringed
physical gelation and liquidliquid-phase separation (spi- micelle-like, within the polymer-rich phase. In these regions,
nodal decomposition) of PVA aqueous solutions, over a wide the crystals are highly connected by tie chains. The presence
range of PVA concentration and temperatures, and theyof these tie chains, which constitute a sort of swollen
obtained a phase diagram. They found that spinodal decom-amorphous region, ensures the connectivity of the macro-
position is not necessary for gelation but has a significant scopic network. The structural organization at short range
effect on gelation at temperatures lower thatQ0for PVA is described by the relative arrangement of chains in the
aqueous solutions with PVA content higher than 5%w/w; fringed micelle-like crystals and by the interactions between
moreover, in agreement with Pines and Prins, gelation startsclose neighboring chain segments in the swollen amorphous
by hydrogen bonding followed by crystallizatidéh!® The region.
role of liquid—liquid-phase separation in the physical gelation = Quantitative information concerning the structural orga-
of PVA aqueous solutions was also investigated by Wu et nization of PVA gels formed in mixtures of DMSO and water
al.*"who described the structure of aqueous PVA gels in on various length scales have been obtained by Kanaya et
terms of a two-phase model: highly interconnected polymer- al. using wide?*2and smallk*26:27.2%ngle neutron scattering
rich domains which meander in regions of a polymer- and light-scatterinrgy 2" techniques. These studies confirmed
depleted phase. The size of the phase-separated domains ihat cross-linking in these gels is ensured by small crystallites.
of the order of microns, thus accounting for the opaque aspectBesides, the crystallites were shown to have a sharp surface;
of PVA hydrogels. The macroscopic network structure may the average size of the crystallites70 A) and the average
be interpreted in terms of connectivity of polymer-rich distance between crystallites (of the order of £200 A)
regions. in their gels were also estimated. Moreover, these gels
It is now accepted that the freeze/thaw PVA gelation possess a supra-organization due to the presence of domain
process results in the formation of a porous network in which boundaries between polymer-rich and polymer-poor phases,
polymer crystallites act as junction poirftd?131829 The the size of these regions being of the order e2lum 2529
outstanding physical properties of freeze/thaw PVA hydro-  In the short range of length scale, the structural organiza-
gels, indeed, strongly depend on the crystallinity of the tion of freeze/thaw PVA hydrogels has been studied by X-ray
samples. They also depend on their hierarchical structure,diffraction>%2! These experiments support the hypothesis
which extends over a very wide spatial scalg?°3The that PVA hydrogels have a porous structure, with pores
organization on the large length scale (of the order of mainly occupied by wateé® The X-ray diffraction profiles
microns) originates from the presence of two separated of these gels were interpreted as arising from the sum of
phases constituted by polymer-rich and polymer-poor re- three contributions due to the scattering of “free” water,
gions. In agreement with studies by Pines and Pfirike crystalline aggregates, and amorphous PVA swollen by the
network structure may be interpreted in terms of the solvent. In agreement with measurements performed with
connectivity of the regions occupied by the polymer-rich other techniqued; 2331 it was observed that the degree of
phase, which extend over the macroscopic dimensions of thecrystallinity and the size of crystallites increase with increas-
sample. The organization on the medium length scales ising the number of freeze/thaw cycles.
In the present paper, we will investigate PVA hydrogels,
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molar mass 20.03 g mol) at 96°C, under reflux and stirring, for
about 3 h. The polymer was entirely dissolved and the obtained
homogeneous solution was slowly cooled to room temperature and
kept at this temperature for one night to eliminate air bubbles.
The aqueous PVA solutions were then poured between glass
slides with 1-mm spacers, at room temperature. We checked that
the solutions did not jellify and remained transparent when left at
room temperature in a sealed tube for more than one month.
Strong physical PVA hydrogel films were obtained by subjecting
the polymer aqueous solutions to several repeated freeze/thaw
cycles, consisting of a 20-h freezing step-&2 °C followed by a

Intensity

4-h thawing step at 25C. The as-formed PVA hydrogels obtained ' \N Gisdcin

by 1 to 9 freeze/thaw cycles are denoted as samples GEL-1 to H,,,H/\Hf_ i

GEL-9. 10 20 30 40 S50 60
PVA hydrogels undergo syneresis upon application of repeated 26 (deg)

freeze/thaw cycles, expelling some water on their surface. For this Figure 1. X-ray powder diffraction profiles of freshly prepared PVA
reason, the polymer weight concentration of each gel was deter-hydrogel samples (A and B) and of dried gel (C), obtained after 1 (A) and
mined by weighting each sample in the swollen and in the 5 freeze/thaw cycles (B and C, continuous lines). The X-ray diffraction
corresponding dried state. The polymer weight fractions of GEL- profile of I|_qU|d DO is als_o repc_)rted (de_lshed line). 'I_'he crystalline refl_ectlon
. " apparent in the X-ray diffraction profiles of gels i 2ange 16-22° is
samples are reported in Table 1. They are higher than the polymereyigenced in gray; it corresponds to the I@flection of the crystalline
weight fraction of the starting solution (11% w/w) and increase PVA, indicated in C. The inset in part A shows the X-ray diffraction

with increasing the number of freeze/thaw cycles. intensity in the 2 range 14-24°, on enlarged scales for GEL-1.
PVA crystalline films were obtained by drying as-prepared
GEL-n samples in air at room temperature. to absolute scattering cross-sections/@2)(q) were made with a

X-ray Measurements. Wide-angle X-ray powder diffraction secondary Lupolene standard according to the equation
profiles were collected at room temperature with a Philips diffract-
ometer using Ni-filtered Cu ¥ radiation ¢ = 1.5418 A) and scans dT L2
5 do _fdoy _ Gl Ls
at 0.005 deg(@)/s in the @ range from 10 to 60 To prevent the g0 @= (E)L = dTT[(lS ~ load — Tsllee = loed] (2)
sample from drying during the experiment, the diffraction profiles S'STLL
were recorded using a homemade brass sample holder placed in a .
special brass chamber covered with an out-of-focus Mylar film, in Where the subscripts L and S are for Lupolene and sample,

an atmosphere saturated with vapors of the mother solution. During "€SPectively.d and T are the cell thickness and transmission,
the time needed for recording the diffraction pattern8 ), the respectively, whereaks and L, are detector distances at which
weight loss of the sample was less than 2 wt % sample and Lupolene were measured to obtain the scattering

Apparent crystalline dimensions along theT].[Hltice direction intensitiesls andl_. Raw data were also corrected for intensity of

were calculated by measuring the width at half-height of the backgroundlpe and intensity of empty cellec. Data were then

corresponding Bragg reflection and applying the Scherrer fofhula ;ﬁ:!ﬁ daveraged and absolute scattering cross-sections were

{= k-4 1) .
B-cod) Experimental Results

The X-ray diffraction profile of as-prepared GEL-1 and
GEL-5 hydrogel samples along with the X-ray diffraction
X-rays, 8 is the width at half-height (expressed in radians), &nd profile of the dried GEL-5 Sa’.“p'e are reported n Flgure .1
is the Bragg angle. Due to the low intensity of the Bragg peak at asan e_xample, after subtraction of E_i Str_a'ght baseline Wh'Ch
26 = 19.4 in the crystalline PVA hydrogels, the standard deviation aPProximates the background contribution. For comparison,
associated with the so-determined apparent crystalline dimensionsth€ X-ray diffraction pattern of pure deuterated water, which
is of the order of 3 A. is the major component of these gels, is also indicated in

SANS MeasurementsSmall-angle neutron scattering measure- Figure 1A and B (dashed line). The diffraction profiles of
ments were performed at the KWS2 facility located at the the gels (Figure 1A and B) exhibit two halos centered at
Forschungszentrum of lich, Germany. Samples were contained 20 ~ 28 and 42, as in the diffraction profile of pure water,
in 1-mm path-length quartz cells in order to prevent the drying of and a weak peak in the9Zange 16-22° which corresponds
gels. Measurement times ranged between 20 min and 8 h. Neutrongo the 101reflection of crystalline PVA (Figure 1C). This
with an average wavelengih of 7 A and a wavelength spread gyt demonstrates the presence of a low amount of small
AAIZ < 0.2 were used. A two-dimensional array detector at three crystalline PVA aggregates in the gel sample. The intensity

different sample-to-detector distances, 2, 8, and 20 m, detected¢ g oflection drastically increases going from GEL-1 to
neutrons scattered from the samples. These configurations permitte P .
EL-5, indicating that the amount of crystalline phase

collection of the scattered intensity in a range of scattering vectors .
between 0.002 and 0.12°A Increases. . . .
Raw data were corrected for electronic background and empty With reference to Figure 1B and consistent with the

cell scattering. Detector sensitivity corrections and transformation @nalysis performed in a previous pagéthe X-ray diffrac-
tion profile of GELn samples is considered as the sum of

(32) Klug, H. P.: Alexander, L. EX-ray Diffraction ProceduresJohn three cont_ributions: a large contribution (area A_l) du_e to
Wiley: New York, 1959; p 512. the scattering of pure {O (dashed curves), a small diffraction

wheret is the apparent crystalline dimension along a given lattice
direction,k is a constant = 0.89 rad)/ is the wavelength of the
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Table 1. Polymer Concentration, Total O Content, Fractional Amount of Free D,O, Degree of Crystallinity (x¢), Fraction of Swollen
Amorphous PVA, Fraction of Crystalline PVA with Respect to the Sum of the Crystalline Fraction and the Swollen Amorphous Component
(fc), and Apparent Crystallite Dimensions (along the [10] Lattice Direction) of Freshly Prepared PVA/D,O Gels Obtained by Different
Numbers of Freeze/Thaw Cycles

polymer swollen apparent dimensions
concn total D,O free D,O Xe amorphous fe of crystallites
gel sample (% wiw)y? (% wiw)? (%)° (%) (%)P (%)P (A)b
GEL-1 12.0 88.0 86.2 0.4 134 25 28
GEL-3 12.7 87.3 84.2 0.8 15.0 4.8 34
GEL-5 134 86.6 80.9 1.1 18.0 5.6 35
GEL-7 14.7 85.3 80.1 1.1 18.8 5.7 38
GEL-8 13.7 86.3 78.5 14 20.2 6.3 40
GEL-9 14.9 85.1 78.1 14 20.6 6.3 39

aDetermined by gravimetric measuremerit®etermined by X-ray powder diffraction experiments.

component in the range from 16 to2@ue to the crystalline  2A and A. The scattering cross-section profileg{d2) of
aggregates (area A2), and a third component (area A3) dueGEL-n samples present a background higher than the profile
to the presence of amorphous PVA swollen by water of the mother solution; moreover, the background scattering
molecules. of GEL-n samples increases with increasimdrhis increase

As suggested by some of ¢aye have measured the areas is fully accounted for by the different polymer concentrations
Al, A2, and A3 of the three components and then determined of the various samples. The polymer concentrations of GEL-
the relative amount of “free D" in the gels through the  samples, indeed, increase with increasing the number of
ratio A1/(A1 + A2 + A3). The degree of crystallinityxf) freeze/thaw cycles, and, for all gels, are higher than the

and the fraction of the swollen amorphous PVA phase have polymer concentration of the mother solution (see Table 1).
been approximately evaluated by the ratios A2/(A1A2

+ A3) and A3/(A1+ A2 + A3), respectively. Finally, the
relative amount of crystalline PVA with respect to the sum
of the crystalline and swollen amorphous portida$—=A2/
(A2 + A3)) has been also determined. The values thus
obtained and the apparent crystalline dimensions along the
[101] lattice direction, determined using the Scherrer formula,
are reported in Table 1.

In agreement with the results of ref 23, from the data
reported in Table 1 it is apparent that the polymer concentra-
tion in as-formed PVA hydrogels slightly increases with

Inspection of Figure 2AE leads to some qualitative
considerations. First of all, the scattering cross-section profile
of the homogeneous starting solution appears quite different
from those of PVA GELR samples, confirming that, in the
latter systems, PVA chains and solvent molecules are highly
organized. In the SANS profiles of the GELsamples we
can distinguish the following three different regions. (1) A
region at lowq values ¢ < 0.009 A™%). In this region the
scattering cross section exhibits an upturn, which is clearly
not present in the scattering cross-section curve of the

increasing the number of freeze/thaw cycles, whereas thehomogeneous starting solution.. n Fhis zon_e, the data cguld
relative amount of “free water” decreases. These latter valuesre_ﬂeCt a supramolecular organization, which we a_ssomate
are only slightly lower than the values of the effective weight With the presence of two separated phases constituted by
fraction of DO determined by gravimetric measurements. Polymer-rich and polymer-poor regions. (2) A region at
The degree of crystallinity increases with increasing the ntermediatey values (0.009<qg < 0.035 '_B‘_ )- In this region
numbem of freeze/thaw cycles, and the values of the relative 20 inflection point is present, which gives an indication of
amount of crystalline PVA with respect to the sum of the the average distance between the scattering crys_talhtes_ (given
crystalline and swollen amorphous portiofis determined ~ @PProximately by 2/q). In all gel samples this inflection

in the present analysis, are in agreement with those deterP0INt is atq ~ 0.03 AL, indicating a distance between
mined using different techniques on similar systéma3! crystallites of the order_of 200A. (3) A region where 0._035
Moreover, the apparent crystalline dimensions (along the <9 = 0.08 AL In this zone, scattering cross-sections
[101] lattice direction) increase with. It is worth noting ~ decrease with a power lawsttQ(q) 0 g°, with the value
that, going from GEL-1 to GEL-9, the degree of crystallinity Of D depending on the number of cycles. More precisely
(x) increases from 0.4 to 1.4%, whereas the polymer D = 2 for GEL-1,D = 3 for GEL-2, GEL-3, and GEL-9,
concentration increases only from12 to ~15% wi/w. while D = 3.5 for GEL-5. Provided we are looking in this
Therefore, as suggested in ref 23, the increase of crystallinity"egion at the boundary structure between two phases, possibly
with n is not only the result of an increase of polymer the crystallites and the swollen amorphous region in the
concentration in the gel, but is also due to the significant polymer-rich phase, we may apply the surface fractal concept
improvement of the gel structure as a consequence of freezeto the function @/d<2(q). According to this concept, the
thaw cycles; in fact, each new cycle not only improves the exponentD is related to the surface fractal dimensidyin
structure of the water-swollen PVA chains connecting the ad-dimensional space, through= 2d — ds. For example,
crystals, but also induces an increase of the size and, to an 3-dimensional space; ranges from 2 to 3, corresponding

lesser extent, of the number of the crystalltes33t to a range oD from 4 to 3. If the boundary were smooth,
SANS spectra obtained for fresh PVA gel samples after Porod’s law (@/d€2(q) O g~*) would be observed. For our
1, 2, 3, 5, and 9 cycles are reported in Figure-Z4 A', PVA gels, values oD less than 4 suggest that the boundary

and E. The SANS profile of the PVA/BO (11%w/w) is not very clear, or it would not be a boundary in the case
starting solution used for gel preparation is shown in Figure of GEL-1.
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Figure 2. SANS data for as-prepared GEL(O) and starting PVA solution (11% w/w,): GEL-1 and starting PVA solution (A and"A GEL-2 (B),
GEL-3 (C), GEL-5 (D), GEL-9 (E and ' Solid lines are fitting curves obtained by using eq 4 for GEand by using eq 3 for starting PVA solution. For
GEL-1 and GEL-9 samples data collected in a widaange, 2x 103 to 0.12 A%, are also reported (fand E).

Data Analysis. To have quantitative information on the conformation is given by the equation
collected scattering data, we have set up a least-squares fitting

procedure. Models used in the fits depend on the analyzed g o 2 TRE — 1+ exp(-a'R))

systems. Therefore, in the following, we report the expres- d_Q(q) = 2¢La(Ppva — POV 4 +

sions used for PVA homogeneous solution and for PVA IRy

hydrogels. (E) (3)
dQ/inc

PVA Solution. SANS data obtained for the PVA starting
solution indicate the presence of small scattering objects, where ¢ is the molar concentration of PVA., is the
essentially the individual chains of polymer with a Gaussian Avogadro constanl,?g is the average gyration radius of the
coil conformation. According to the Debye modélthe polymer, V is the volume of a PVA moleculpvaand po
scattering cross-section for a collection of molecules in such gre the scattering length densities of PV = 7.5 x
107 A=?) and DO (oo = 6.34 x 10°® A-2), respectively,
(33) Debye, PJ. Phys. Colloid Chen1947 51, 18—32. and (&b/dQ)inc is the incoherent scattering cross section.
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Table 2. Values ofks (see eq 4), Average Radius of CrystallitesR), Hard-Sphere Interaction Radius (Rus), Fractal Dimension m (see eq 4),
Crystallite Volume Fraction in Gels (¢), and Polydispersion Index of Crystallites Radii () for As-Formed GEL-n (with n = 2, 3, 5, 9),
Obtained by Fitting SANS Data with Eq 4

sample ky (cm™ A-m) R(A) Rus (A) m ¢ Ip
GEL-2 (4.58+0.21) 10°° 33.6+0.9 230+ 5 2.734+0.08 0.013 1.15 0.02
GEL-3 (1.92+0.3) 108 314408 2344 6 3.27+0.1 0.0076 1.14 0.02
GEL-5 (1.214+0.4) 107 353+ 0.8 274+ 8 3.78+ 0.1 0.012 1.0% 0.02
GEL-9 (8.940.8) 107 34.8+0.7 224+ 5 3.39+ 0.1 0.0093 1.0% 0.02
For the (11% w/w) PVA-D.O solution, theR; value, Writing in explicit form [F(q)|°Cand |(F(q) [P we obtain
obtained by fitting eq 3 to the experimental data, is ) .
158+ 7 A. This value is in good agreement with the value OF@IPC= [ IF(@)If(RdR (7)
of 163 A determined by Nagy et al. by size exclusion
chromatography for PVA solutions in D with |F(q)F = |ﬁ)°° IF(q)[f(RdR? (8)

concentrations ranging from 0.25 to 0.50% (w/w). The
degree of hydrolysis of the PVA sample used by the wheref(R) is the distribution function of the radii.

authors was of 98% and its molecular weight, was A Zimm-Schultz distribution has been assumed for the
110 0003 radii of sphere¥ 38

PVA Hydrogels. The PVA hydrogel structure has been
modeled as a collection of polydisperse and homogeneous f(R) = (Z + 1)2“ R ex F(— Z+1 ) ©)
spherical crystallites, interacting via hard-spheres potential. R rz+1 R

Although cr [li re interconn with amorph
though crystallites are interconnected with amorphous n eq 9, R is the average radius of the spher@sjs a

chains, we have neglected the scattering of these amorphous Rarameter depending on the width of the distribution, Bnd

hains?® fl k he !
c ains;® treating I.t as a flat bgc ground added to the is the Euler Gamma function. Using eqs 5 and 9, it is possible
incoherent scattering cross section.

. . .. to evaluate integrals 7 and 8 analyticalty.
The theoretical expression used for such a system is given As already mentioned, the structure factor used to analyze
by the following equatior§® y ’ y

SANS data takes into account the hard-sphere repulsions

do 5 5 (q) between the crystallites. An analytical form f&q) is
0@ = No(peva = po) TF(@) L + FQ éS(Q) obtainable in the PerctY evick approximatior®? It is given
by*0
—m do
D +ka "+ {gg] @ S0 = 1( . (10
whereN, is the density number of the crystalhte&VA and 1+ 24&

po are the scattering length densities of the PVA crystallites
(ppva = 7.510°7 x A=2) and of the solvent, BD (oo = 6.34

x 1076 A=), respectivelyJF(g)|?Jand Sq) are the form
and structure factors of the scattering crystallites,
(do/dQ)inc is the incoherent scattering cross section, and
keg ™ is a term related to the fractal nature of the network (14 2¢)?

at low q values. The form factor contains information on G(Y.¢) = 2 y2(5|ny y cosy) —

whereg is the volume fraction of the bodieRys is the hard-
sphere interaction radius, a@y,¢) (with y = gqRys) is a
function given by the following:

the shape of the scattering objects, while the structure factor 1=
S(g) accounts for interparticle correlations and is normally 6p(1 + ¢/2) [2y siny + (2 — yA)cosy — 2] +
observed for concentrated or charged systems. In eq 4 the 1- )Y
form factor is averaged for the presence of polydisperse oL+ 2¢)2 .
bodies. ————{~y" cosy + 4[(3y" — 6)cosy +
For homogeneous sphereg) is given by® 2(1-9¢)
. (v’ — éy)siny + 6]} (11)
_4 33:@R . _ _
F(a) = §ﬂR3 @R (5) Therefore, by inserting eqs-8.1 into eq 4, we obtain an

_ . _ _ _ expression for the scattering cross section which depends
whereR is the radius of spheres afpXx) is the first-order on Ny, ki, R Rus, M, Z, and (d7/dQ)ine. The volume fraction

Bessel function: ¢ is correlated to the other parameters through the equation

. sin(x) — x cosk) 4 -

W= (6) ¢ = ZRN, (12)

X 3

(34) Nagy, D. JAm. Lab. (Shelton, Conn2003 35, 38—43. T_hg valueg of the above-mentioned parametgrs have been
(35) Kotlarchyk, M.; Chen, S. HJ. Chem. Phys1983 79, 2461-2469. optimized using a least-squares procedure to fit eq 4 to the
(36) Hayter, J. B Penfold, J. Chem. Soc., Faraday Trans.1981, 77, experimental SANS data of Figure 2. Table 2 reports the
(37) Zimm, B. H.J. Chem. Phys194§ 16, 1099-1116.
(38) Schultz, G. V. ZPhys. Chem., Abt. (B)939 43, 25-46. (40) Magid, L. J.; Triolo, R.; Johnson, J. S., Jr.Phys. Cheml984 88,

(39) Percus, J. K.; Yevick, G. Phys. Re. 1952 110, 1-13. 5730-5734.
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PVA rich phase poorer than those of other gels, showing low values of
mechanical strength and shear elastic modvfgs34142

'( * The present analysis indicates that the main differences
i v St U between GEL-1 and GEh-samples witm higher than 1 is
probably due to the fact that the gel structure of GEL-1 is
not yet well defined. Although the structure of the freeze/
f)\ crystallites thaw PVA hydrogels is imprinted already during the first

freeze/thaw cyclé&?123 the structure of GEL-1 may be
considered somehow intermediate between the structure of
the homogeneous starting solution and the structure of the
already well-formed GEL-2 sample, in the sense that
swollen GEL-1 results from only partial segregation phenomena
AMOIEious (i.e., incomplete phase separation and formation of only few

Figure 3. Bicontinuous structure of PVA hydrogels obtained by freeze/ and small crystallites). During the first freeze/thaw cvcle
thaw cycles with a PVA-rich phase and a PVA-poor phase. Circles in the . y ) 9 ycle,

insert represent, schematically, the hard-spheres model used for fitting SANsindeed, the homogeneous solution undergoes a phase separa-

equations to the experimental data. tion leading to the formation of a polymer-rich and a
polymer-poor phase, accompanied by crystallization of PVA
obtained results in the case of GElLsamples fon = 2, 3, in the polymer-rich phask:!321.27.28 Since the freezing

5, and 9; in this table the polydispersion indgxeplaces  procedure is quite fast, the phase separation occurring during
the Z parameter. The relationship betweigrmndZ is given  the first cycle may be not complete and only repeating the
by the following equation: freeze-thaw procedure leads to gels with a well-defined

" network scaffolding.
Jo {RRAR 74 5

(fow H{R)RAR’ S Z+1

(13) Conclusions

The present study is the first systematic and quantitative

The best fits for the experimental SANS data of GEL- investigation in the medium range of length scale on PVA
samples fon = 2, 3, 5, and 9 are indicated in Figure 2B hydrogels obtained by freezing and thawing techniques. The
and E (solid lines). range ofq values sampled in the SANS experimentsx2
Within the present framework, where the SANS intensity 10710 1.2x 10 A™*) has allowed us to access information
is dominated by the crystallitecrystallite interference, the ~ concerning the structure of hydrogels in terms of concentra-
¢ value roughly corresponds to the volume fraction of tion fluctuations involving correlation lengths of the order
crystallites in the gel. Moreover, the hard-sphere interaction Of tens of nanometers. The SANS data obtained for the PVA
radius,Rus, corresponds to the average distance between thedels have been interpreted in terms of a model consisting of
crystallites wherea® may be taken as a measure of the @ collection of polydisperse and homogeneous spherical
average size of crystallites, as illustrated in Figure 3, where Crystallites interacting via a hard-spheres potential. Within
a model of the bicontinuous structure of PVA hydrogels is this framework, the values of crystallite size (of the order
shown. of 33 A) and polymer volume fraction of crystals (of the
Results given in Table 2 clearly show that, for GEL-  order of 1%), obtained by fitting the SANS experimental
samples with higher than 1, the values &s are of the curves to calculated diffraction profiles, are in good agree-
order of 250 A. The size of crystallites remains constant ment with corresponding values determined by using other
(~33 A) and is close to the values determined by X-ray techniques. In addition, SANS experiments permitted evalu-
diffraction (see Table 1). The polydispersion indgxis in ation of an average crystalliteerystallite correlatipn di_stance,
all cases close to 1.1, indicating a narrow distribution of the Rus, of the order of 250 A for GELr samples witm higher

crystallite sizes. Finally, the values are close to 1% and than 1. The present analysis also indicates that the structure
appear in fair agreement with the Corresponding values of of GEL-1 is somehow intermediate between the structure of

crystallinity (x) determined by X-ray diffraction. the homogeneous starting solution and the structure of the

The case of GEL-1 sample deserves a separate discussiordlready well-formed GEL-2 sample.
The SANS data of this gel could not be interpreted in terms

of reasonable values of fitting parameters, using the presen . , , ) ,
Tecnologie per le AttivitaProduttive” Regione Campania P.O.R.

model, p_roba_bly because the small fraction of crystallites 2000-2006 Misura 3.16 is gratefully acknoweledged for the
present n this gel have a smoqth surface apd cannot befinancial support. We thank the Institutrfiestkoperforschung
modeled in terms of a collection of polydisperse and ¢ jiich for provision of beam time.

homogeneous spherical crystallites, interacting via hard-

spheres potential, where the scattering of amorphous chainsC,vIO 48632y

connecting the crystallites as tie-chains can be neglected. This

fact is consistent with other observations concerning the (41) Ricciardi, R.; D'Errico, G.; Auriemma, F.; Ducouret, G.; Tedeschi,
structure of GEL-1 samples. In fact, PVA hydrogels obtained A.; De Rosa, C.; Lauptee, F.; Lafuma, FChem. Matersubmitted
by imposing a single freezehaw cycle are less crystalline for publication.

A ) > ~  (42) Urushizaki, F.; Yamaguchi, H.; Nakamura, K.; Numajiri, S.; Sugiba-
(Table 1 and Figure 1) and exhibit mechanical properties yashi, K.; Morimoto, V.Int. J. Pharm.199Q 58, 135-142.
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