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A Dynamic Light Scattering Study of Hydrogels Based on Telechelic Poly(vinyl alcohol)
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Chemical hydrogels based on poly(vinyl alcohol), PVA, were obtained by reatiaghelicPVA bearing
aldehydic groups at both ends of the chain with the hydroxylic moiety of the polymer. These networks were
studied by dynamic light scattering around the-sgél transition threshold. The auto-correlation function,
g@X(q,t), displays nonergodic behavior when the system enters the gel phase. Appropriate ensemble averaging
of theg®(q,t) yields the dynamic structure factffg,t). To extract from théd(q,t) the characteristic parameters

of the network, we adopted a model originally proposed for colloidal gels. A correct descriptionféd,the

was obtained. The results were compared with those obtained independently on the same type of hydrogels
by equilibrium swelling and compression modulus measurements. A link to macroscopic properties of the
gels is also shown.

Introduction humans. The possibility to obtain a stable PVA network by a
cross-linking reaction that does not involve a chemically
different, scarcely tolerable, or not biocompatible reactant, is
therefore an important outcome.

As any vinyl polymer, PVA bears some defects in the
backbone sequence. These defects are called head-to-head units
and made of few 1,2-glycol units (vicinal diols) in addition to

Polymer hydrogels are receiving increasing attention among
the scientific community. The reason for such growing interest
stems from the peculiarity of their physicochemical behavior,
deeply bound to their properties, and potential applicatiofs.
One striking feature of these materials is that some hydrogels

can retain up to 99% (w/w) of water into the network meshes. ;
the usual 1,3-glycolic sequences. These structural features are

Although this property is well practiced in the nature, the ”
confinement of such an amount of water in solidlike materials "€Presented in Chart 1. The presence of head-to-head sequences

opens a number of possible applications for man-made devices'S mainly du.e to the process of termination by coupling during
Polymer networks are usually classified into two main types, the_ synthes_ls of p_oly(vmyl acetatejhe parent polymer from
physical and chemical gelsaccording to the nature of the which PVA is optalned by the h_ydronS|s of the acetate groups.
interactions responsible for the network build up: in physical The Qeterm|nat|on of the fraction of head-to-head sequences
gels, interactions between chains are made of noncovalent bondd/@S first addressed by Flory and Leuti®mwho suggested a

(i.e., dipolar, hydrogen, electrostatic bonds), whereas in chemical Viscosimetric method based on the selective and quantitative

gels, covalent bonds connect the chains by means of cross-2Xidation by NalQ.

linkers. We have used this reaction to split the PVA chains in a

Poly(vinyl alcohol), PVA, belongs to the limited group of controlled way. '!'he eff_ects of this rgaction are illustrated in
biocompatible synthetic polymet8. Its tendency to form  Chart1: the IQion splits a PVA chain where a head-to-head
physical gels by freezethaw cycles is well-known in the  Séquence is present, formimgy shorter PVA c_halns_ bearing
literature'-12A high-resolution, solid-statC nuclear magnetic ~ @n aldehydic group at each end and two chains with only one
resonance (NMR) study indicated the important role of inter- aldehydic group corresponding to the two outmost head-to-head
chain hydrogen bonding in the formation of the physical Sequences of the starting chain. The former are usually called
network!3 Horkay'415 has shown the possibility of obtaining teIechehc_cham@ because of the presence of the aldehydic
chemical gels of PVA by cross-linking the polymer by an functlon_ahty at two ends of each chain. Both the number of
acetalization reaction between the hydroxyl moiety of the PVA télechelic chainsNr, and the number average degree of
chains and the aldehydic groups of a cross-linker, such asPolymerization,X(d, depend on the fraction of head-to-head
glutaraldehyde. The formation of chemical hydrogels in solution S€guences contained in the starting PVA chains according to:
can be considered as a s@el transition, where the sol phase
containing dilute reactants (i.e., polymer chains and cross-linker A pya
molecules) converts into a gel phase as the reaction proceeds. Ny = H

Biocompatibility of PVA is a major asset for its medical
application in delivery systenfsand its use as a component X o = Xt pva (1)

A

for tissues substitutes and for implantation of “soft” devices in N + 2
* Corresponding autho_r, (e-mail: paradossi@stc.uniromaz2.it). where X[ pva and X are the number average degree of
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CHART 1: PVA Oxidation
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X Figure 1. Representation of the chemical hydrogel derived from the
cross-linking oftelechelicPVA chains.
telechelic PVA
on hydrogels of PVA cross-linked with glutaraldehyde have
+ been reported in the literature, confirming the presence of a
nonfluctuating component in the DLS data. This feature can be
handled in light of recent DLS theories applied to the study of
H0 + 105 + 0= C—CH,y=CH—CHy gels where the static component is interpreted either in terms
H OH of nonergodic behavior of the medium or as a heterodyne
contribution of the microscopic heterogeneities formed during
of head-to-head sequences and the moles aof ,l@nd A the cross-linking process.

represents the molar fraction of head-to-head sequence. There- | the Theoretical Backgroundsection we highlight the

obtainable per PVA chain. carried out on novel chemical hydrogels based on telechelic

~ These telechelic PVA chains can be used for an autocross-chains of PVA as well as the reasons leading us to choose this
linking reaction, taking advantage of the simultaneous presenceapproach among others.

of the hydroxylic moiety of the PVA backbone and of the )

aldehyde groups at the ends. The resulting product of this Theoretical Background

acetalization reaction, catalyzed by the presence of protons in  Dynamic Light Scattering (DLS) of Nonergodic Systé#s.
solution, is a network of chemically homogeneous cross-linked Most of the systems studied by DLS are ergodic. In this case,
PVA chains (see Figure 1) without the presence of an additional time average and ensemble average values of an observable
cross-linkert8 property are the same because the system can span a statistically

Recently, an evaluation of the mesh size and of the averagerepresentative number of configurations during the measurement
molecular weight between cross-links for this hydrogel was time scale.
given by coupling swelling and elastic modulus behavior, and  Hydrogel is a multicomponent system with liquidlike and
the dynamics of the water molecules in this network was solidlike rheological characteristics and with dynamic processes
elucidated by low-resolution pulsed proton NMRThe picture characterized by correlation times between the two behaviors.
that emerged was a complex interplay between the polymeric According to Pusey’s nonergodic theory, this result occurs
matrix and water permeating the network. The multiexponen- because hydrogel is a confined phase with “frozen” translational
tiality in the proton relaxation of the solvent indicated hydrogel and rotational overall modes, but with a still active internal
domains characterized by solvent dynamics with different time dynamics. Other approaches can also be used in the treatment
scales. At any water concentration, three transverse relaxationof DLS data from gel$%-32 where the nonfluctuating component
times were detected in the NMR time scale, ranging from tenths of the scattered electric field can be interpreted alternatively as
of milliseconds to some tenths of a second. Therefore, itis cleara heterodyned component of the time correlation function.
that the addressed uses of biocompatible chemical networksConsidering both the nonergodic appro&&iand the treatment
based on PVA need basic knowledge of the structural and suggested by Fang et ®l.for partially heterodyned time
dynamic behavior. correlation functions, we gathered the following points:

In the past decade, dynamic light scattering (DLS) proved to (i) Analysis of the results obtained by treating the same set
be a very informative method for the study of the dynamics of of data by nonergodic theory or, alternatively, by the method
macromolecular assembly in solutiéf?! More recently, DLS that accounts for a heterodyne component in the scattered
was applied to the study of colloida?” and polymet®2°gels. intensity with the correction for the instrumental coherence
With this method, a general feature of physical and chemical factorp,3? showed that misleading results can be obtained when
hydrogels consisting in the presence of a nondecaying or staticprocessing the data with the latter method (Results and
component in the time correlation function is obser¥&dlorks Discussio.
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(i) Using the nonergodic theory for getting the dynamic The ModeP>26 As for any other static or dynamic factor,
structural factorf(q,t), and the model by Krall et al. developed f(qg,t) contains the dynamic and structural characteristic param-
for internal elastic modes of a fractal gel (vide infra), allowed eters of the network that have to be extracted by means of a
one to bypass the determination of a cooperative diffusion suitable model.
coefficient as first cumulant, which is strongly dependent on A chemical hydrogel is a heterogeneous system even in the
the method of getting the dynamic structure factor from the time ideal case of regularly spaced network cha&fBecause of the
correlation functior#® intrinsic complexity of these systems, to calculate the dynamical

For these reasons and in the light of recent literd®#avhere structure factor on the basis of a model that accounts for the
the dynamic behavior of a set of gels of PVA chemically cross- details of the structure and of the dynamics of the network is a
linked with glutaraldehyde exhibited nonergodic features, we difficult task. However, in recent years, several models have
chose to treat our DLS data by the Pusey and van Megenbeen proposed by different groups, describing the complex
method. structure of these gels in terms of a fractal structure made of

The transition between a sol phase and the correspondingbasic units called “blobs”. We adopted the model of Krall et
gel is characterized by a dramatic change of the normalized al.?>28for fractal gel dynamics. The model describes a noner-

correlation function of the scattered electric fietf?)(q,t): godic system in terms of a mechanically coupled set of “blobs”.
Definition of this unit is rather loose, on purpose, and by no

e 0(q,0) (a,) means it is related to the chemical details of the systems, such
r(ah) = W ) as the functionality of the cross-links. On the other hand, an

assembly of blobs is a convenient way to describe a system
undergoing density fluctuation.

Because of the solidlike character of the gel, translational
and rotational modes are frozen and the internal dynamics of
the system is discussed in terms of subunits treated as
independent damped harmonic oscillators with spring constant
ki and relaxation times;. These parameters are linked by the
relationship:

where I(g,t) = |E(q,t)| 2 is the intensity of the fluctuating
scattered electric field at a given value of the scattering vector
g, with g = (4nn/A)sin 6/2, and time delay. The difference in

the correlation functions of sol and gel phases arises from the
presence of a time-independent contribution to the scattered field
due to nonergodic behavior of the medium or to large-scale
density inhomogeneities present in the gel phase. Taking into
account this contribution, the scattered electric field is written 67R
as E(qt) = Er(qt) + Ec(g). In this case, the normalized =
correlation function becomes: .

(8)

Very localized motions (i.e., smaR) will be characterized
[Ex(d,0)ER(a, t)[ﬁ + 21 (QEL(9,0E(a,)F by snzlall relaxation times( for simila)hs. According to the
[I](q,O)ElT equipartition of energy principleki[Ari20= 3KgT, with KgT
() having the usual meaning, the time-dependent mean squared
displacement can be written for a dumped harmonic oscillator
where I(g) represents the intensity of scattered light corre- as follows:
sponding to théec(q) component of the scattered electric field KT
and (Ex(q,0)-EF*(q,t)F represents the time averade(q,t)3. 2 St -
Indicating with ()¢ and () the total intensity of A= k [1 = expCum)] ©)
scattered light measured for the nonergodic system by averaging
over the ensemble, and over the time, respectively, the link The blob mean squared displaceméns,(t)[] representing

Plan=1+

between these quantities is given by: the collective displacement of subunits, is given by summing
all the oscillator contributions up to a cluster domain. After
(o) F = D(g)LA[f(a,t) — f(q,0)] 4) suitable approximations for the description of the distribution

of the dimensions of the clusters, integration of eq 9, yields a
wheref(q,t) is the so-called intermediate scattering function.  stretched exponential relationship:
Defining the ratioY as:

mﬂmmst
pkIn(f)

valid for a range of times up to 1€ (k. is the spring constant
of the oscillator representing the clusteg,is the time needed
for the cluster to relax to the equilibrium position, ghéndp

. I(6)2 o [1 — exp(-t/br)”] (10)
)

we can rewritegr®(q,t) in the following form:

(2) _ 2 . are characteristic parameters of the fractal properties of the
(@0 =1+ YHIf(@.0] — [f(a.)] } + network). Numerical integration of eq 9 over the entire set of
+ 2Y(1 — Y)[f(q,t) — (q,0)] (6) dumped harmonic oscillations made by Krall ef%@showed

that eq 10 is a good approximation of the computed integral
Solving with respect té(q,t), we obtain the correct normalized ~ for times <10 7.

dynamic structure factor: Becausef(q,t) is expressed in terms of the time-dependent
displacement:
f(a) = + o - P2 W) ) 2
a p[ » (A (t)t]
f(q,t) = =expg—q ——— 12
@Y= 540 5 (12)

where ¢i2 is the mean-square intensity fluctuation?2 =
[(a)*FH M) Br] — 1. inserting eq 10 into eq 12 we obtain the following fitting
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expression temperature in the dark, and then a known amount of concen-
trated aqueous HCI was added with stirring to yield a final
f(q,t) = exp{ —(qd)7[1 — expt/t)"} (13) concentration of 1 M. Following this protocol, the gel point
was reached 90 min after HCI addition. Characteristic changes
in the correlation curves indicated the -sgkl transition as
reported in theResults and Discussiornin another set of
measurements, all the parameters were kept the same but the
amount of NalQ was reduced to obtain a value of 5 fdr and
the catalyst (HCI) final concentration was increased to 2.0 M.
In this way, the gel point was reached afterO min from the
Experimental Section time of the HCI addition. De'termination 'of the instrumental
) ) ) ) coherence factof, for telechelic PVA solutions at a concentra-
Materials. Poly(vinyl alcohol) (PVA) from Sigma (St. Louis,  tjon of 12% (w/v) in the initial part of the acetalyzation reaction
MO) and NalQ (analytical grade) from Carlo Erba (Italy), were \yas difficult because the scattering power of the solutions was
used without further purification. Degree of deacetylation of |imjted by the reduced molecular weight of the telechelic chains.
PVA was not higher than 98% as monitored 8¢ NMR and  vajues of8 determined on solutions of intact PVA chains at
infrared (IR) spectra. MilliQ (Millipore, USA) water was used  the same concentrations were coincident, within the errors, to

throught the experiments. S the values found for the latex suspensions.
Methods. Isothermal microcalorimetric titrations for the For each angle, ranging from 120 to°6i steps of 10

determination of head-to-head sequences were carried out Witheasurements were carried out for a perié® & on freshly

a TAM microcalorimeter (Thermometrics, Sweden) with the  yrenared reaction mixtures. Hydrogels formed during this period
titration-perfusion accessory. The measuring cell was f|IIe_d With ot time were clear, and data collection was not jeopardized by
2 mLzof an aqueous solution of PVA at a concentration of tiple scattering effects. The correlation function buildup was
2:10" monomol/L and titrated with a 50“;“"” of Nai(Tarlo obtained in~10 min during the sol phase existence. To get the
Erba, ltaly) at a concentration of 5107 M (10 uL each  gynamical structure factor after the gel point, measurements of
add|t|o_n). An integral hgat of oxidation of the 1,2_—g|yc_:o| units v’ 2nd o2 as well as ofg(Tz)(q,t) are required. The ensemble
by periodate .0f—23.2 kj/mol was measu_red, which in QOOd_ averaged total photon counts at a givegrl(g)Lg, is measured
agreement \INIt'h periodate splitting reactions of other diols in by rotating the cell with a stepping motor at a constant angular
aqueous solutions. s L .
. peed of 10 rpm for 10 min (“brute force method”), whereas
1

Thte C lt\IMF\C’;spectra were ct(_)lIecttefovgngsaMB"juker_tﬁl\s/I;OO / the time averagédl(g)3 measurement is carried out by integrat-
spg%'ermei er ( e_rrr;jany) ope;a Ing & ft ) Zi Wi 250(%\,0 ing the photon counts for 10 min with the cell in a fixed position.
v) solutions in deuterated water after accumulating According to eq 5Y is given by the ratio of the two averages.

scans. ; . :
. . The mean-squared intensity fluctuatian?, was evaluated
The DLS setup consisted a 5 mWHe-Ne laser source with as the intercept of the linear fitting of the initial part of the

\% I moun n niometer pl n i with an . . . .
a vat cell mounted on a goniometer plate and equipped with a normalized correlation functlog;(q,t) versus log{) plot. This

optical fiber connecting the photon collection optics to the d hecked by taking the phot ts of
photomultiplier (Hamamatsu, Japan). Correlator (BI-9000AT) procedure was cross-checked by faking the photon counts o
and software from Brookhaven Instruments (USA) were used _the first channel subtracted by the content of the last channel

with an array of 400 logarithmically spaced channels for data in the time-averaged intensity fluctuation function, correspond-

5 .
storage and processing. ing to the(g)?F and 0(q)3r, respectively.

The efficiency of the apparatus at each angle was evaluated
in terms of the spatial coherence factBrby the Siegert

from which it is possible to determind?, z., andp as fitting
parameters of the intermediate correlation funcfi@), and
differing from [Ar2(t)dandz, within factors of the order of one,
respectively. This equation is applied to the experimental data
within the time limits given for eq 10 (i.et,< 10z.).

Results and Discussion

relation?® g@(q, t) = 1 + |3 f(q,t)|2, measuring thef®(q.t) For the understanding of the dynamic and static behavior of
function of a standard polystyrene latex dispersion. In all cases, the network, a knowledge of the structural parameters determin-
the value off was >0.9. ing the mesh size is important. In this context, we studied first

Nonlinear fitting processing of thiéq,t) was carried out with the amount and the distribution of the head-to-head chain
commercial software, making use of the Marquardt algorithm. sequence. Flory and Leutd€rdescribed a method for the
Measurement of the number average molecular weight of determination ofA based on the use of the Marklowink
PVA was determined with a membrane (cutoff, 12 000 Da) relationship, ] = KM?, for measuring the viscosimetric average
osmometer Gonotech Osmomat 090 (Germany), yielding a valuemolecular weight of the PVA chains before and after periodate
of 38 000 g/mol. degradation. However, this method can be biased by the
The cross-linking reaction is an acid-catalyzed acetalyzation assumption that large difference in the molecular weights of
reaction. The time scale for the sajel transition is a function  these species does not imply a variations of the M&tkwink
of the polymer concentration, the solution temperature, and the parameter« anda.
proton concentration. An alternative method was developed for the determination
We standardized the procedure according to the following of the fraction of head-to-head sequencas,in PVA chains
conditions: based on a isothermal microcalorimetric titration of the head-
to an aqueous solution of PVA (12% w/v) was added an to-head sequences with NaJOAn example of the microcalo-
amount of NalQ to reach a value of the parametdr(molar rimetric titration is given in Figure 2. In this way we have
ratio of head-to-head units overJQ equal to 1. The oxidation  determinedA in available commercial samples of PVA. These
of the head-to-head sequences of PVA was carried out in thefindings, summarized in Table 1, are in good agreement with
dark in a closed vessel at 6C for ~15 min with stirring. An 13C NMR determination based on the ratio of the peak area of
almost instantaneous drop in the viscosity of the solution was the resonances corresponding to the head-to-head methine
the evidence of the reaction advancement. This solution, groups (see Chart 1) with respect to the total area of the methine
containing the telechelic chains of PVA, was cooled to room groups. Assignment of resonances of the head-to-head methine
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was carried out according to previous resgfténalogous!sC
NMR results were recently obtained by Ané#fo. (ks

The threshold between the sol and gel phases was followedFigure 4. Time-averaged autocorrelation functiomy(q,t) (), and
by DLS because this approach can detect in an unequivocal€nSemble averaged dynamic structure fad(or) (@), of the system

. . . . in the gel phased = 90°, H = 5).

way the nonergodic behavior of the system without perturbing
it in a macroscopic scale. The detection of the gel point is a distinguished from the correlation time values derived by the
well-known problen?? being related to some extent to the fitting procedure of the dynamic structure factor (S&eoretical
technique used. As pointed out by Fuchs et’dbr physical Backgroundl and considered in successive part of this work.
gels, rapid individuation of gel point can be achieved by  In Figure 3 we report these measured quantities as a function
following the time evolution of the amplitude and of the of the time of cross-linking reaction. Under the conditions used
characteristic time of the autocorrelation function during the for this set of measurements, there is a clear drop in the
gelation process. amplitude values and a maximum in the characteristic time at

We have applied this method to the process leading to the 100 min. As predicted by the theory of DLS for nonergodic
irreversible formation of gel consisting of the chemical network- systemg?2 the correlation function of the scattering intensity
ing of telechelicPVA chains. A feature of the polymer system after the threshold of the sebel transition undergoes a
under study is the large difference between the intensity of the flattening due to the partially fluctuating speckle pattern
scattered light in solution and in the gel phase. This difference characteristic of nonergodic medThe effect of the ensemble
is due to the small size (a radius of gyration-e27 A canbe  averaging is showed in Figure 4 where the autocorrelation
evaluated from the characteristic ratio and the repeating unit fynction g(TZ)(q,t) and the dynamic factof(qt) are compared
length of PVA, ie., 6.4 and 1.4 A, _respectlvel_y) and low \yhen the system has reached the gel state.
concentration of theelechelicPVA chains in solution. After Tailoring the structural properties of chemically cross-linked
the gel is established, a large increase of the intensity of the networks is of the greatest importance for the use of these
scattered light is measured and, as a consequence of thisystems. The cross-linking reaction used for the synthesis of
behavior, the dynamics of the density fluctuations was followed these networks allows a modulation of the average dimension
without the use of a dynamical probe such as latex parfitles of the network cages in terms of (i) length of the telechelic
or protein molecule dispersed in the system. chains participating in the cross-linking process and of (ii) the

As a first step, we will consider the phenomenology of the nymper of the chains (see eq 1). Both these factors influence
sol—gel process followed by DLS. For the determination of the the number average molecular weight of the chain between
gel point we considered the experimental autocorrelation qrgss-links and therefore the mesh size.
function, g(q.t), because it is stored in the channels of the  We have carried out two sets of measurements at constant
correlator both in the sol and in the gel phase. The amplitude is chain concentration and varying the paramdter(i.e., the
taken as the difference between the average value of the contendmount of oxidant). At chain concentration of 12% (w/v), in
of the initial five channels and of the last five channels of the first set of measurements, we used the conditions corre-
g®(q,t). The time corresponding to the half-heightgi?(q.t) sponding to the maximum extent of chain splitting (ild.=
is taken as a phenomenological characteristic time to be 1), corresponding to the smallest number average degree of
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Figure 6. Dynamic structure factof(q,t), for H = 5 obtained at{)
60°, (a) 70°, and ©), 80°. Full lines are the fits according to eq 13.

polymerization of the PVA chains (i.€X[] /= 62). In a second
cycle of experimentsH was set to 5, thus yielding telechelic
chains four times longer (see eq 1). Moreover, changing the

ata obtained at 8Care shifted downward by a facter0.05. Slopes of

respectively. It is clearly shown in these figures that for both
sets of measurements, the dynamic structure factor develops a
nondecaying component (i.€f(g,.) = 0). We interpret this
behavior as an evidence for “frozen-in” motions in systems
entered in a gel phase corresponding to large-scale heteroge-
neities?” Comparison between ttfg,.) values of the two gels

at a given angle shows that when passing from sholrter (L,

X0 el = 62) to longer H = 5, X[ 1) = 240) chains, an increase

of the ergodic behavior is measured. The nonergodicity of these
gels is also evidenced, for a given value of chain length, by
changing the value of the scattering vecir,

Because DLS probes the dynamics of gel domains with a
length scale of the order of ¢, measuring the mean square
displacementAr2(t)(J in a gel with very small mesh size, the
maximum excursion will becq~! and the nonergodic behavior
will be enhanced. For gels with larger mesh size, the maximum
excursion will be larger and, consequently, the nonergodic
features monitored by the correlation function will be less
evident.

It has to be pointed out that for a fixed, a new solution

chain length at constant chain concentration causes a 5-fold ) oul ) )
decrease of the terminal reactive groups concentration, resultingundergoing the cross-linking reaction was prepared each time
in a net slowing down of the cross-linking process. To obtain t0 obtain the dynamic structure factor at a given angle. The
the formation of the gel phase approximately within the same Measurements shown in Figures 5 and 6 have independent
time interval for both sets of measurements’ in the Samples histories and, therefore, the time evolution of the gel phase is
prepared aH = 5 we increased the catalyst concentration as somewhat difficult to control because the gelation time can differ
indicated in theExperimental Sectionin this way, we increased ~ ©f some minutes in each preparation.
only the kinetics of the gel formation The curves are fitted according to the model proposed by
In Figures 5 and 6, the ensemble averaged dynamic structureKrall et al.?27 treating the network systems as a fractal
factor f(g,t) obtained according to eq 13 is showed for 60, 70, assembly of clusters composed of elements (i.e., blobs) of
and 80 for H = 1 and forH = 5, corresponding to number  characteristic average dimensionpft, corresponding in our
average degrees of polymerizatiot[d«, of 62 and 240, case to~50 nm. The fitting procedure was carried out by
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TABLE 2: Average Size of Network Meshes Determined as 400
Adjustable Parameter é of the Fitting Equation 13 at
Different Scattering Anglest

X[ el = 240 X[ te1 = 62 350 [ ]
scattering angl€, o (A) scattering angl€, oA
80° 340 80 258 T 00
0° 340 70 249 w
60° 336 60 235
a Experimental errors o are within +10%. 250 | 7
assigning decreasing weight to the plateau pafifgt) and using
the three parameters fitting equation, eq 13, leaynas an 200
adjustable parameter for each measurements. The obtained 0 50 100 150 200 280
values ofp ranged around 0.8 and did not show any trend, being time after gelation (min)
randomly fluctuating withint10%. A second-fit cycle was  Figure 7. Parameteb (eq 13) for the indicated values fot = 5 at
carried out fixingp to the mean value. different angles, 70(M), as a function of the time after gelation.
As pointed out in the original pape?$2’the model accounts
for the first part of thef(qt) time dependence, whereas 600
experimentally, a slower process overlaps with the one consid-
ered by the model in analogy to what is usually reported for 500 ]
systems performing a glass transitian. b ]
! . : ! . 400
A consideration concerning the issue of the independence of
the fitting parameteré andr from g for our systems is in order. 2 300 | ¢ ]
We point out that for small delay times, eq 13 reduces to - s
200 | ’ 1
f(q.t) = exp(-D,at") (14) —,
100 1
where we have replaced the raéiéz® with Dy, a “stretched” ‘ .
diffusion coefficient. In the time range where eq 14 holds, a 0
plot of the measured If{,t)] as a function ofd2q(t/zc)P for 0 s 100 150 200 250 300
different q values should yield decreasing straight lines with time after gelation (min)

slopes equal to 1, as it is shown in the insert of Figure 5. Our Figure 8. Typical time evolution ofr for H = 1, 6 = 80°.
systems display the linear behavior only for the initial range of

delay times because of the short correlation timgs,and coherence factor from the time intensity correlation function,
average displacement$, measured. g(Tz)(q,t), as suggested by Geissf€2In this way, we obtained

The parameterd andz. obtained from the fits account for  a cooperative diffusion coefficieri;, and an average polymer
the average dimension and for the dynamic behavior of an chain distances, as first cumulant of the heterodyned correlation
assembly coupled clusters. function and by means of the StokeRinstein relationshig

In Figure 6, a typical trend od as a function of time after = kT/6anD, respectively. Values df obtained by this method
gelation is shown. As expected, the process is characterized byfor hydrogels prepared by using telechelic PVA with different
a negative slope, indicating smaller average dimension of the chain length showed a mismatch between the pararjeied
network meshes as the cross-linking process builds up. Thisthe length of the PVA telechelic chain used in the cross-linking
trend is linear at any of the investigated angles within the range process.
of time studied and, within the errors, it has the same slope at This finding cannot be considered to hold in general. As
any angle. This behavior is found also tér= 5 (not shown). already pointed out in the paper of Fang et&bgls differing

The extrapolations of the linear trend at a zero time, representin the chemical structure and architecture of the polymer network
values of the average mesh size of network when the systemshave different DLS behaviors. Therefore, an analysis of the
begin to percolate. observed correlation functions by the available methods and

The characteristic lengths obtained for PVA hydrogels with comparative studies of the parameters obtained by DLS and
H =5 andH = 1 by DLS reflect the linear dimension of the other independent approaches has to be carried out for a given
meshes of these networks and are in agreement with similarsystem.

PVA networks previously studied in our laborat&ty® by The behavior of., Figure 8, during the cross-linking reaction
compression modulus and equilibrium swelling measure- shows a trend toward smaller values. This trend indicates that,
ments?®41 However, a strict analogy with the figures obtained within the interpretative frame of Krall et al., the dynamics of
in our previous work cannot be made because the preparationthe clusters becomes more restricted and/or localized.

of gels greatly differs from that one used in this study. In fact,  Finally, this model allows a link between the macroscopic
gels used for swelling measurements are time-invariant systemsproperties of the gels and the fitting parameters obtained from
because they have reached the final degree of cross-linking andhe measure of the dynamic structure fad{ort) because the
the maximum allowed degree of swelling as the gels were sitting elastic modulus@, of the gel can be evaluated according to
in water baths. In Table 2 the values®gxtrapolated to zero  the relationshipG ~ kJ/R., where the mechanical coupling of
time are reported. two clusters at distanceRR is described by an elastic force

In the stage of choosing the appropriate interpretative frame with an effective spring constaki. Figure 9 shows the behavior
for the evaluation of the DLS results, we obtained the of the elastic modulus on the gelation time, that is, on the
heterodyned correlation function corrected for the instrumental increase in the cross-linking density.
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Figure 9. Elastic modulus as a function of gelation time tér= 1
(®), measured att = 80°.

Concluding Remarks

The results of the DLS study of the cross-linking reaction of
telechelic PVA was evaluated with a fractal model that has to
date been used for colloidal suspensions reaching a diffusion-
limited colloidal aggregation limit. Despite the difference
between polymeric chemical gels and colloidal gels, the dynamic
and structural parameters evaluated with the aid of this model
on gels of telechelic PVA is compatible with the results obtained
on the same systems with macroscopic equilibrium measure-
ments. This issue has to be examined for a wider range of
polymers and gelation conditions. However, a possible factor
contributing to the essentially correct description of the system
under investigation by this model can be viewed in the very

coarse networking of the chains that, at least in the early stages

of the gelation examined in this work, has a connectivity
spanning average distances of the order of magnitudg bf

The nonergodic method was used for treating DLS data
considering the findings obtained on other PVA chemical
hydrogels and the unsatisfactory results obtained with other
available treatments of DLS data. However, general criteria on
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