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Summary: The effects of molecular weight distribution (MWD) on the rheological

responses of shear-induced structural formation in the general-purpose polyvinyl

alcohol (PVA) solutions dissolved in dimethyl sulfoxide (DMSO) were investigated. On

the whole, time-dependence of rheological properties was more influenced by the

PVA solutions with broad MWD at the similar weight average molecular weight (Mw).

The dynamic viscosity (h0) of PVA/DMSO solution with broad MWD was lower than

that with narrow MWD at the similar Mw until the second time sweep (T2) of PVA/

DMSO solution. After the time-sweep experiment was repeated, the h0 of PVA/DMSO

solution with narrow MWD was lower than that of PVA/DMSO solution with broad

MWD at the similar Mw. The G
0 until 5 min of relaxation of PVA/DMSO solution with

broad MWD was lower than that of PVA/ DMSO solution with narrow MWD at the

similar Mw. After the time-sweep experiment was repeated, the G0 of PVA/DMSO

solution with narrow MWD was lower than that of PVA/DMSO solution with broad

MWD at the similar Mw. It could be interpreted as a consequence of the formation of

three-dimensional gel structure through the polar interactions by hydroxyl groups

whose strength was dependent on shearing conditions and MWD.
Keywords: atactic; relaxation; shear-induced structural formation; solution rheology;

time-dependence
Introduction

PVA is a synthetic polymer[1] which comes

in three types, i.e., isotactic, atactic, and

syndiotactic. PVA has unique chemical and

physical properties as well as utilized in

various industrial applications because the

polar hydroxyl groups existing as pendent

group of PVA form hydrogen bonding

and react with many kinds of functional

groups.[2]

Lots of rheological studies have been

made on PVA solutions in water,[3] water/

DMSO, and other solvents.[4] It has been

known from 1950’s that the concentrated
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solution of PVA produces gel by gradual

increase in viscosity when it is maintained

below room temperature.[5] Some results

on the rheological properties of syndiotac-

tic PVA solutions have been reported.[6]

One of the results for the s-PVA solutions

is the solutions of s-PVA exhibited some

characteristic rheological responses similar

to lyotropic liquid crystalline polymer

systems. However, only a few reports on

the rheological properties of atactic PVA

solutions in DMSO, ethylene glycol, gly-

cerin, and N-methylpyrrolidone are avail-

able in spite of industrial importance for the

PVA products.

The properties of polymers are depen-

dent on the type of physical bonds across

the polymer chains as well as the type of

chemical bonds along the polymer chains.

In the case of polymers with strong polar

intermolecular interactions such as PVA,
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the molecular aggregation has a significant

effect on the physical properties, which is

greatly affected by conformation of poly-

mer molecules.

Recently we reported that a-PVA ex-

hibited very unusual rheological responses.

For a-PVA solutions in DMSO, the 14 wt%

PVA solutions exhibited very unusual

rheological behavior, showing definite dou-

ble sol-gel phase transitions with the shear

rate.[7]

It is real important to control the

processing conditions with consideration

of rheological behaviors precisely, for the

manufacturing of the PVA products such as

fiber, film, medical substitute, adhesive, and

sizing agent with excellent properties.[8]

Important variables affecting practical

polymer processing and performance are

its syndiotactic dyad content, Mw, MWD,

concentration of polymer, and the kind of

solvent systems. Gelation under shear

conditions may provide us with important

information that can be crucial in explain-

ing the mechanisms and factors governing

the building up of structures of physical

gels.[9–13] We already reported the shear-

dependent gelation behavior of PVA solu-

tions in DMSO.[7,14]

This study investigated the effect of

MWD on rheological responses of shear-

induced structural formation in the general-

purpose PVA solutions dissolved in DMSO

to design the processability of PVA solu-

tion.
Experimental Part

PVA (Aldrich Chemical) with a degree of

saponification greater than 99% was used.

The PVA samples were coded according to

their Mw; PVA-A [Mw¼ 89,000–98,000] and

PVA-B [Mw¼ 85,000–146,000], and PVA-C

[Mw¼ 124,000–186,000]. PVA-B and PVA-

A6C3 had similar Mw, but different MWD,

which was prepared by mixing PVA-A and

PVA-C by 64:36 in weight percent.

The syndiotactic dyad content determined

by 300 MHz 1H NMR (Varian Gemini) was

52%. DMSO (Aldrich Chemical) was used
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
without further purification. Since the

method of preparing solutions has significant

effects on the rheological properties, PVA

was dissolved in DMSO at 90 8C under the

same dissolving procedure; stirred for the first

2 h. and then placed still for 3 h. To exclude

the possibility of incomplete dissolution of

the polymer in the solvent, the solution was

optically examined. The rheological proper-

ties were measured with an advanced rheo-

metric expansion system (Rheometric Scien-

tific) at 30 8C. Parallel-plates were adopted

whose diameter and gap were 50 and 1 mm,

respectively. After being loaded between

parallel plates, the solution specimen was

fully relaxed for 20 min. Frequency sweep

experiment was carried out from 0.05 to 500

rad/s and time sweep experiment was

performed at 2 and 200 rad/s by repeating

the following procedure 3 times; 10 min of

measurement followed by 5 min of relaxa-

tion. The relaxation is truly a non-

oscillatory time period. The experimental

results indicated in many cases the devel-

opment of structure/gelation during this

time period.
Results and Discussion

Figure 1 shows the time dependence of h0 at

low frequency region (2 rad/s) for 14 wt %

PVA/DMSO solution system with the

similar Mw, but different MWD. It is noted

in Figure 1 that the h0 until the T2 of PVA/

DMSO solution with broad MWD is lower

than that of PVA/DMSO solution with

narrow MWD at the similar Mw. This

agrees well with the theoretical prediction

by Middleman.[15] However, the h0 of PVA/

DMSO solution with broad MWD is

increased more after the 10 min of relaxa-

tion and the third time sweep (T3). There-

fore, after the time-sweep experiment is

repeated, the h0 of PVA/DMSO solution

with narrow MWD is lower than that of

PVA/DMSO solution with broad MWD

at the similar Mw. In all cases, viscosity is

increased as the time-sweep experiment

is repeated, resulting in shear-induced

thickening over the period of the repeating
, Weinheim www.ms-journal.de
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Figure 1.

Variation of dynamic viscosity with time at 30 8C: frequency¼ 2 rad/s, (A) PVA-B 14 wt %, (B) PVA-A6C3 14 wt %.
time sweep procedure. The time depen-

dence is more noticeable with PVA/DMSO

solution with broad MWD. This means that

aggregate structure is more readily built up

under shear probably due to greater free-

dom of PVA molecules with broad MWD

in the solution. The less noticeable time

dependence of the PVA/DMSO solution

with narrow MWD results partly from

the formation of stronger aggregates at

the early stage of shearing due to more

entanglement.

Figure 2 shows the variation of G0 with

time at low shear rate region (2 rad/s) for

14 wt % PVA/DMSO solution system with

the similar Mw, but different MWD. The G0

is increased as the time sweep process

proceeds. During the repeating time sweep

procedure, the increase of G0 is more
Figure 2.

Variation of storage modulus with time at 30 8C: frequen
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noticeable with the PVA/DMSO solution

with broad MWD for the same reasons

discussed in the viscosity section. The

effect of MWD on the elasticity of polymer

is controversial, but it is reported that

elasticity is increased with widen the

MWD.[16–19] The G until 5 min of relaxa-

tion of PVA/DMSO solution with broad

MWD is lower than that of PVA/ DMSO

solution with narrow MWD at the

similar Mw. However, the G of PVA/

DMSO solution with broad MWD is increa-

sed more as the time-sweep experiment is

repeated. Therefore, after the time- sweep

experiment is repeated, the G of PVA/

DMSO solution with narrow MWD is lower

than that of PVA/DMSO solution with

broad MWD at the similar Mw. This means

that in case of PVA/DMSO solution with
cy¼ 2 rad/s, (A) PVA-B 14 wt %, (B) PVA-A6C3 14 wt %.
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Figure 3.

Variation of loss tangent with time at 30 8C: frequency¼ 2 rad/s, (A) PVA-B 14 wt %, (B) PVA-A6C3 14 wt %.
broad MWD, the arrangement of polymer

chain under shear rate makes more favor-

able conditions for intra- and inter-

molecular interactions, and then gives rise

to more structure formation as the time-

sweep experiment is repeated.

Figure 3 shows the variation of tan d with

time at low shear rate region (2 rad/s) for

14 wt % PVA/DMSO solution system with

the similar Mw, but different MWD. The

value of tan d is a quantitative measure of a

solid-like elastic body or liquid-like viscous

fluid in a system. In principle, the fluid

character is dominant when G00 is greater

than G0, and the solid character is dominant

when G0 is greater than G00. At the balance

point of G0 and G00, gelation is defined by
Figure 4.

Variation of relaxation time with time at 30 8C: frequenc
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Winter and Chambon.[20] With respect to

Winter’s view on gelation, shear induced

gelation is appeared at the first time-sweep

(T1). PVA/DMSO solution with narrow

MWD shows early shear induced gelation

(at the T1 stage). The gel structure of PVA/

DMSO solution becomes more and more

stronger as the time-sweep experiment is

repeated.

For polymeric systems in which some

pseudo-structures are involved, the l

under dynamic shear can be calculated as

follows:[21]

J0 ¼ G0= h�j jvð Þ2¼ l= h�j j
where J0 and h� are the compliance and

complex viscosity, respectively. If there are
y¼ 2 rad/s, (A) PVA-B 14 wt %, (B) PVA-A6C3 14 wt %.
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some molecular orders or physical struc-

tures, a much longer l is expected.[22]

Figure 4 shows the variation of l with

time at low shear rate region (2 rad/s) for

14 wt % PVA/DMSO solution system with

the similar Mw, but different MWD. The l

of the PVA/DMSO solution system with

the similar Mw, but different MWD shows

the time dependence. The l was increased

with time, and then leveled off after pro-

longed shearing. The l was more noticeably

increased at the T1 for PVA/DMSO

solution with broad MWD than those with

narrow MWD. The increase of l represents

the gradual decrease of chain mobility of

molecules resulting from the restriction

between molecules by intermolecular inter-

action. This also suggests that some physical

bonds through polar interactions are more

effectively formed at broad MWD with the

similar Mw.
Conclusions

The effect of MWD on rheological

responses of shear-induced structural

formation in the general-purpose PVA

solutions dissolved in DMSO was more

influenced for PVA/DMSO solutions with

broad MWD at the similar Mw.
1. h
Cop
0 of PVA/DMSO solution with broad

MWD was lower than that with narrow

MWD at the similar Mw until the T2 of

PVA/DMSO solution. After the time-

sweep experiment was repeated, the h0

of PVA/DMSO solution with narrow

MWD was lower than that of PVA/

DMSO solution with broad MWD at

the similar Mw.
2. G
0 until 5 min of relaxation of PVA/

DMSO solution with broad MWD was

lower than that of PVA/ DMSO solution

with narrow MWD at the similar Mw.

After the time-sweep experiment was

repeated, the G0 of PVA/DMSO solu-

tion with narrow MWD was lower than

that of PVA/DMSO solution with broad

MWD at the similar Mw.
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3. W
, W
ith respect to Winter’s view on gela-

tion, gelation was more affected by PVA

solutions with broad MWD than by

those with narrow MWD over the period

of shearing.
4. l
 was increased with time, and then

leveled off after prolonged shearing. l

was more noticeably increased at the T1

for PVA solutions with broad MWD

than those with narrow MWD.
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