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1 INTRODUCTION

Polyvinylalcohol(PVA) and polyvinyracetate (pvAc) sharc a cornmon l ink, s ince
PVAc is the prccursor used in the synthcsis of pvA. over 2 bill ion pounds of vinyl
acetatc monomer arc procluced annually in thc United States alonc and most of this
is used for synthcsizing PVAc homoporymcr ancl copolymers. These polymers are
uscd in paints, adhcsivr-s, coatings, nonwovcn fabrics, ancl some food products ( I ).PVA is thc world'.s largest volumc synthctic, water-soluble polymcr. It is
commercially produccd via a continuous process from the hyctrolysis of pVAc,
usual ly in nrct l ianol,  and is avai lable in a wicle rangc of molccular wcrghts. Thc
clcgrce or cxtcnt of  hycirolysis can bc carcf i r l ly control lccl ,  y ielc l ing part ial ly
acctylatctl PVA copolytrle rs. 

.l 
ltc trvo n.rost common types are 1irlly hyclrotyzccl

l )VA (gt l  t t role ')1,)  anr l  plr t ia l ly hyi l rolyzecl PVA (88 molc%). Intcrprccl iatc
hyt l rolysis gr l t t lcs t l l ' l 'V,A irrc also avai latr lc.  l 'VA is rrsccl  i r  a *,rr le 'ngc cl f '
I t l l p l i c l t t t t l l t s  l l cc l t t t sc  o l ' i t s  cxce l l cn t  phys ica l  ; ln rpcr l ies .  to  inc lu6c  l r l6cs ivcs .
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fibers, tcxtile and paper sizing, emulsion polymerization, and the production opolyvinyl butyral. It is also used in joint cements for builcling constructron an(
water-soluble packaging for herbicides, pesticirles, and fertil izers (2).

PVA and pvAc arc sord to various markets basecl on molecular weight
Physical properties and end uses are both strongry governed by morecula.,'"igh,
and molecular weight distribution. For example, the molecular werght of pvA has
a direct influence on solution viscosity, tensile strength, block resistance, water
and solvent resistance, adhesive strength, and dispersing power. size exclusion
chromatography (SEC) has proven to be a very reliable method over the years for
characterizing the molecular weight distribution of both pVA and pVAc.
Aqueous SIlc coupled to on-line, clifferential viscometry (DV) and/or multi-
angle laser light scattering (MALLS) has been successfully uscd for pVA for
several years (l-4). Characterization of the molecular weight tlistribution,
intrinsic viscosity, roots-mean-square radius, and solution conftrrmation are
possible using these techniques. pvAc is usual ly character izeci  using
tetrahydrofuran (THF), although other solvents such as trichlorobenzene (TCB)
can be used.

The characterization of pvA and other types of water-soluble polymers by
SEC has closcly followed the aclvances in column and detection tcchnology since
the 1960s. Aqueous sEC can often be more challenging than the analysis of
polymers such as PVAc under organic-based sol,renl conclitions. Several
nlechanisms that compcte with the size exclusion process, can easily complicate
the characterization proccss in aqueous SEC. These inclucle such phenonrcna as
ion cxchange, ion inclusion, adsorption, and viscous '.fingering." Ideally, one
wants only thc size cxclusion as the operable mechanism whcn chaiacterizing PVA
fbr molccular wcight distribution. The composition of the mobile phase nrust be
carcfully chosctl to prevent enthalpic interactions betwecn oolvnrei and packing.
Because parlially hydrolyzecl PVA is, in essence, a copolymËr of vinyl alcàhr',1 arr,l
vinyl acctiltc, hydrophobic forces as well as hydrogen boncling can lc,d
to ttclsorption. -fhe 

presence of the hydrophobic acctatc functionality along
tl.rc polyrner chain can contribute to seconclary cflects such as interaction bctrvecrr
the polymcr ancl col i tmn packing mater ial .  - I 'hus. 

mobi lc ohase composit ion ant i
co l r t t t tn  ch t ' r t r i s t ry  p l i ry  an  i r r rpor l l rn l  ro lc  in  rhc  t r t i l i )a t ron  ( ) l '  r r r r  c l l l ' t  t i r  c
Slr( i  proccss fcrr  polymcr separat ion (4,5).

I I r  at l t l i t ior l  to contpct ing, nonsize exclusicx e f ibcts,  thc t lctect ion syste'rrr
t tsct l  i t r  r lqtrcous SIrCI can also prcsenl at lc lr t ional chal lcnges. On-l ine. r l r f lcrerrt ia l
v iscott lctry t lctcct i t l r t  rccl t t i rcs the usc of ; lo lyrncr stanrlarcls a1d t l rc obcylurcc ol
t t t l lVcrs l t l  ca l ib r i t t i t tn  f t r r  thc  t ie tc rnr inu t io r r  o f ' rno lcc r r la r  rvc igh ts .  Mr r l t i -ang le  l l l sc l
l ie l t t  sc l r t t c r i r rg  (N lALI -S)  rcc l t r i rcs  l r  p i r r l i c r r lu tc - f i cc  r r rg6 i le  ph lsc  to  c l i t t t i l r l r l c
c rccss iVc  [ l l r ckgro t t t l t l  sc l t t t c r .  I ' r io r  knorv lc t lge  q1 ' thc  s l tcc i I i c  ;e1r ' l r c l i vc  , r l , : i t t "
l l ) e  l c l l l e l l t  r r l ' l l t C  p r l l V n t e I  r r n t l C r . t h c  c o r r c l i l i 0 r r s  o l ' l i l I r l y s i s  i s  t r l s 0  r . c t ; r r r r e i l  l i l r  I l t r ' ' ,

t - \ ' P e  s  o l  I i l l t l  s e  t r i l c r  i l l q  n t e  i r s r i t . e  n l c i t l s .
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A relatively new technique utilizing a triple detection system (TDS) has

been combined with SEC to provide even more information about polymer

stflcture. TDS utilizes a concentration detector, a viscometry detectoq and a
right-angle laser light scattcring detector. Adding TDS to SEC provides one with
a tSree-dimensional approach to rnolecular characterization. The first dimension
is the size exclusion, chromatographic process which separates PVA according to
nrolecular size. A differential refractometer index (DRI) detector is commonly
used to mcasure polymer concentration as a function of elution time. The second
is light-scattering detection, which determines absolute molecular weight data.
Thc third dimension comes from the viscometer, which measures intrinsic
viscosity. Using TDS, all of these together provide a detailed picture of
nrolecular structure. The use of a triple detection system (TDS), sometimes
rcfcrrecl to as SEC3, provides the capability to simultaneously capture absolute
nrolecr.rlar weight, intrinsic viscosity, radius of gyration, and conformational
inlormation. In addition, Mark-Houwink constants can also be determined
using -l-DS.

The original work described in the Hqndbook of size Excrusion
('lrronutography for PVA and PVAc was carried out prior to 1995. This chapter
rvill highlight and review some of the recent advanccs in SEC characterization of
[)vA ancl PVAc. The emphasis will be on the use of SEC interfaced to TDS for
both polymers.

2 RECENT ADVANCES FOR CHARACTERIZATION OF PVA

s-]1ce t99-5, aqucous SEC couplecl to multi-angle lascr light scattering (MALLS),
tliflbrential viscotnetry detection, and TDS have been major areas of investigation.
lrr atlditiotr, charactcrization of PVA using thermal field-flow fractionation (TFFF)
ittrtl rcvcrsc phase, gradient liquicl chromatography fbr hycirolysis ctistribution have
trccn rcpurted (6,7). A brief review of the thcory behind -f DS follows.

2.1 SEC Tripte Detection
l l r c  t rsc  o f ' ' l t )S  rv i th  ac lucous  S l r t l  p rov idcs  thc  capab i l i t y  to  s r rnu l tancous ly
t i r | l t l rc i tbsolLttc ntolccular rr ,c ight,  intr insic viscosity,  and conf irrmationalt t l lor t l t l t t i t l t t  i rbotr t  PVA. ln at lc l i t ion. N, lark I louwrnk constunts can rr lso bc1 . ," t , i t t l l t l t l e t l  L r s i r r t  i  l )S . ' l - l )S  u r i l i z cs  t h r cc  n ro t l es  f i r r  s i n rL r l t ancous  dc l cc t i c l n .  

. [ - hc
( l r l l u r e l l l i i r l  

l t l r l t c t o n ) c l c r  p n r v i d e s  a  s i g n u l .  y i ,  u , h i c h  i s  p r o p o r t i o n l l  t 9( ( ) i l c t l l l r l t t i o t t  
o1 ' l l o l - y1 l1c r  l r s  r t  c l r r t es  f i r r n r  t l i c  S [ . . ( '  co l t r n r r r :
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where for species i, K,i: rcfractometer constant, dnldc: specific refractive
index increment, and c; : conc€ntration. The viscometer provides a signal
proportional to the specific viscosity of the sample:

4LP
\ rp :  (1 ,  _  2Lp l

where 4"0 is the specific viscosity, AP is the difTerential pressure across the middle
of the capillary bridge of the viscometer, and 1o is the inlet pressure. Thus, at every
elution increment,

. r  I
ÀP , :11  a 'o '  ; r -- ' t -  

2 L ( 2  F 4 . p , ) J ' P

At the very dilute concentrations used in SEC, the intrinsic viscosity at each
increment, [l]i : \,pi/ci. Thus, the set of data points c; and [4]; are collected
across the entire SEC chromatogram. These dilute concentrations also enable
simplification of the basic Rayleigh light scattering equation to:

kci

R(@), Mf(:@)

wherc k is a constant dependent upon wavelength, refractive index, dnf clc, and
R(o) is the excess Rayleigh scattering factor (2). The P(@) term approaches unity
for molccules having sizes less than I f 20 of the wavelength of the inciclent light.
In TDS, the hydrodynamic radius of the molecule, R6 is given by:

R" _ l3  , (Ut r ! \ \ " '"  
[4  \0  02s l  I

' fhe 
raclius of gyration, R*, can be cletcrmincd from the Flory Fox and ptitsyn -

Eizncr cquat ions (8,9):

l l r l l  r l - l À , 4 t ,  l  \

R ' - { r l  ( { i r )
\ ( ) /  \  ' / '  /

rvhcrc.

<lt I  5 5  r  l 0 r l 1 l  2 . ( r . l r ;  I  2 . 8 6 r : . ' )  a n t l  r ( ) o t ) / l
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whcre a is the exponent of the Mark-tlouwink equation,

lnl: KM"

2.2 Experimental TDS Work for pVA

Figure I is a schematic of an experimental setup used by this author for
aqueous SEC with a TDS interface. This system also employs a three_angle
MALLS detector for the simulraneous capture of data from both TDS and MALLS
detection. Table I summarizes the specific conditions used. Thc MALLS
photometer (Mini-Dawn from wyatt Technology, Santa Barbara, california,
u.s.A.) is configured in series between the SEC instrument and a DRI detector
(waters corporation Model 410, Milford Massachusetts, u.S.A.). The TDS
detcctor (viscotek Model T60A, Houston, Texas, u.s.A.) is configured in a
parallel arrangement with the DRI detector so that the flow is split evenly between
the two detectors. The aqueous mobile phase of 0.05 v sodium nitrate was
prefiltered through a 0.45 p membrane (Gelman) to remove any particulates. Data
acquisition and processing were carried out using ASTRAln".rion 4.72 software
for MALLS and viscotek TrisEC version 3.0 software for TDS.

The offset volunle bctwcen the RI and TDS detector was determine<i usins a
poly(ethylene glycol) srandard of 22,g00 morecurar weight. The offset voluire

0.22 Micron Fi l ter
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i,vài";=
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F l o w r r t e = 1 0 m L / n t r n
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l -r iSEC 3 0
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F i g u r e  1  l l ) s ,  \ l ' \ t  I . s  ù x p c t ' i l t l c r l t ' r l  s e t L l [ ) .  ( l { e p l i n t t r l  l i o n r  r \ r n c r r c l r n  I . l b . r . a l o r v
\ i r l  1 5 .  l .  (  o l l r ' r ' r . L l l l t  - l ( X ) l  b ' , ' l t t l t ' n r t l i o r r r l  S l t ' n l i l i c  (  t i r r n r L r n i c ; r t i o r r s .  l r r r : . )
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Table 1 Iixperirnental Surnmary for'fDS/MALLS System

Columns
Reliactomctcr
Triple detector
MALLS dctcctor
Auto samplcr
Mobile phase
Flow rate
Temperature
Injection volume
Sample concentratlon

Toyo Soda, TSK-PW 2000, 3000, 4000, 5000 A
Waters Model 410
Viscotek Model T60A
Wyatt Technology Mini-Dawn
Waters Model 717
Aqueous solution of 0.05 v sodium nitrate
1.00 ml /min
35"C
0.250 mL
0.20 0.50% by weight

bctween the DRI and MALLS detectors was determined using a 23,000 molecular
weight poly(sacchariile) standard from Polymer Laboratories. Airvol@ PVA used
in this study was supplied by Air Products and Chemicals, Inc., (Allentown,
Pennsylvania, U.S.A.). These PVA grades consisted of various molecular weight
fypes in the range from 88 to99o/o degree of hydrolysis. The PVA types used are
listed in Table 2. Molecular weights are expressed as 40Â solution viscosities in
water at 20'C. Solutions of PVA were prepared in the aqueous mobile phase by
heating to 90"C for 30 minutes.

An overlay of TDS chromatograms for a medium molecular weight, fully
hydrolyzed PVA is shown in Fig. 2. Thc DRI, viscometry, and 90' lighfscattering
chromatograms all exhibit excellent signal response. These chromatograms
represent a fairly typical lype of chromatography one obtains for all different
molecular weight grades of PVA, including parlially hydrolyzed types (10).
Figure 3 is an overlay of the MALLS chromatograms from thc Mini-Dawn and
DRI detcctors for the same PVA shown in Fig. 2. All of these chromatograms also
exhibit exce llent signal rcsponse, similar to the TDS chromatograms. Note that the

Table 2 Summary of PVA'lypes"

l '}arl ially hydrolyzed (88%) Fully hytlrolyzcd (989/o)

S Lrpe r- lorv ( 2 c P)
Low (5cP)
l \4et l ium lor .v  (  1 .3el ) )
N,' lcrl irrrn (2-3 ct))
I I i gh  ( , 10c I ' } )

SLrpe r - low (3 cP)
l -orv (7cI ' )
Nlc<l rurn (2-5 c l ' )
I I i g h  ( 5 0 c P )

r t  l ( )  (
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Retention Volume )

Figure 2 TDS chromatograms for fully hydrolyzed medium
(Reprinted from American Laboratory Vol. 35, l, Copyright
Scientif ic Communications. Inc.)
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molecular weight PVA.
2003 by International

Min i -Dawn:À=680nm
_  41  .5o
- -  90 "
. . . . . . .  138 .5 "
- - -  D R I

Retention Volume )

Figure 3 MALt,S chromatograrns for fully hydrolyzeil meclium molecular weight pVA.

rowest  r t l ls lc  c l t rotnatograr l  (4 1.5 ' )  shows s l ight ly  rnorc noise than thc h igher
l t r r ! '  l c  t ' h r . t , n t i t l (  ) g r i uns .

I t)S 90 l ight scaltcrirts and viscornctry ra'uv chronratugrarns firr u l11rv
t l lo lcct t l r t r  rvc ig l r l ,  f i r l ly  hyr l ro lyzccl  l 'V\  arc shorvn in  F ig.4 Over larr l  u , i th  thcsc
c l l t . o t l t l l t t u r l l l l l s  i r r c  t hc  rno l cc r r i r r r  r i ' c i gh t  r r s ,  r c t cn t i on  vo l t r n r c  l r n t l  r n t r i ns i c
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Figure 4 TDS chromatograms for low molecular weight, fully hydrolyzecl pvA.

viscosity vs. retention volume curvcs. As expectecl a linear response for both
rnolccular wcight and intrinsic viscosity is clemonstratcd.

A comparison of molccular wcight distr ibut ions obtainct l  f ront 
' fDS 

and
MALLS is shurvn in Figs -5 and 6. Figure 5 ovcr lays thc nrolecular r .vcight
distributrorrs firr all five partially hydrolyzecl grades usecl in this sftrcly. Figure 6
ovcrlays thc niolectt l l t r  u,eight distr ibut ions for thc four ful ly hyt i rolyzed
uradcs. [ ' l tc t t tolecLrl l r r  rvcight c l istr ibLrt ion calculal ions usct l  a spcci l ic rcf iact ive
rndcr  ( t l t t f&  ' )  va l t re  o f '0 .141 fb r  par t ia l l y  hyc l ro lyzcc l  [ )VA ant l  a  v l luc  6 f '0 .1 -50
l i rr  f i r l ly l iyt l rolvzct l  f 'Vr\  (2).  J- l tc rr toleculrrr  u,cight c l istr ibrr t ion plots r lctcrnr ined
f io l l l  I [ )S  cont l ) l t rc  rc l rson i rb ly  *c l l  w ' i th  thosc  l ionr  N lA l . l .S  unr l  l l r c  ! l rn i - [ ) i twn.

Molecular Weioht
Chromatogram
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1 .0x105 1 . 0 x 1 0 6

panial ly hydrolyzcd PVA,
Iow, nrcdiunr, high.

Molccular  werght  c lata f iorn ' IDS ancl  MAI- t -S data for  par l ia l ly  ancl  f , l ly
hyr l ro lyzct l  I 'vA are sunrmar ized in rnore c lc ta i l  in ' lab le 3 (10; . ' t . l rc  Mo, , lv f , , ,ar . t r l
[1 ' , , f  t r l , , t i i t ta  f io t r l ' l ' l )S a l rc l  MAt.LS are inc ludecl ,  as wcl las thc in t r ins ic  v iscosi ty ,
I t t l t l  lV l l r lk  I lor r rv i r rk  À ar tc l  a  valucs.  Ovcral l ,  thc r r ro lccular  wcrght  anr l
l lo lyc i ls l lc |s i ty  Val t tcs crh ib i t  vcry uoor l  agrccrn(rnt  bctw,ccn I [ )S i rnt l  MALLS f i r r
both Prut ia l ly  hr . r l ro l .yzct l  r rnt l  f 'u l ly  hvr l ro lyzct l  [ ,V, , \  

' l l rc  
avcr i l . r ]g  À,1, / , , ,  bct rvec '

l l )S  l r r r t l  \ l ' \ l  t .S  l o r  t hc  P r t r t i l r l l y  hy t l r o l yzc r l  s r i r r l e  s  i s . l . ( r , l , i r  r u t t l - t hc  l r vc r l r uc  l , , l  1 , ,

MALLS
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Figure 6 Comparison of molecular wcight distr ibutions for f i r l ly hyclrolyzcd pVA,
nrolecular weight order, left  to r ight: super-low, low, nredium. hiuh.

bctwcen TDS antl MALt-s is 6.10Â. For the fully hydrolyzed gratles rhe average
AM," betwecn' l 'DS and MALLS is4.1oÂ and thc avcrage aM,, bctween TDS and
l\{ALI-S is 4.8'X,.  As cxpecte( the intr insic viscosity values track closcly t6 the
t ro lc r ' r r l l r l  u  e  ig l r t .

A comparison of molccular rveight data bclwecn MALLS and TI)S f i r r
i t l tcr l t lct l iatc hyt l rolyzct l  . t r i tc lcs o1'PVA are also sunrmarizccl  in 

' l : rble 
J (  l0).  Thcsc

grrt t fcs tr f ' [ )VA fal l  i r t  the 9)to9( l \ ,  hyt l rolyzccl  nrrrgc unrl  ure high, nrer l iurn. apd
t t l c t l iL t l t t  lo lv  t t l t l l cc t t l l t r  t i c iqh t  typcs  Â h igh  nro lcc r r l l r r  r i , c ig l r t ,  s t rpc : r  hyr l rg lvzcr l

MALLS

1 . 0 x 1 0 3
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Table 3 Summary of 
'fDS 

Molecular Weight Data for pVAu
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Molccular weight
(Flydrolysis %) M* Mn M*IM, [rù, rlLlg loe(K)

Super low (88%)

Low (88%)

Medium low (88%)

Medium (88%)

High (88%)

Super-low (98%)

Low (98%)

Medium (98%)

High (98%)

Medium low (92oÂ)

Itigh (92%)

Medium (96%)

t l igh (99 |  %)

20,900 11,900
20,100 10,700

43,000 23,900
43,600 26,200

85,500 44,800
80,300 48,400

128,000 67 ,900
127,000 69,100

I 73,000 88,900
162,000 89,700

23,400 13,200
23,900 13,200

37 ,400 19,400
35,900 21,200

| 10,000 55,900
101,000 57,300

l6 | ,000 16,400
155,000 96,900

93,100 44,400
9l,900 49,200

176,000 81 ,300
169,000 99,200

I14 ,000 53 ,200
105,000 56,100

156,000 79,300
l53,000 83.100

0.645 - 3.306

0.631 -  3 .265

0.602 - 3.124

0.623 - 3.238

0.624 - 3.241

0 . 6 1 8  -  3 . 1 3 7

0.602 - 3.017

0.605 - 3.099

0.618 -3 .162

0 . 6 1 0  -  3 .  1 5 4

0.627 - 3.240

0 . 6 1 9  - 3 . 1 6 1

0 . 6 1 6  -  3 . 1 5 3

1 . 8
1 . 9

l 8
t . 7

1 . 9
t . 7

1 . 9
1 . 8

1 . 9
1 . 8

1 . 8
1 . 8

1 . 9
1 . 1

2 .0
t . 8

2 . 1
1 . 8

2 .0
1 . 9

2 . 1
1 . 9

2 . 1
1 . 9

2 . 0
1 . 8

0.281

0.426

0.658

0.833

1 . 0 1 0

0.343

0.443

0.841

r.069

0 . 7 r  I

| .062

0.882

t .046

"MAI . l .S  r la ta  cxprcsscd rn  bo ld
Sorrrcc: Repritr tcd from Atncrican [.aboratory, %1. ]5, I .  ( 'opyright 2t)03 by Intcrnational Scienti f lc
( 'o rn rnun ica t ions ,  Inc .

l 'VA grltclc is rt lso inclLrtlecl. As obscru'ccl fbr both plrrt ially and lir l ly hyclrolyzed
gf t r t lcs,  thc ugrccrncnt  bct rvccn the tu 'o tcchnrc lLres is  very goot l . ' fhe avcragc
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Mark-Flouwink plots for the five partially hyclrolyzed molecular weight gracles of
PVA and the four molecular weight gra<1es of fully hyclrolyzed pVA are shown
in Fig. 7 (10). The curves for the fully hydrolyzed pVAs are super-imposed with
little or no variation. The curves for the partially hydrolyzed pvAs show slighter
more scatter. This may be due to the presence of some slight secondary effec1s of
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the partially hydrolyzed pvA with rhe column packing ( I ). The Mark-Houwink K
and a values calculated from TDS measurements (Table 3) fall within a relativelv
narrow range (0.602-0.631). only rhe super-low, partiaily hycrroryzed grade
exhibits an a value outside that range (0.645). The log(K) values fall in the
range - 3.124 to -3.265, except for the super-loq partially hydrolyzert pVA
grade, which shows log(O : - 3.306. The rog(K) and a values appear to be
independent of molecular weight and degree of hydrolysis.

Table 4 shows a summary of the average log(K) and a value for partialry
hydrolyzed and fully hydrolyzed pVA from this study and four other publishei
works (l I l4). The values obtained from TDS compare quite favorably to these
published values, except for Ref. (l l). That work utilized on-line viscometrv and
universal calibration with aqueous SEC to determine K and a for fuily hydroiyzed
PVA. The value for a from universal calibration is somewhat lower than that
obtained from TDS,0.560 vs.0.6l l .  The TDS results may chal lenge how wel l
universal calibration behavior was in force in the previous study (l l).

TI)S provitles an effective means to measure raclius of gyration (R*,) and
confonnation of PVA. overlays of the conformation plots (log-1og plot o?Rvs
radius vs. molecular weight) for the five partially hydrolyzeà molecular weisht
grades of PVA and thc four molecular weight gradcs of fully hydrolyzed pvA lre
shown in Fig. 8. As was observed for the Mark-Houwink plots in Fig. 7, rhe
curves for the fully hydrolysed PVAs fall right on top of each other with ui.ruutty
no variation. Thc curves for the partially hydrolyzecl pVAs show slishter more
scatter.

Table 5 summarizcs a comparison of R* values obtainecl from TDS and
MALLS. The MALLI dl,l show both R*, values from the Mini-Dawn triple_
angle detection and the wyatt Technology Dawn-F multi-angle detection. The
Dawn-F data are from Ref. 2. over the full range of molecular weights used for
both partially and fully hydrolyzed pVA, the Rg, values range from 6.5 to 20.4 nm.

Polyvinyl Alcohol and Polyvinyl Acetate

Table 4 Surnmary of Mark- [ louwink (,-onstants lor pVA

PVA type log(K)0

Parr ia l l y  hydro lyzcd
- l 'h is  

s tL rdy
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' l ' h is  

s l t rdy
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I t e  1  l l

I t e  l  l  l
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0 .560
0  6 1
0 (i l
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Table 5 Summary of Conformation and R* Data for pVA

281

PVA type/Mol. wt.
TDSU Mini-Dawn

R*, (nm) R*, (nm)
Dawn-F (Ref. 2)

Â*. (nm)

TDSN

d

88%
Super-low
Low
Medium low
Medium
tligh

98%
Super-low
Low
Mediunr
High

92% Mcdium-low
92% Llish
96% Mcdium
99oÂ High

0.550
0.54 l
0.546
0.554
0.554

0.536
0.532
0.540
0.553

0.549
0.55s
0.553
0.554

6 .5
9 .5

1 3 . 8
1 6 . 9
1 9 . 9

l . l
9 . 1

|  6.3
20.0

14.5
20.4
16.1
1 9 . 5

r 5.4
25.8
2t.6

17.7
26.4

l t . l
29.0
12.4
33.8

t t . 7

Û . 1
21 .6

6 .8
7 .7

I 6 . l
19.4

"'fDS data from Ref. l0

supcr-row, low, and mcdium low molecurar weight graaes of pVA. The R". varuesobtaincd frorn TDS compare more favorauty to inose obtainecl usrng the Dawn_F.The agreemcnt is not as good using the Mini-Dawn. This may we, be aconsequence of usirg only three detection angles with the Mini_Dawn vs. r 2 to l 5anglcs with the Dawn-F'.
Arso includcd in Table 5, are the conformational a varues obtained fromTDS. The r-r varue is virruaily constant over the entire range of pVA molecular'uveights and degrees of hyclrolysis (0.536 to 0.555). These Ir varues confirrn thattuntler thcse conditions, pVA exhibits characteristics very crose to that of ara' i lorn-c. i r  polynrer i '  a good sorvent.  previous *o.t ' r r i , rg only f)awn_FMA.-l-s detectio. rnlsurccr * : 0..rg for partiaily hycrr'lyzecr pVA ancr * : 050fbr f i r l ly hycrr.ryzed pvA (2).  Varucs t i .n i ' ros appear to be sr ightry rargcr thant l tosc f ionr thc Dawn-F MAI_l.S lneasl l remcnts.
l r igurc 9 shows thc . l r lccr lzrr  i , , ,c ight cr istr ibur ion, Mark [  [orrwrnk pr. t ,  anrrct tnl t rr t l la l ion plot l i r r  a brorrt l  c l istr ibut i ln l rVA iv i th a ()2,)Âclegrce of 'hydrolysrs.

]"1ï i,:: ]: .lli:l:1111':,' 
v,i. . b,rrch process .f. r,VAc, fi,,'rvcrt by s,bsetlLrcnr
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Molecular Weight Distribution

TDS: MALLS:
M* = 137,000 M* = '133,000

Mn =  40 ,700 Mn =  48 ,100
M. /  Mn =  3 .4  M, /  Mn =  l .$
[rt l  = 0.861 dL/s
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a : 0.62'r a'd log(K) : * 3.249. These are consistent with the values fbr partiaily
and fully hydrolysed PVA surnmarized in Tabte 3.

TDS can be a valuable tool for examining the presence of ger material withina pvA sample. Figure l0 shows TDS chromatograms and the corresponding
molecular weight disrribution for pVA obtained flom the ;;r;;". fraction of aPVAc emulsion (10). Partially hydrolyzed PVA is often used as a prote*ive
colloid in the emursion polymerization of poly(vinyr u""rut"jlomopolymer and
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copolymer emulsions. The aqueous fiaction was collected by ultracentnfugation

of the emulsion The 90" light scattering signal clearly reveals the presence of

gel, which is absent in the viscometry and DRI responses. The presence of this

small amount of gel does not add any significant molecular weight to the

distribution. The calculated molecular weight is typical of that for a low viscosity

type PVA.

2.3 Other SEC Characterization of PVA

Wang and colleagues studied the effect of y-ray irradiation on PVA using aqueous
SEC-viscometry and dynamic and static light scattering (15). Because PVA can be

crosslinked by 7-ray irradiation, chain branching and polydispersity were studied.
Their SEC system consisted of a Shimamura Model YRD-89 differential
refractometer and a Viscotek Model H502-02 differential viscometer detector. The
analyses were performed at 40'C using a 0.05 v LiCl aqueous solution as the
eluant. Two Shodex Asahipak columns were used for the separations. Increases in

[n], M* R*, and R6 and a decrease in 12 (the second virial coefficicnt) were
observed after 7-ray irradiation. However, both the values of h] and A2 for the
irradiated PVA fell below the data of unirradiated PVA solutions. This structural
change of PVA as a result of 7-ray irradiation was also observed by the decrease in

the Mark Houwink a value from 0.54 to 0.26 by SEC-viscometry. For 7-ray
irradiated aqueous PVA solutions, the n values are lower than those for the
corresponding lincar PVA. This indicates branched polymer chains and that a
decreases with incrcasing irradiation dose (15). Overall, this work is an excellent
example of the usef,rlncss of SEC-viscometry for probing changes in polymer
microstructure.

-l 'he 
work by Dunn for the SEC characterization of residual levels of PVA

frorn a dmg delivcry system involveil the use and examination of evaporative light

scattering detectors (ELSD) from three manufacturers (16). PVA is usecl in the

rnanulacturc of poly(DL-lactide-co-glycolide) microparticles for thc delivery of

rlrugs in an injectable implant form. The levels of PVA can affcct the release or

injectability of thc microparticles ancl must be controlled. Previous work had

shown that the usc of v is ible dctect ion of iodine - borate complexes ol 'PVA werc

inscnsit ive ancl prone to interfe renccs f iom othcr formulat ion componcnts and thc

sample solvents rcquircd. Refract ive indcx dctect ion also lacked the sensit iv i ty to

r letcct lorv lcvcls of 'PVA. Irvaporat ivc l ight scatter ing detcct ion was founcl to be
nrorc scnsi l ivc anrl  Icss pnlne to intcrfèrcnccs f iom the sar lple nratr ix.  l 'hc l 'VA
anr r lyzc t l  wus  cx t rac tcd  us ing  a  ho t ,  ac lucous  so l i t t ion  o f  0 .  lu  ' ,1vo l )  , r f

t l i l lLroroacct ic l rc i t l .  An Al l tech l \ {o<lcl  500 and I)olyr-ncr Laborator ies iVlodcl
I ) 1 . - l . l  S  1 0 0  e r h r b r t c r l  c r c c l l c n t  l o r v  l i r n r t s  o l - t l c t c c t t o n .  f y p i c l r l l y ,  e v i r l ) , ) r i t t l \ ù
l igh t -sc l r l te  r i r rg  t l c tcc lo rs  c rh ib i t  non l i r rc l r r  responsc  vs .  c ( )nccnt l ' i t t ion  l l ( t l l , c t 'e r .
[ ) r r n n  s l i o u c r l  t l r r r t  r r  l o g  l o g  p l o t  o l ' l ) \ ' , . \  1 - r c l t k  l t t ' c l t  \ s .  c ( ) n c c l r l r - r t l i o t t  u l r s  l i t t c l t l .
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The limits of detection of the pvA ranged from 0.g to 4 pg on corumn depending
on the detector used (16).

2.4 Compositional Characterization of pVA

Dawkins and colreagues used reversed phase high-performance liquid
chromatography (HPLC) to characterize the compositional distribution of partially
hydrolyzed PVA (7). This study was a continuation and expansion of the originally
published work on compositional characterization of pvA by Meehan et al. in
1994 (17). This type of separation was accomplished to estabiish quantitatively a
compositional distribution, independent of molecular weight. Since partially
hytlrolysed PVA is actually a copolymer of vinyl alcohol and vinyl acetate, this

5 0

o.
0

6

PI-S 595 (whole polymer)

F i g u r e  1 1  t i l , r  ( I t c l  7  )
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procedure was used to detennine a hydrolysis distnbution, similar in manner to the
measurement of a molecular weight distribution.

The fractionation of PVA by composition rather than molecular weight was
carried out using a gradient liquid chromatography system comprising two Model
64 pumps and a Model 50 prograrnmer (Knauer, Germany), a Model 7125
injection valve (Rheo<iyne, USA), and a Model 950 evaporative mass detector
(Polyrner Laborator ies, UK). The I IPLC column was a polystyrene-
divinylbenzcne-based type with a particle size of 8 p and a pore size of
4000A, 50 x 7.5 mm. A l inear gradient of  water:THF (98:2oÂ, vfv) to
water:TllF (30:70oÂ, v/v) over a 9-min period was employed.

These conditions yielded a separation where the first components to elute
are the high hydrolysis PVA fractions followed by lower hydrolysis PVA
components. An average degree of hydrolysis of 70% or greater produces
satisfactory results using this methodology. Figure I I is an overlay of three
chromatograms from the reversed phase HPLC of PVA fractions with degrees of
hyclrolysis (determined by 'U-NMR spectroscopy) of 88.0, 84.3, and 81.8 mot%.
Also included is the parcnt PVA sample, from which the three fractions were
collected using preparative HPLC. The different elution times of the three
fractions is easily observed and the wide hydrolysis distribution of the parent PVA
is revcaled by the broad chromatogram. Plots of retention time for fractions of
known hydrolysis were used to construct calibration curves from which hydrolysis
clistributions were computed (7).

3 RECENT ADVANCES IN THE CHARACTERIZATION OF
PVAC

Since 1995, the publ ished mater ial  on SEC of PVAc has been somewhar l imited.
This section will bricfly review some of thc published works which havc appeared
in the literarure dealing with PVAc.

PVAc is an artrorphous, atactic polynter that is soluble in nrany organic
solvents. ' l ' f  IF is probably the most widcly used solvent for Sl lC of,PVAc (18).  As
an cranrple ,  the SEC chrornatogram ancl currcsponding molecular rveight
cl istr ibut ion of 'a cotnr lercial ly avai lable, PVAc broad stanclard (Anter ican Polynrer
Stanclarr ls ( 'ur i rorat ion) is shown in Fig. I2.

' I 'hcre 
hl tvc becn publ ishcd sevcral  di fT'crcnt valucs f i r r  the Malk I louwink

cons tun ts  o f - l 'VAc ovcr  the  yc l r rs . ' l ' hese  va l r rcs  la l l  in  lhe  rangc  K - -  0 .51  x  I ( )  
- r

to  3 .50  x  l0  t  r rn t l  c  -  0 . ( r3  0  79 .  I t  i s  in te rcs t i r rg  to  no tc  tha t  Larv rcy  ( lB)

l ) ( ) l l l t s  oLr l  t l t c  i r t l r ins ic  v iscos i tv  bchav iu r  o f '  [ 'V \c  i s  I ' cU c losc  to  tha t  o f '
l to lys ty le l tc .  [ )o lvs ty rc t te  r tn t l  l i ncar . [ ' }VAc c l r r tc  i r t  nc l r r ' l y  thc  suntc  r .c tc r r t io r r  t in tc
f i r l  l l r c  s l t t r rc  t t t t t l cc t r lu l  n 'c igh t  in  ' [ ' i l 1 ]  (13) .  I ' he  c l t l c t r l l r l c t i  n ro lcc t r l l r r  u 'e  ig l r t  r . ' s .
I o l v s l l  t c t t t r  l i r r  { l t c  I ) \ / i \ c  b t . o r t t l  s l r r r r r l a r . r l  r n  l : i g  l  l  l r r e  v c r ' \ ,  c l o s c  l o  t l t e
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Chromatoqram

Mobi le Phase: THF at  35.  C
Flow Rate:  1.0 ml/min
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conductcd on a variety of commercial polymers including PVAc (19). Their
calculated values for Mark-Houwink constants for PVAc (K: l.0l x l0 +,

a:0.'760) were in good agreement with the expected values reported for
branchecl PVAc in TIIF at 35"C (20). The single capillary viscometer clearly
revealed the presence of branched PVAc on a log-log plot of intrinsic viscosity vs.
molecular weight.

PVAc is often used as a synthetic material to replace natural ingredients used
in chewing gum. The masticatory properties of gum are highly dependent on the
polymer molecular weight. For example, the greater the molecular weight, the
stronger the film and hence the larger the bubble that the consumer can blow.
However, increasing the molecular weight or size also tends to make gum more
difficult to chew and a tradeoff is usually required. D'Amelia and Kumiega
utilized TDS for the characterization of food grade PVAc used in chewing gum
(21). They used an SEC system with a Model 250 refractometer/viscometer dual
detector and a Modcl 600 right-angle laser light scattering detector, both from
Viscotek Corporation. Later, they upgraded to a Viscotek Model T60A along with
a Waters Corporation Model 410 Differential Refractometer.

A summary of the polymeric properties of several different PVAc resins
uscd in various types of stick and bubble gums is given in Table 6 (21). The
intrinsic viscosity, [4], and radius of gyration, Rr*, are also sumrnarized. As
expectecl the IT] and R** values track the molecular weight. The TDS method can
easily measure Rg* values less than l0 nm. The data in Table 6 are a good example
of how TDS can be used to examine closely the microstructure of PVAc and how
molecular weight impacts chewing gum properties.

The work described above uses right-angle light scattering as part of the
TDS dctection package. It should be noted that light scattering detection for PVAc
in TIIF can be somewhat challenging, depending on the molecular weight. This
applics whcther using TDS or MALLS. The reason for this is that the specific
refractive index increment for PVAc in TtlF is rather lolv. Values reported in the
litcrature for a wavclcngth of 632 nm range between 0.047 to 0.054 ml/g (18).

Table 6 Molccular Weight Sumnrary of Mast icatory PVAc

lyp. ,1/* LI,, [ l l , t l t./g R** (nnr)

S t i ck
S t i ck
l l L rbh l c
I l L rbb  l c

8.060
2 1 .  t ( x )
s.1. s(x)
7.r. r1111

1,660
9 . 1 1 0

1 4 . t 0 0
l  I  .9 (X)

0 0u7
0 l-51
0 7()1
0 . 1 6 3

2 . 1
. 1 6

1 . 6
9 . 1

-tl
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4  SUMMARY

3. DJ Nagy. Aqueous GpC triple detection of
poly(vinyl alcohol). proceedings of Intemational
2000, pp | 22.

Advances in SEC characterization of pvA and pvAc for molecurar weight antlmolecular weight distribution mirror the technorogical deveropments that havebecome mainstream in the fierd of SEC. Both porymers have Leen successfuily
characterized using TDS packages. MALLS deteciion has prayed a key rore inthe characterization of pVA under aqueous conditions. uttecutar weight anrrpolymer conformational information can be routinely .n"uru."d using thesetechniques. The use of sEC for improved understaniing or f.rro.n'un." undproduct applications of these porymers is finding wiaesprJd usi.
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