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ABSTRACT: The spontaneous fiber formation process during saponification ofpoly(vinyl pivalate) (PVPi) with syn­

diotactic diad content 63 to 65% to poly(vinyl alcohol) (PVA) in the presence of water was in situ examined. The variation 

of the revolution per minute(rpm) of a torque apparatus under a constant torque was measured for the spontaneous fib­

rillation system, and the actual fibrillation system was visualized in the realtime scale by in-line photographing. The in 

situ fibrillation mechanism was accounted for by relating the variation of the rpm with proceeding the saponification re­

action to the change of solution morphology with saponification. At the constant torque level, the rpm changed with pro­

ceeding the saponification reaction in a complicated way. Up to the saponification time 80 s, the rpm was slightly in­

creased with saponification, then decreased to the saponification time 400 s. From the saponification time 400 s, how­

ever, the rpm was abruptly increased. Then, the rpm was levelled off after the saponification time 700 s. Comparison of 

the rotational speed variation with the morphology change revealed that phase separation began from the degree of 

saponification 72.8%, and a clear fibrillar structure appeared from the degree of saponification 91.6%. 
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In the case of vinyl polymers with asymmetrical sub­
stituents, the conformation of polymer molecules is af­
fected by the tacticity. Due to the rotational isomerism 
on the asymmetric carbon center, the vinyl polymers can 
take three different conformations depending on the spa­
tial arrangement of the pendant groups to the main 
chain backbone ; atactic, isotactic, and syndiotactic. Tac­
ticity has a significant effect on the physical properties 
of the polymer. Particularly with vinyl polymers contain­
ing polar pendant groups such as poly(vinyl alcohol) 
(PVA), the effect of tacticity would be much more notice­
able because the conformation determines the extent of 
the intermolecular interactions caused by the polar pen­
dant groups. 

PVA is prepared by alkali hydrolysis of poly(vinyl es­
ter) precursors such as polyvinyl acetate (PV Ac) and 
poly(vinyl pivalate) (PVPi). Due to steric hindrance of 
bulky pendant group PVPi gives higher syndiotactic 
diad content than PV Ac. On the whole, the latter has the 
syndiotactic content 52 to 53% while the former has the 
syndiotactic content 63 to 65%. The saponification of 
PVPi solution in tetrahydrofuran (THF) by the solution 
of potassium hydroxide in the mixture of methanol and 
water leads to the in situ formation of PV A fiber by the 
spontaneous alignment of polymer molecules. 1 On the 
other hand, PV Ac does not produce any fibrillation in 
the same saponification process. 1 

The PV A fiber thus prepared has a natural pulplike 
structure in which bundles of microfibers are laminarly­
associated within the fiber. The laminarly-associated fi­
ber structure is encountered largely in the naturally oc­
curring cellulose fibers such as jute and flax. Recently, 

however, it was reported that the laminar-structured fi­
bers were also obtained by specially devised non­
spinning processes such as growth-packing synthesis of 
poly(p-phenylene terephthalamide) and in situ fibrillat­
ing extrusion of supercooled hydrated acrylic melts.2 

We attempted to account for the in situ spontaneous 
fibrillation mechanism in the saponification process of 
syndiotactic-rich PVPi.3

•
4 The rheological characteriza­

tion of the solutions of PV A with different syndiotactic 
contents revealed that the tacticity of polymers had a 
critical effect on the rheological properties of the PV A so­
lutions in dimethyl sulfoxide (DMSO).3 PVA prepared 
from PVAc (the syndiotactic diad content 52 to 53%) 
shows rheological properties typical of most flexible­
chain polymers. On the other hand, PV A prepared from 
PVPi (the syndiotactic diad content 63 to 64%) exhibits 
rheological responses frequently encountered in the liq­
uid crystalline polymers, particularly in the nematic 
phase. The syndiotactic content of the polymer had a 
profound effect on the rhea-optical properties as well. 2 

We estimated the mechanism of the spontaneous fibril­
lation by examining changes in the rheological proper­
ties of PVPi solutions in DMSO at different degrees of 
saponification.4 This result coincide with the result of 
Yamaura et al .5 They reported that syndiotacticity-rich 
PVA gives rise to fibrillation by shear-induced crystalli­
zation from aqueous solutions. 

All these rheological efforts, however, could not give a 
satisfactory explanation on the mechanism of the in situ 
fiber formation. It offered only an indirect clue to the fi­
ber formation mechanism because the PVA solutions for 
rheological measurement could not contain water. As 
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might be imagined, water brings about a serious phase 

separation and gelation during rheological measure­

ment. In reality, however, water plays a decisive role in 

the in situ fibrillation process. This study traced the ac­

tual in situ fibrillation process during the saponification 

of PVPi by on-line measurement of the rotational speed 

change under a constant torque and realtime visualiza­

tion of the in situ fibrillation process. 

EXPERIMENTAL 

Preparation and Saponification of Syndiotactic-Rich 
PVPi 
In the in situ fibrillation of PVPi during saponification, 

a high molecular weight syndiotactic-rich precursor 

polymer with little branched structures is required. For 

this purpose, the precursor polymer was prepared by low 

temperature ultraviolet-initiated bulk-polymerization of 

vinyl pivalate with a bulky pendant-group. 1 

The PVPi so prepared was saponified to PVA as fol­

lows. 4 g PVPi was dissolved in 200 mL THF and 5 g po­

tassium hydroxide was dissolved in 20 mL of THF/water 

(90/10 by vol.). To the PVPi solution the potassium hy­

droxide solution was added drop by drop with vigorous 

stirring at 60°C. The solid reactant was beaten mechani­

cally. Filtering and washing the beaten product with 

methyl alcohol yielded a bright yellow PVA fiber. 

Measurement of Molecular Parameters 
To measure the molecular weight of polymer, PV A 

was reacetylated with anhydrous acetic acid and acetic 

anhydride in the presence of pyridine under nitrogen 

bleeding at lOOt: for 72 h. The reacetylated PVAc was 

dissolved in benzene (0.5 g dL - 1), and the molecular 

weight of the polymer was determined by eq 16 

[ 77] =8.91 X 10-3 [Pnl 0·
62 (1) 

in which, [ 77 l is the intrinsic viscosity at 30°C and Pn is 

the number-average degree of polymerization. 
The degree of saponification was determined by 

weight loss after saponification and by the ratio of t­

butyl and methylene proton peaks in the 1H NMR spec­

trum. The syndiotactic diad content of PV A was deter­

mined by 300 MHz 1 H NMR spectrometer (Varian Sun 

Unity) using DMSO-d6 as a solvent, based on the ratio of 

the components of the hydroxy proton triplet at 4.1-4.7 

ppm. 6 PV A with the syndiotactic diad content of 63 to 

65% was obtained from PVPi, which is comparable with 

PV A with the syndiotactic diad content of 52 to 53% ob­

tained from PV Ac. 

Measurement of the In Situ Fibrillation Process 
The in situ fibrillation process during saponification of 

PVPi was assessed by measuring the rpm with saponifi­

cation time. The in situ fibrillating morphology was in­

line observed by video microscope (Scalar VMS-3000) 

equipped with a Sony color video printer. To obtain good 

reproducibility a cylindrical saponification apparatus 

with simple-shaped symmetric blades was used. The 

probe of the microscope was installed in the wall of the 

apparatus. The microstructure of the in situ formed PV A 

fiber was observed with a scanning electron microscope 
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(SEM; Hitachi S-510). 

RESULTS 

The rpm at a given constant torque was measured for 

the PVPi system under saponification by on-line moni­

toring rotational speed apparatus, and variation of the 

rpm with saponification time (a measure of the degree of 

saponification) is shown in Figure 1. With proceeding 

the saponification reaction the rpm varies in a very com­

plicated manner. Up to the saponification time 80 s, the 

rpm is slightly increased with saponification. It is then 

decreased till the saponification time 400 s. However, 

the rpm is abruptly increased again with saponification, 

then levelled off after the saponification time 700 s. 

In order to visualize the in situ fibrillation process 

during the saponification of syndiotacticity-rich PVPi, 

the change of the solution morphology in the PVPi solu­

tion under saponification was traced. Figure 2 shows a 

series of microscopic photographs tracing the morpho­

logical change in the actual saponifying PVPi system. 

The photographs exhibit a gradual change of the solu­

tion morphology with proceeding the saponification reac­

tion. The solution gets heterogeneous with saponifica­

tion. A fibrillar structure begins to appear from the de­

gree of saponification 72.8%, and a fiber shape is ob­

served from the degree of saponification 91.6%. Finally a 

well-oriented fiber structure is obtained at the degree of 

saponification 98.5%. 

DISCUSSION 

The saponification of PVPi by potassium hydroxide in 

the mixture ofTHF and water yields a natural pulp-like 

PV A fiber in which numerous bundles of highly oriented 

and crystalline microfibers are laminarly associated. 1,3 

As previously reported, of two precursor polymers of 

PV A, PV Ac, and PVPi, the in situ fiber formation during 

saponification is observed only for the syndiotactic-rich 
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Figure 1. Variation of rpm at a constant torque with saponifica­

tion time during saponification of syndiotacticity-rich (PVPi)s with 

different molecular weights (the molecular weight of PVA repre­

sents the resultant value after having saponified the correspond­

ing PVPi). 
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(a) D.S. : 0% (bl D.S. 13.1% 

(c) D.S. : 72.8% (d) D.S. : 91.6% 

(e) D.S. 98.5% 

Figure 2. Change in phase morphology with proceeding the 

saponification reaction in saponification of syndiotacticity-rich 

PVPi with potassium hydroxide, showing the realtime process of 

the in situ formation of PVA fiber. 

PVPi (the syndiotactic diad content 63 to 65%) but the 

saponification of PVAc with the syndiotactic diad con­

tent 52-53% does not yield any fibrillar products. This 

suggests that the tacticity of the precursor polymers has 

a decisive effect on the in situ fiber formation. 3
•
4 

Syndiotacticity-rich PVA offers more favorable condi­

tions for the intermolecular interactions by hydroxyl 

groups because the larger number of the hydroxyl 

groups are regularly arranged as schematically illus­

trated in Figure 3. Hence the strong intermolecular at­

traction would result in formation of some physically as­

sociated structures. In fact, the 2 wt% solutions of the 

syndiotacticity-rich PVA obtained from PVPi in DMSO 

exhibited the rheological properties different from ordi­

nary polymer solutions. The solutions give slopes much 

less than 2 on the logarithmic plot of storage modulus 

against loss modulus and yield behavior on the viscosity 

curve.3 These rheological characteristic features are in­

dicative of heterogeneous systems, frequently encoun­

tered in the anisotropic phase of the liquid crystalline 

polymers and inorganic-filled polymer systems. Interest­

ingly, applying the slightest shear to the 2 wt% solutions 

of PVA with syndiotactic diad contents 63 to 65% pro­

duces fibrillated structures like the anisotropic phase of 

liquid crystalline polymers.4 

In Figure 1 the rpm measured at a constant torque 

can be regarded as a measure of the reciprocal of shear 

viscosity although the apparatus does not give a per­

fectly uniform shear field throughout the solution and 
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Figure 3. Schematic representation of molecular conformations 

of (a) pure atactic and (b) pure syndiotactic (PVA)s : The dotted 

line indicates hydrogen bond ( 0 ; hydroxyl group, )D ; downward, 

and a ; upward). 

the flow accompanying chemical saponification reaction 

is not exactly laminar. For convenience of understanding, 

however, the saponification process may be accounted 

for on this assumption. The rpm data with saponifica­

tion exhibited a good reproducibility when the cylindri­

cal saponification apparatus equipped with simple­

shaped symmetric blades was used. The slight decrease 

in viscosity up to the saponification time 80 s is due to 

mixing of saponifier and PVPi. The increase of viscosity 

till the saponification time 400 s is ascribable to gelation 

by the incorporated potassium hydroxide solution. 

The extent of intermolecular interactions is increased 

as the degree of saponification is increased. Thus, in­

creasing the degree of saponification offers more favor­

able condition for the phase separation of polymers by 

the physical aggregation of polymer molecules in the so­

lution. In fact, the degree of shear thinning was in­

creased with increasing the degree of saponification.4 

The higher degree of shear-thinning at the higher de­

gree of saponification indicates that the polymer chains 

form stronger gel structures as the saponification reac­

tion is proceeded. This indicates that increasing the de­

gree of saponification makes shear-induced molecular 

orientation easier. 
From the late stage of the saponification process at 

which lots ofpivalate groups are hydrolyzed to hydroxyl 

groups, water plays a significant role in the physical as­

sociation of polymer molecules through hydrogen bond­

ing. The water molecules seem to promote lateral ar­

rangement of polymer molecules by physically binding 

the hydroxyl groups of different polymer chains. Thus, 

the water bridging between hydroxyl groups may lead to 

three-dimensionally ordered gel structures. Hence the 

solution viscosity exhibited maximum in the vicinity of 

the saponification time 400 s. 
At the final stage of the saponification process, the in­

termolecular attraction by hydrogen bonding may be 
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Figure 4. Microstructures of the in situ formed PVA fiber (DP= 
12300). 

strong enough to yield hydrogel structure, which may 
bring about phase-separation with the aid of shear. With 
further increase of the degree of saponification shearing 
will change the gel structure to the fibrillar structure be­
cause the gel comes to possess a physical structure 
strong enough to retain a permanent deformation by 
shear. An abrupt decrease in viscosity from the saponifi­
cation time between 400 and 700 s reflects this shear­
induced structural transformation. Thus, the decrease of 
viscosity is attributable to the orientation of the fibrillar 
product formed by phase separation to the shear direc­
tion. 

PVA is a limiting case of saponification, implying al­
most 100% saponification. Shearing the syndiotacticity­
rich PV A solution readily fibrillate the polymer mole­
cules to the shear direction between glass plates.4 In the 
case of PVA, a transition of polymer molecules from flex­
ible to rigid conformation seems to take place if the con­
tent of syndiotacticity exceeds a critical value. This is 
conceived from the fact that the solutions of (PV A) s with 
the syndiotactic diad content 52 and 64% in DMSO ex­
hibit completely different rheological responses,3

•
4 typi­

cal of homogeneous polymer solutions and heterogene­
ous polymer systems, respectively. The critical content 
of the syndiotacticity for the conformational transition 
seemed to be 54.3% because clear fibrillation during 
saponification was obtained from the syndiotacticity con­
tent. 8 The rheological responses suggest that such a con­
formational transition may occur during the saponifica­
tion of syndiotacticity-rich PVPi if the degree of saponifi­
cation exceeds the critical value, 54.3%. The necessity of 
water for the in situ saponification process of PVPi 
clearly indicates that hydrogen bonding plays a key role 
in the in situ fiber formation process. 

The viscosity of the PVPi solution system under 
saponification remains almost invariant after the 
saponification time 700 s. This may suggest that the fi­
ber formation process has been completed at that time. 
That is, since almost all the PVA produced by saponifica­
tion of PVPi is already separated out from the solvent as 
very thin microfibers there is only a little change in solu­
tion composition with further saponification. The low 
viscosity of the resultant system is obliged to the low 
concentration of the solid polymer content in the system, 
less than 2 wt%. 

The change of the solution morphology during the 
saponification of syndiotacticity-rich PVPi in Figure 4 
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Table I. Relation between saponification time, degree of saponi­
fication, and morphological change in the real saponification 

process ofsyndiotacticity-rich PVPi with potassium hydroxide 

S 'fi . S 'fi . Degree of 
apom 1cat10n _apom icat10n saponifica- Change in phase morphology 

stage tune/ s tion/% 

1 0-----120 <15 
Mixing PVPi solution with 
saponification agent 

2 120-360 15-80 
Gelation of the saponify-
ingsystem 

3 360-480 80-90 Abrupt collapse of gel structure 
by breakdown of solvent bridges 

4 480-----1200 90-99+ In situ fibrillation 

shows that increasing the degree of saponification 
makes the solution more heterogeneous, and fibrillation 
results at the final stage of saponification. It should be 
noticed that a fibrillar structure begins to appear from 
the degree of saponification of 72.8% which corresponds 
to the saponification time 400 s. A clear fiber shape is ob­
served from the degree of saponification 91.6% which is 
equivalent to the saponification time 700 s. A well­
oriented fiber structure is obtained at the degree of 
saponification 98.5%, which means the completion of the 
fiber formation process. These realtime-scale photo­
graphs ascertain that the rheological reasoning based on 
the rpm measured at a constant torque is creditable. 
Thus, relating the change in the solution morphology to 
the variation of the rpm enables us to assess the mecha­
nism of the spontaneous in situ fiber formation during 
saponification of syndiotacticity-rich PVPi. The experi­
mental results verifies that the morphological change 
with saponification well coincides with the rpm vari­
ation with saponification as compared in Table I . 

As well recognized, fibers should possess rigid do­
mains or crystallites to have good mechanical properties 
because the oriented molecules are thermodynamically 
unstable and should be stabilized by pseudocrosslinking 
structures. Although there is not a stretching step nor 
an annealing step during the fiber formation process, X­
ray analysis shows that the in situ fibrillated PV A fiber 
has the high degrees of orientation. 7 Further, the PVA 
fiber has high degree of crystallization as well. Conse­
quently the PV A fiber gave the tensile strength as high 
as 16 g den -i It is worth mentioning that the in situ 
formed PV A fiber has a laminarly-associated fiber struc­
ture as shown in Figure 4. The length of the fiber was up 
to several centimeters. 

CONCLUDING REMARKS 

Spontaneous orientation and association of molecules 
have been reported only for the rigid chain polymers 
such as liquid-crystalline polymers. We report here that 
even the flexible chain polymer such as syndiotacticity­
rich PVA can produce spontaneous molecular alignment 
if the intermolecular attraction through polar pendant 
groups is strong enough to form phase-separation and 
maintain the shear-oriented structure. The in situ visu­
alization of the saponifying system of syndiotacticity­
rich PVPi clearly showed that the spontaneous fiber for­
mation was accomplished at the final stage of saponifica­
tion by phase-separation, followed by shear-induced ori-
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entation of polymer molecules. Thus the in situ fiber for­

mation process judged to include a conformational tran­

sition from flexible to rigid. The in situ fibrillation tech­

nology can be utilized in manufacturing the highly ori­

ented and crystalline ultra thin PV A fibers. The impor­

tance of the in situ fibrillated PV A fiber lies in the simi­

larity in structure with natural fibers with a large spe­

cific surface area and outstanding mechanical properties 

resulting from the perfect fiber structure. In addition, 

owing to the molecular ordering in the fiber the PV A fi­

ber has a potential application for the precursors of ac­

tive carbon fibers as well. 
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