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Sol-Gel Transgition in Di-(2-ethylhexyl) phthalate-Plasticized Poly(vinyl chloride)
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The gelation for di-(2-ethylhexyl) phthalate (DEHP)-plasticized poly(vinyl chloride) was studied by measuring
time-resolved small-angle X-ray scattering (SAXS) and aflow of the solutions in test tube. It was found that
for the gelation there were three regimes. At Regime I, the solution rapidly changed to a gel, and the SAXS
intensity showed a pesk and the peak intensity increased, keeping the peak angle constant. Applying the SAXS
intensity to the kinetic analysis of the liquid-liquid phase separation, it was revedled that the spinodal
decomposition proceeded to develop a periodic length of 29.9 nanometer in size, a hydrogen-bonding-type
association in polymer rich phase followed, and then it induced fast gelation rate. At Regime 11, the gelation
sowly occurred and the SAXS intensity was not observed, suggesting that a homogeneous gel network was
formed by a hydrogen-bonding. At regime 111, the solution was a homogeneous sol.
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Introduction

Di-(2-ethylhexyl) phthalate (DEHP)-plasticized poly(vinyl
chloride) (PVC) is widely used in medical and pharma-
ceutical applications and have increased in use of medical
devices such as tubings, blood containers, catheters and so
on.:® DEHP-plasticized PV C may bein contact with various
kind of surrounding medium (SM) such as blood and
manifold liquid medicine. When DEHP-plagticized PVC
keeps in contact with a certain SM, DEHP may be leached
from PVC articlesinto SM.%4 DEHP has been identified as
one of the endocrine disruptors and there has been a
controversy about its toxicity.> DEHP migration is due to the
fact that DEHP does not react with PVC chemically, but
permeate into PVC molecular chains physicaly, i.e,, PVC
forms gel in DEHP. Therefore, gel structure could have a
significant influence on DEHP migration. To control DEHP
migration, we need to know the gelation process.

Until now a large number of reports have been published
related to the DEHP-plasticized PV C gelation phenomenon,®®
and yet the glation mechanism is sill not thoroughly
ducidated. It is generadly agreed that the gelation is the
result of network formation. However, the nature of the tie
points in the network is the subject of some controversy. It
bas been suggested that gelation in DEHP-plasticized PVC
is attributed to the tie formation of small crystallites.”® This
concept has been supported by extensive discussions on the
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gel melting behaviorsin terms of the thermodynamics of the
crystalline melting. Keller and co-workers have accumul ated
crystallographic evidence for the formation of crystalite in
PVC gel.'® However, gelation by crystalite formation is
probably a phenomenon, which takes place at a very late
stage of sol-gd trangition. Furthermore, gel in DEHP-
plasticized PV C is not visible with naked eye, indicating that
gel morphology is in a range of nanometer. Therefore the
purpose of the research described here is to investigate the
gelation for the DEHP-plagticized PVC by time-resolved
smal angle X-ray scattering (SAXS) and a flow of the
solutionsin test tube.

Experimental Section

Materials. The PV C was obtained from Hanwha Chemical
Co. and DEHP was purchased from Aldrich Co. The degree
of polymerization of the PVC was 1,200, and DEHP was
HPLC grade. The PVC and DEHP were mixed with various
ratios. The samples that contain 30% or more PVC were
prepared using Brabender twin-screw extruder and cut finely
chopped. The rest of samples were mixed in beakers at 30-
155 °C using magnetic stirrers.

Gel forming observation. Approximately 1g of the mixed
samplewere put into atest tube and were melted for 5 min at
170 °C to ensure homogeneity. The test tube was placed in
an oil bath kept a a constant temperature. The sol-gel
transition was observed at regular intervals by tilting the test
tube. If aflow of the solutions in test tube is observed, this
phenomenon is regarded a sol, and if not, gel. Visud
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investigations on sol-gel transitions were carried out for
solutions of various concentretions at temperatures ranging
from 60 °C to 180 °C.

Timeresolved SAXS. The solutions was placed in a
chamber set at a temperature and then transferred quickly
into another chamber set at a desired isothermal temperature.
Changes of the scattered intensity during the isothermal
geation were investigated by the timeresolved SAXS,
employing synchrotron radiation; beam line 4C1 a Pohang
Accelerator Laboratory, Pohang, Korea. The storage ring
was operated a an Energy level of 2.5 GeV. The SAXS
employs a point-focusiong optics with a S Double crystal
monochromator followed by a bent cylindrical mirror. The
incident beam intensity of 0.149 nm wavelength € was
monitored by an ionization chamber for the correction of
minor decrease of the primary beam intensity during the
measurement.

Scattering intensity, |, was corrected for background
scattering. Scattering intensity by therma fluctuations was
subtracted from the SAXS profile 1(q) by evaluating the
dope of a l(q)q* versus g plots™ at wide scattering vectors
g, where q is (4n/A) sinf, A and 26, the wavelength and
scattering angle, respectively. The datawere corrected by the
Lorentz equation (12 vs. g), with the intensity extrapolated to
g =0 and «=. The correction for smearing effect by the finite
cross section of the incident beam was not necessary for the
optics of SAXSwith point focusing

Results and Discussion

A sol-gd transition curve investigated by a flow of the
solutions in test tube is shown in Figure 1. An open square
and an open circle mean that the solution gelled after
standing 10 min and 12 h, respectively. An open triangle
means that the solution was still asol. The sol-gel transition
result so obtained divides into three regimes as labeled from
| to 1. The solution rapidly changesto a gel in Regime I,
whereas the gelation in Regime |1 slowly occurs. In Regime
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Figure 1. So-gel transition map of DEHP-plasticized PVC.
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Figure 2. SAXS profiles of a40/60 PVC/DEHP at gelated after 10,
30 and 100s.

I11, the solution is ahomogeneous sol. Gelation rate is found
to be different in Regime | and Regime Il. Then, we will
confine discussion on gelation process to two géation
regions; i.e., oneis Regime | and another is Regime 1.

To understand the origin of sol-gel transition, the time-
resolved SAXS was carried out using synchrotron radiation.
Figure 2 is atypical example of the change of the scattered
intensity with time at various values of q during gelation in
Regime |, where the magnitude of the scattering vector q is
given by gq= (4n/A) sn(6/2). The scattering intensity |
increases and shows a peak at g =0.21 nm™, and the peak
potion keeps constant. The periodic length (29.9 nm) is
obtained by applying Bragg's law to the peak position of the
SAXS profile. One may mention two possibilities about the
origin of the pesk: one is the long period between two
adjacent crystaline lamellae and the other is the periodic
length of the liquid-liquid (L-L) phase separation. The latter
possibility seems to be more redlistic, as the meting
endotherm from crystalline lamellae in differential scanning
caorimetry (DSC) hegating trace was not observed. In
DEHP-plasticized PVC, thereis areport that DSC shows no
exthorm from crystalline lamellar melting.® Then the scatter-
ing peak in SAXS is not attributed to the crystalline
lamellae.

Supplemental evidenceis clearly given by the shift of peak
position during gellation. In genera, the peak position,
originated from crystalline lamellag, shifts to wide angle
with crystalization, since the new lamellae is inserted
interlamellar region with crytsalization. In Regime I, the
peak position keeps constants (see Figure 2). Then it is
concluded that the peak of the SAXS is assigned to the
periodic length of the L-L density fluctuation.

The appearance of a scattering peak suggests that L-L
phase separation occurs via spinoda decomposition mechanism.
In order to better understand this point, we analyzed the
early stage on the basis of the linearized theory.*®

According to Cahn's linear theory of spinodal decompo-
sition (SD), the scattering intensity | in the early stage of SD
is expected to increase exponentially with timet;*3
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Figure 3. Change of the scattered intensity at various q with time
for a40/60 DEHP/PVC.

1(q,t)=1(q, O)exp[2R(a)t] )
The amplification factor R(q) is given by
R(Q) = -MA?(*f /c* + 2K ) @)

where f is the local free energy of mixing, c is the concen-
tration, x is the concentration-gradient energy coefficient
and M is the mobility. According to eg. 1, a plot of Inl vs
timet at afixed g should yield a straight line with slope of
2R(q). The linear relationship is realized for the L-L phase
separation as shown in Figure 3, indicating that the initia
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Figure 4. R(q)o? versus of plot in a40/60 PVC/DEHP.
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Figure 5. Temperature dependence of apparent diffusion coefficient
Dapp in 240/60 PV C/DEHP,

stage can be described by the linearized theory.

Figure 4 shows R(0)/g? vs of. As expected from eg. 2, the
plot yields a straight line, indicating again that this stage can
be described with the framework of the linearized theory.
From the interception of R(g)/cf at ¢ =0, one can obtain
apparent mutual diffusion coefficient Dayp given by

Dap = -M(9% 19 P) o< D[yl o TIT-Ts|  (3)

Where D is the self-diffusion coefficient for translational
diffusion, y is the interaction parameter, ysis the y at the
spinodal temperature and Tsis the spinodal temperature.

The values of D4y, Were obtained at various temperatures.
The results are shown in Figure 5 as a function of temper-
ature. D4y decreases with temperature. The dereases in Dy
with increasing temperature is expected in the UCST (upper
critical solution temperature) system, since the quench depth
| T-Ts | decreases with temperature (see eq. 3). The increase
in Dap Was observed in the UCST system.™ From these
scattering studies, it is unambiguous that the phase diagram
of the DEHP-plasticized PV C is of the UCST type as shown
in dotted line in Figure 1. Therefore, we can speculate that,
in Regime |, the gelation is accompanied by L-L phase
separation through SD.

The peak position, indicative of periodic length caused by
SD, was kept constant with time and its intensity increases
(see Figure 2). It should be noted that no coarsening of the
supermolecular structure was not observed in the late stages
of L-L phase separation in Regime |, even after 12 h. These
results suggest that further growth of L-L density fluctuation
may be suppressed. Thisis explained by the immobilization
of polymer chains that results from a hydrogen-bonding-
type association in the polymer-rich phase via SD. Gelation
inhibits coarsening. This type of behavior must be charac-
teristic of the SD in solutions of gel-forming polymers.

Further evidence for gelation mechanism by SD is given
by reverse temperature-jump experiment. The gelated specimen
at 110 °C for 240s was subject to atemperature-jump to 150
°C for the gel dissolution. Figure 6 shows typica decays of
the scattered intensities with various g during gel dissolu-
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Figure 6. Change of the scattered intensity at various g with time
for a40/60 DEHP/PV C during gel dissolution at 150 °C.

tions for a reverse jump experiment. The decay rate of the
scattered intensity 2R(q) was determined from the slopesin
Figure 6. The data indicate that R(q)/o? is proportional to o
(see Figure 7). This decay phenomenon typically appeared
in L-L phase separation system formed by SD.*®

On the basis of the above results, the following conclu-
sions can be drawn. At regime |, the SD proceeds to develop
a periodic length of 29.9 nanometer in size, a hydrogen-
bonding type association in polymer rich phase follows, and
then it induces fast gelation rate. As has been aready
mentioned, SD results in the development of the inter-
connected structure of polymer-rich and polymer-poor
regions. In our PVC system, it is fairly fast rate process and
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Figure 7. ¢ dependence of decay rate R(q) of a40/60 PV C/DEHP.
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gdlation follows. Therefore, when gelation takes place in a
polymer-rich region, the whole system should be gelled
unless the connectivity of the polymer-rich region is inter-
rupted. The fast gdlation prevents further spinodal decom-
position. The rate of gelation increases with PV C composition
so that the PVC rich phase in L-L phase separation is
gelated. The gelation prevents the mobility and then L-L
spinodal decomposition retards. Finally the spinodal decom-
positions stops.

In regime 11, the SAXS intensity was not observed during
gdation. This means that density fluctuation in a range of
nanometer is not devel oped. Gelation takes place without L-
L phase separation, i.e, the mechanism of the gelation is
different from that in Regime |. This mechanism is probably
due to a hydrogen-bonding type association. Hydrogen
bonding has been referred to as the reason for the formation
of the physica network.’® Their results showed that
hydrogen bonding between Cl and H is responsible for the
gel state. From the above results, it is interpreted that, in
regime |1, gelation by hydrogen bonding first proceeds, and
then mobility of the molecule is retarded so that no density
fluctuation such as L-L separation takes place. This
mechanism must result in a homogeneous gel network

Conclusions

By a series of time-resolved SAXS and a flow of the
solutionsin test tube, it was revealed that the phase diagram
in DEHP-plagticized PV C was of UCST and consistent with
sol-gel transition curve, and the sol-gel transition curve was
divided into three distinct regimes as labeled from | to l11. In
Regime |11, the solution was a homogeneous sol, whereas it
was gelated in Regime | and Il. In Regime Il, the gelation
was attributed to a hydrogen-bonding, which resulted in a
homogeneous gel network. In Regime |, the gelation was
accompanied by L-L phase separation through spinoda
decomposition and it was supported by time-resolved SAXS
anayss.
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