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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f ounded i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d 
collections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise b e fragmented, 
their papers, d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are rev i ewed cr i t i ca l ly accord ing to A C S 
edi tor ia l standards a n d receive the careful attention a n d proc 
essing characteristic of A C S publ icat ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y S E R I E S m a i n t a i n the integr i ty of the 

symposia on w h i c h they are based; however , v e r b a t i m repro
ductions of previous ly p u b l i s h e d papers are not accepted. 
Papers m a y inc lude reports of research as w e l l as reviews since 
symposia m a y embrace bo th types of presentation. 
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A B O U T THE E D I T O R 

C L A R A D . C R A V E R , p r e s i d e n t a n d f o u n 
d e r (1958) o f C h e m i r L a b o r a t o r i e s , r e 
c e i v e d h e r B . S . d e g r e e i n c h e m i s t r y 
f r o m O h i o State U n i v e r s i t y i n 1945 a n d 
w a s a w a r d e d the h o n o r a r y d e g r e e o f 
D o c t o r o f S c i e n c e b y F i s k U n i v e r s i t y 
i n 1974. H e r w o r k at E s s o R e s e a r c h 
L a b o r a t o r i e s , 1 9 4 5 - 1 9 4 9 , r e s u l t e d i n 
patents o n c h a r a c t e r i z a t i o n o f c o m p l e x 
h y d r o c a r b o n m i x t u r e s . S h e e s t a b l i s h e d 
a n i n f r a r e d l a b o r a t o r y at B a t t e l l e M e 
m o r i a l I n s t i t u t e i n 1 9 4 9 , a n d , a c t i n g 
as g r o u p l e a d e r u n t i l 1958, c o n d u c t e d 
s p e c t r o s c o p i c w o r k for B a t t e l l e ' s r e 

s e a r c h pro jects as w e l l as o r i g i n a l r e s e a r c h w o r k that r e s u l t e d i n s c i 
e n t i f i c p u b l i c a t i o n s i n t h e areas o f d r y i n g o i l s , a s p h a l t s , p a p e r , a n d 
r e s i n s . H e r w o r k i n o r g a n i c coa t ings w o n h e r the 1955 C a r b i d e a n d 
C a r b o n A w a r d o f the D i v i s i o n o f O r g a n i c C o a t i n g s a n d P l a s t i c s 
C h e m i s t r y o f the A C S . I n 1975 she b e c a m e c h a i r m a n o f that D i v i s i o n . 
S h e i n i t i a t e d t h e C o b l e n t z S o c i e t y ' s s p e c t r a l p u b l i c a t i o n p r o g r a m a n d 
is e d i t o r o f f i ve b o o k s o f S p e c i a l C o l l e c t i o n s o f I R S p e c t r a . S h e s e r v e d 
as c o n s u l t a n t to A S T M for t h e E v a l u a t e d I R S p e c t r a l P u b l i c a t i o n P r o 
g r a m s u p p o r t e d b y t h e N a t i o n a l B u r e a u o f S t a n d a r d s , a n d is c h a i r m a n 
o f the J o i n t C o m m i t t e e o n A t o m i c a n d M o l e c u l a r P h y s i c a l D a t a . S h e is 
p a s t - c h a i r m a n o f the A S T M C o m m i t t e e o n M o l e c u l a r S p e c t r o s c o p y , 
a n d w a s n a m e d a F e l l o w o f A S T M i n 1982 w h e n she r e c e i v e d that 
o r g a n i z a t i o n ' s h i g h e s t h o n o r , t h e A w a r d o f M e r i t . S h e i s a F e l l o w o f 
the A m e r i c a n I n s t i t u t e o f C h e m i s t s a n d a C e r t i f i e d P r o f e s s i o n a l 
C h e m i s t . 
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P R E F A C E 

TODAY'S P O L Y M E R S C I E N T I S T makes use of a large array of character izat ion 
-•-methods to develop data re lat ing the performance of po lymer i c 

materials to c h e m i c a l a n d p h y s i c a l structure. P o l y m e r appl icat ions de
m a n d conf l ict ing per formance characteristics : strong adhesion w i t h easy 
pee l , hardness w i t h resi l iency, f lexibi l i ty w i t h d imens iona l stabi l i ty , inert 
ness w i t h misc ib i l i t y , smoothness w i t h pa intab i l i ty , r i g i d i t y w i t h lack of 
brittleness, a n d crack resistance. T h e desired properties are obta ined b y 
the selection of c h e m i c a l composit ion, i n c l u d i n g res idual or grafted func
t i ona l groups. C o n t r o l of properties can be exercised b y a l ternat ing struc
tures, b y a l ternat ing c lumps of funct ional groups or b y synthesiz ing 
interpenetrat ing po lymer networks. Some properties are contro l led b y 
molecular d imensions : l inear, branched , cross- l inked. Others are contro l led 
b y molecular size, b y cur ing conditions a n d cross - l inking agents, by 
b l e n d i n g a n d b y addit ives i n c l u d i n g plastic izers, antioxidants, surfactants, 
stabil izers, a n d fillers. 

T h e character izat ion a n d resultant understanding of po lymer i c 
systems require i n p u t f rom m a n y fields: chromatography, spectroscopy, 
rheology, surface chemistry, e lectron microscopy, thermal analysis, a n d 
p h y s i c a l testing. O t h e r h i g h l y spec ia l ized techniques invo lve l i ght scat
ter ing , neutron scattering, exc imer fluorescence, photoacoustic spectros
copy, a n d pyro ly t i c degradat ion, w i t h exact identi f icat ion of smal l 
molecu lar subunits b y chromatography c o m b i n e d w i t h I R a n d mass 
spectrometry. 

I n d r a w i n g u p o n so m a n y diverse a n d spec ia l ized fields, p o l y m e r 
character izat ion has prof ited by the cross- fert i l ization of ideas that occur 
w h e n specialists meet a n d communicate w i t h one another. Serv ing this 
purpose, the A m e r i c a n C h e m i c a l Society D iv i s i ons of O r g a n i c Coat ings 
a n d Plastics C h e m i s t r y , P o l y m e r Chemis t ry , R u b b e r Chemis t ry , C o l l o i d 
C h e m i s t r y , a n d Cel lu lose a n d Paper Chemica l s h o l d cosponsored s y m 
posia at the N a t i o n a l A C S meetings. T h e M a c r o m o l e c u l a r Secretariat, 
a p r o g r a m m i n g group composed of a l l five divis ions, designated P o l y m e r 
Charac ter i za t i on as its topic for 1981, a n d w i t h the par t i c ipat i on of the 
D i v i s i o n of A n a l y t i c a l Chemis t ry , p rogrammed a f u l l week's sympos ium 
organized a n d cha ired by the editor. T h i s book, cover ing significant 
advances i n p o l y m e r character izat ion, is based o n that sympos ium. I t is 
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organ ized a r o u n d seven major methods w i t h single chapters o n a f e w 
n e w or h i g h l y spec ia l ized techniques. 

Comprehens ive coverage of d y n a m i c mechan i ca l methods is p r o v i d e d 
i n n ine chapters b y experts selected b y the 1978 B o r d e n A w a r d w i n n e r , 
J o h n K . G i l l h a m , of Pr ince ton U n i v e r s i t y . T h e latest developments i n 
automat ion of equ ipment for d y n a m i c mechan i ca l spectroscopy, torsion 
p e n d u l u m a n d torsional b r a i d analyses, a n d shear i n p o l y m e r melts are 
reported . App l i c a t i ons i n c l u d e impregnated c l o th analysis, mechan i ca l 
analysis of organic coatings, a n d strength a n d viscoelastic character iza
t i on of po lymer i c solids. 

T h e thermal characteristics of po lymers bear impor tant relationships 
to the i r performance. T h e r m a l gravimetr ic analysis ( T G A ) m a y be used 
for identi f icat ion or determinat ion of p u r i t y of po lymers . T G A c a n 
measure solvent retention a n d prov ide act ivat ion energies a n d heats of 
reactions. B e r n h a r d W u n d e r l i c h , of Rensselaer Po ly technic Inst itute , 
describes sources of exper imental errors i n di f ferential scanning c a l o r i -
metry ( D S C ) a n d summarizes the state of the art i n instrumentat ion . T h e 
treatment of k ine t i c data a n d k inet i c mode l ing , i n c l u d i n g appl icat ions to 
p o l y m e r degradat ion, is reported b y J . F l y n n a n d B . D i c k e n s of the 
N a t i o n a l B u r e a u of Standards. A p p l i c a t i o n to coatings is reported by 
investigators f r o m G l i d d e n Coat ings a n d Resins D i v i s i o n of S C M 
Corpora t i on . 

Chromatograph i c methods of p o l y m e r fract ionat ion a n d the resultant 
corre lat ion of chromatograms w i t h po lymer composit ion a n d performance 
are among the most w i d e l y used methods of character izat ion. H o w e v e r , 
the data must be interpreted cautiously because m a n y variables affect 
p o l y m e r d is tr ibut ion as reflected b y chromatograms. A m o n g these are 
nonuni fo rmi ty of chemica l composi t ion of the various par t i c l e size ranges 
w h i c h i n t u r n affect solubi l i t ies a n d detector response. T h e coverage of 
this subject as arranged b y Theodore Provder , of S C M Corpora t i on , 
inc ludes the theory a n d unders tanding of ca l ib ra t i on problems of p o l y m e r 
chromatography a n d techniques for m i n i m i z i n g them. N o v e l par t i t i on 
methods such as f oam fract ionation are also presented. 

Studies of po lymer surfaces b y scanning electron microscopy alone 
a n d i n combinat ion w i t h x-ray analysis a n d m i c r o - R a m a n techniques is 
especial ly useful i n organic coatings analysis a n d research. Results 
reported here inc lude invest igat ion of m i l d e w attack on pa in t surfaces 
a n d corrosion of meta l substrates i n microscopic -s ized blisters at the 
c o a t i n g - m e t a l interface. R a m a n microprobe , M O L E , permits chemica l 
analysis of microareas. A n example of its usefulness is the identi f icat ion 
of "fisheyes" i n a copolymer sheet as be ing homopo lymer impur i t ies . 
T h e capabi l i ty of corre lat ing meta l analysis f r o m x-ray maps of surfaces 
w i t h organic analysis b y R a m a n microprobe makes these c o m b i n e d 
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techniques a p o w e r f u l research tool . L . H . P r i n c e n , U S D A , o rganized 
an appl icat ion-or iented report on these significant instrumenta l advances. 

N e a r l y hal f of the chapters i n this book report on advances i n the 
use of spectroscopy for p o l y m e r character izat ion. These tools are often 
combined , not on ly w i t h each other, but w i t h thermal a n d mechan i ca l 
techniques to relate molecu lar structure to p o l y m e r performance a n d 
stabi l i ty . 

E . B r a m e , d u Pont , has p r o v i d e d an overv iew of N M R appl icat ions . 
Advances i n 1 3 C N M R , m a d e possible b y the increased sensit ivity of 
pu l sed F o u r i e r transform instruments, p rov ide i m p r o v e d determinat ion 
of tact i c i ty , comonomer sequence a n d b r a n c h i n g of synthetic po lymers . 
T h e r e are five f u l l chapters report ing o n advances i n po lymer structure 
determinat ion b y N M R i n c l u d i n g Ή , 1 3 C , a n d 1 9 F . T h e chapter authored 
b y F r a n k Bovey , of B e l l Laborator ies , is r i c h i n interpretat ion of the 
significance of N M R data as a p p l i e d to p o l y m e r synthesis, stabi l i ty , a n d 
morphology . P r a c t i c a l use of sophisticated structural analysis arises f r o m 
such findings as the detect ion of tert iary ch lor ide atoms i n po ly ( v i n y l 
ch lor ine ) w h i c h m a y contr ibute to its t h e r m a l instabi l i ty . 

N M R is usua l ly carr ied out on po lymers i n so lut ion or i n the mo l t en 
state. O n l y l o w resolut ion or broadl ine N M R has been attainable o n 
solids. Recent advances i n magic -angle sp inn ing a n d d ipo lar decoup l ing 
a long w i t h mul t ipu lse N M R have made i t possible to resolve i n d i v i d u a l 
resonances of so l id state samples. Research d irected t o w a r d descr ib ing 
the segmental motions i n amorphous a n d semicrystal l ine polymers a n d 
unders tanding secondary transitions makes use of these N M R techniques 
a p p l i e d to samples at v a r y i n g temperatures. 

I R spectroscopy has l ong been a va luab le too l for chemica l charac
ter izat ion of po lymers a n d for f o l l o w i n g the chemica l changes i n c u r i n g 
or degradat ion reactions. T h e increased sensit ivity n o w obtainable f r om 
computer averaging of data a n d the increased speed of de termin ing a 
spectrum made possible b y F o u r i e r transform are expanding the a p p l i c a 
tions of I R to m i n o r composi t ion differences a n d to conformation at 
surfaces a n d i n b u l k samples under stress. J . K o e n i g , Case W e s t e r n 
Reserve U n i v e r s i t y , arranged the coverage of this subject a n d i n c l u d e d 
advances i n the theory of I R intensities a n d developments i n photoacoustic 
spectroscopy. 

Advances i n the techniques for observing microstructura l changes 
b y I R data s imultaneously w i t h stress-strain data are descr ibed b y S. L . 
H s u a n d D . J . B u r c h e l l , U n i v e r s i t y of Massachusetts. D e g r a d a t i o n studies 
of p o l y (ethylene terephthalate) a n d po lyacry lon i t r i l e po lymers are re 
por ted b y B . B u l k i n , E . Pearce , a n d C . C h e n , of the Po lytechnic Institute 
of N e w Y o r k , a n d M . C o l e m a n a n d G . S ivy of Pennsy lvan ia State U n i 
versity, respectively. James Boer io , U n i v e r s i t y of C i n c i n n a t i , describes 
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re f lect ion /absorpt ion spectra showing po lymer orientation at interfaces of 
u l t ra th in coatings on po l i shed meta l surfaces. Advances i n the app l i ca t i on 
of photoacoustic F o u r i e r transform I R to po lymer analysis is discussed b y 
W a r r e n V i d r i n e of N i c o l e t Instruments. 

M a j o r advances have been made i n the last f ew years i n the theory 
of I R a n d R a m a n intensities. A w e a l t h of molecular structure in format ion 
is avai lable f r om absolute b a n d intensities, but spectroscopists have 
lacked the theoretical tools to interpret the significance of these intensities. 
T h e manuscr ipt contr ibuted b y Giuseppe Zerb i , of Istituto C h i m i c a , 
M i l a n , I ta ly , describes advances i n this field. Th i s contr ibut ion provides 
examples that demonstrate the significance of the breakthrough i n theory 
to the understanding of molecular structure of po lymers . O t h e r n e w 
areas reported b y D r . Z e r b i deal w i t h the ca lcu lat ion of v ib ra t i ona l 
frequencies of very large molecules w i t h no symmetry a n d the determi 
nat ion of cha in lengths f rom the L o n g i t u d i n a l Acoust i c M o d e ( L A M ) . 

Improvements i n techniques for pyro ly t i c degradat ion of polymers 
into reproduc ib le fragments that can be analyzed b y gas chromatography 
a n d mass spectrometry permi t atom-by-atom molecular arrangements to 
be identi f ied. T h e coverage of ana lyt i ca l pyrolysis was organized b y 
Shir ley L i e b m a n , of C h e m i c a l D a t a Systems, Inc. S. Tsuge , of N a g o y a 
Univers i ty , Japan , discusses the fundamenta l condit ions for ob ta in ing 
characteristic a n d reproduc ib le h igh-reso lut ion pyrograms and the a p p l i 
cat ion to sequence d is t r ibut ion invest igation i n copolymers. T h e specificity 
of laser sources a n d the usefulness of be ing able to vary power densities 
is demonstrated i n the report b y D a v i d Hercules et a l . , U n i v e r s i t y of 
P i t t sburgh , on laser microprobe mass analysis ( L A M M A ) . These tech
niques are appl i cab le to diverse macromolecules. C o a l character izat ion 
is reported b y K . Voorhees a n d coworkers, Co lorado School of M i n e s . 
Forrest Bayer provides an overv iew of the specificity a n d sensit ivity of 
these techniques to a w i d e range of b iopolymers . E . Re iner and F . M o r a n , 
of Georg ia Institute of Technology , characterize details of pathogenic 
microorganisms a n d m a m m a l i a n cells i n c l u d i n g ones reflecting genetic 
defects w h i c h m a y produce disease such as cystic fibrosis. 

L a r r y B r y d i a , of U n i o n C a r b i d e , represented the A n a l y t i c a l D i v i s i o n 
a n d served as cha i rman for special ized techniques. T w o subjects f r o m 
that sympos ium that are covered i n single chapters are advances i n 
scattering techniques by R. S. Stein, U n i v e r s i t y of Massachusetts, a n d the 
use of excimer fluorescence as a probe of po lymer structure b y C . W . 
F r a n k of Stanford Univers i ty . 

I a m indebted to the subject chairmen a n d the authors for p r o v i d i n g 
we l l -ba lanced coverage i n each field. T h e y have i n c l u d e d advances i n 
theory a long w i t h exper imental details essential for obta in ing good data. 
T h e prac t i ca l va lue of the results f rom these major methods of chemica l 
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and phys i ca l character izat ion of po lymers has been interpreted i n terms 
of stabi l i ty and performance of the m a n y polymers w h i c h were invest i 
gated. I a m especial ly grateful to a l l of t h e m for the ir cooperation a n d 
pat ience w h i c h made this book possible. 

CLARA D. CRAVER 

C h e m i r Laborator ies 
G lenda le , MO 63122 

N o v e m b e r 1982 
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1 
Automated Dynamic 
Mechanical Testing 

R A Y M O N D F. BOYER 
Michigan Molecular Institute, Midland, MI 48640 

During the past 10 years a number of fully automated 
instruments for the dynamic mechanical testing of 
polymers became commercially available. Our purpose 
is to provide an introductory survey that covers key ref
erences, the goals of such test methods, general but not 
specific differences between the several types of instru
ments, and factors to consider in choosing an instru
ment. These latter topics include fixed vs. variable (res
onant) frequency, frequency range, resolving power, 
types of specimens that can be handled, and mainte
nance costs. We also emphasize that all suppliers and 
users of such instruments are striving to improve and/or 
extend the range of capabilities of their respective in
struments. A special section discusses the problem of 
determining activation enthalpies for any loss process. 
Finally, we point out that parallel developments are oc
curring in dielectric testing via new techniques: auto
mated self-balancing dielectric bridges, and new meth
ods of treating dielectric data. Thermally stimulated 
creep and thermally stimulated current are relatively 
new methods. We consider these alternate techniques as 
both competitive with, and complementary to, dynamic 
mechanical methods. Possible artifacts introduced by 
the use of porous substrates to support fluid polymers 
are discussed and dismissed. 

^ J E N E R A L A S P E C T S O F D Y N A M I C M E C H A N I C A L a n d d i e l e c t r i c t e s t i n g , 
a u t o m a t e d or not , are d i s c u s s e d i n th i s c h a p t e r . B a c k g r o u n d m a t e r i a l 
i s g i v e n i n R e f e r e n c e s 1 - 1 0 . F o r m a n y years I c o l l e c t e d t r a n s i t i o n a n d 
r e l a x a t i o n t e m p e r a t u r e d a t a f r o m the l i t e r a t u r e , w h e t h e r o b t a i n e d b y 
static m e t h o d s s u c h as t h e r m a l e x p a n s i o n or b y d y n a m i c m e t h o d s 
i n c l u d i n g b o t h m e c h a n i c a l a n d d i e l e c t r i c loss . T h i s e n d e a v o r p r o -

0065-2393/83/0203-0003$06.75/0 
© 1983 Amer i can C h e m i c a l Society 
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4 P O L Y M E R C H A R A C T E R I Z A T I O N 

v i d e d a n o p p o r t u n i t y to c o m p a r e n u m e r o u s test m e t h o d s a n d i n s t r u 
m e n t s w h i l e b e i n g r e l a t i v e l y n e u t r a l as regards a n y o n e m e t h o d (J - 9 ) . 

I h a v e b e e n c l o s e l y a s s o c i a t e d w i t h J . K . G i l l h a m i n the p r e p a r a 
t i o n o f p u b l i c a t i o n s (see, for e x a m p l e , R e f e r e n c e 11) i n v o l v i n g data 
o b t a i n e d b y the t o r s i o n a l b r a i d m e t h o d d e s c r i b e d i n R e f e r e n c e 12. I n 
1979, w e a c q u i r e d a d u P o n t 981 d y n a m i c m e c h a n i c a l a n a l y z e r ( D M A ) 
(13). S e v e r a l j o i n t p u b l i c a t i o n s w i t h K . V a r a d a r a j a n r e s u l t e d f r o m 
s t u d i e s w i t h t h i s i n s t r u m e n t (14—16). T h e s e p e r s o n a l e x p e r i e n c e s w i l l 
no t detrac t f r o m m y g o a l o f o b j e c t i v i t y i n p r e p a r a t i o n o f t h i s i n t r o d u c 
t o ry c h a p t e r . I p l a n to e m p h a s i z e c e r t a i n p r i n c i p l e s a n d features o f 
d y n a m i c test m e t h o d s that s h o u l d b e c o n s i d e r e d b y those w h o are 
i n t e r e s t e d i n a c q u i r i n g a n i n s t r u m e n t for a s p e c i f i c r e s e a r c h p r o g r a m . 

I w i l l c o m m e n t o n t w o o f m y p r e v i o u s p u b l i c a t i o n s (17, 18) to 
e m p h a s i z e r a p i d d e v e l o p m e n t s i n t h i s f i e l d . I n 1 9 7 2 , 1 c o m p a r e d g e n 
e r a l features o f the R h e o v i b r o n a n d the t o r s i o n p e n d u l u m , b o t h o f 
w h i c h w e r e c o m m e r c i a l a n d n e i t h e r o f w h i c h w a s a u t o m a t e d ; a n d a l so 
the n e w l y e m e r g i n g t o r s i o n a l b r a i d a n a l y s i s ( T B A ) i n v e n t e d b y L e w i s 
a n d G i l l h a m a n d p e r f e c t e d b y G i l l h a m (12). R e f e r e n c e 19 g i v e s a 
h i s t o r i c a l r e v i e w a n d c o m p a r i s o n o f b o t h the t o r s i o n p e n d u l u m a n d 
the T B A (19). 

I n 1976 (18) I p r o j e c t e d a c o m p l e t e s w i n g to the a u t o m a t i o n o f 
d y n a m i c m e c h a n i c a l t e s t i n g . T h i s v i e w p o i n t h a r d l y r e q u i r e d a c r y s t a l 
b a l l . G i l l h a m ' s apparatus n o w is p e r f e c t e d , m u c h as h e has s u m m a 
r i z e d i t (12). K e n y o n et a l . h a d a l r e a d y p r e s e n t e d a l e c t u r e o n t h e i r 
success i n a u t o m a t i n g the R h e o v i b r o n (20). A u t o m a t i o n o f d y n a m i c 
t e s t i n g e q u i p m e n t i n d e e d w a s at h a n d , e v i d e n c e d b y the D y n o s t a t 
i n s t r u m e n t d e v e l o p e d b y S t e r n s t e i n (22); the m e c h a n i c a l s p e c t r o m e 
ter d e v e l o p e d b y S tar i ta (23); a n d la ter the P L d y n a m i c m e c h a n i c a l 
t h e r m a l a n a l y z e r d e v e l o p e d b y W e t t o n (24). S t i l l a n o t h e r a u t o m a t e d 
d y n a m i c m e c h a n i c a l tester d e v e l o p e d i n c o n n e c t i o n w i t h H e d v i g is 
the U n i r e l a x ( T e t r a h e d r o n A s s o c i a t e s ) . A l t h o u g h i n c o m m e r c i a l u s e , i t 
t e m p o r a r i l y was w i t h d r a w n f r o m the m a r k e t p e n d i n g d e v e l o p m e n t o f a 
n e w m o d e l . H e n c e , t h i s i n s t r u m e n t is n o t d i s c u s s e d i n t h i s v o l u m e . 

T h i s p r o l i f e r a t i o n i n i n s t r u m e n t a t i o n t h u s i n c l u d e s a u t o m a t i o n o f 
o l d e r i n s t r u m e n t s s u c h as t h e R h e o v i b r o n , t h e i n t r o d u c t i o n o f t o t a l l y 
n e w t y p e s , a n d e x t e n s i v e use o f c o m p u t e r d a t a p l o t te rs to p e r m i t r e p 
r e s e n t a t i o n o f a n y d e s i r e d m e c h a n i c a l loss f u n c t i o n i n a n y d e s i r e d 
format . [See also the r e c e n t p a p e r b y I k e d a a n d S t a r k w e a t h e r (25).] 

T w o n e t c o n s e q u e n c e s o f t h e p a t t e r n j u s t m e n t i o n e d are t h e f o l 
l o w i n g : (1) A t r e m e n d o u s a d v a n c e i n the state o f the art i n a c q u i r i n g 
p r e c i s i o n test r e su l t s o n d y n a m i c m e c h a n i c a l a n d r e l a t e d r h e o l o g i c a l 
data b y a v a r i e t y o f s o p h i s t i c a t e d c o m p e t i t i v e m e t h o d s ; a n d (2) b e w i l 
d e r m e n t a n d c o n f u s i o n for t h e r e s e a r c h p e r s o n f a c e d w i t h a c h o i c e o f 
p u r c h a s i n g one o f t h e s e n e w u n i t s to p e r f o r m the tasks h e has i n m i n d , 
w h i l e g e n e r a l l y w o r k i n g w i t h i n a p r e s c r i b e d b u d g e t l i m i t a t i o n . 
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1. B O Y E R Automated Mechanical Testing 5 

P e r h a p s the m o s t u s e f u l f u n c t i o n I c a n p e r f o r m is to suggest a 
ser ies o f c o n s i d e r a t i o n s that m i g h t b e h e l p f u l i n s e l e c t i n g a n i n s t r u 
m e n t . 

Meaning of Dynamic Mechanical and Dielectric Loss Peaks 

W h e n a n y m a t e r i a l is sub jec t to a s m a l l m e c h a n i c a l stress a n d 
h e n c e l o w s t r a i n , t h e s t r e s s - s t r a i n c u r v e is l i n e a r . I f t h e s u b s t a n c e is 
t r u l y e l a s t i c , a l l o f t h e s t o red e l a s t i c e n e r g y , n a m e l y the a rea u n d e r t h e 
s t ress—stra in l i n e , is r e c o v e r e d o n r e m o v i n g the l o a d , as at the le f t o f 
F i g u r e 1. H o w e v e r , m o s t m a t e r i a l s are no t t r u l y e l a s t i c a n d w i l l ex 
h i b i t a h y s t e r e s i s l o o p , as at t h e r i g h t o f F i g u r e 1, o n r e m o v i n g t h e 
l o a d . Z e n e r c a l l e d t h i s la t ter b e h a v i o r a n e l a s t i c . S o m e o f the s t o r e d 
e n e r g y is d i s s i p a t e d i n the f o r m o f heat . T h e area o f the h y s t e r e s i s 
l o o p , w h i c h is a m e a s u r e o f heat g e n e r a t i o n p e r d e f o r m a t i o n c y c l e , 
v a r i e s w i t h t e m p e r a t u r e . O v e r a short t e m p e r a t u r e r e g i o n n e a r a m o 
l e c u l a r r e l a x a t i o n p r o c e s s , the l o o p m a y b e e x c e e d i n g l y s m a l l at t e m 
pera tures above a n d b e l o w the r e l a x a t i o n process w i t h a m a x i m u m i n 
area at the t e m p e r a t u r e o f the r e l a x a t i o n . O v e r a b r o a d t e m p e r a t u r e 
r e g i o n i n a p o l y m e r w i t h m u l t i p l e t r a n s i t i o n s , s e v e r a l m a x i m a i n t h e 
a rea o f t h e h y s t e r e s i s l o o p s , o n e for e a c h r e l a x a t i o n p r o c e s s , w i l l b e 
e v i d e n t . 

F o r a d i e l e c t r i c stress a p p l i e d to a p o l a r p o l y m e r , o n e or m o r e 
h y s t e r e s i s l o o p s a l so ar i se as f r e q u e n c y or t e m p e r a t u r e i s i n c r e a s e d . 
D i e l e c t r i c h e a t i n g takes a d v a n t a g e o f t h i s fact. I n d y n a m i c m e c h a n i c a l 
t e s t i n g , h e a t i n g effects are u s u a l l y s m a l l b u t n o n e t h e l e s s r e a l . A n 
e x a m p l e o f s u c h h e a t i n g effects w a s g i v e n b y Tôrmàlâ et a l . (26). A 
c y l i n d e r o f p o l y c a r b o n a t e ( P C ) is s a n d w i c h e d b e t w e e n t w o s t e e l 
r o d s — a n e l a s t i c i n p u t b a r a n d a n e l a s t i c o u t p u t bar . I m p a c t i n g t h e 
i n p u t b a r w i t h a s t r i k e r generates a stress p u l s e that is t r a n s m i t t e d 
t h r o u g h t h e s p e c i m e n to the o u t p u t bar . H e a t g e n e r a t e d b y t h i s 
d y n a m i c l o a d i n g o f the p o l y m e r b a r is m e a s u r e d w i t h a t h e r m o c o u p l e 
for a ser ies o f s t a r t i n g t e m p e r a t u r e s . T h e s e t e m p e r a t u r e i n c r e a s e s c a n 

Figure 1. Schematic stress—strain plots: left, a perfectly elastic mate
rial; and right, a material that is not perfectly elastic. Area of hysteresis 

loop represents energy dissipated in the form of heat. 

PERFECT ELASTICITY 

STRESS 

0 0 
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6 P O L Y M E R C H A R A C T E R I Z A T I O N 

b e c o n v e r t e d to d y n a m i c loss m o d u l i b y the f o l l o w i n g a p p r o x i m a t e 
e q u a t i o n : 

G " = 4mCpAT/ne2
max 

w h e r e m is t h e mass o f the s a m p l e , Cp is its s p e c i f i c heat , Δ Γ is t h e 
t e m p e r a t u r e r i s e , a n d e m a x is t h e c o m p r e s s i v e s t r a i n . L o s s p e a k s for Ty 

(230 Κ), Τβ (350 Κ) , a n d Tg (above 4 3 0 K ) are d e p i c t e d . W e h a v e f o u n d 
(27) these t h r e e loss p e a k s (at l o w e r t e m p e r a t u r e s b e c a u s e o f l o w e r 
f r e q u e n c i e s ) u s i n g the 981 D M A u n i t d e s c r i b e d i n R e f e r e n c e 13. T h e 
e x i s t e n c e o f a t r u e /^ - re laxat ion n e a r 350 Κ has c r e a t e d s o m e c o n 
t r o v e r s y , w h i c h w a s s u m m a r i z e d r e c e n t l y (16). T h e t e m p e r a t u r e i n 
c rease m e a s u r e d b y Tôrmâlâ et a l . (26) a p p r e n t l y offers a d d i t i o n a l 
e v i d e n c e for a β - loss p r o c e s s i n P C . 

T h e v a r i o u s d y n a m i c m e c h a n i c a l t e s t i n g u n i t s c u r r e n t l y a v a i l a b l e 
are s i m p l y v e r y s e n s i t i v e , s o p h i s t i c a t e d i n s t r u m e n t s u s e d to m e a s u r e 
e n e r g y loss p e r c y c l e ( a n d h e n c e heat generat i on ) b y a v a r i e t y o f 
n o n t h e r m a l s e n s i n g d e v i c e s , s u c h as d a m p i n g p e r c y c l e or p h a s e 
a n g l e . T h e v a r i o u s i n s t r u m e n t s m e a s u r e a n d r e p o r t the following 
q u a n t i t i e s , d e p e n d i n g o n t h e i r mode(s ) o f o p e r a t i o n : r e a l , G ' , a n d i m 
a g i n a r y , G " , shear m o d u l i ; t h e c o r r e s p o n d i n g c o m p l i a n c e s , / ' a n d / " ; 
r e a l , Ε ' , a n d i m a g i n a r y , E " , t e n s i l e m o d u l i . T h e loss a n g l e , δ, u s u a l l y is 
r e p o r t e d as t a n δ = G 7 G ' = Ε'ΊΕ'; the d y n a m i c m e l t v i s c o s i t y , η, is 
r e p o r t e d as η=&'/ω w h e r e ω r e pre se nt s the a n g u l a r f r e q u e n c y , n a m e l y , 
ω = 2 Π / w h e r e / i s the f r e q u e n c y i n h e r t z . Q u a n t i t i e s p r o p o r t i o n a l to 
s o m e o f these p a r a m e t e r s a l so m a y b e g i v e n . I n s t r u m e n t s i n w h i c h t h e 
f r e q u e n c y v a r i e s a l so m a y d i s p l a y t h e f r e q u e n c y d i r e c t l y or m a y p r o 
v i d e i n f o r m a t i o n f r o m w h i c h i t c a n b e c a l c u l a t e d . T a b l e I l i s t s u n i t s a n d 
r e l a t i o n s b e t w e e n u n i t s . 

A l t h o u g h a n a p p l i e d a l t e r n a t i n g vo l tage stress g ives r i s e to heat 
g e n e r a t i o n , e s p e c i a l l y at h i g h f r e q u e n c i e s a n d vo l tages , t e m p e r a t u r e 
r i s e is not u s e d n o r m a l l y to m e a s u r e d i e l e c t r i c loss (but m a y b e as 
d i s c u s s e d i n R e f e r e n c e 5). D i e l e c t r i c q u a n t i t i e s c o m m o n l y r e p o r t e d 
i n c l u d e d i e l e c t r i c cons tant , β ' ; d i e l e c t r i c l oss , e"; a n d t a n g e n t o f t h e 
loss a n g l e , t a n δ = e'Ve'. O t h e r r e l a t e d q u a n t i t i e s m a y b e g i v e n . 

Competitive Techniques 

A n y o n e c o n t e m p l a t i n g the p u r c h a s e o f d y n a m i c m e c h a n i c a l 
e q u i p m e n t m u s t b e a w a r e o f s e v e r a l t e c h n i q u e s that are c o m p e t i t i v e 
w i t h a n d / o r c o m p l e m e n t a r y to the m e c h a n i c a l m e t h o d s . S o m e o f t h e s e 
t e c h n i q u e s are r e l a t i v e l y n e w ; a l l h a v e b e e n or are c a p a b l e o f b e i n g 
a u t o m a t e d . 

Thermally Stimulated Creep. T h i s m e c h a n i c a l t e c h n i q u e w a s 
d e v e l o p e d b y L a c a b a n n e et a l . (27-29). T h e s p e c i m e n is s u b j e c t e d to 
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1. B O Y E R Automated Mechanical Testing 7 

Table I. C o m m o n Terms, Symbols, and Units for Dynamic 
Mechanical and Dynamic Mel t Viscosity Data 

Units 

Term Symbol 
S h e a r m o d u l u s G ' 

S h e a r loss G" 
T e n s i l e m o d u l u s E ' 
T e n s i l e loss E1' 
L o s s a n g l e δ 
L o s s tangent t a n δ 6 

D e c r e m e n t Δ ° 
F r e q u e n c y 
A n g u l a r f r e q u e n c y ω 
D y n a m i c m e l t v i s c o s i t y 

Old 
d y n e s / c m 2 

k g / c m 2 

l b / i n . 2 

l b / i n . 
l b / i n . 
l b / i n . 
degrees 

c y c l e s/s 
rad ians / s 
P s e 

New 
N / m 2 " 

N / m 2 

N / m 2 

N / m 2 

same 

H z 
same 
same 

Note: Conversion factors are approximately as follows: 
1 kg force/cm2 = 14.2 PSI 

= 0.968 arm 
= 0.981 bar 
= 9.81 x l 0 4 N / m 2 

(Because E' and G ' may be of the order of 109 N/m 2 = 109 Pascals, the term 
gigapascals is being used with symbol gP.) 

a Newtons per meter squared, also called Pascals. 
6 Tan δ = G 7 G ' = E"/E'. 
c Δ = π tan δ. Log Δ is plotted directly by some instruments. 
d 7]' = G''/ω. 
e Pascal seconds. 

a t o r s i o n a l l o a d at a n e l e v a t e d t e m p e r a t u r e a n d c o o l e d r a p i d l y w i t h 
the l o a d s t i l l a p p l i e d . O n w a r m i n g , b o t h s t r a i n a n d its t i m e d e r i v a t i v e 
are r e c o r d e d as a f u n c t i o n o f t e m p e r a t u r e . T h e m e t h o d is c a p a b l e o f 
h i g h r e s o l v i n g p o w e r for d e t e c t i n g m u l t i p l e t r a n s i t i o n s . I t uses a tor 
s i o n p e n d u l u m w i t h the s p e c i m e n s u p p o r t e d o n a glass b r a i d i f the 
m e l t state is to b e s t u d i e d . 

Dielectric Methods. T h e s e m e t h o d s are o f t w o t y p e s : (a) d i r e c t 
r e a d i n g b r i d g e s that p r o v i d e e i t h e r r e c o r d i n g or d i g i t a l r e a d o u t o f 
d i e l e c t r i c constant , d i e l e c t r i c loss , t a n δ, a n d o t h e r q u a n t i t i e s as a 
f u n c t i o n o f t e m p e r a t u r e ; s o m e i n s t r u m e n t s p r o v i d e a c h o i c e o f s e v e r a l 
f r e q u e n c i e s ; a n d (b) t h e r m a l l y s t i m u l a t e d c u r r e n t d i s c h a r g e ( T S C ) . 
T h i s m e t h o d is the e l e c t r i c a l a n a l o g o f t h e r m a l l y s t i m u l a t e d c r e e p . A 
h i g h vo l tage is a p p l i e d to a p o l y m e r f i l m at e l e v a t e d t e m p e r a t u r e a n d 
the s a m p l e is c o o l e d r a p i d l y w i t h the v o l t a g e o n . A f t e r r e m o v a l o f t h e 
a p p l i e d vo l tage , the s p e c i m e n is h e a t e d at a s l o w rate w h i l e c u r r e n t 
flow t h r o u g h t h e s p e c i m e n is m e a s u r e d . A c u r r e n t p e a k occurs at e a c h 
t r a n s i t i o n (see R e f e r e n c e s 8 a n d 9 for de ta i l s ) . F i g u r e 2 s h o w s a c u r 
r e n t trace for atact ic p o l y m e t h y l m e t h a c r y l a t e ( P M M A ) (30). A n auto -
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8 P O L Y M E R C H A R A C T E R I Z A T I O N 

3 

2 

_ I ( 1 ( T 1 1 A ) 
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τ>τ 6 

P=180°C 
\ 

I' I I I 
[ /T(°C> 

- 2 0 0 J 0 0 0 100 200 

Figure 2. TSC trace on atactic polymethyl methacrylate that was 
polarized at 180 °C for 2 min by an applied field of 1Œ Vim, rapidly 
cooled under voltage, and heated at about 1 Klmin. Effective frequency 
was ~10~4 Hz. Vertical axis is electric current in amperes generated by 
the polarized specimen because of reorientation of dipoles and/or mo

tion of charge carriers. See Ref. 28 for details. 

m a t e d i n s t r u m e n t for o b t a i n i n g s u c h data is the E l e c t r e t T h e r m a l 
A n a l y z e r (At las E l e c t r i c D e v i c e s ) . R e s o l v i n g p o w e r is v e r y h i g h a n d 
m a n y s m a l l c u r r e n t p e a k s , e a c h i n d i c a t i v e o f s o m e t r a n s i t i o n or r e l a x 
a t i o n , m a y b e s e e n i n a d d i t i o n to m a j o r t r a n s i t i o n s o b s e r v e d i n d y 
n a m i c t e s t i n g . T S C has s e v e r a l a d v a n t a g e s b e s i d e s h i g h r e s o l v 
i n g p o w e r a n d s i m p l i c i t y . F i r s t , i t c a n w o r k i n the m o l t e n state w h e r e 
p o l y m e r s are m e c h a n i c a l l y w e a k , v e r y s t i c k y , a n d sub jec t to v i s c o u s 
flow. L a c a b a n n e et a l . u s e d T S C to o b s e r v e the l i q u i d — l i q u i d (T H ) 
t r a n s i t i o n i n P S (31) a n d P M M A (30). S e c o n d , h a v i n g s c a n n e d a s p e c i 
m e n f r o m l o w to h i g h t e m p e r a t u r e a n d l o c a t e d a l l o f the c u r r e n t p e a k s , 
o n e c a n d o a n e w e x p e r i m e n t c o m b i n i n g s e l e c t i o n o f the p o l a r i z i n g 
t e m p e r a t u r e f o l l o w e d b y s h o r t - c i r c u i t i n g at s ome l o w e r t e m p e r a t u r e 
to i so late a n y d e s i r e d t r a n s i t i o n r e g i o n . E x a m p l e s a p p e a r i n R e f e r e n c e 
31 for P S a n d R e f e r e n c e 30 for P M M A . A p p l i c a t i o n o f the T S C t e c h 
n i q u e to o t h e r s p e c i f i c p o l y m e r s m a y b e c i t e d as f o l l o w s : s e v e r a l p o l y 
s tyrenes (32); p o l y a c r y l o n i t r i l e (33); p o l y c a r b o n a t e ( P C ) (34); s e v e r a l 
c rys ta l l ine p o l y m e r s [po lye thy lene ( P E ) , T e f l o n , p o l y v i n y l i d e n e fluoride 
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1. B O Y E R Automated Mechanical Testing 9 

( P V D F ) ] (35, 36); p o l y b l e n d s (37); e p o x i e s (38); a n d n y l o n s (39). O f 
c o u r s e , n u m e r o u s e x a m p l e s a p p e a r i n R e f e r e n c e s 8 a n d 9. 

A (qua l i ta t ive ) c o m p a r i s o n b e t w e e n d y n a m i c m e c h a n i c a l a n d 
d i e l e c t r i c test r e su l t s m a y b e i n s t r u c t i v e . E x c e p t i n s p e c i a l cases , r e 
l a t i n g a d y n a m i c m e c h a n i c a l loss p e a k to a s p e c i f i c t y p e o f m e c h a n i c a l 
m o t i o n m a y b e d i f f i c u l t . O f c o u r s e , J . H e i j b o e r ' s t o r s i o n p e n d u l u m 
s t u d y (40) o f c y c l o h e x y l a n d o t h e r c y c l o a l k y l r i n g m o t i o n s is a n o t e d 
e x c e p t i o n i n w h i c h t h e t y p e o f m o t i o n i s k n o w n i n d e t a i l . I f a p o l y m e r 
c o n t a i n s a p o l a r g r o u p ( i n c l u d i n g m i l d l y o x i d i z e d P E ) so that t h e r e is 
d i r e c t c o u p l i n g b e t w e e n t h e d i e l e c t r i c f i e l d a n d that p o l a r g r o u p , t h e 
na ture o f t h e m o t i o n m a y b e k n o w n w i t h p r e c i s i o n . F o r a c o m p l i c a t e d 
p o l y m e r l i k e P C , a c o m b i n a t i o n o f m a n y t e c h n i q u e s w a s n e e d e d to 
u n r a v e l t h e l o w t e m p e r a t u r e loss p e a k s : d y n a m i c m e c h a n i c a l , d i e l e c 
t r i c , I R , T S C , a n d N M R . W e r e v i e w e d t h e p e r t i n e n t l i t e r a t u r e o n t h i s 
p o l y m e r (14, 16). 

D i e l e c t r i c t e s t i n g a l w a y s has f a c e d a d i l e m m a b e t w e e n d i r e c t 
c u r r e n t c o n d u c t i o n loss at l o w f r e q u e n c y a n d p o o r r e s o l v i n g p o w e r at 
h i g h f r e q u e n c y . A t e c h n i q u e r e c e n t l y r e p o r t e d b y K l a a s e a n d V a n 
T u r n h o u t (41) a l l o w s for c i r c u m v e n t i o n o f the p r o b l e m s a s s o c i a t e d 
w i t h c o n d u c t i o n c u r r e n t s at r e l a t i v e l y l o w f r e q u e n c y . T r a d i t i o n a l l y , e" 
loss p e a k s m a y b e b u r i e d c o m p l e t e l y b y c o n d u c t i o n c u r r e n t s , u s u a l l y 
at h i g h fluidity, w h e t h e r t h e r e s u l t o f h i g h t e m p e r a t u r e , t h e p r e s e n c e 
o f d i l u e n t s , or b o t h . C l a s s i c a l m e t h o d s c a n cor rec t t h i s p r o b l e m . H o w 
e v e r , R e f e r e n c e 4 1 p o i n t s out that the d i e l e c t r i c constant , e', i s n o t 
a f fec ted b y c o n d u c t i o n c u r r e n t s . H e n c e , the d e r i v a t i v e , de'ldT or de'ld 
l o g / , w i l l e x h i b i t a m a x i m u m at a n e" l oss p e a k b u r i e d u n d e r t h e 
c o n d u c t i o n c u r r e n t . T h i s t e c h n i q u e c a n g r e a t l y e x t e n d the u t i l i z a t i o n 
o f d i e l e c t r i c t e s t i n g . A p p l i c a t i o n o f th i s m e t h o d to d i e l e c t r i c loss at 1 
H z as a p p l i e d to P V D F has b e e n d e m o n s t r a t e d (41). 

I p r e d i c t a r e s u r g e n c e o f i n t e r e s t i n d i e l e c t r i c t e s t i n g s p a r k e d b y 
t h e e l e c t r o n i c a p p l i c a t i o n s o f e l e c t re ts a n d o t h e r p i e z o e l e c t r i c d e v i c e s 
p r e p a r e d f r o m p o l y m e r s a n d c o p o l y m e r s o f v i n y l i d e n e fluoride. T h i s 
r e s u r g e n c e w i l l b e a i d e d b o t h b y t h e s e l f - b a l a n c i n g b r i d g e s a n d b y the 
i m p r o v e d data t r e a t m e n t m e t h o d s j u s t m e n t i o n e d . M o r e o v e r , a 
d i e l e c t r i c b r i d g e is a c o n v e n i e n t m e t h o d for e x t e n d i n g the f r e q u e n c y 
range o f d y n a m i c m e c h a n i c a l loss e q u i p m e n t , t h u s p e r m i t t i n g c a l c u 
l a t i o n o f m o r e accurate a c t i v a t i o n e n e r g i e s . (See s e c t i o n e n t i t l e d " T e s t 
F r e q u e n c y . " ) 

H e d v i g (4) d e s c r i b e d the p r i n c i p l e s o f v a r i o u s s e l f - b a l a n c i n g 
a n d / o r d i r e c t r e c o r d i n g b r i d g e s . Y a l o f a n d W r a s i d l o (42) d i s c u s s e d 
a s p e c i f i c d i r e c t b a l a n c i n g - r e c o r d i n g u n i t n o w c o m m e r c i a l l y a v a i l 
a b l e as A u d r e y (automat i c d i e l e c t r o m e t e r ) f r o m T e t r a h e d r o n . T h i s 
g r o u p (42) s t r o n g l y r e c o m m e n d s t h e c o m b i n e d u s e o f d i e l e c t r i c 
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10 P O L Y M E R C H A R A C T E R I Z A T I O N 

t e s t i n g w i t h o n e o t h e r m e t h o d , for e x a m p l e , d i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y ( D S C ) , i n p r o d u c t i o n q u a l i t y c o n t r o l . 

W e use a H e w l e t t - P a c k a r d a u t o m a t i c b a l a n c i n g b r i d g e that p r o 
v i d e s d i g i t a l r eadouts o f c a p a c i t a n c e , r e s i s t a n c e , i n d u c t a n c e , t a n 8, a n d 
Q at a n y o f t h r e e p r e s e l e c t e d f r e q u e n c i e s , ΙΟ 2 , 10 3 , a n d 1 0 4 H z (42). 
D e s i g n e d for p r o d u c t i o n l i n e q u a l i t y c o n t r o l t e s t i n g o f e l e c t r i c a l c o m 
p o n e n t s , i t has p r o v e n to b e a u s e f u l r e s e a r c h t o o l . Its l o w e r l i m i t o f 
t a n δ is 0 .001 . T h i s a u t o m a t i c b a l a n c i n g b r i d g e c a n b e i n t e r f a c e d w i t h 
r e c o r d i n g e q u i p m e n t . Its u s e i n d e t e c t i n g Ttt i n p o l y c h l o r o s t y r e n e 
is d i s c u s s e d e l s e w h e r e (43). T h e l i q u i d - l i q u i d t r a n s i t i o n (T H ) i n 
p o l y p r o p y l e n e g l y c o l 4 0 0 0 a l so was d e t e c t e d w i t h t h i s same i n s t r u 
m e n t (44). 

Choosing an Instrument 

T h i s task is f o r m i d a b l e , i n par t b e c a u s e o f t h e v a r i e t y o f h i g h 
c a l i b e r i n s t r u m e n t s a v a i l a b l e f r o m w h i c h to m a k e a c h o i c e ; i n p a r t 
b e c a u s e u s u a l l y m o r e t h a n o n e n e e d a n d / o r m o r e t h a n o n e g r o u p m u s t 
b e s a t i s f i e d ; a n d f i n a l l y b e c a u s e t h e r e m a y b e m o n e y r e s t r i c t i o n s . 
S o m e c o m p r o m i s e s f r e q u e n t l y m u s t b e m a d e i n o p t i m i z i n g the c h o i c e 
i n i n s t r u m e n t a t i o n . I a t t e m p t o n l y to p o i n t o u t s o m e factors for c o n s i d 
e r a t i o n . 

I s h a l l no t a t t e m p t to m a k e a p o i n t - t o - p o i n t c o m p a r i s o n o f a l l 
c o m m e r c i a l i n s t r u m e n t s . I d o speak o f s p e c i f i c b n m d n a m e s i n r e l a 
t i o n to a s i t u a t i o n or p r o b l e m u n d e r d i s c u s s i o n ; h o w e v e r , the c i t i n g o f 
a s p e c i f i c b r a n d n a m e s h o u l d no t b e c o n s t r u e d as e n d o r s i n g that i n 
s t r u m e n t o v e r c o m p e t i t i v e b r a n d s . T h e m a i n factors that I w i s h to 
c o v e r as g u i d e l i n e s o f c h o i c e are the f o l l o w i n g : 

1. D e f i n i n g the task(s) or p r o b l e m ( s ) o f the i n s t r u m e n t 
b e i n g c h o s e n . T h i s i n c l u d e s i m m e d i a t e as w e l l as 
p o s s i b l e f u t u r e n e e d s . T h i s is a n i n d i v i d u a l p r o b l e m a n d 
c a n bes t b e s o l v e d b y c o n s i d e r i n g the f o l l o w i n g s p e c i f i c 
areas. 

2. T y p e s o f s p e c i m e n s , t e m p e r a t u r e r a n g e , f r e q u e n c y 
r a n g e , a n d d e f o r m a t i o n m o d e . (See T a b l e II.) 

3. F i x e d vs . v a r i a b l e f r e q u e n c y . (See the s e c t i o n o n " T e s t 
F r e q u e n c y . " ) 

4. P r o p e r t i e s ( d y n a m i c loss , storage m o d u l u s , etc.) as a 
f u n c t i o n o f f r e q u e n c y vs . s u c h p r o p e r t i e s as a f u n c t i o n o f 
t e m p e r a t u r e , or as a f u n c t i o n o f b o t h . 

5. R e s o l v i n g p o w e r , a c c u r a c y , a n d r e p r o d u c i b i l i t y . (See t h e 
s e c t i o n o n " R e s o l v i n g P o w e r . " ) 

6. T o t a l c a p a b i l i t y o f a g i v e n i n s t r u m e n t ; a o n e - l i n e 
c h a r a c t e r i z a t i o n o f a n y i n s t r u m e n t c a n b e m i s l e a d i n g . 
(See the s e c t i o n o n " O v e r C a t e g o r i z a t i o n . " ) 
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1. B O Y E R Automated Mechanical Testing 11 

Table II. Types of Specimens and Temperature Ranges 

Specimen Type 
1. F i x e d l i q u i d s s u c h as 

p l a s t i c i z e r s that m a y h a v e 
t r a n s i t i o n s s u c h as m e l t i n g 
a n d Tg 

2. E l a s t o m e r s 

3. A m o r p h o u s t h e r m o p l a s t i c s 
m e a s u r e d u p to or j u s t 
a b o v e Tg 

4. S a m e as 3 b u t m e a s u r e d 
a b o v e Tg 

5. S e m i c r y s t a l l i n e p o l y m e r s 
u p to Tm 

6. S a m e as 5 b u t g o i n g 
a b o v e Tm 

7. T h e r m o s e t s ( a l r eady c u r e d ) 
u p to t h e r m a l d e c o m p o s i 
t i o n t e m p e r a t u r e s 

8. C u r a b l e l o w m o l . w t . 
l i q u i d s or s o l i d s that c h a n g e 
to t h e r m o p l a s t i c s or 
t h e r m o s e t s o n c u r e 

9. C o m p o s i t e s c o n s i s t i n g o f a 
t h e r m o p l a s t i c p o l y m e r 
b l e n d e d w i t h p a r t i c u l a t e or 
f i b r o u s f i l l e r 

10. C o m p o s i t e t h e r m o s e t s 
α Substrate may be a porous system impregnated with the polymer; or a solid such 

as a metal strip coated with the polymer. See section on "The Braid Controversy." 
6 Low molecular weight polymers tend to have low strength and may be quite 

brittle. 

Comment 
A substrate to c a r r y the 

s p e c i m e n is n e e d e d w i t h m o s t 
i n s t r u m e n t s α 

M a y r e q u i r e v u l c a n i z a t i o n a n d 
s p e c i a l s a m p l e c l a m p i n g 
d e v i c e 

U s u a l l y n o p r o b l e m u n l e s s 
s p e c i m e n is v e r y b r i t t l e b 

M e c h a n i c a l s u p p o r t n e e d e d a 

U s u a l l y n o p r o b l e m s 

M e c h a n i c a l s u p p o r t n e e d e d a 

U s u a l l y n o p r o b l e m s 

S u p p o r t s y s t e m n e e d e d a 

F i l l e r m a y p r o v i d e i n t e r n a l 
s u p p o r t i n t o the Τ >Tg t e m 
p e r a t u r e r e g i o n 

U s u a l l y n o p r o b l e m s 

Temperature vs. Frequency as an Independent Plotting Vari 
able. D y n a m i c m e c h a n i c a l f u n c t i o n s s u c h as E ' , G ' , E", G " , a n d t a n δ 
m a y b e p l o t t e d as a f u n c t i o n o f t e m p e r a t u r e at a s i n g l e f i x e d f r e q u e n c y 
( i s o c h r o n a l p l o t ) ; aga ins t f r e q u e n c y , / , at a s i n g l e f i x e d t e m p e r a t u r e 
( i s o t h e r m a l p l o t ) ; c o m b i n a t i o n s i n w h i c h Τ or / is the i n d e p e n d e n t 
v a r i a b l e a n d d i f f e r e n t i s o c h r o n e s or i s o t h e r m s a p p e a r o n t h e same p l o t 
as a f u n c t i o n o f Τ o r / , r e s p e c t i v e l y ; or f i n a l l y , o n a r e d u c e d f r e q u e n c y 
p l o t aga ins t l o g faT w h e r e aT is t h e r e d u c t i o n factor. S u c h p l o t s c o m 
b i n e d i f f e r e n t sets o f t e m p e r a t u r e a n d f r e q u e n c y data i n t o a s i n g l e 
c u r v e c o m m o n l y g i v e n at a r e f e r e n c e t e m p e r a t u r e o f 2 5 °C , a l t h o u g h 
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12 P O L Y M E R C H A R A C T E R I Z A T I O N 

a n y r e f e r e n c e t e m p e r a t u r e m a y b e s e l e c t e d . E x a m p l e s o f these v a r i 
ous types o f p lo ts m a y b e i n s p e c t e d i n s tandard re ference w o r k s (J - 5 ) . 

S o m e i n s t r u m e n t s m a y c o m e w i t h accessor ies that i n c l u d e a se l f -
c o n t a i n e d c o m p u t e r - p l o t t e r for p l o t t i n g a n y d e p e n d e n t v a r i a b l e 
aga ins t one or m o r e i n d e p e n d e n t v a r i a b l e s . M o r e s i m p l y , d a t a f r o m 
the i n s t r u m e n t m a y b e tape p u n c h e d a n d u s e d i n a s t a n d a r d 
c o m p u t e r - d a t a p l o t t i n g s y s t e m . O n e s o p h i s t i c a t e d d e v i c e o f great v e r 
sa t i l i t y was d e s c r i b e d e l s e w h e r e (25). 

A n y d y n a m i c m e c h a n i c a l u n i t c a p a b l e o f b e i n g p r e s e t to a f i x e d 
f r e q u e n c y (see the s e c t i o n e n t i t l e d " T e s t F r e q u e n c y " ) w i l l h a v e a 
r e l a t i v e l y s m a l l n u m b e r o f t h e s e f i x e d f r e q u e n c i e s to se l e c t as w e l l as 
a s m a l l t o ta l range . T e m p e r a t u r e i n c r e m e n t s at a f i x e d f r e q u e n c y c a n 
b e as s m a l l as t h e e x p e r i m e n t e r d e s i r e s , s u c h as 1, 5, 10, a n d 2 0 ° C , or , 
w i t h some i n s t r u m e n t s , t h e y c a n i n c r e a s e c o n t i n u o u s l y . P l o t s aga ins t 
t e m p e r a t u r e s h o w l o c a t i o n s o f t r a n s i t i o n s at t e m p e r a t u r e s that c a n b e 
c o r r e l a t e d w i t h data f r o m q u a s i - s t a t i c d e v i c e s s u c h as D S C , t h e r m a l 
e x p a n s i o n , a n d o t h e r d e v i c e s . 

F i n a l l y , t w o p r a c t i c a l sugges t i ons are b a s e d o n the a s s u m p t i o n 
that a n i n d i v i d u a l or g r o u p has a r r i v e d at a c h o i c e b e t w e e n t w o c o m 
p e t i t i v e i n s t r u m e n t s or e v e n a s i n g l e i n s t r u m e n t . O n e s u g g e s t i o n is to 
t a l k to o n e or s e v e r a l i n d i v i d u a l s a l r e a d y u s i n g o n e or t h e o t h e r o f t h e 
t w o i n s t r u m e n t s i n q u e s t i o n . S u b t l e p o i n t s a b o u t m e c h a n i c a l d e p e n d 
a b i l i t y , s p e e d o f s e r v i c e , r e p l a c e m e n t costs , etc . , m a y e m e r g e . T h e 
o ther p o i n t is to r e q u e s t f r o m the i n s t r u m e n t m a n u f a c t u r e r a test r u n 
o n one or s e v e r a l t y p i c a l s p e c i m e n s that are o f c u r r e n t i n t e r e s t to the 
e v e n t u a l user . T h e r e are , o f c o u r s e , m a n y o t h e r p r a c t i c a l c o n s i d 
e ra t i ons . F o r e x a m p l e , i f the i n t e n d e d use o f a n i n s t r u m e n t c o v e r s a 
s t u d y o f e l a s t o m e r s , b l o c k p o l y m e r s , or a n y s y s t e m w i t h Tg w e l l b e l o w 
r o o m t e m p e r a t u r e , o n e s h o u l d c o m p a r e a l ternate i n s t r u m e n t s i n costs 
for l i q u i d n i t r o g e n a n d / o r m e c h a n i c a l r e f r i g e r a t i o n sys tems . 

Over Categorization 

It is r e l a t i v e l y easy to a t tach to a n y g i v e n i n s t r u m e n t a l a b e l that 
i m p l i e s l i m i t e d use for that i n s t r u m e n t . S u c h l a b e l s are r e s t r i c t i v e a n d 
m i s l e a d i n g . I n a n e a r l y r e v i e w w e stated that the R h e o v i b r o n w a s 
l i m i t e d to the t e n s i o n m o d e at t e m p e r a t u r e s u p to Tg, W e l e a r n e d (see 
footnotes to T a b l e I o f R e f e r e n c e 17) that i t h a d i n d e e d b e e n u s e d i n 
shear a b o v e Tg. M a n u f a c t u r e r s are a w a r e o f the d i v e r s e , e v e n t h o u g h 
s e l d o m u s e d , c a p a b i l i t i e s o f t h e i r o w n i n s t r u m e n t s as d e v e l o p e d b y 
t h e m s e l v e s or d e s c r i b e d i n the l i t e r a t u r e . 

G i l l h a m e m p h a s i z e s that a T B A u n i t c a n b e u s e d as a t o r s i o n 
p e n d u l u m b y s u b s t i t u t i n g a p o l y m e r f i l m for the l o a d e d b r a i d ; a n d , 
c o n v e r s e l y , that a n y t o r s i o n a l p e n d u l u m c a n f u n c t i o n i n the T B A 
m o d e b y u s i n g a l o a d e d b r a i d i n p l a c e o f the f i l m . T h e o n l y s u b s t a n -
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1. B O Y E R Automated Mechanical Testing 13 

t i v e d i f f e r e n c e s are that (a) the b r a i d p l u s p o l y m e r s y s t e m is a c o m 
pos i t e that does no t y i e l d a n a b s o l u t e v a l u e o f G ' ; a n d (b) o n e c a n n o t 
operate a p p r e c i a b l y a b o v e Tg or Tm i n the p e n d u l u m m o d e . 

W e e x p e c t the t r e n d to g r o w s u c h that a n y g i v e n i n s t r u m e n t w i l l 
h a v e o n e or s e v e r a l p r i n c i p a l m o d e s o f o p e r a t i o n b u t i t n e e d not b e 
c o n f i n e d to those m o d e s . C o m p e t i t i o n b e t w e e n s u p p l i e r s o f i n s t r u 
m e n t s a n d / o r i n g e n u i t y o n the par t o f users w i l l l e a d to a c ons tant 
s t ream o f i n n o v a t i o n s . 

T h e m o d e o f o p e r a t i o n o f t h e d u P o n t D M A 981 u n i t has p u z z l e d 
m a n y p e r s o n s . L e a r (45) c l a r i f i e d th i s s i t u a t i o n b y s h o w i n g that at a 
l o w Lit ( l e n g t h / t h i c k n e s s ) ra t io the d e f o r m a t i o n is p r i m a r i l y shear ; at 
h i g h Lit, the d e f o r m a t i o n is i n b e n d i n g , h e n c e t e n s i o n . 

O f c o u r s e , be f o re t h e d e v e l o p m e n t o f T B A , t e c h n i q u e s h a d b e e n 
d e v e l o p e d a n d t h e o r y p r o v i d e d as e a r l y as 1951 for p o l y m e r - c o a t e d 
m e t a l s tr ips to b e m e a s u r e d b y the t o r s i o n p e n d u l u m m e t h o d , t h u s 
p e r m i t t i n g s t u d y o f l o w m o l e c u l a r w e i g h t p o l y m e r s a n d / o r p o l y m e r s 
a b o v e Tg (see footnote to T a b l e I i n R e f e r e n c e 17 a n d A p p e n d i x C ) . 

S u b s e q u e n t l y , n u m e r o u s t e c h n i q u e s h a v e b e e n d e s c r i b e d : use o f 
p o r o u s suppor ts for t o r s i o n p e n d u l u m (46) a n d R h e o v i b r o n (47); 
p o l y m e r - c o a t e d c o i l e d s p r i n g s i n the R h e o v i b r o n , a m e t h o d c a l l e d 
d y n a m i c s p r i n g a n a l y s i s ( D S A ) (48); use o f a glass m o n o f i l a m e n t 
c o a t e d w i t h a u n i f o r m t h i c k n e s s o f p o l y m e r as the s p e c i m e n i n a T B A 
u n i t (49). A l t h o u g h t h e s p e c i m e n is a c o m p o s i t e , s i m p l e g e o m e t r y 
p e r m i t s c a l c u l a t i o n o f p o l y m e r constants . P r o b l e m s c o n c e r n i n i t i a l 
u n i f o r m i t y o f c o a t i n g a n d v e r t i c a l f l o w o f p o l y m e r d u r i n g the e x p e r i 
m e n t . O b v i o u s l y , the same e x p e r i m e n t c a n b e c o n d u c t e d i n a c o n v e n 
t i o n a l t o r s i o n p e n d u l u m . 

Test Frequency 

A v a i l a b l e d y n a m i c m e c h a n i c a l test e q u i p m e n t is o f s e v e r a l t y p e s : 
(a) a s m a l l n u m b e r o f f i x e d , p r e s e l e c t e d f r e q u e n c i e s , w i t h t e m p e r a t u r e 
as the v a r i a b l e ; (b) a f r e q u e n c y s w e e p aga ins t a l i n e a r or l o g a r i t h m i c 
f r e q u e n c y sca le ; a n d (c) r e s o n a n t sys tems i n w h i c h the f r e q u e n c y 
decreases w i t h i n c r e a s i n g t e m p e r a t u r e as t h e m o d u l u s o f t h e s p e c i 
m e n decreases . T h e t o r s i o n p e n d u l u m a n d D M A 981 u n i t s are o f t h i s 
t y p e . 

T h e i n t e n d e d e n d use for a d y n a m i c m e c h a n i c a l tes ter w i l l b e a 
major factor i n d e c i d i n g w h i c h o f t h r e e t y p e s o f u n i t s to choose . O n e 
m a y w i s h to c o r r e l a t e w i t h i m p a c t t e s t i n g w h e r e the e f f e c t i ve f re 
q u e n c y is a b o u t 1000 H z ; or w i t h a cous t i c e n e r g y a b s o r p t i o n w h e r e a 
range f r o m about 100 to a b o u t 10,000 H z m a y b e o f in te res t . A l t e r n a 
t i v e l y , the i n v e s t i g a t o r m a y w i s h to c o n s t r u c t r e l a x a t i o n m a p s , n a m e l y , 
p lo t s o f l o g f r e q u e n c y aga ins t r e c i p r o c a l t e m p e r a t u r e for e a c h o f the 
s e v e r a l loss p e a k s i n a s p e c i m e n , f r o m w h i c h a p p a r e n t e n t h a l p i e s o f 
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14 P O L Y M E R C H A R A C T E R I Z A T I O N 

a c t i v a t i o n , Δ Η α , c a n b e c a l c u l a t e d . I n th i s case , a f r e q u e n c y r a n g e o f at 
least t w o a n d p r e f e r a b l y a m i n i m u m o f t h r e e d e c a d e s is d e s i r a b l e to 
get m e a n i n g f u l v a l u e s o f Δ Η α . I f e x t r e m e p r e c i s i o n i n ΔΗα is d e s i r e d , 
s e v e r a l d y n a m i c m e c h a n i c a l test i n s t r u m e n t s m a y b e n e e d e d . F o r 
e x a m p l e , o n e g r o u p advocates t h e u s e o f f i v e d i f f e r e n t i n s t r u m e n t s to 
c o v e r the f r e q u e n c y range f r o m 10~ 4 H z (creep) to 10 6 H z (50). 

C o n v e r s e l y , l o w f r e q u e n c y m e c h a n i c a l loss resu l t s m a y b e s u p 
p l e m e n t e d w i t h d i e l e c t r i c m e a s u r e m e n t s i n w h i c h a s i n g l e d i e l e c 
t r i c b r i d g e m a y c o v e r t h e r a n g e f r o m 6 0 to 1 0 5 H z . If, h o w e v e r , one ' s 
i n t e r e s t is p r i m a r i l y i n l o c a t i n g m e c h a n i c a l loss p e a k s a l o n g the t e m 
p e r a t u r e scale as a f u n c t i o n o f c h e m i c a l s t ruc ture , p o l y m e r b l e n d s , 
b l o c k c o p o l y m e r s , p e r c e n t c r y s t a l l i n i t y , c r o s s - l i n k i n g , a d d i t i v e c o n 
t ent s u c h as f i l l e r s or p l a s t i c i z e r s , a re sonant - type apparatus is g e n e r 
a l l y a d e q u a t e . T h e glass t r a n s i t i o n t e m p e r a t u r e for m o s t c o m m o n 
t h e r m o p l a s t i c s a n d t h e r m o s e t s is r e l a t i v e l y i n v a r i a n t w i t h f r e q u e n c y 
o v e r a range o f 1 0 0 - 1 0 0 0 H z . 

W i t h r e sonant sys tems , the i n i t i a l f r e q u e n c y c a n b e v a r i e d w i t h i n 
l i m i t s b y c h a n g i n g the g e o m e t r y o f the i n s t r u m e n t a n d / o r the s p e c i 
m e n d i m e n s i o n s . A t o r s i o n p e n d u l u m m a y choose a n y o f s e v e r a l i n e r 
t i a d i s k s to a l t e r i n i t i a l f r e q u e n c y , a l t h o u g h t h i s a p p r o a c h is no t c o m 
m o n . T h e d u P o n t D M A 981 u n i t c a n e m p l o y s p e c i m e n s o f d i f f e r e n t 
l e n g t h s a n d / o r t h i c k n e s s e s to a l t e r the s tar t ing f r e q u e n c y . 

O u r p h i l o s o p h y a b o u t f r e q u e n c y v a r i a t i o n for c a l c u l a t i n g Δ Η α 

v a l u e s is n o w bes t d e s c r i b e d as c a u t i o u s t h o u g h n o t c a l l o u s . T h i s 
a t t i tude is b a s e d o n the f o l l o w i n g o b s e r v a t i o n s a n d c o n s i d e r a t i o n s : 

1. M a n y r e l a x a t i o n m a p s h a v e b e e n d e t e r m i n e d a n d p u b 
l i s h e d , g e n e r a l l y i n c o n v e n i e n t c o l l e c t i o n s (I —7). 

2. I n f o r m a t i o n g a i n e d f r o m these reports s h o w s that Δ Η α 

for Tg i n c reases m o n o t o n i c a l l y ( a c tua l l y , e x p o n e n t i a l l y ) 
w i t h i n c r e a s i n g Tg so that k n o w i n g Tg b y a n y l o w fre 
q u e n c y m e t h o d s u c h as D S C or t o r s i o n p e n d u l u m a l l o w s 
a r e a s o n a b l y accurate e s t i m a t e o f Δ Η α for Tg to b e m a d e . 
(See R e f e r e n c e 10 a n d a lso A p p e n d i x B.) 

3. I n s i m i l a r f a s h i o n , ΔΗα for the ^ - r e l a x a t i o n [Τβ(Κ) 0 .75 
Tg(K) for m a n y p o l y m e r s ] in c reases l i n e a r l y w i t h Τβ(Κ) 
(51). 

4. K n o w i n g the s e v e r a l t r a n s i t i o n s i n o r d e r o f d e c r e a s i n g 
t e m p e r a t u r e at a l o w f r e q u e n c y s u c h as a b o u t 1 H z , 
n a m e l y , m e l t i n g , Tg, Τβ, Ty, Tb, a n d o t h e r t r a n s i t i o n s , 
t h e r e l a x a t i o n m a p m o s t l i k e l y w i l l c o n s i s t o f a ser ies o f 
s t ra ight l i n e s d r a w n f r o m these 1 - H z v a l u e s a n d i n t e r s e c t 
at or n e a r 1 0 1 2 / T ( K ) o n the v e r t i c a l sca le at a t e m p e r a t u r e 
v e r y n e a r to Tm (52). 

5. N u m e r i c a l a n a l y t i c a l p r o c e d u r e s for d e t e r m i n i n g a c t i v a -
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1. B O Y E R Automated Mechanical Testing 15 

t i o n e n e r g i e s f r o m a s i n g l e f r e q u e n c y h a v e b e e n p r o 
p o s e d (53). T h e t r e a t m e n t o f r e s o n a n t m o d e s is a s p e c i a l 
case . 

6. O c c a s i o n a l l y , w e c o l l e c t e d s ca t tered m e c h a n i c a l loss 
data f r o m t h e l i t e r a t u r e a n d c o n s t r u c t e d a r e l a x a t i o n 
m a p , u s u a l l y o f l i m i t e d scope . I n one i n s t a n c e , w e 
m e r g e d o u r l o w f r e q u e n c y D M A data o n a β - loss p e a k 
w i t h h i g h e r f r e q u e n c y l i t e r a t u r e d a t a to e s t i m a t e a r e l i 
a b l e v a l u e o f ΔΗα (16). 

T h e s e r e m a r k s s h o u l d no t b e c o n s t r u e d to i m p l y a n e g a t i v e a t t i 
t u d e o n o u r par t a b o u t r e l a x a t i o n m a p s a n d v a l u e s o f ΔΗα. S u c h n u 
m e r i c a l v a l u e s a n d p lo t s c l e a r l y assist i n t h e o v e r a l l u n d e r s t a n d i n g o f 
r e l a x a t i o n a n d t r a n s i t i o n p h e n o m e n a . R a t h e r , w e are m a k i n g t w o 
p o i n t s : (1) I f a n i n d i v i d u a l or g r o u p is f o r c e d , for w h a t e v e r r e a s o n , to 
p u r c h a s e a n i n s t r u m e n t l a c k i n g c o n t r o l l e d f r e q u e n c y se t t ings , v a r i o u s 
a l t e r n a t i v e s are a v a i l a b l e for e s t i m a t i n g ΔΗα v a l u e s , as j u s t e n u m e r 
a t e d ; a n d (2) o n e m a y get c a r r i e d a w a y b y the s e e m i n g l u x u r y o f 
t w i s t i n g k n o b s w i t h o u t r e a l i z i n g some o f the a t t endant p r o b l e m s i n 
a n a l y z i n g the data . 

Resolving Power 

R e s o l v i n g p o w e r d e n o t e s h e r e i n the a b i l i t y o f a t e c h n i q u e or a n 
i n s t r u m e n t to separate t w o ad jacent loss p e a k s . T h i s a b i l i t y w i l l d e 
p e n d o n s e v e r a l factors : (1) a c t u a l s e p a r a t i o n o f the t r a n s i t i o n s i n K e l 
v i n s for a l o w f r e q u e n c y test s u c h as t h e r m a l e x p a n s i o n or D S C ; (2) 
s t rengths o f the t w o t r a n s i t i o n s ; (3) f r e q u e n c y o f the test m e t h o d ; (4) 
i n h e r e n t s e n s i t i v i t y o f the test i n s t r u m e n t ; (5) a c t i v a t i o n e n t h a l p i e s for 
the t w o loss p r o c e s s e s ; a n d (6) m o d e o f d e f o r m a t i o n , n a m e l y shear , 
t e n s i o n , or b e n d i n g . 

A g o o d p o l y m e r w i t h w h i c h to c h e c k r e s o l v i n g p o w e r is P V D F at 
l o w t e m p e r a t u r e . A c c o r d i n g to u n p u b l i s h e d t o r s i o n p e n d u l u m data o f 
H e i j b o e r at 1 H z , a Tg l oss p e a k at - 4 0 °C a n d a s t i l l l o w e r t e m p e r a t u r e 
p e a k at —100 °C are w e l l r e s o l v e d . O u r e x p e r i e n c e i n e x a m i n i n g l i t e r 
a ture d a t a f r o m d i f f e r e n t r e searchers o n d i f f e r e n t s p e c i m e n s , b u t a l l 
u s i n g a R h e o v i b r o n , has b e e n that these t w o p e a k s are no t r e s o l v a b l e 
at a f r e q u e n c y o f 110 H z , are j u s t r e s o l v e d at a b o u t 35 H z , a n d are 
r e s o l v e d c l e a r l y at 11 H z a n d l o w e r . 

T o c h e c k t h i s o b s e r v a t i o n fur ther , w e c o n d u c t e d e x p e r i m e n t s o n a 
s i n g l e s p e c i m e n o f P V D F u s i n g t h e d u P o n t 981 D M A u n i t at t h r e e 
s tar t ing f r e q u e n c i e s d e t e r m i n e d b y v a r y i n g the s a m p l e l e n g t h a n d 
t h i c k n e s s . T h e r e s u l t s at a b o u t 10 H z are s h o w n i n F i g u r e s 3 a n d 4. 
T h e p a t t e r n was m u c h the s a m e : not r e s o l v e d at 50 H z ; p a r t l y r e s o l v e d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

01



16 P O L Y M E R C H A R A C T E R I Z A T I O N 
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• 1 2 0 . 0 - 8 0 . 0 • 4 0 . 0 0 . 0 4 0 . 0 

TEMPERATURE (C) 

Figure 3. DMA 981 dynamic mechanical loss data in millivolts for 
PVDF, showing the resolved β-loss peak at -84 °C for {=10 Hz, as well 
as the lower (L) and upper (U) glass transition loss peaks, T g ( L ) = 

-38 °C, and Tg(U) = 14 °C. 

at 2 5 H z ; a n d w e l l r e s o l v e d at 10 H z . V a r i o u s t e c h n i q u e s s u c h as use 
o f a c u r v e r e s o l v e r or c o m p u t e r s i m u l a t i o n c a n h e l p i n d o u b t f u l cases , 
b u t use o f f r e q u e n c i e s b e l o w 20—25 H z are g e n e r a l l y m o s t r e l i a b l e . 
D a t a o n o t h e r p a i r s o f t r a n s i t i o n s a n d / o r o ther p o l y m e r s m a y g i v e 
d i f f e r e n t r e s u l t s . A l s o , t h e a u t o m a t e d R h e o v i b r o n is s a i d to h a v e b e t t e r 
r e s o l v i n g p o w e r t h a n t h e o l d e r m o d e l s (20). 

T h e b a s i c p r o b l e m at i s s u e is s h o w n s c h e m a t i c a l l y i n F i g u r e 5, 
w h i c h r e p r e s e n t s a r e l a x a t i o n m a p for a p o l y m e r h a v i n g t w o l o w t e m 
p e r a t u r e t r a n s i t i o n s w i t h f r e q u e n c y d e p e n d e n c e as i n d i c a t e d . T h e t w o 
l i n e s u l t i m a t e l y c o n v e r g e at h i g h e r f r e q u e n c i e s . R e s o l u t i o n o f t h e t w o 
processes is o b v i o u s l y b e s t at l o w e r f r e q u e n c i e s a n d w i l l u l t i m a t e l y 
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1. B O Y E R Automated Mechanical Testing 17 

f a i l at the h i g h e r f r e q u e n c i e s , r egard less o f t h e c a p a b i l i t y o f a g i v e n 
i n s t r u m e n t . 

E v e n at l o w f r e q u e n c y (~1 H z ) w i t h the most s e n s i t i v e o f the 
d y n a m i c m e c h a n i c a l i n s t r u m e n t s , t h e r e are s t i l l loss p e a k s w h o s e d e 
ta i l s c a n n o t b e r e s o l v e d . Y e t o t h e r m e t h o d s c a n a c h i e v e a factor o f 3 to 
10 i n greater d e t a i l . A case i n v o l v i n g T S C (see s e c t i o n e n t i t l e d " C o m 
p e t i t i v e T e c h n i q u e s " ) a n d the γ -peak i n P C r e c e n t l y w a s r e v i e w e d 
(14,16). 

A n o t h e r s t r i k i n g case is a f f o r d e d b y a s t u d y (29) o n atact i c P M M A 
u s i n g b o t h t h e r m a l l y s t i m u l a t e d c u r r e n t a n d t h e r m a l l y s t i m u l a t e d 
c r e e p w h o s e resu l t s w e r e c o m b i n e d w i t h l i t e r a t u r e da ta o n p h o s -

TEMPERATURE ( ° C ) 

Figure 4. Data of Figure 3 converted to E ' and E", both in units of 
Pascals. Logarithmic scale for Έ" enhances apparent strength of β-peak 

compared to T g ( L ) peak. T(°C): T g ( U ) , 14; T g ( L ) , -38; and Ύβ, -84. 
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1 8 P O L Y M E R C H A R A C T E R I Z A T I O N 

1000/T 

Figure 5. Schematic plot of log frequency against 1/Ύ for a polymer 
with two close lying transitions. The ability to resolve these two pro

cesses must decrease as frequency increases. 

p h o r e s c e n c e . T h e s e s e v e r a l t e c h n i q u e s e s t a b l i s h e d that the l o n g -
k n o w n /3-peak o f P M M A c o n t a i n s at l eas t f our s u b m o d e s . 

A t a c t i c P M M A w a s o b s e r v e d i n the b u l k state w i t h 1 3 C N M R at 
r o o m t e m p e r a t u r e (p. 103f f o f R e f e r e n c e 3). T h e m o t i o n o f e a c h o f t h e 
s e v e r a l t ypes o f c a r b o n a toms p r e s e n t , — C H 2 - ? C H 3 — , C = 0 , etc . , w a s 
r e s o l v e d a n d t h e i r r e s p e c t i v e m o t i o n a l f r e q u e n c i e s w e r e d e t e r m i n e d . 
P o s s i b l y , o n e or m o r e o f t h e s e t y p e s o f m o t i o n m a y c o n t r i b u t e to 
the s e v e r a l sub-jS processes i n P M M A . 

T h e q u e s t i o n o f r e s o l v i n g p o w e r m a y s e e m to b e p r i m a r i l y o f 
a c a d e m i c in te res t ; h o w e v e r , i t has m a n y p r a c t i c a l aspects . F o r e x a m 
p l e , a b s o r b e d w a t e r c a n affect the m e c h a n i c a l loss spec t ra o f m a n y 
p o l y m e r s s u c h as t h e n y l o n s (see F i g u r e 12.9 o f R e f e r e n c e 1); t h e 
m e t h a c r y l a t e s ( F i g u r e 8.9 o f R e f e r e n c e 1); the e p o x i e s (54), a n d o t h e r 
sys tems i n some m a n n e r that c a n b e s u b t l e or major . U s u a l l y , t h i s 
ef fect i s m o s t p r e v a l e n t i n p o l y m e r s c o n t a i n i n g p o l a r g r o u p s that c a n 
i n t e r a c t s t r o n g l y w i t h w a t e r . 

A n o t h e r p r a c t i c a l case i n v o l v e s p o l y m e r b l e n d s , for e x a m p l e , 
b l e n d s o f t w o i n c o m p a t i b l e p o l y m e r s w i t h s i m i l a r v a l u e s o f Tg: t h e 
b l e n d w i l l e x h i b i t e i t h e r a b r o a d , s i n g l e glass p e a k or a r e s o l v a b l e 
d o u b l e loss peak . 

T h e g e n e r a l f i e l d o f a d d i t i v e s p resents m a n y p o s s i b l e p r o b l e m s . 
A r m e n i a d e s et a l . (55) d e s c r i b e d a s i t u a t i o n i n w h i c h m i n e r a l o i l , 
w h i c h is c o m p a t i b l e w i t h g e n e r a l p u r p o s e P S at a m b i e n t t e m p e r a 
t u r e s , p h a s e separates a n d g i v e s a n a r r o w d i s t i n c t loss p e a k at l o w 
t e m p e r a t u r e . 

C o n c e r n i n g a l l three p r o b l e m s that w e r e l u m p e d t o g e t h e r (re
s o l v i n g p o w e r , r e p r o d u c i b i l i t y , a n d ac curacy ) , w e t h i n k the u l t i m a t e 
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1. B O Y E R Automated Mechanical Testing 19 

a n s w e r l i e s i n h a v i n g d u p l i c a t e ( p o s s i b l y m u l t i p l e ) r u n s o n a s p e c i f i c 
m a t e r i a l o n the instrument^s ) b e i n g c o n s i d e r e d for a c q u i s i t i o n . 

The Braid Controversy 

T h r e e p a p e r s a p p e a r e d r e c e n t l y u s i n g r h e o l o g i c a l data a n d / o r 
r h e o l o g i c a l a r g u m e n t s to c l a i m that a t r a n s i t i o n ( re laxat ion) o b s e r v e d 
b y T B A a b o v e Tg i n P S is a n art i fact c a u s e d b y a n i n t e r a c t i o n b e t w e e n 
glass b r a i d a n d m o l t e n p o l y m e r (56—58). G i l l h a m a n d I a s s e m b l e d 
v a r i o u s facts to c o u n t e r t h e s e c l a i m s (11, 59, 60). W e u s e b o t h 
r h e o l o g i c a l data o b t a i n e d b y m e t h o d s no t e m p l o y i n g a b r a i d a n d n o n -
r h e o l o g i c a l t y p e s o f da ta i n w h i c h n o n e t t ranspor t o f m o l t e n p o l y m e r 
o c curs s u c h as t h e r m a l e x p a n s i o n , s p e c i f i c heat , a n d s e v e r a l t y p e s o f 
s p e c t r o s c o p i c e v i d e n c e . T h e i n t e r e s t e d r e a d e r c a n c o n s u l t the t h r e e 
r e f e rences j u s t c i t e d , a p a p e r b y C o w i e (61 ), a n d t h e s t u d y o f N g u y e n 
a n d M a x w e l l o n m e l t - e l a s t i c i t y o f P S (62). 

A s p e c i f i c p r o b l e m i n v o l v e s the T B A b r a i d a n d Tu. G i l l h a m 
a n d S c h w a r t z r e p o r t e d (63) that the Ttl o f P S d e p e n d s o n t h e b r a i d 
m a t e r i a l . T h e y a s c r i b e d t h i s p h e n o m e n o n to a n i n t e r f a c i a l t e n s i o n 
p r o b l e m . H o w e v e r , H e d v a t s u b s e q u e n t l y d e m o n s t r a t e d that these 
effects ar ise b e c a u s e o f the c o m p o s i t e s y s t e m , s u c h that m o d u l i o f 
b r a i d a n d p o l y m e r p l a y a r o l e b o t h at Tg a n d Ta (64, 65). 

A m o r e i m p o r t a n t a r e a c o n c e r n s the use o f T B A to f o l l o w t h e 
c u r i n g o f t h e r m o s e t s (66). H e r e , G i l l h a m o b s e r v e s a p r e g e l a t i o n loss 
p e a k . M y b e l i e f , b a s e d o n t h e s t u d i e s j u s t n o t e d i n t h e Tu r e g i o n , is that 
t h i s a n d o t h e r aspects o f t h e c u r i n g process o b s e r v e d b y T B A are 
g e n u i n e . 

A c t u a l l y , the b a s i c p r o b l e m goes b e y o n d that o f a s p e c i f i c t e c h 
n i q u e , n a m e l y , T B A . A n y d y n a m i c m e c h a n i c a l t e c h n i q u e i n v o l v i n g a 
s u p p o r t s y s t e m for a p o l y m e r that is w e a k or f l u i d m a y ra ise the same 
i s s u e s . O t h e r s u p p o r t s r e p o r t e d l y u s e d i n c l u d e b l o t t i n g p a p e r , f i l t e r 
p a p e r , m e t a l w i r e m e s h , g lass c l o t h , i n c o m p a t i b l e p o l y m e r s , c o m p a t i 
b l e p o l y m e r s , m e t a l s t r ips , e tc . V a r a d a r a j a n a n d I (67) r e v i e w e d t h i s 
sub jec t e l s e w h e r e . K o l e s k e a n d F a u c h e r a l so r e v i e w e d the u s e o f 
p o r o u s substrates (68). 

O n e m a y i g n o r e a n y g e n e r a l a n d / o r t h e o r e t i c a l a r g u m e n t s as to 
w h e t h e r the b r a i d i n T B A (or, for that mat te r , the p o r o u s substrate i n 
a n y d y n a m i c m e c h a n i c a l test) i n t r o d u c e s one or m o r e fa lse t r a n s i t i o n s , 
i . e . , art i facts . T h e r e a l i s s u e is w h e t h e r or no t loss p e a k s o b s e r v e d b y 
a n y o f these p o r o u s s u p p o r t m e t h o d s c o r r e l a t e i n a m e a n i n g f u l w a y 
w i t h e n d - u s e p r o p e r t i e s . 

Summary 

T h i s chapter p r e s e n t e d (1) a tutor ia l i n t r o d u c t i o n for i n d i v i d u a l s n e w 
to the f i e l d b u t i n t e r e s t e d i n the n a t u r e a n d p o t e n t i a l o f d y n a m i c 
m e c h a n i c a l t e s t i n g a n d (2) a n o v e r v i e w o f the types o f a u t o m a t e d 
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20 P O L Y M E R C H A R A C T E R I Z A T I O N 

e q u i p m e n t c u r r e n t l y a v a i l a b l e . F a c t o r s to c o n s i d e r be fore p u r c h a s i n g 
a n i n s t r u m e n t w e r e l i s t e d . A t t h e same t i m e , i t i s e m p h a s i z e d that 
v a r i o u s n e w t e c h n i q u e s s u c h as t h e r m a l l y s t i m u l a t e d c u r r e n t a n d 
t h e r m a l l y s t i m u l a t e d c r e e p , as w e l l as i m p r o v e m e n t s i n d i e l e c t r i c loss 
m e a s u r e m e n t s , c a n y i e l d i n f o r m a t i o n that m a y b e s u p e r i o r to , or m o r e 
g e n e r a l l y c o m p l e m e n t a r y to , that o b t a i n e d b y d y n a m i c m e c h a n i c a l 
t e s t i n g . 

R e s o l v i n g p o w e r , or the a b i l i t y to o b s e r v e d e t a i l b e t w e e n a n d / o r 
i n m e c h a n i c a l loss p e a k s , appears to h a v e t w o aspects : 

1. R e s o l u t i o n o f t h e jS-peak (at 0.75 Tg) f r o m Tg w i t h m o d e r n 
i n s t r u m e n t s appears to r e q u i r e use o f a f r e q u e n c y i n the 
range o f 1 - 1 0 H z , as is i l l u s t r a t e d w i t h P V D F (see F i g 
ures 3 a n d 4). 

2. F i n e s t ruc ture w i t h i n t h e j8-peak o f P M M A or w i t h i n t h e 
γ -peak ( c i r ca - 1 2 0 °C) o f P C r e q u i r e s the use o f t e c h 
n i q u e s s u c h as t h e r m a l l y s t i m u l a t e d c u r r e n t or t h e r m a l l y 
s t i m u l a t e d c r e e p , w i t h e f f e c t ive f r e q u e n c i e s i n the range 
o f 10~ 4 H z , a n d h e n c e m u c h h i g h e r r e s o l v i n g p o w e r . 

F i n a l l y , the use o f p o r o u s substrates (bra ids , f i l t e r p a p e r , a n d w i r e 
m e s h ) as suppor ts for f l u i d sys tems ( o l i g o m e r s , c u r a b l e m o n o m e r s , or 
m o l t e n p o l y m e r s ) w a s d i s c u s s e d f r o m the v i e w p o i n t o f p o s s i b l e ar 
t i facts a r i s i n g f r o m the c o m p o s i t e na ture o f the s p e c i m e n . I b e l i e v e 
that , b e c a u s e t r a n s i t i o n s o b s e r v e d w i t h s u p p o r t e d sys tems are g e n e r 
a l l y o b s e r v a b l e b y a v a r i e t y o f m e t h o d s not i n v o l v i n g s u p p o r t s , the 
art i fact p r o b l e m has b e e n exaggera ted . 

Appendix A. Additional Automated Instruments 

S u b s e q u e n t to the p r e p a r a t i o n o f the f o r e g o i n g m a t e r i a l , w e 
l e a r n e d o f t w o a d d i t i o n a l a u t o m a t e d i n s t r u m e n t s that r e c e n t l y b e c a m e 
c o m m e r c i a l l y a v a i l a b l e . O n e s u c h i n s t r u m e n t is the T o r s i o n a u t o m a t 
s u p p l i e d b y B r a b e n d e r . A s the n a m e i m p l i e s , t h i s i n s t r u m e n t is a f u l l y 
a u t o m a t e d t o r s i o n a l p e n d u l u m . A f o u r - c o l o r p l o t t e r is e m p l o y e d to 
r e c o r d q u a n t i t i e s s u c h as G ' , G " , l o g d e c r e m e n t , a n d f r e q u e n c y as a 
f u n c t i o n o f t e m p e r a t u r e or t i m e . 

A d y n a m i c v i s c o s i m e t e r w a s o f f ered b y R o d e m . It cons i s ts o f os
c i l l a t i n g c o n c e n t r i c c y l i n d e r s d r i v e n m e c h a n i c a l l y w i t h c o n t i n u o u s l y 
v a r i a b l e f r e q u e n c y o v e r a r a n g e o f 100 to 5 x 10~ 5 H z . T h e p a r a m e t e r s 
G ' , G " , a n d loss a n g l e c a n b e o b t a i n e d o n s o l u t i o n s , ge l s , a n d m o l t e n 
p o l y m e r s . D i g i t a l r e a d o u t is s t a n d a r d for a c o m p u t e r w i t h da ta h a n 
d l i n g b e i n g o p t i o n a l . 

M o s t l i k e l y , o t h e r a u t o m a t e d i n s t r u m e n t s are u n d e r d e v e l o p m e n t 
or are e v e n a l r e a d y a n n o u n c e d ; a s u r v e y w a s not c o n d u c t e d . 
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1. B O Y E R Automated Mechanical Testing 21 

Appendix B. Activation Energies for TQ9 Τβ, and Tu 

A s m e n t i o n e d e a r l i e r , Δ Η α v a l u e s t e n d to i n c r e a s e as t h e t r a n s i 
t i o n t e m p e r a t u r e i n q u e s t i o n i n c r e a s e s . F i g u r e 6 i s a s e m i l o g a r i t h m i c 
p l o t o f AHa for Tg as a f u n c t i o n o f Tg. 

F i g u r e 7 is a s i m i l a r p l o t for Τβ. W e f i n d the la t ter p l o t to b e 
s l i g h t l y m o r e l i n e a r t h a n t h e l i n e a r f i t p r o p o s e d b y H e i j b o e r (32). 
V a l u e s o f Δ Η α o n w h i c h F i g u r e s 6 a n d 7 w e r e b a s e d c a n b e f o u n d i n 
T a b l e s I I I a n d I V o f R e f e r e n c e 10. 

P l o t s o f l o g / - 1/T for Ttl are c u r v e d d e c i d e d l y , b e i n g c o n c a v e 
d o w n w a r d . T h e y d o n o t f o l l o w a n A r r h e n i u s e q u a t i o n b u t r a t h e r a 
V o g e l - W L F t y p e o f r e l a t i o n s h i p , w i t h e x p - [B/(T - T 0 ) ] w h e r e TQ is a 
r e f e r e n c e t e m p e r a t u r e , a n d Β is a constant . E x a m p l e s o f c u r v e d p lo ts 
for Ta m a y b e f o u n d i n R e f e r e n c e s 30 a n d 31 a n d i n F i g u r e s 2 0 a n d 22 
o f R e f e r e n c e 60 . H e n c e , Δ Η α for Ttl dec reases w i t h i n c r e a s i n g f re 
q u e n c y . C o w i e (61 ) suggests that Δ Η α for Ttl i s a b o u t h a l f o f that for Tg, 
b u t t h i s s ta tement m u s t r e f e r to f r e q u e n c i e s o f t h e o r d e r o f 100 H z . 

Appendix C. Polymer-Coated Metal Strips Used with DMA 

P o l y m e r - c o a t e d m e t a l s tr ips h a v e b e e n u s e d as s p e c i m e n s i n the 
t o r s i o n p e n d u l u m for m a n y years (69—71), b u t th i s p r a c t i c e is not 
w i d e s p r e a d . S t a r k w e a t h e r a n d G i r i (72) d e v e l o p e d a v a r i a t i o n o f t h i s 

ιοί I I I I 1 I 1 I I » ι ι ι * I I » ι ι I 
100 200 300 400 500 

GLASS TEMP., Κ 

Figure 6. Apparent activation energy, Δ Η ^ in kilocalories per mole, as 
a function of quasistatic value of T g . The rectangle in upper right 
corner indicates literature range o / T g and Δ Η Η for poly(2,6-dimethyl-

phenylene oxide). 
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BETA TEMP., Κ 

Figure 7. Same as Figure 6 but for β-transition (Ύβ < T g ) . (See Ref 29.) 

o l d c o n c e p t i n w h i c h a l o w m e c h a n i c a l loss m e t a l s t r i p (e.g., brass 
s h i m stock) is u s e d as a s u p p o r t for p o l y m e r s to b e s t u d i e d i n the d u 
P o n t 981 D M A u n i t . S e v e r a l advantages are f o u n d , e s p e c i a l l y w h e n 
the m e t a l is c o a t e d u n i f o r m l y o n b o t h s ides w i t h the p o l y m e r to b e 
s t u d i e d . 

1. A b s o l u t e m o d u l u s o f t h e p o l y m e r i n b e n d i n g c a n b e c a l 
c u l a t e d . 

2. L o s s p e a k s c a n b e l o c a t e d a l t h o u g h a b s o l u t e v a l u e s o f 
t h e loss m a y n o t a l w a y s b e o b s e r v e d . 

3. M e a s u r e m e n t o f the d y n a m i c p r o p e r t i e s is p o s s i b l e at 
l east 100 Κ a b o v e Tg p r o v i d e d that a d h e s i o n b e t w e e n 
p o l y m e r a n d s u p p o r t is m a i n t a i n e d . 

4. R e s o n a n t f r e q u e n c y v a r i a t i o n is r e d u c e d g r e a t l y b e c a u s e 
t h e m o d u l u s o f t h e m e t a l c h a n g e s l i t t l e o v e r t h e t e m p e r a 
t u r e range o f in te res t . 

F i g u r e 8 s h o w s loss e x p r e s s e d i n m i l l i v o l t s a n d r e s o n a n t f re 
q u e n c y i n h e r t z as a f u n c t i o n o f t e m p e r a t u r e for 1 0 - m i l c o p p e r s h i m 
stock c o a t e d o n b o t h s ides w i t h a b o u t 10 m i l s o f a h i g h m o l e c u l a r 
w e i g h t (ca. Mn = 5 x 10 5 , w h e r e Mn r e p r e s e n t s t h e n u m b e r - a v e r a g e 
m o l e c u l a r w e i g h t ) p o l y i s o b u t y l e n e ( P I B ) . T h e Tg, Τ > Tg, or Tu t r a n s i 
t i o n s a n d a w e a k ^ - r e l a x a t i o n are e v i d e n t . T h e rat io Ta(K)/Tg(K) i s 1.22. 
T h e Τβ p e a k is no t w e l l r e s o l v e d b u t appears to b e c l o se to 0.75 Tg(K) 
= - 1 0 7 °C. M o r g a n et a l . (.73) w e r e u n a b l e to l ocate a β - p e a k i n P I B 
u s i n g the v i b r a t i n g r e e d t e c h n i q u e b u t a β - p e a k w a s o b s e r v e d b y W e i 
(74) i n t h e r e g i o n o f - 9 0 °C o n s ix d i f f e r e n t s p e c i m e n s o f P I B v a r y i n g 
i n Mn f r o m 7 6 0 - 8 . 6 Χ 1 0 5 , u s i n g T B A . R e s o l u t i o n w a s bes t i n the 
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ο 

- 1 2 0 . 0 - 8 0 . 0 - 4 0 . 0 0 . 0 4 0 . 0 8 0 . 0 

TEMPERATURE (C) 

Figure 8. DMA 981 loss curve for PIB coated on both sides of 10-mil 
copper shim stock, which permits loss measurements to be extended to 

about 100 Κ above T g at a relatively constant frequency. 

s p e c i m e n o f l o w e s t Mn b u t n o t a p p r e c i a b l y b e t t e r t h a n that s h o w n i n 
F i g u r e 8. 
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2 
Torsional Braid Analysis 
Time-Temperature-Transformation Cure 
Diagrams of Thermosetting 
Epoxy/Amine Systems 

J O H N B. ENNS and J O H N K. G I L L H A M 
Princeton University, Department of Chemical Engineering, Polymer 
Materials Program, Princeton, NJ 08544 

The conversion of liquid resin to solid thermoset during 
the process of cure can be monitored using a substrate 
coated with the reactive system as the specimen in a 
torsion pendulum experiment [torsional braid analysis 
(TBA)]. Measurement of times to gelation and vitrifica
tion at a series of temperatures results in an isothermal 
time-temperature-transformation (TTT) cure diagram 
that can be used for comparing different systems. In this 
chapter, molecular and macroscopic TTT cure diagrams 
are considered: TBA is demonstrated to be a convenient 
method for generating macroscopic TTT cure diagrams. 
The influence of chemical structure on the kinetics and 
macroscopic properties was investigated by comparing 
aliphatic and aromatic tetrafunctional amines with 
diepoxides of varying molecular weights. Automation of 
the TBA instrument using a desktop calculator also is 
described. 

-L HE TORSION PENDULUM has p r o v e n to b e a n i m p o r t a n t a n d v e r s a 
t i l e t o o l i n the s t u d y o f d y n a m i c m e c h a n i c a l p r o p e r t i e s o f m a t e r i 
a l s . W e h a v e a p p l i e d t h i s t e c h n i q u e p r i m a r i l y to p o l y m e r s , a l t h o u g h 
e l s e w h e r e i t has b e e n a p p l i e d to a w i d e v a r i e t y o f m a t e r i a l s , r a n g i n g 
f r o m l i q u i d s to m e t a l s a n d c e r a m i c s . T h e bas i s o f i ts w i d e a p p e a l l i e s 
i n its f u n d a m e n t a l s i m p l i c i t y : i n f o r m a t i o n a b o u t the c o m p l e x m o d u l u s 
o f the m a t e r i a l u n d e r i n v e s t i g a t i o n is o b t a i n e d b y s i m p l y o b s e r v i n g 
t h e d e c a y i n g o s c i l l a t i o n s o f t h e p e n d u l u m . A f t e r t h e p e n d u l u m is set 
i n m o t i o n , i t is p e r m i t t e d to o s c i l l a t e f r e e l y at its r e s o n a n t f r e q u e n c y 
w h i l e the a m p l i t u d e o f the o s c i l l a t o r y w a v e decays . I n a n u n a u t o -
m a t e d s y s t e m , a r e l a t i v e l y s i m p l e b u t t e d i o u s task is to c a l c u l a t e t h e 

0065-2393/83/0203-0027$ 10.25/0 
© 1983 A m e r i c a n C h e m i c a l Society 
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shear m o d u l u s (or r i g i d i t y ) a n d the loss m o d u l u s f r o m the p e r i o d o f the 
o s c i l l a t i o n , its l o g a r i t h m i c d e c r e m e n t , a n d the g e o m e t r i c constants o f 
t h e s y s t e m . T h e i n d e p e n d e n t v a r i a b l e i n t h e i n v e s t i g a t i o n o f d y n a m i c 
m e c h a n i c a l p r o p e r t i e s o f a m a t e r i a l o f t en is t e m p e r a t u r e , b u t i t a l so 
c a n b e t i m e , as for c h e m i c a l l y r e a c t i v e or p h y s i c a l l y a g i n g s y s t e m s . 

T h e t e c h n i q u e is m a d e m o r e v e r s a t i l e b y u s i n g a s u p p o r t e d 
s p e c i m e n as i n t o r s i o n a l b r a i d a n a l y s i s ( T B A ) . I m p r e g n a t i n g a glass 
b r a i d w i t h a s o l u t i o n (or m e l t ) fac i l i ta tes f a b r i c a t i o n o f a m o u n t e d 
s p e c i m e n , p e r m i t s use o f s m a l l q u a n t i t i e s o f s a m p l e (25 mg) , a n d a l 
l o w s s t u d y o f the s p e c i m e n i n its s o l i d a n d l i q u i d states, as w e l l as its 
c h a n g e i n state f r o m l i q u i d to s o l i d a n d v i c e v e r s a . 

I n t h i s c h a p t e r , a n a u t o m a t e d T B A t e c h n i q u e (I - 3 ) , c o n t r o l l e d b y 
a d i g i t a l d e s k t o p c o m p u t e r , i s d i s c u s s e d , a n d its u t i l i t y i n t h e c h a r a c 
t e r i z a t i o n o f t h e r m o s e t t i n g r e s i n s is i l l u s t r a t e d (4). 

Instrumentation 

A s c h e m a t i c d i a g r a m o f t h e t o r s i o n p e n d u l u m (P las t i c s A n a l y s i s 
I n s t r u m e n t s , Inc. ) is s h o w n i n F i g u r e 1. T h e p e n d u l u m is i n t e r m i t 
t e n t l y set i n t o m o t i o n to generate a ser ies o f d a m p e d o s c i l l a t i o n s w h i l e 
the m a t e r i a l b e h a v i o r o f t h e s p e c i m e n c h a n g e s w i t h t e m p e r a t u r e 
a n d / o r t i m e . T h e n o n d r i v e n , free o s c i l l a t i o n s are i n i t i a t e d b y t h e 
s t e p - d i s p l a c e m e n t o f a n u p p e r gear. T h e n a t u r a l f r e q u e n c y r a n g e o f 
the v i b r a t i o n s is 0.05—5 H z . C o n v e r s i o n a f the d a n r p e d o s c i l l a t i o n s to 
e l e c t r i c a l a n a l o g s i g n a l s is a c c o m p l i s h e d u s i n g a n o p t i c a l t r a n s d u c e r . 

A k e y factor i n the i n s t r u m e n t a t i o n w a s the d e v e l o p m e n t o f a 
n o n d r a g , o p t i c a l t r a n s d u c e r that p r o d u c e s a n e l e c t r i c a l r e s p o n s e that is 
a l i n e a r f u n c t i o n o f the a n g u l a r d e f o r m a t i o n o f the p e n d u l u m . A 
p o l a r i z i n g d i s k is e m p l o y e d as the i n e r t i a l m e m b e r o f the p e n d u l u m , 
a n d a s ta t ionary s e c o n d p o l a r i z e r i s p o s i t i o n e d i n f ront o f a p h o t o c e l l 
w h o s e r e s p o n s e is a l i n e a r f u n c t i o n o f i n t e n s i t y . T h e i n t e n s i t y o f l i g h t 
t r a n s m i s s i o n t h r o u g h t w o p o l a r i z e r s is a c o s i n e s q u a r e d f u n c t i o n o f 
t h e i r a n g u l a r d i s p l a c e m e n t . O v e r a u s e f u l range s y m m e t r i c a l b e t w e e n 
the c r o s s e d a n d p a r a l l e l p o s i t i o n s o f t h e p a i r o f p o l a r i z e r s , t h e t r a n s 
m i s s i o n f u n c t i o n a p p r o a c h e s l i n e a r i t y . A s the p r o p e r t i e s o f t h e s p e c i 
m e n c h a n g e , t w i s t i n g o f t h e s p e c i m e n m a y cause the t r a n s d u c e r to 
d r i f t out o f the l i n e a r r a n g e . T h e a u t o m a t e d s y s t e m w a s d e s i g n e d to 
c o m p e n s a t e for t h i s b e h a v i o r . 

T h e s p e c i m e n is s u p p o r t e d i n the c y l i n d r i c a l v e r t i c a l shaft i n a 
c o p p e r b l o c k a r o u n d w h i c h are b a n d heaters a n d c o o l i n g c o i l s (for 
l i q u i d n i t r o g e n ) . T h e apparatus operates o v e r a t e m p e r a t u r e range o f 
—190—400 °C w i t h a t e m p e r a t u r e s p r e a d o f < 1 °C o v e r a 2 - i n . s p e c i 
m e n . A t e m p e r a t u r e p r o g r a m m e r / c o n t r o l l e r s y s t e m p e r m i t s e x p e r i 
m e n t s to b e p e r f o r m e d w i t h l i n e a r l y i n c r e a s i n g , l i n e a r l y d e c r e a s i n g , 
a n d i s o t h e r m a l ( ± 0 . 1 °C) t e m p e r a t u r e m o d e s . M e a s u r e m e n t s have b e e n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

02
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r- DRIVE GEAR TRAIN 
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ATMOSPHERE 
PORT 

ALIGNMENT 
AND 

INITIATION 
MECHANISM 

SUPPORTING ROD 

ATMOSPHERE 
PORT 

TEMPERATURE 
CONTROLLED 
ENCLOSURE 

SPECIMEN 

EXTENDER ROD 
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POLARIZER 
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AND DATA 
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XY 
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Figure 1. Scheme of the automated torsion pendulum. An analog elec
trical signal results from using a light beam passing through a pair of 
polarizers, one of which oscillates with the pendulum. The pendulum is 
aligned for linear response and initiated by a computer that also pro
cesses the damped waves to provide the elastic modulus and mechani
cal damping data, which are plotted on an XYY plotter vs. temperature 

or time. 
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30 P O L Y M E R C H A R A C T E R I Z A T I O N 

m a d e f r o m 4 Κ a n d to 700 °G i n o t h e r appara tus . T h e a t m o s p h e r e i s 
t i g h t l y c o n t r o l l e d : i n e r t , w a t e r - d o p e d , a n d r e a c t i v e gases a n d v a c u u m 
h a v e b e e n u s e d . N o e l e c t r o n i c d e v i c e s are w i t h i n the s p e c i m e n c h a m 
b e r . D r y h e l i u m , r a t h e r t h a n n i t r o g e n , i s u s e d as a n i n e r t a t m o s p h e r e 
b e c a u s e o f its h i g h e r t h e r m a l c o n d u c t i v i t y at l o w t e m p e r a t u r e s . A n o n 
l i n e e l e c t r o n i c h y g r o m e t e r c o n t i n u o u s l y m o n i t o r s the w a t e r v a p o r 
c o n t e n t o f the a t m o s p h e r e s f r o m < 2 0 to 20 ,000 parts p e r m i l l i o n H 2 0 . 

T h e substrate g e n e r a l l y u s e d i n a T B A e x p e r i m e n t is a l o o s e , 
h e a t - c l e a n e d g lass b r a i d c o n t a i n i n g a b o u t 3 6 0 0 f i l a m e n t s ( F i g u r e 2). 
T h e large surface a rea o f t h e a s s e m b l y o f filaments p e r m i t s p i c k u p o f 
r e l a t i v e l y large a m o u n t s o f fluid a n d m i n i m i z e s flow d u e to g r a v i t y . 
T h e c o n t r i b u t i o n o f t h e substrate to t o r s i o n a l p r o p e r t i e s o f t h e c o m 
pos i t e s p e c i m e n is m i n i m i z e d b y u s i n g m u l t i f i l a m e n t s ( rather t h a n a 
rod) . A b r a i d is e m p l o y e d i n a n a t t e m p t to b a l a n c e t w i s t s i n t h e c o m 
p o n e n t y a r n s . S o l v e n t is r e m o v e d f r o m t h e s o l u t i o n - i m p r e g n a t e d b r a i d 
i n s i t u b y h e a t i n g a b o v e the b o i l i n g p o i n t o f the s o l v e n t a n d i n t o t h e 
fluid state o f t h e p o l y m e r ( c o m p a t i b l e w i t h t h e r m a l s t a b i l i t y ) . T h e 
apparatus a lso c a n a c c o m m o d a t e h o m o g e n e o u s s p e c i m e n s for c o n v e n 
t i o n a l quant i ta t i ve t o r s i o n p e n d u l u m s tud ies [as i n A S T M D — 2 2 3 6 (5)]. 

Substrates o ther t h a n glass b r a i d s h a v e b e e n u s e d , i n c l u d i n g g lass , 
carbon , c e l l u l o s e , a n d a r a m i d fibers; m e t a l f o i l ( copper a n d a l u m i n u m ) ; 
p a p e r ; s i n g l e g lass f i l a m e n t (as i n f i b e r op t i c s ) ; m e t a l w i r e ; a n d p l a s t i c 
f i l m ( p o l y i m i d e ) . 

M a t e r i a l has b e e n d e p o s i t e d o n the substrate f r o m s o l u t i o n , m e l t , 
e m u l s i o n , s u s p e n s i o n (aqueous a n d n o n a q u e o u s ) , a n d p o w d e r (by 
h e a t i n g t h e substrate w i t h a n a i r gun ) . 

T w o d y n a m i c m e c h a n i c a l p r o p e r t i e s o f t h e s p e c i m e n , r i g i d i t y a n d 
d a m p i n g , are o b t a i n e d f r o m t h e f r e q u e n c y a n d d e c a y constants that 
c h a r a c t e r i z e e a c h w a v e . T h e T B A e x p e r i m e n t p r o v i d e s p l o t s o f r e l a 
t i v e r i g i d i t y (1 /P 2 , w h e r e Ρ is t h e p e r i o d i n seconds ) a n d l o g a r i t h m i c 
d e c r e m e n t [Δ = I n (0 f / 0 f + 1 ) , w h e r e 0* i s t h e a m p l i t u d e o f t h e ith o s c i l l a 
t i o n o f a f r e e l y d a m p e d w a v e ] . T h e r e l a t i v e r i g i d i t y is d i r e c t l y p r o p o r 
t i o n a l to the i n - p h a s e or e l a s t i c p o r t i o n o f the shear m o d u l u s ( G ' ) ; for 
e x a m p l e , for r o d s p e c i m e n s o f r a d i u s r a n d l e n g t h L a n d for a n o s c i l 
l a t i n g s y s t e m w i t h m o m e n t o f i n e r t i a 7, G ' = (1 /P 2 ) ( 8 7 r / L / r 4 ) . T h e 
l o g a r i t h m i c d e c r e m e n t is d i r e c t l y p r o p o r t i o n a l to the ra t i o o f the out -
o f -phase or v i s c o u s p o r t i o n o f the shear m o d u l u s (G") to G ' (Δ = TTG'IG' 
= 7rtan δ, w h e r e δ is the p h a s e a n g l e b e t w e e n the stress a n d s tra in) . 
T h e parameters G ' a n d G " are m a t e r i a l p a r a m e t e r s o f t h e s p e c i m e n 
a n d t h e y c h a r a c t e r i z e the storage a n d loss o f m e c h a n i c a l e n e r g y o n 
c y c l i c d e f o r m a t i o n , r e s p e c t i v e l y . T h e e n e r g y s t o red d u r i n g d e f o r m a 
t i o n i s ViG'e2 at s t r a i n €, a n d TrG'e^ i s a n a p p r o x i m a t i o n for t h e e n e r 
gy d i s s i p a t e d p e r c y c l e , w h e r e € m a x i s the p e a k s t r a i n . 
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E N N S A N D G I L L H A M Torsional Braid Analysis 

Figure 2. Automated torsion pendulum: photograph of apparatus (\ 
text). 
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32 P O L Y M E R C H A R A C T E R I Z A T I O N 

A p h o t o g r a p h o f a p e n d u l u m / c o m p u t e r s y s t e m that has b e e n 
u s e d s i n c e 1979 is i l l u s t r a t e d i n F i g u r e 2. I t s h o w s the p e n d u l u m 
( e n c l o s e d i n a c a b i n e t , t op le f t ; c a b i n e t d o o r o p e n , b o t t o m left) a n d the 
ma jo r c o m p o n e n t s o f the a s s e m b l y . T h e t e m p e r a t u r e c o n t r o l l e r , d i g 
i t a l v o l t m e t e r , s c a n n e r , a n d c o m p u t e r are i n t h e rack at the r i g h t . T h e 
p r i n t e r is to the le f t o f the r a c k ; the p l o t t e r is to its r i g h t . T h e a n a l o g 
t e m p e r a t u r e a n d w a v e s i gna l s are m o n i t o r e d c o n t i n u o u s l y o n a t w o -
p e n , s t r i p - c h a r t r e c o r d e r . A n a t m o s p h e r e c o n t r o l p a n e l a n d l i q u i d n i 
t r o g e n c o n t a i n e r are s h o w n i n t h e b a c k g r o u n d . 

F i l m a n d u n i m p r e g n a t e d b r a i d s p e c i m e n s are s h o w n at the b o t t o m 
r i g h t o f F i g u r e 2. A f i l m is s h o w n a s s e m b l e d w i t h u p p e r a n d l o w e r 
e x t e n s i o n rods r e a d y for l o w e r i n g i n t o the apparatus a n d t h e n c o u 
p l i n g w i t h the p o l a r i z e r d i s k o f the t r a n s d u c e r ( s h o w n b o t t o m r i g h t ) . 
T h e p o l a r i z e r d i s k c o n t a i n s a m a g n e t at i ts c e n t e r that c o u p l e s to the 
e n d o f t h e l o w e r e x t e n s i o n r o d . D i m e n s i o n s o f s p e c i m e n s are s e l e c t e d 
to p r o v i d e p e r i o d s o f o s c i l l a t i o n i n the range 0 . 2 - 2 0 s. 

T h e s y s t e m s c h e m a t i c for i n t e r f a c i n g the T B A u n i t to a d e s k t o p 
c o m p u t e r ( H P - 9 8 2 5 B ) that c a n s y n c h r o n i z e the c o n t r o l a n d data p r o 
c e s s i n g o f the t o r s i o n p e n d u l u m to p r o d u c e r e s u l t s i n r e a l t i m e is 
s h o w n i n F i g u r e 3. E a r l i e r e x p e r i e n c e (6) w i t h a h i e r a r c h i c a l d i g i t a l 
c o m p u t e r s y s t e m a i d e d the d e v e l o p m e n t o f t h e p r e s e n t l y u s e d d a t a 
p r o c e s s i n g s c h e m e s (7). 

F o r e a c h d a m p e d w a v e , t h e c o m p u t e r goes t h r o u g h a c o n t r o l se
q u e n c e , w h i c h is r e p r e s e n t e d s c h e m a t i c a l l y i n F i g u r e 4. A n a l i g n m e n t 
m o t o r rotates t h e p e n d u l u m (or t h e s ta t i onary p o l a r i z e r ) to the same 
r e f e r e n c e p o s i t i o n at the start o f e a c h c o n t r o l s e q u e n c e . T o i n i t i a t e the 
o s c i l l a t i o n s , a s e c o n d m o t o r t h e n rotates t h e p e n d u l u m a s p e c i f i e d 
a n g u l a r d i s p l a c e m e n t aga ins t the t e n s i o n o f a s p r i n g . T h e p e n d u l u m is 
h e l d i n t h i s c o c k e d p o s i t i o n u n t i l a n y o s c i l l a t i o n s set u p b y t h e a l i g n 
m e n t a n d c o c k i n g h a v e s u b s i d e d , at w h i c h t i m e the c l u t c h o f the 
s e c o n d m o t o r is d i s e n g a g e d a n d t h e i n e r t i a l mass s w i n g s b a c k so as to 
o s c i l l a t e a b o u t the r e f e r e n c e p o s i t i o n . T h e t e m p e r a t u r e (or t i m e , for 
i s o t h e r m a l e x p e r i m e n t s ) t h e n is m e a s u r e d a n d the o s c i l l a t i o n d a t a are 
c o l l e c t e d a n d p r o c e s s e d . A f t e r p l o t t i n g the r e d u c e d data , the o s c i l l a 
t i o n is m o n i t o r e d u n t i l i t d e c a y s to w i t h i n s p e c i f i e d l i m i t s a n d t h e n t h e 
c o n t r o l c y c l e repeats . 

T h e r e s p o n s e f u n c t i o n o f t h e t o r s i o n p e n d u l u m to m e c h a n i c a l 
e x c i t a t i o n is d e s c r i b e d to g o o d a p p r o x i m a t i o n b y 

0(f) = 0oexp (-at) cos (ω£ + φ) 

w h i c h is a s o l u t i o n to t h e e q u a t i o n o f m o t i o n w i t h f o r m 
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Figure 3. Automated torsion pendulum: system schematic for inter
facing with a digital computer. The motors that align the specimen and 
initiate the waves are under computer control. The wave and amplified 
analog thermocouple signals reach the computer digitized via a digital 
voltmeter (HP-3437A). The scanner (HP-3495A) supervises the input/ 
output activity. Upon receiving the digitized raw data, the computer 
calculates the frequency and damping parameters, and plots the 
dynamic mechanical properties of the specimen as a function of tem

perature and time. 
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34 P O L Y M E R C H A R A C T E R I Z A T I O N 

IV 

Figure 4. Automated torsion pendulum: control sequence. Key: I, pre
vious wave decays, drift detected, and correction begins; II, reference 
level of polarizer pair reached; III, wave-initiating sequence begins; IV, 
decay of transients; V, free oscillations begin; VI, data collected; and 

VII, control sequence repeated. 

w h e r e ω is the a n g u l a r f r e q u e n c y , φ is a p h a s e a n g l e d e p e n d i n g o n the 
t i m i n g o f da ta a c q u i s i t i o n , a n d θ0>Αι (= 2 α ) , a n d A 2 (= α 2 + ω 2 ) are c o n 
stants w h e r e α is the e x p o n e n t i a l d e c a y constant . I n c o m p l e x format , 
the e q u a t i o n o f m o t i o n is 

w h e r e G ' a n d G " are the i n - p h a s e a n d out -o f -phase shear m o d u l i , r e 
s p e c t i v e l y , a n d C i s a g e o m e t r i c constant . 

B e c a u s e a n e x p e r i m e n t m a y r u n o v e r the c o u r s e o f s e v e r a l days 
a n d generate m o r e t h a n 1000 d a m p e d w a v e s , m a n u a l t e c h n i q u e s for 
r e d u c i n g the e x p e r i m e n t a l a n a l o g w a v e s are s l o w a n d t e d i o u s . T h e s e 
t e c h n i q u e s t r a d i t i o n a l l y i n v o l v e d m e a s u r i n g the d e c a y o f s u c c e s s i v e 
p e a k a m p l i t u d e s to p r o v i d e the l o g a r i t h m i c d e c r e m e n t a n d t h e p e r i o d 
P(= 2 π/ω) for e a c h w a v e . T h e data for t o r s i o n p e n d u l u m s t u d i e s 
u s u a l l y are p r e s e n t e d as G ' a n d Δ , G ' a n d G " (= G ' A / π ) , or as G ' a n d 
t a n δ (= G 7 G ' ) . F o r T B A e x p e r i m e n t s , b e c a u s e o f the s m a l l s i z e a n d 
the d e p e n d e n c e o f G ' o n the i n v e r s e f o u r t h p o w e r o f the r a d i u s , the i r 
r e g u l a r g e o m e t r y , a n d the c o m p o s i t e na ture o f the s p e c i m e n s , 
s i m p l i f i e d p a r a m e t e r s h a v e b e e n u s e d . T h e s e p a r a m e t e r s , w h i c h re f e r 
to the c o m p o s i t e s p e c i m e n , are r e l a t i v e r i g i d i t y (1/P 2 ) a n d the l o g a r i t h 
m i c d e c r e m e n t (Δ) . 

Time-Temperature-Transformation Cure Diagrams 

T h e c u r e o f t h e r m o s e t t i n g systems c a n b e c o n s i d e r e d o n a m o l e c 
u l a r as w e l l as a m a c r o s c o p i c l e v e l . O n the m a c r o s c o p i c t i m e — t e m -

+ C(Gf + iG")e = 0 
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2. E N N S A N D G I L L H A M Torsional Braid Analysis 35 

p e r a t u r e - t r a n s f o r m a t i o n ( T T T ) c u r e d i a g r a m ( F i g u r e 5) the c u r e c a n 
b e c h a r a c t e r i z e d b y the r e s i n r h e o l o g y as a f u n c t i o n o f t i m e a n d 
i s o t h e r m a l t e m p e r a t u r e . T h e b o u n d a r i e s b e t w e e n t h e r e g i o n s d e 
l i n e a t e d i n F i g u r e 5 are no t as sharp as i n d i c a t e d , b u t r a t h e r d i f f u s e ; 
the t i m e / t e m p e r a t u r e at w h i c h a t r a n s i t i o n o c curs d e p e n d s o n the fre
q u e n c y o f the test m e t h o d a n d t h e d y n a m i c m e c h a n i c a l p r o p e r t y u s e d 
to m o n i t o r i t . ( " T r a n s i t i o n " is u s e d i n t h i s c h a p t e r to d e n o t e a c h a n g e 
f r o m one state to another . ) B e t w e e n gelTg' a n d Tgœ ( d e f i n e d la ter ) , t h e 
v i s c o u s l i q u i d c h a n g e s to a v i s c o e l a s t i c f l u i d , t h e n to a r u b b e r , a n d 
f i n a l l y to a g lass . T h e S - s h a p e d c u r v e i n d i c a t e s t h e onset o f v i t r i f i c a 
t i o n , w h i c h r e p r e s e n t s the t i m e at w h i c h the glass t r a n s i t i o n t e m p e r a 
t u r e o f t h e r e a c t i n g s y s t e m has r e a c h e d t h e i s o t h e r m a l t e m p e r a t u r e o f 
c u r e . T h e p a r a m e t e r Tgœ i s t h e glass t r a n s i t i o n t e m p e r a t u r e o f t h e 
f u l l y c u r e d r e s i n , a b o v e w h i c h the s y s t e m is a r u b b e r i n its f u l l y c u r e d 
state. A s i n d i c a t e d i n F i g u r e 5, the t i m e to v i t r i f i c a t i o n passes t h r o u g h 
a m i n i m u m b e t w e e n g e i ï y a n d Tgoo. T h i s b e h a v i o r re f l e c ts t h e c o m 
p e t i t i o n b e t w e e n the i n c r e a s e d rate c ons tant for r e a c t i o n a n d t h e i n 
c r e a s i n g c h e m i c a l c o n v e r s i o n r e q u i r e d to a c h i e v e v i t r i f i c a t i o n as t h e 
t e m p e r a t u r e is i n c r e a s e d . A l s o , as i n d i c a t e d i n F i g u r e 5, t h e t i m e to 
v i t r i f i c a t i o n passes t h r o u g h a m a x i m u m b e t w e e n r e s i n ^ a n d geiT^'. 
T h i s la t ter b e h a v i o r re f l ec ts the c o m p e t i t i o n b e t w e e n the t e m p e r a t u r e 
a n d t i m e - d e p e n d e n c e s o f v i s c o s i t y o f the r e a c t i n g s y s t e m . A l i q u i d -
t o - r u b b e r t r a n s i t i o n c u r v e i n d i c a t e s the onse t o f t h e r u b b e r y p l a t e a u . 
A t l o w e r i s o t h e r m a l t e m p e r a t u r e s ( a p p r o a c h i n g TesmTg) t h e state o f t h e 
r e s i n c h a n g e s d i r e c t l y f r o m a l i q u i d to a g lass w i t h o u t g o i n g t h r o u g h 
a n i n t e r m e d i a t e r u b b e r y state b e c a u s e o f i ts l o w m o l e c u l a r w e i g h t . 
T h e p a r a m e t e r gei^V r e p r e s e n t s the l o w e s t i s o t h e r m a l c u r e t e m p e r a 
t u r e that w i l l r e s u l t i n a m a t e r i a l w i t h e l a s t o m e r i c p r o p e r t i e s ; b e l o w 
&{Tg the s o l i d f o r m e d i s o t h e r m a l l y w i l l b e a n u n g e l l e d g lass , w h i c h 
o n h e a t i n g b e c o m e s a v i s c o u s l i q u i d (before f u r t h e r r e a c t i o n occurs ) . 
B e l o w the r e s i n r e m a i n s a n u n g e l l e d glass w i t h e s s e n t i a l l y n o 
c h e m i c a l r e a c t i v i t y . 

T h e r e m a i n i n g c u r v e i n F i g u r e 5 is c o n s i d e r e d to r e p r e s e n t a n 
i s o v i s c o s i t y c o n t o u r . A r h e o l o g i c a l p a r a m e t e r o f ten m e a s u r e d i n t h e r 
m o s e t t i n g r e s i n s is t h e t i m e to r e a c h a p a r t i c u l a r v i s c o s i t y ( u s u a l l y a 
f u n c t i o n o f the m e a s u r e m e n t t e c h n i q u e ) , w h i c h o f ten i s i d e n t i f i e d as 
the g e l p o i n t . 

A t t h e m o l e c u l a r l e v e l , i s o t h e r m a l c u r e o f t h e r m o s e t t i n g sys tems 
is c h a r a c t e r i z e d b y ( m o l e c u l a r ) g e l a t i o n at a p a r t i c u l a r c h e m i c a l c o n 
v e r s i o n (8, 9) ( d e p e n d i n g o n the f u n c t i o n a l i t y o f the reactants) a n d b y a 
c o n t i n u a l r e d u c t i o n o f m o l e c u l a r m o b i l i t y a n d c h e m i c a l r e a c t i v i t y 
c a u s e d b y i n c r e a s i n g m o l e c u l a r w e i g h t a n d c r o s s - l i n k i n g . E x t e n t o f 
c o n v e r s i o n c o n t o u r s (one o f w h i c h is the g e l a t i o n c u r v e ) o n a n 
i s o t h e r m a l m o l e c u l a r T T T c u r e d i a g r a m ( F i g u r e 6) i n d i c a t e that t h e 
r e a c t i o n b e c o m e s d i f f u s i o n c o n t r o l l e d a n d e v e n t u a l l y q u e n c h e d , r e -
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g a r d l e s s o f w h e t h e r or no t g e l a t i o n has o c c u r r e d . T h e t e m p e r a t u r e at 
w h i c h t h e t i m e to g e l e q u a l s the t i m e to v i t r i f y is d e f i n e d as &{Γ9; t h e 
r e s i n w i l l not g e l b e l o w t h i s t e m p e r a t u r e . T h i s p a r a m e t e r is r e l a t e d to 
t h e t e m p e r a t u r e , geiTg\ b e l o w w h i c h t h e l i q u i d - t o - r u b b e r t r a n s i t i o n 
d i s a p p e a r s i n the m a c r o s c o p i c T T T c u r e d i a g r a m . 

E a c h p o i n t o n the T T T c u r e d i a g r a m s r e p r e s e n t s a u n i q u e state, 
i n d e p e n d e n t o f the p a t h b y w h i c h i t w a s a t t a i n e d , o n l y i f the s y s t e m is 
h o m o g e n e o u s a n d t h e c u r e is l i m i t e d to a s i n g l e r e a c t i o n p a t h . I f t h e 
s y s t e m is n o n h o m o g e n e o u s , p h a s e s e p a r a t i o n ( m o r p h o l o g y a n d s o l u 
b i l i t y ) m a y b e a f u n c t i o n o f the c u r e t e m p e r a t u r e . I n a s y s t e m w h e r e 
c o m p e t i n g r e a c t i o n s ex i s t , t h e c u r e t e m p e r a t u r e w i l l d e t e r m i n e t h e 
f a v o r e d r e a c t i o n p a t h . I n t h e a b s e n c e o f these c o m p l i c a t i o n s , a n i s o -
c u r e p a t h w o u l d f o l l o w t h e e x t e n t o f c o n v e r s i o n c u r v e i f the t e m p e r a 
t u r e w e r e to c h a n g e (10). 

T h e m o l e c u l a r a n d m a c r o s c o p i c T T T d i a g r a m s are r e l a t e d i n that 
t h e l i q u i d - t o - r u b b e r t r a n s i t i o n i s a s s o c i a t e d w i t h g e l a t i o n a n d t h e 
m o l e c u l a r Tg ( q u e n c h i n g o f r e a c t i o n c u r v e ) is a s s o c i a t e d w i t h v i t r i f i 
c a t i o n ( m a c r o s c o p i c Tg). T h e t h e r m o s e t t i n g process (cure) i n v o l v e s 
f our states: l i q u i d , g e l l e d r u b b e r , u n g e l l e d g lass , a n d g e l l e d g lass . 

T T T c u r e d i a g r a m s c a n b e u s e d for s t u d y i n g c h e m i c a l s t r u c t u r e / 
p h y s i c a l p r o p e r t y r e l a t i o n s h i p s b e c a u s e e a c h s y s t e m is u n i q u e w i t h 
r e s p e c t to b o t h the k i n e t i c s o f c u r e a n d the p h y s i c a l p r o p e r t i e s . T o 
s t u d y s t r u c t u r e / p r o p e r t y r e l a t i o n s h i p s o f t h e r m o s e t t i n g s y s t e m s , t h e 
sys tems m u s t b e c u r e d a b o v e Tgœ to e n s u r e that t h e y h a v e b e e n f u l l y 
c u r e d . I f t h e y are no t f u l l y c u r e d , t h e i r p r o p e r t i e s w i l l d e p e n d o n t h e 
e x t e n t o f c u r e , as w e l l as o n t h e i r c h e m i c a l s t ruc ture a n d m o r p h o l o g y . 
T h e p u r p o s e o f t h e p r e s e n t w o r k i s to use i s o t h e r m a l T T T c u r e d i a 
g rams a n d d y n a m i c m e c h a n i c a l t e m p e r a t u r e scans o f b o t h i n c o m 
p l e t e l y a n d f u l l y c u r e d sys tems as a b a s i s for i n v e s t i g a t i n g s t r u c t u r e / 
p r o p e r t y r e l a t i o n s h i p s i n e p o x y / a m i n e sys tems . 

Experimental 
E a c h of a series of di functional epoxies of the d ig ly c idy l ether of b is -

pheno l A type (Shel l E p o n 825, E p o n 828, and E p o n 834) was reacted 
w i t h stoichiometric quantities (one epoxy/one amine hydrogen) of d i a m i -
nod iphenyl sulfone ( D D S , Aldr i ch ) . T h e E p o n 828 also was reacted sep
arately w i t h 4 ,4 ' -methy lened ian i l ine ( M D A , A l d r i c h ) , b i s (p -aminocyc lo -
hexyl)methane ( P A C M - 2 0 , du Pont), and trimethylene glycol di -p-amino-
benzoate ( T M A B , Polaroid). 

Macroscopic T T T cure diagrams were generated from T B A experiments 
i n w h i c h the relative r ig id i ty ( ^ C ) and logarithmic decrement (Δ) were ob
tained from the damped oscillations of the freely decaying torsion p e n d u l u m 
(~1 Hz) . The supported specimens were made by d i p p i n g a glass bra id i n a 
solution of the epoxy and amine i n methyl ethyl ketone, except for E p o n 
8 2 8 / P A C M — 2 0 , w h i c h was app l i ed neat because it is a l i q u i d at room temper
ature. T h e specimens were then mounted i n the T B A apparatus at the temper-
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ature of cure i n a h e l i u m atmosphere, and their modu l i were monitored as a 
function of t ime. T h e transitions that occur dur ing cure were ident i f ied by the 
maxima i n the logarithmic decrement curves of the dynamic mechanical plots. 
H a v i n g cured the specimens u n t i l the reaction was quenched (as indicated by 
the l eve l ing off of the modulus), thermomechanical spectra were obtained at 
1.5 °C/min by first cool ing the specimen to - 1 9 0 °C and then heating it to 
250 °C to obtain the spectrum of the partially cured resin. The specimens were 
then cyc led between 250 and - 1 9 0 °C unt i l no further change i n Tg occurred, 
indicat ing that the cure was complete. I n this way, Tgaa, as w e l l as the spectra 
of the ful ly cured resins, was obtained for each cure temperature. 

A typical isothermal plot (11) shown i n F igure 7 displays three distinct 
processes. The elapsed time to each of these events is plotted vs. the isother
mal cure temperature, and i n this way each of the curves on the macroscopic 
T T T cure diagram is generated. Examples of the thermomechanical spectra of 
the isothermally cured resin and the subsequent ful ly cured resin are shown 
i n F igure 8. Note that both the glassy state relaxation, T s e c , and Tg increase 
w i t h increasing extent of cure, and that the r ig idi ty of the undercured resin is 
greater than that of the ful ly cured resin i n the region between r s e c and 
Tg (12, 13). 

Dynamic viscosities G' and G " for E p o n 8 2 8 / P A C M - 2 0 also were ob
tained from oscillatory shear measurements at 1.6 H z i n a nitrogen atmo
sphere using a Rheometrics dynamic spectrometer. Samples were placed 
between paral le l plates 25 m m i n diameter, 0.5 m m apart, and cured isother
mally . The maxima i n G " and the preceding shoulder, as w e l l as the two 
corresponding stages i n G ' (Figure 9), provide another set of rheological data 
that also can be plotted on the T T T diagram. 

Extent of conversion data for the molecular T T T diagram were obtained 
by I R techniques [Figure 10 (11, 14)] and, i n pr inc ip le , also can be obtained 
by differential scanning calorimetry (DSC) or titration. Theoret ical ly , molec
ular gelation occurs at a specific extent of conversion. The gel point at any 
given temperature can be estimated from a plot of gel fraction vs. t ime, by 
noting the time at w h i c h the resin begins to be insoluble . T h e gel fractions of 
the isothermally cur ing resins were measured periodical ly by we igh ing the 
resin fraction insoluble i n methy l ethyl ketone (dichloromethane for E p o n 
8 2 8 / P A C M - 2 0 ) . T h e gel fraction data for the E p o n 8 2 8 / P A C M - 2 0 system are 
shown i n F igure 11: these data occur between 70 and 80% conversion (Figure 
10). (The gel fraction experiments for the E p o n 8 2 8 / P A C M - 2 0 systems were 
performed on samples cured i n a h e l i u m atmosphere. For E p o n 8 2 5 / D D S and 
E p o n 8 3 4 / D D S , gel fraction experiments were performed on samples cured i n 
air. F o r E p o n 8 2 8 / D D S , i n w h i c h cure was conducted both i n air and h e l i u m , 
the gelation times were the same.) 

Results and Discussion 

T h e d y n a m i c m e c h a n i c a l ( T B A ) p l o t s o f t h e f u l l y c u r e d r e s i n s 
( F i g u r e 12) s h o w that w h e r e a s the glass t r a n s i t i o n t e m p e r a t u r e (Tgoo) 
v a r i e s for e a c h s y s t e m , t h e b r o a d s e c o n d a r y r e l a x a t i o n ( Γ ^ » < Tgoo) 
r e m a i n s at a p p r o x i m a t e l y - 4 0 °C , i n d i c a t i n g that i t is p r o b a b l y d u e to 
l o c a l i z e d b a c k b o n e m o t i o n i n t h e e p o x y m o i e t y , w h i c h is c o m m o n to 
a l l o f these sys tems (12,15,16). T h e o f e a c h r e s i n w a s o b t a i n e d b y 
c y c l i n g b e t w e e n - 1 9 0 a n d 2 5 0 °C u n t i l n o f u r t h e r c h a n g e i n Tg w a s 
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- 1 

151C 112C ' 71C 
13ÎC 91C ' 51C 

~. Λ Λ 

V w 

151C .112C- 7lt / 
i3ic .aie at 

1 2 

L o g T i m e (min ) 

Figure 9. Dynamic mechanical data (Bheometrics), G' and G " , ob
tained by isothermally curing Epon 828/PACM-20 at several temper

atures. 
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Conversion (%) 

L o g T i m e (min ) 

Figure 10. Extent of conversion data obtained by monitoring the ratio 
of the 1184- and 915-cm'1 peaks in the FTIR spectrum of Epon 8281 
F ACM-20 as a function of time at different temperatures, superim
posed on the gelation and vitrification curves of the TTT cure diagram 

for that system (Figure 23). 

50 C 

T i m e (min ) 

Figure 11. Gel fraction data for Epon 8281?ACM-20. Gel points were 
obtained by monitoring the gel fraction of the resin during cure in a 

helium atmosphere. 
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S i 

2 
> 

EPON 825/QDS (200 D 

EPON 828/DDS (196 0 

EPON 834/DDS (175 0 

EPON 828/HDA (197 0 

EPON 828/PACM-20 (197 C) 

EPON 828/7MAB (177 C) 

- 2 0 0 - 1 0 0 0 100 2 0 0 300 

T e m p e r a t u r e (°C) 

Figure 12a. TBA spectra of fully cured epoxy systems: relative rigidity. 
Specimens were cured isothermally (at the designated temperature) 

and post-cured by cycling to 250 °C. 
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γ ' " ' " Τ " ' ' — ι — " ι — • " ! - • . 

Λ 

: EPON 825/DDS (200 0 
• 

- ' " ; \ -~ 

; EPON 828/DDS (19JLQ_ 

\ EPON 834/DDS (175 0 
ζ 

. ' EPON 828/NDA 097 0 

• EPON 828/PACM-20 (197 0 

··*"** ****··% y 

: · ' Ε Ρ Ο Ν 828/ΤΜΑΒ (177_Χ^ 

1 I _| 

- 2 0 0 - 1 0 0 Ο 100 2 0 0 3 0 0 

T e m p e r a t u r e (°C) 

Figure 12b. TBA spectra of fully cured epoxy systems: logarithmic dec
rement. ( See Figure 12a for details.) 
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o b s e r v e d . F i g u r e s 1 3 - 1 8 s h o w T s e c a n d Tg for e a c h o f t h e r e s i n s c u r e d 
i s o t h e r m a l l y u n t i l the m o d u l u s l e v e l e d off, as w e l l as T s e C o o a n d Tgoo o f 
the f u l l y c u r e d r e s i n s , as a f u n c t i o n o f c u r e t e m p e r a t u r e . T h e Tg o f t h e 
r e s i n as i d e n t i f i e d b y the m a x i m u m i n the l o g a r i t h m i c d e c r e m e n t 
c u r v e i s h i g h e r t h a n t h e c u r e t e m p e r a t u r e (as l o n g as Tcure is b e l o w 
Tgoo). A t v i t r i f i c a t i o n , the rate o f d i f f u s i o n b e g i n s to d o m i n a t e t h e 
k i n e t i c s o f the r e a c t i o n , b u t t h e r e a c t i o n is no t q u e n c h e d u n t i l t h e 
glass t r a n s i t i o n has r i s e n w e l l a b o v e the c u r e t e m p e r a t u r e . T h i s d i f f e r 
e n c e b e t w e e n t h e glass t r a n s i t i o n t e m p e r a t u r e a n d the t e m p e r a t u r e at 
w h i c h m o l e c u l a r m o t i o n i s q u e n c h e d is e v i d e n t i n p h e n o m e n a s u c h as 
sub-T^ a n n e a l i n g a n d is p r e d i c t e d b y t h e o r e t i c a l e x p r e s s i o n s s u c h as 
t h e W L F e q u a t i o n (17). T h e d i f f e r e n c e Tg - T c u r e v a r i e s w i t h e a c h 
r e s i n s y s t e m , a n d is t a b u l a t e d i n T a b l e I a l o n g w i t h v a l u e s o f r s e C o o 

a n d Tgoo. 
M a c r o s c o p i c T T T c u r e d i a g r a m s w e r e o b t a i n e d f r o m T B A ex 

p e r i m e n t s for e a c h o f the s ix e p o x y / a m i n e sys tems . R h e o l o g i c a l da ta 

2 5 0 r 

- 1 0 0 » ' 1 « ' 
5 0 100 150 2 0 0 2 5 0 

T C u r e 

Figure 13. The parameters Tsec and T g as a function of cure tempera
ture for Epon 825/DDS. Key: *, as cured; +, post-cured. 

Society Library 
1155 16ui S t . . . % 

Washington. 0 . C. 200311 
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- 1 0 0 ' • L 1 1 
5 0 100 150 2 0 0 2 5 0 

T C ure (°C) 

Figure 14. The parameters Tsec and T g as a function of cure tempera
ture for Epon 828/DDS. Key: *, as cured; +, post-cured. 

2 5 0 r 

2 0 0 -

- 1 0 0 ' —ι 1 l . 1 
5 0 100 150 2 0 0 2 5 0 

T C ure (°C) 

Figure 15. The parameters %ec and T g as a function of cure tempera
ture for Epon 834/DDS. Key: *, as cured; +, post-cured. 
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2 5 0 r 

49 

2 0 0 [ 

- 1 0 0 ' · -> • • 
5 0 100 150 2 0 0 2 5 0 

T c u r e (°C) 

Figure 16. The parameters T S É r c and T g as a function of cure tempera
ture for Épon 828IMDA. Key: *, as cured; +, post-cured. 

2 5 0 r 

2 0 0 -

- 5 0 0 5 0 100 150 2 0 0 2 5 0 

TCure ( C ) 

Figure 17. The parameters Tsec and T g as a function of cure tempera
ture for Epon 828/PACM-20. Key: *, as cured; +, post-cured. 
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2 5 0 r 

2 0 0 h 

5 0 100 150 2 0 0 2 5 0 

Tcure 

Figure 18. The parameters Tsec and T g as a function of cure tempera
ture for Epon 828/TMAB. Key: * as cured; +, post-cured. 

Table I. C u r e d Resins (Figures 13-18): Characteristic Parameters 

Epoxy Τ 
x sec oo 

Τ 
1 goo 

T g - T c 

E p o n 8 2 5 / D D S - 3 5 2 2 0 2 4 
E p o n 8 2 8 / D D S - 3 5 2 1 0 2 5 
E p o n 8 3 4 / D D S - 3 7 185 2 0 
E p o n 8 2 8 / M D A - 5 0 168 30 
E p o n 8 2 8 / P A C M - 2 0 - 3 3 165 30 
E p o n 8 2 8 / T M A B - 4 0 166 24 
N O T E : All values are in degrees Centigrade. 
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2. E N N S A N D G I L L H A M Torsional Braid Analysis 51 

u s i n g the R h e o m e t r i c s d y n a m i c s p e c t r o m e t e r w e r e o b t a i n e d o n l y for 
E p o n 8 2 8 / P A C M - 2 0 , a n d g e l f r a c t i o n d a t a w e r e o b t a i n e d for a l l ex 
c e p t those c u r e d w i t h M D A a n d T M A B . C o m p o s i t e T T T d i a g r a m s are 
p r e s e n t e d i n F i g u r e s 19—24 c o n s i s t i n g o f the T B A , R h e o m e t r i c s , a n d 
g e l f r a c t i o n data . A c t i v a t i o n e n e r g i e s , o b t a i n e d b y p l o t t i n g the d a t a i n 
a n A r r h e n i u s f a s h i o n , are l i s t e d i n T a b l e I I . W i t h the e x c e p t i o n o f 
E p o n 8 2 8 / P A C M - 2 0 , w h i c h is the o n l y a l i p h a t i c a m i n e c u r e d s y s t e m , 
the a c t i v a t i o n e n e r g i e s o f t h e e p o x y sys tems s t u d i e d i n t h i s w o r k w e r e 
s i m i l a r . C h a r a c t e r i s t i c p a r a m e t e r s o f t h e T T T c u r e d i a g r a m s are l i s t e d 
i n T a b l e I I I ; ge{Tg is the l o w e s t t e m p e r a t u r e at w h i c h the r e s i n ge l s , 
a n d minTg is t h e c u r e t e m p e r a t u r e at w h i c h the t i m e to v i t r i f y i s a 
m i n i m u m . 

T h e resu l t s f i t t h e p a t t e r n o f the m a c r o s c o p i c T T T c u r e d i a g r a m 
( F i g u r e 5). I n g e n e r a l , the T B A resu l t s s h o w t h r e e e v e n t s , e x c e p t for 
t h e E p o n 8 2 8 / D D S s y s t e m i n w h i c h the f i rst e v e n t is m i s s i n g . 

501 « ι 1 1 
0.0 1.0 2.0 3.0 4.0 

L o g T i m e (min) 

Figure 19. TTT cure diagram of Epon 825/DDS, including TBA and gel 
fraction data. Key: •, isoviscous (TBA); O, liquid-to-rubber (TBA); Δ , 

vitrification (TBA); and *, gelation (gel fraction). 
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2 0 0 r 

50 I 1 1 1 1 
0.0 1.0 2.0 3.0 4.0 

L o g T i m e (min ) 

Figure 24. TTT cure diagram of Epon 828/TMAB, TBA data. Key: •, 
isoviscous (TBA); O, liquid-to-rubber (TBA); and A, vitrification (TBA). 

T h e t h i r d e v e n t is a s s o c i a t e d w i t h v i t r i f i c a t i o n , as c a n b e s e e n , for 
e x a m p l e , f r o m t h e r e l a t i v e r i g i d i t y c u r v e o f F i g u r e 7, w h i c h i n d i c a t e s 
a r u b b e r - t o - g l a s s t r a n s i t i o n c o r r e s p o n d i n g to the t h i r d m a x i m u m i n 
l o g a r i t h m i c d e c r e m e n t . T h e e n t i r e S - s h a p e d v i t r i f i c a t i o n c u r v e w a s 
o b t a i n e d o n l y for t h e E p o n 8 2 8 / P A C M - 2 0 s y s t e m ( F i g u r e 23) b e 
cause i t w a s the o n l y o n e i n w h i c h a s o l v e n t w a s no t r e q u i r e d i n 
s a m p l e p r e p a r a t i o n . T h e o t h e r sys tems a l l s h o w the c h a r a c t e r i s t i c 
u p p e r p o r t i o n o f t h e S - s h a p e d c u r v e . T h e G ' d a t a o b t a i n e d f r o m 
t h e R h e o m e t r i c s d y n a m i c s p e c t r o m e t e r p a r a l l e l t h e T B A r e l a t i v e 
r i g i d i t y da ta i n the c o m m o n t e m p e r a t u r e range that d a t a w e r e o b 
t a i n e d . T h e l a c k o f exact c o i n c i d e n c e m a y b e d u e to t h e t r a n s d u c e r i n 
the d y n a m i c s p e c t r o m e t e r a p p r o a c h i n g its u p p e r l i m i t . 

T h e s e c o n d e v e n t ( F i g u r e 7) c a n b e a s s o c i a t e d w i t h the l i q u i d - t o -
r u b b e r t r a n s i t i o n c u r v e a b o v e &{Τ9'. T h e m o d u l u s s h o w s a c o r r e 
s p o n d i n g r i se f r o m a l i q u i d - t o - r u b b e r y state ( F i g u r e s 7 a n d 9), a n d t h e 
R h e o m e t r i c s d a t a ( F i g u r e 9) s h o w a s h o u l d e r i n G" that c o r r e s p o n d s to 
t h e s e c o n d e v e n t ( T B A ) i n t h e E p o n 8 2 8 / P A C M - 2 0 s y s t e m ( F i g u r e 7). 
B e l o w gei^y, the s h o u l d e r i n t h e R h e o m e t r i c s d y n a m i c s p e c t r o m e t e r 
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58 P O L Y M E R C H A R A C T E R I Z A T I O N 

Table III. T T T Cure Diagrams (Figures 19-24): 
Characteristic Parameters 

Epoxy gelTg (time) minTe (time) Tgoo min T g 

E p o n 8 2 5 / D D S 100 (1000) 2 0 0 (63) 2 0 
E p o n 8 2 8 / D D S 100 (1000) 2 0 5 (30) 5 
E p o n 8 3 4 / D D S 100 (1000) 170 (425) 15 
E p o n 8 2 8 / M D A — 1 3 0 ( 3 5 ) 38 
E p o n 8 2 8 / P A C M - 2 0 5 0 ( 1 6 5 ) 1 3 0 ( 1 0 ) 3 5 
E p o n 8 2 8 / T M A B — 1 4 0 ( 3 0 0 ) 2 7 

N O T E : Al l values are in degrees Centigrade and minutes. 

G " data is no t e v i d e n t , a n d G ' s h o w s o n l y a l i q u i d - t o - g l a s s t r a n s i t i o n . 
T h e T B A data e x h i b i t the t r a n s i t i o n p r i o r to v i t r i f i c a t i o n o v e r t h e e n 
t i r e t e m p e r a t u r e r a n g e ; a b o v e &{Γ9' t h e s h o u l d e r c o r r e s p o n d s to t h e 
l i q u i d - t o - r u b b e r t r a n s i t i o n , b u t b e t w e e n r e S inT^ a n d &{Γ9' i t m a y or m a y 
not b e a t t r i b u t e d to the c o m p o s i t e n a t u r e o f the s p e c i m e n . A s i m i l a r 
effect c a l l e d the l i q u i d - l i q u i d t r a n s i t i o n (T€€) is o b s e r v e d i n T B A m e a 
s u r e m e n t s o f a m o r p h o u s t h e r m o p l a s t i c s (18) i n w h i c h , at h i g h m o l e c u 
l a r w e i g h t s (Mn > Mc, w h e r e Mn i s t h e n u m b e r - a v e r a g e m o l e c u l a r 
w e i g h t , a n d Mc is the c r i t i c a l m o l e c u l a r w e i g h t for c h a i n e n t a n g l e 
m e n t ) , t h i s t r a n s i t i o n o c curs at the onse t o f t h e r u b b e r y p l a t e a u . I t 
pers i s t s e v e n at l o w m o l e c u l a r w e i g h t j u s t as i t does i n the t h e r m o s e t 
t i n g r e s i n s . 

T h e f irst e v e n t m a y b e a s s o c i a t e d w i t h a n i s o v i s c o s i t y l e v e l . T h e 
i n t e r a c t i o n s o f the v i s c o u s l i q u i d a n d the b r a i d i n a T B A e x p e r i m e n t 
g i v e r i s e to a m a x i m u m i n l o g a r i t h m i c d e c r e m e n t , as the v i s c o s i t y 
increases (29, 20 , 21) . O t h e r m e t h o d s o f m o n i t o r i n g the c u r e o f t h e r m o 
sets ( r i s i n g b u b b l e , s t i r r i n g motor , etc.) i d e n t i f y (macroscopic ) g e l a t i o n 
w i t h d i f f e r e n t v i s c o s i t y l e v e l s . 

C o m p l e m e n t a r y c o n t i n u o u s h e a t i n g t r a n s f o r m a t i o n ( C H T ) c u r e 
d i a g r a m s w e r e o b t a i n e d b y m o n i t o r i n g the d y n a m i c m e c h a n i c a l p r o p 
er t i es o f a t h e r m o s e t t i n g r e s i n b y T B A w h i l e r a i s i n g t h e t e m p e r a t u r e 
at a ser ies o f c ons tant rates . A t e m p e r a t u r e s can o f a s o l i d , i n i t i a l l y 
u n r e a c t e d , r e s i n w o u l d b e e x p e c t e d to r e v e a l i n s e q u e n c e : résina 
T€€, a n i s o v i s c o u s e v e n t , a n i s o v i s c o u s e v e n t o n r e a c t i o n , the l i q u i d -
t o - r u b b e r (or Ti€) t r a n s i t i o n , v i t r i f i c a t i o n , d e v i t r i f i c a t i o n , a n d d e g r a d a 
t i o n . T h e i s o v i s c o u s t r a n s i t i o n s w o u l d b e o b s e r v e d o n l y w h e n the 
v i s c o s i t y o f t h e r e s i n i s b e l o w t h e i s o v i s c o u s l e v e l . T h e scans i n F i g 
u r e 2 5 c l e a r l y s h o w r e S i n ^ TW, the l i q u i d - t o - r u b b e r t r a n s i t i o n , a n d 
v i t r i f i c a t i o n , i n a d d i t i o n to a n o t h e r glass t r a n s i t i o n ( d e v i t r i f i c a t i o n ) , 
a n d a h i g h t e m p e r a t u r e e v e n t c o r r e s p o n d i n g to a n i n t r a m o l e c u l a r rear 
r a n g e m e n t r e a c t i o n ( J J ) . T h e n u m b e r o f e v e n t s o b s e r v e d d e p e n d s o n 
t h e h e a t i n g rate ; i f t h e h e a t i n g rate is too fast, the v i t r i f i e d state w i l l b e 
m i s s e d . T h e C H T d i a g r a m is g e n e r a t e d b y p l o t t i n g the t e m p e r a t u r e 
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0.10 C/MIN 

0.20 C/MIN 

' 0.50 C/MIN 

I.OC/MIN 

I.5C/MIN 

2.0 C/MIN 
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- 5 0 0 5 0 100 150 2 0 0 2 5 0 3 0 0 

T e m p e r a t u r e (°C) 

Figure 25a. Temperature scans of Epon 828IPACM-20 from -50 to 
275 °C at various scanning rates: relative rigidity. 
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2. E N N S A N D G I L L H A M Torsional Braid Analysis 61 

vs . t h e t i m e at w h i c h the e v e n t s w e r e o b s e r v e d . A s o n e e x a m p l e , t h e 
C H T d i a g r a m for E p o n 8 2 8 / P A C M - 2 0 is s h o w n i n F i g u r e 26 . 

A l t h o u g h t h e C H T d i a g r a m has t h e same features as the T T T c u r e 
d i a g r a m , a l b e i t i n a s o m e w h a t s k e w e d f o r m , i t has a p r a c t i c a l v a l u e . 
M o s t o f the features o f t h e C H T d i a g r a m , s u c h as reSinTg, eeiTg', a n d Tgoo 

c a n b e o b t a i n e d f r o m t h r e e to f our t e m p e r a t u r e scans , w h e r e a s m a n y 
m o r e are r e q u i r e d for the T T T c u r e d i a g r a m . F u r t h e r m o r e , t h e c h o i c e 
o f c u r e t e m p e r a t u r e s is m o r e c r i t i c a l for t h e T T T d i a g r a m s , e s p e c i a l l y 
w h e n the c h a r a c t e r i s t i c p a r a m e t e r s o f a s y s t e m are u n k n o w n . 

T h e r e s u l t s a l so f i t t h e p a t t e r n o f t h e m o l e c u l a r T T T c u r e d i a g r a m 
( F i g u r e 6). T h e e x t e n t o f c o n v e r s i o n d a t a o b t a i n e d i s o t h e r m a l l y b y 
F o u r i e r t r a n s f o r m I R ( F i g u r e 10) for the E p o n 8 2 8 / P A C M - 2 0 s y s t e m 
f o l l o w the t r e n d i n d i c a t e d i n F i g u r e 6. A s the e x t e n t o f c o n v e r s i o n 
c u r v e s a p p r o a c h t h e S - s h a p e d glass t r a n s i t i o n c u r v e , t h e y b e c o m e 
h o r i z o n t a l l i n e s as t h e r e a c t i o n b e c o m e s d i f f u s i o n c o n t r o l l e d a n d u l 
t i m a t e l y is q u e n c h e d . T h e g e l a t i o n c u r v e ( d e t e r m i n e d f r o m g e l f rac 
t i o n data) l i e s p a r a l l e l to t h e e x t e n t o f c o n v e r s i o n c u r v e s ; for E p o n 

3 0 0 r 

0.0 1.0 2.0 3.0 4.0 

L o g T i m e (min) 

Figure 26. CHT diagram of Epon 828/PACM-20: temperature scans 
were performed at 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 °C/min from 
—50 to 275 °C. Key: A, vitrification and devitrification; O, liquid-to-

rubber transition; •, isoviscous phenomenon; *, intramolecular rear
rangement. Heating rates greater than 2 °C/min are required to cure the 

resin without the occurrence of vitrification. 
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8 2 8 / P A C M - 2 0 i t l i e s b e t w e e n 70 a n d 8 0 % extent o f c o n v e r s i o n . I n 
t h e o t h e r systems for w h i c h g e l f r a c t i o n data w e r e o b t a i n e d , t h e g e l a 
t i o n c u r v e s f o l l o w t h e same f o r m . F o r E p o n 8 2 8 / P A C M - 2 0 , t h e l o w 
est t e m p e r a t u r e at w h i c h g e l f ract ions w e r e o b t a i n e d w a s 5 0 °C , 
w h e r e a s for the e p o x y r e s i n s c u r e d w i t h D D S , the l o w e s t t e m p e r a t u r e 
w a s 102 °C. T h e T T T c u r e d i a g r a m s s h o w that t h e e x t r a p o l a t e d g e l a 
t i o n c u r v e crosses t h e v i t r i f i c a t i o n c u r v e j u s t b e l o w t h i s t e m p e r a t u r e 
(50 °C for P A C M - 2 0 , 102 °C for D D S ) , w h i c h c o r r e s p o n d s to gelTg i n 
F i g u r e 6. 

T h e T T T c u r e d i a g r a m s i n d i c a t e a c o r r e s p o n d e n c e b e t w e e n ge 
l a t i o n a n d the l i q u i d - t o - r u b b e r t r a n s i t i o n , as w e l l as b e t w e e n gelTg

f 

a n d geiT^. A l t h o u g h the a c t i v a t i o n e n e r g i e s for t h e l i q u i d - t o - r u b b e r 
t r a n s i t i o n are s l i g h t l y less t h a n those o b t a i n e d for g e l a t i o n ( T a b l e I I ) , a 
c l o se c o r r e l a t i o n b e t w e e n t h e t w o e v e n t s ex is ts . I n t h e o n e case w h e r e 
a n a c t i v a t i o n e n e r g y w a s o b t a i n e d a lso b y I R m e a s u r e m e n t s , w h i c h 
m i g h t b e c o n s i d e r e d to y i e l d a m o r e accurate v a l u e , the l i q u i d - t o -
r u b b e r t r a n s i t i o n p r o v i d e s a l o w e r e s t i m a t e , w h e r e a s g e l a t i o n (ge l 
fract ion) p r o v i d e s a h i g h e r e s t i m a t e . A c o m p a r i s o n o f Tgoo for the 
ser ies o f e p o x i e s c u r e d w i t h D D S ( T a b l e I) i n d i c a t e s that Tgoo i s q u i t e 
s e n s i t i v e to the l e n g t h o f t h e e p o x y m o l e c u l e , that i s , the d i s t a n c e 
b e t w e e n c r o s s - l i n k s . A s the m o l e c u l a r w e i g h t o f the e p o x y m o n o m e r 
i n c r e a s e s (as η i n c r e a s e s f r o m 0 to 0.6), Tgoo c h a n g e s f r o m 2 2 0 to 185 °C . 
O n the o ther h a n d , Tgoo is r a t h e r i n s e n s i t i v e to t h e f l e x i b i l i t y o f t h e 
c u r i n g agent . O n e w o u l d e x p e c t the flexibility to i n c r e a s e i n t h e o r d e r : 
M D A < P A C M - 2 0 < T M A B , b u t TgoD i s a p p r o x i m a t e l y t h e s a m e 
(165 °C) for a l l o f t h e m . T h e d i f f e r e n c e i n Tgoo for E p o n 8 2 8 / D D S a n d 
E p o n 8 2 8 / M D A , E p o n 8 2 8 / P A C M - 2 0 , or E p o n 8 2 8 / T M A B c a n b e 
a t t r i b u t e d to the p o l a r i t y o f t h e D D S m o i e t y a n d its c a p a b i l i t y o f b e i n g 
a s i te for h y d r o g e n b o n d i n g , w h i c h c o u l d i n c r e a s e t h e a p p a r e n t 
c r o s s - l i n k d e n s i t y t h e r e b y g i v i n g r i s e to t h e h i g h e r glass t r a n s i t i o n 
t e m p e r a t u r e . 

T h e d i f f e r e n c e i n t h e r e a c t i v i t y o f t h e c u r i n g agents a l so i s d e m 
o n s t r a t e d i n the T T T d i a g r a m s . A l t h o u g h the e n e r g y o f a c t i v a t i o n , E a , 
( T a b l e II) as d e t e r m i n e d f r o m l i q u i d - t o - r u b b e r t r a n s i t i o n data , i s p r a c 
t i c a l l y t h e same for a l l b u t o n e o f the c u r i n g agents i n v e s t i g a t e d i n t h i s 
w o r k , the rates o f r e a c t i o n v a r y w i d e l y . T h i s b e h a v i o r c a n be s e e n f r o m 
the h o r i z o n t a l shi f t i n the g e l a t i o n a n d v i t r i f i c a t i o n c u r v e s . T h e c u r i n g 
agents r a n k e d i n o r d e r o f i n c r e a s i n g r e a c t i v i t y are D D S < T M A B < 
M D A < P A C M - 2 0 . 

T h e c h e m i c a l r e a c t i v i t y , as w e l l as t h e v a l u e o f Tgœ, i n f l u e n c e s 
t h e sharpness o f t h e u p p e r p o r t i o n o f t h e T T T d i a g r a m , o f w h i c h 
Tgoo — mmTg ( T a b l e I I I ) i s a m e a s u r e . 
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Conclusion 

T h e c u r i n g process c a n b e u n d e r s t o o d , i n t e r m s o f the m o l e c u l a r 
a n d m a c r o s c o p i c T T T c u r e d i a g r a m s , as t h e c o m p l e x i n t e r a c t i o n o f 
c h e m i c a l r e a c t i o n a n d c h a n g i n g p h y s i c a l p r o p e r t i e s . N o s i n g l e t e c h 
n i q u e ex ists w i t h w h i c h o n e c o u l d extract b o t h m a c r o s c o p i c a n d m o 
l e c u l a r l e v e l i n f o r m a t i o n f r o m a t h e r m o s e t t i n g s y s t e m . H o w e v e r , a 
ser ies o f i s o t h e r m a l T B A e x p e r i m e n t s c a n p r o v i d e a q u a l i t a t i v e d e 
s c r i p t i o n o f a sys tem ' s T T T c u r e d i a g r a m , i n c l u d i n g résina, Tgoo, the 
S - s h a p e d v i t r i f i c a t i o n c u r v e , a n d , t h r o u g h the c o r r e l a t i o n o f the 
l i q u i d - t o - r u b b e r t r a n s i t i o n w i t h g e l a t i o n , %e{Tg. T h i s p r o c e d u r e w a s 
u s e d to c o m p a r e v a r i o u s a m i n e - c u r e d e p o x y sys tems f r o m t h e 
v i e w p o i n t o f s t r u c t u r e / p r o p e r t y r e l a t i o n s h i p s . 

Acknowledgment 

P a r t i a l s u p p o r t w a s p r o v i d e d b y the C h e m i s t r y B r a n c h o f the O f 
f i ce o f N a v a l R e s e a r c h . 

Literature Cited 
1. Gillham, J. K. AIChE J. 1974, 20, 1066. 
2. Gillham, J. K. Polym. Eng. Sci. 1979, 19, 676. 
3. Gillham, J. K. In "Developments in Polymer Characterisation—3" Daw-

kins, J. V., Ed.; Applied Science Publishers: London, 1982, p. 5. 
4. "Organic Matrix Structural Composites: Quality Assurance and Repro

ducibility"; National Materials Advisory Board Publication 356, 1981; 
Chap. 3. 

5. American Society for Testing and Materials, Philadelphia, PA. 
6. Gillham, J. K.; Stadnicki, S. J.; Hazony, Y. J. Appl. Polym. Sci. 1977,21,40. 
7. Enns, J. B.; Gillham, J. K. In "Computer Applications in Applied Polymer 

Science," Provder, Theodore, Ed.; ACS SYMPOSIUM SERIES No. 
197, ACS: Washington, D.C., 1982; p. 329. 

8. Flory, P. J. "Principles of Polymer Chemistry"; Cornell University Press: 
Ithaca, NY, 1953. 

9. Lunak, S.; Vladyka, J.; Dusek, K. Polymer 1978, 19, 931. 
10. Lee, C. Y.-C.; Goldfarb, I. J. Polym. Eng. Sci. 1981, 21, 951. 
11. Enns, J. B., Ph.D. Thesis, Princeton Univ., Princeton, NJ, 1982. 
12. Hartman, B.; Lee, G. F. J. Appl. Polym. Sci. 1977, 21, 1341. 
13. Aherne, J. P.; Enns, J. B.; Doyle, M. J.; Gillham, J. K. Coat. Plast. Prepr. 

Pap. Meet. (Am. Chem. Soc., Div. Org. Coat. Plast. Chem.) 1982, 
46, 574. 

14. Enns, J. B.; Gillham, J. K.; Small, R. D. Polym. Prepr., Am. Chem. Soc., 
Div. Polym. Chem. 1981, 22, 123. 

15. Arridge, R. G. C.; Speake, J. H. Polymer 1972, 13, 450. 
16. Pogany, G. A. Polymer 1970, 11, 66. 
17. Billmeyer, F. R. "Textbook of Polymer Science"; Wiley: New York, 1971. 
18. Gillham, J. K. Polym. Eng. Sci. 1979, 19, 749. 
19. Gillham, J. K.; Boyer, R. F. Polym. Prepr., Am. Chem. Soc., Div. Polym. 

Chem. 1976, 17, 171. 
20. Nielsen, L. E. Polym. Eng. Sci. 1977, 17, 713. 
21. Neumann, B. M.; Senich, G. Α.; MacKnight, W. J. Polym. Eng. Sci. 1978, 

18, 624. 
RECEIVED for review December 7, 1981. ACCEPTED May 4, 1982. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

02



3 

Application of Torsion Impregnated 
Cloth Analysis (TICA) to Study 
Resin Cure 

C. Y-C. LEE and I. J. G O L D F A R B 
Wright-Patterson Air Force Base, Air Force Wright Aeronautical 
Laboratories/MLBP, Dayton, O H 45433 

Torsion impregnated cloth analysis (TICA) is a forced 
torsion technique used to study resin mechanical be
havior while the resin is being supported by glass cloth. 
A constant frequency or a multifrequency scan can be 
employed. The transition peak temperatures of the neat 
materials and the TICA specimens agree reasonably 
well. The isothermal curing TICA results of an epoxy 
are also compared with neat resin results. The gel peak 
observed in TICA measurements is concluded to be the 
result of resin—substrate interaction. The TICA tech
nique has been able to distinguish between loss peaks 
due to molecular transitions, and those from kinetic 
effects based on their frequency dependency. Isocure 
state curves have been constructed using a two-step 
curing method, and a calibration method to interpolate 
partially cured Tg has been demonstrated with the tech
nique. 

V A S T D I F F E R E N C E S I N S T R E S S L E V E L S b e t w e e n a l i q u i d p o l y m e r a n d a 
s o l i d p o l y m e r necess i ta te separate e x p e r i m e n t a l t e c h n i q u e s for t h e i r 
m e c h a n i c a l c h a r a c t e r i z a t i o n (I ) . T o c h a r a c t e r i z e f u l l y a p o l y m e r 
t h r o u g h its v a r i o u s states o f m a t t e r , at l eas t t w o d i f f e r e n t e x p e r i m e n t s 
h a v e to b e p e r f o r m e d . T h e data c a n t h e n b e r e c o n s t r u c t e d to c o v e r t h e 
e n t i r e r e g i o n o f i n t e r e s t . S i m i l a r p r o b l e m s are e n c o u n t e r e d i n s t u d y 
i n g c u r e r h e o l o g y o f t h e r m o s e t t i n g s y s t e m s . A l t h o u g h i t is r a t h e r 
s t r a i g h t f o r w a r d to s t u d y t h e c u r i n g i n t h e l i q u i d state , i t i s a l m o s t 
i m p o s s i b l e to f o l l o w the v i t r i f i c a t i o n process t h r o u g h c o n v e n t i o n a l 
t e c h n i q u e s . 
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© 1983 Amer i can C h e m i c a l Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

03



66 P O L Y M E R C H A R A C T E R I Z A T I O N 

M e c h a n i c a l p r o p e r t i e s o f t h e r m o s e t t i n g r e s i n s d u r i n g c u r e 
t h r o u g h the v a r i o u s states o f m a t t e r h a v e b e e n s t u d i e d w i t h d i f f e r e n t 
t e c h n i q u e s (2, 3) that a l l h a d o n e feature i n c o m m o n : t h e r e s i n s to b e 
s t u d i e d w e r e s u p p o r t e d b y i n e r t substrates. T o r s i o n i m p r e g n a t e d c l o t h 
a n a l y s i s ( T I C A ) is a v a r i a t i o n o f s u c h t e c h n i q u e s (4). T h e r e s i n b e i n g 
s t u d i e d is i m p r e g n a t e d o n t o a glass c l o t h that is s u b s e q u e n t l y f o l d e d 
i n t o the s h a p e o f a r e c t a n g u l a r bar . T h e s p e c i m e n is m o u n t e d o n the 
r h e o m e t r i c s m e c h a n i c a l s p e c t r o m e t e r ( R M S ) a n d is s u b j e c t e d to a 
f o r c e d t o r s i o n a n a l y s i s that m e a s u r e s d i r e c t l y the i n - p h a s e a n d out -
of -phase c o m p o n e n t s o f the s p e c i m e n ' s r e s p o n s e . 

T h e T I C A s a m p l e p r e p a r a t i o n is v e r y s i m i l a r to that o f t o r s i o n 
b r a i d a n a l y s i s ( T B A ) (2). T h e s a m p l e a r r a n g e m e n t has t h e a d v a n t a g e 
o f a l l o w i n g a c o n t i n u i n g s t u d y o f a r e s i n w i t h t h e s a m e s p e c i m e n 
t h r o u g h i ts v a r i o u s p h y s i c a l states: l i q u i d , r u b b e r , a n d g lassy . A l s o , 
t h i s a r r a n g e m e n t shares t h e a d v a n t a g e o f t h e r e l a t i v e l y s m a l l s a m p l e 
s i z e r e q u i r e d , c o m p a r e d w i t h m o s t n e a t - r e s i n m e a s u r e m e n t s . B e 
cause o f the p r e s e n c e o f t h e r e s i n — s u b s t r a t e i n t e r a c t i o n , l i q u i d - s t a t e 
r e s u l t s h a v e to b e t r e a t e d w i t h c a u t i o n . O n l y t h e r e l a t i v e c h a n g e s i n 
the r e s i n r e s p o n s e s are o b t a i n e d b y t h i s t e c h n i q u e . A b s o l u t e m o d u l u s 
v a l u e s c a n n o t b e e x t r a c t e d f r o m the m e a s u r e m e n t s w i t h o u t f u r t h e r 
d e v e l o p m e n t a l s t u d i e s o f the t e c h n i q u e . 

U n l i k e T B A , w h i c h is a free o s c i l l a t i o n t e c h n i q u e , T I C A u t i l i z e s 
the t o r s i o n feature o f the R M S . I n s t e a d o f r e l y i n g o n t h e f r e q u e n c y 
a n d the d e c a y o f t h e o s c i l l a t i o n a m p l i t u d e to y i e l d the r i g i d i t y a n d loss 
t a n δ i n f o r m a t i o n , T I C A m e a s u r e s d i r e c t l y the i n - p h a s e a n d out-of -
p h a s e c o m p o n e n t s o f the s p e c i m e n ' s r e s p o n s e that c o r r e s p o n d to the 
storage a n d loss m o d u l u s . B e c a u s e o f the f o r c e d o s c i l l a t i o n m o d e , a 
cons tant f r e q u e n c y c a n b e u s e d t h r o u g h o u t the e n t i r e T I C A e x p e r i 
m e n t , t h u s a v o i d i n g t h e c o m p l i c a t i o n o f t h e c h a n g i n g f r e q u e n c y ef fect 
o n t h e o b s e r v e d r e s p o n s e . M o r e i m p o r t a n t l y , a m u l t i f r e q u e n c y s c a n 
c a n b e e m p l o y e d so t h e f r e q u e n c y ef fect o f the r e s p o n s e c a n b e 
s t u d i e d as w e l l . 

T h i s c h a p t e r r e v i e w s t h e a p p l i c a t i o n o f the T I C A t e c h n i q u e i n 
o u r l a b o r a t o r y to t h e p r o b l e m o f s t u d y i n g the m e c h a n i c a l p r o p e r t i e s o f 
r e s i n s . 

Experimental 
The sample preparation procedure had been described i n detail else

where (5). T h e resin to be studied was dissolved w i t h appropriate solvents 
and a fiber glass c loth about 10 cm wide was wetted w i t h the solution. After 
hanging i n an exhaust hood overnight, the c loth was evacuated for solvent ex
traction at room temperature for 1 week before use. The cloth was cut into 
rectangular patches of 10 X 7.5 cm. These were folded into strips 10 c m long 
and 1.25 cm wide , w i t h the cut edges folded inside the strips. Three strips 
were stacked together to compose one T I C A specimen. 
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3. L E E A N D G O L D F A R B Torsion Impregnated Cloth Analysis 67 

Fixtures were fabricated to h o l d the T I C A spec imen i n the sample 
chamber of the R M S . T h e fixtures were stainless steel plates measuring 17.8 
X 12.6 x 2.3 m m . T h e cloth ends were sandwiched by two fixture plates h e l d 
together by a screw at the center. A l u m i n u m foi l was used to separate the 
fixture from the cloth so that the cured resin w o u l d bond to the fo i l instead of 
the fixtures. The result ing specimens had dimensions at both ends s imilar to 
those of torsion bar specimens of the R M S , and were mounted on the sample-
ho ld ing chucks of the R M S the same way as the torsion bars. T h e specimens 
were he ld at both ends between the servomotor and transducer of the R M S i n 
an environmental chamber. A s inusoidal strain was induced by the oscillatory 
motion of the servomotor. The resultant sinusoidal stress was detected w i t h 
the stress gauge, whose output voltage was tapped into a frequency analyzer. 
B y comparing stress and strain waveforms, the in-phase and out-of-phase re
sponses of the specimen were calculated. T h e environmental chamber was 
capable of a temperature range from - 1 5 0 to 400 °C. 

Comparison with Thermoplastics Neat Properties (4) 
P o l y p h e n y l s u l f o n e ( R a d e l , U n i o n C a r b i d e C o r p o r a t i o n ) h a d b e e n 

c h a r a c t e r i z e d m e c h a n i c a l l y i n neat f o r m i n o u r l a b o r a t o r y (6) u s i n g a n 
R M S . T h e r e g i o n b e l o w a n d t h r o u g h Tg w a s c h a r a c t e r i z e d i n t h e tor 
s i o n a l b a r m o d e , a n d a b o v e t h e Tg r e g i o n w a s m e a s u r e d i n t h e p a r a l l e l 
p la tes m o d e . T h e p o l y m e r w a s a l so c h a r a c t e r i z e d w i t h T I C A f r o m 
- 150 to 380 °C . T h e T I C A r e s u l t is s h o w n i n F i g u r e 1, a n d t h e p e a k 
m a x i m u m t e m p e r a t u r e s , t o g e t h e r w i t h those f r o m the neat r e s i n m e a 
s u r e m e n t s , are l i s t e d i n T a b l e I . T h e loss p e a k s at 170 °C are d u e to 
k i n e t i c effects (see l a t e r d i s c u s s i o n s ) a n d are n o t i n c l u d e d i n the t a b l e . 

B e c a u s e o f t h e p r e s e n c e o f t h e glass c l o t h i n T I C A , a l l loss p e a k s 
d u e to m o l e c u l a r m o t i o n t r a n s i t i o n s w e r e s m a l l e r i n a m p l i t u d e , i n 
c o m p a r i s o n to the n e a t - f o r m r e s u l t s . T h e t e m p e r a t u r e a n d f r e q u e n c y 
d e p e n d e n c e o f t h e t r a n s i t i o n a g r e e d w e l l i n t h e g l a s s y a n d glass 
t r a n s i t i o n r e g i o n s . L o w - f r e q u e n c y T I C A m e a s u r e m e n t s gave v e r y 
n o i s y loss c o m p o n e n t s , so the T I C A sub-T^ loss t r a n s i t i o n s i n the l o w -
f r e q u e n c y ( < l - r a d / s ) range w e r e not w e l l c h a r a c t e r i z e d . I n the r e 
g i o n a b o v e Tg, t h e G " m a x i m a a s s o c i a t e d w i t h f l o w s h i f t e d to h i g h e r 
t e m p e r a t u r e s w h e n t h e p o l y m e r w a s m e a s u r e d w i t h t h e T I C A t e c h 
n i q u e . T a n δ p e a k s n o t o b s e r v e d i n t h e p a r a l l e l p la tes m e a s u r e m e n t s 
w e r e p r e s e n t e d i n t h e T I C A r e s u l t s . T h e r e are i n d i c a t i o n s o f the p r e s 
e n c e o f the r e s i n — s u b s t r a t e i n t e r a c t i o n s , so T I C A resu l t s i n the l i q u i d 
r e g i o n s h o u l d b e u s e d w i t h care . 

Isothermal Curing of Thermosetting Systems (4) 
A n i s o t h e r m a l c u r i n g e x p e r i m e n t o f a n u n c u r e d r e s i n u s u a l l y b e 

g ins w i t h the r e s i n i n the l i q u i d state. A s t h e c u r e is a d v a n c e d , t h e 
r e s i n w i l l g e l i n t o a r u b b e r y state a n d t h e n v i t r i f y i n t o t h e g l a s s y state. 
I n f o l l o w i n g s u c h a c u r e o f a n e p o x y r e s i n w i t h the T I C A t e c h n i q u e , 
the a ( in -phase ) c o m p o n e n t o f the s p e c i m e n inc reases s e v e r a l orders 
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—I 1 I I I 
-100 0 100 200 300 

TEMPERATURE 

Figure 1. TICA result of polyphenylsulfone from -150 to 380 °C. Key: 
—,100 radls; —, 10 radls; and , 1 radls. (Reproduced with per
mission from Ref. 4. Copyright 1981, Society of Plastics Engineers, Inc.) 

Table I. Transition Temperatures of Polyphenylsulfone 
Frequency 

Transition (radis) Neat Resin" TICA 

T>TB 1 2 4 7 2 6 5 
10 2 6 0 2 8 0 

100 2 7 8 3 2 5 
1 2 2 3 (228) 2 2 2 (228) 

10 2 2 6 (231) 2 2 5 (232) 
100 2 3 0 (237) 2 3 0 (237) 

β 1 15 — 

10 32 4 4 
100 70 58 

y 1 - 1 2 0 
10 - 1 0 5 - 1 1 2 

100 - 9 5 - 98 
Note: All temperature values are in degrees Centigrade; all values refer to the loss 

modulus maxima except those in parentheses, which denote the values at the tan δ 
maxima. 

a See Reference 6. 
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3. L E E A N D G O L D F A R B Torsion Impregnated Cloth Analysis 6 9 

o f m a g n i t u d e as the r e s i n c h a n g e s f r o m a l i q u i d to a g lass . T h e r e are 
a l so t w o t a n δ m a x i m a , f o l l o w e d b y a p r o m i n e n t b (out-o f -phase) c o m 
p o n e n t p e a k ( F i g u r e 2). T h e t w o t a n δ p e a k s s h o u l d c o r r e s p o n d to t h e 
g e l a n d v i t r i f i c a t i o n p e a k s c o m m o n l y o b s e r v e d i n s i m i l a r T B A ex 
p e r i m e n t s . T h e b m a x i m u m is a l s o a v i t r i f i c a t i o n p e a k , a n d , as ex 
p e c t e d , o c curs l a t e r t h a n t h e c o r r e s p o n d i n g t a n δ p e a k . T h i s r e s u l t i s 
j u s t t h e o p p o s i t e o f w h a t o n e n o r m a l l y o b s e r v e s at t h e g lass t r a n s i t i o n 
r e g i o n . I n t h e glass t r a n s i t i o n r e g i o n , the l o w - f r e q u e n c y r e s p o n s e is 
a l w a y s l e a d i n g t h e t r e n d o f c h a n g e s d u r i n g a n i n c r e a s i n g t e m p e r a t u r e 
s w e e p . F o r the i s o t h e r m a l c u r i n g , a g a i n the r e v e r s e is t r u e ; the h i g h -
f r e q u e n c y r e s p o n s e is l e a d i n g t h e t r e n d . 

I s o t h e r m a l r e s u l t s f r o m s e v e r a l c u r i n g t e m p e r a t u r e s c a n b e u s e d 
to c o m p o s e a t i m e — t e m p e r a t u r e - t r a n s f o r m a t i o n ( T T T ) d i a g r a m (2). 
T B A r e s u l t s o n t h e s a m e s y s t e m are a v a i l a b l e for c o m p a r i s o n . B o t h 
sets o f da ta are s h o w n i n F i g u r e 3. T h e T I C A r e s u l t s a n d t h e T B A 
resu l t s agree o n l y q u a l i t a t i v e l y , n o t q u a n t i t a t i v e l y . B o t h sets o f d a t a 

I I I I 1 1 I I ' ' ι » ι ι • » I I I L 
1,000 1,0000 

TIME (SEC.) 

Figure 2. A typical TICA isothermal curing result of an epoxy resin. 
(Reproduced with permission from Ref. 4. Copyright 1981, Society of 

Plastics Engineers, Inc.) 
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ΙΟ 5 

ΙΟ 2 

-
• T B A 

- • T B A tgel 

x TIC tvit b 
Δ T IC h 
ο T IC tgel 

-

-

X - b 

i 
- -tan δ 
- m 

-

— 

« I 

-Gel 

120 140 160 180 2 0 0 220 

T E M P E R A T U R E (°C) 

Figure 3. Time—temperature—transformation diagram comparing 
TICA and TBA results. (Reproduced with permission from Ref. 4. 

Copyright 1981, Society of Plastics Engineers, Inc.) 

i n d i c a t e d that at the e x p e r i m e n t a l t e m p e r a t u r e r a n g e , the s y s t e m was 
b e t w e e n Tgg a n d Tg (o°) as d e f i n e d b y G i l l h a m (2). 

D a t a at t h e l o w e r t e m p e r a t u r e r e g i m e a g r e e d r e a s o n a b l y w e l l i n 
l i g h t o f the d i f f e r e n c e b e t w e e n the t w o e x p e r i m e n t s i n f r e q u e n c y 
effect. I n the h i g h e r t e m p e r a t u r e r a n g e , t h e T I C A t i m e s to p e a k 
m a x i m a w e r e c o n s i s t e n t l y l o n g e r . T h e s e t i m e s are a t t r i b u t a b l e to the 
d i f f e r e n t h e a t - u p p r o c e d u r e s e m p l o y e d b y the t w o t e c h n i q u e s . I n 
b o t h m e a s u r e m e n t s , t h e s a m p l e s w e r e m o u n t e d onto t h e i n s t r u m e n t 
at r o o m t e m p e r a t u r e . T h e s a m p l e c h a m b e r t e m p e r a t u r e w a s t h e n 
r a i s e d to the e x p e r i m e n t a l v a l u e . F o r T B A , the t e m p e r a t u r e w a s r a i s e d 
at a rate o f a b o u t 12 °C /min , a n d t i m e z e r o o f t h e e x p e r i m e n t w a s w h e n 
t h e final t e m p e r a t u r e w a s r e a c h e d . I n T I C A , t h e e x p e r i m e n t s s tar ted 
at 0 °C , a n d the t e m p e r a t u r e w a s r a i s e d at a rate o f 120 °C /min . T i m e 
z e r o w a s w h e n t h e t e m p e r a t u r e i n c r e a s e w a s i n i t i a t e d . 
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S y s t e m a t i c errors are p r e s e n t i n b o t h p r o c e d u r e s , b u t t h e y are 
n e g l i g i b l e w h e n t h e r e a c t i o n t i m e is l o n g i n c o m p a r i s o n to the h e a t - u p 
t i m e . W h e n the c o n d i t i o n is no t s a t i s f i e d , as i n the h i g h t e m p e r a t u r e 
r e g i o n , t h e n the T B A data w i l l b e c o n s i s t e n t l y l o w e r , a n d the T I C A 
data c o n s i s t e n t l y h i g h e r , t h a n the r e a l v a l u e s . T h e i s o t h e r m a l c u r 
i n g r esu l t s s h o w a l o n g t i m e s e p a r a t i o n b e t w e e n t h e t a n δ v i t r i f i c a t i o n 
p e a k a n d the c o r r e s p o n d i n g b m a x i m u m v i t r i f i c a t i o n p e a k . B y i s o t h e r 
m a l l y c u r i n g to t h e p e a k m a x i m u m at l o w t e m p e r a t u r e , t h e s u b 
s e q u e n t t h e r m a l s c a n w i l l y i e l d t h e c o r r e s p o n d i n g glass t r a n s i t i o n 
p e a k at the same t e m p e r a t u r e i f t h e r e is n o a d d i t i o n a l c u r i n g d u r i n g 
the t e m p e r a t u r e s c a n . T h e s e r esu l t s i n d i c a t e that the o b s e r v e d v i t r i f i 
c a t i o n p e a k s t r u l y c o r r e s p o n d to the glass t r a n s i t i o n p e a k s . T h e l o n g 
t i m e s e p a r a t i o n b e t w e e n the t a n δ a n d b m a x i m a is d u e to the 
q u e n c h i n g o f the r e a c t i o n rate at h i g h v i s c o s i t y l e v e l . 

F o l l o w i n g the c o n v e n t i o n u s e d for s i m i l a r T B A e x p e r i m e n t s , the 
f i rs t t a n δ p e a k i n T I C A i s o t h e r m a l e x p e r i m e n t s is r e f e r r e d to as a g e l 
p e a k . T h e p e a k is n o t r e l a t e d to the c o n v e n t i o n a l t h e o r y o f g e l a t i o n . 
T h e c o n v e n t i o n a l t h e o r y o f g e l a t i o n is d e f i n e d b y a c r i t i c a l c o n v e r s i o n 
c o n d i t i o n a n d s h o u l d b e i n d e p e n d e n t o f the m e a s u r e m e n t t e m p e r a 
tures . H o w e v e r , t h e T I C A g e l p e a k c a n b e s h i f t e d to h i g h e r t e m p e r a 
t u r e b y p a r t i a l c u r i n g . A p a r a l l e l p la tes s t u d y o f t h e r e s i n u n d e r 
i s o t h e r m a l c o n d i t i o n s f a i l e d to r e v e a l s i m i l a r p e a k s i n e i t h e r the G" or 
the t a n δ c o m p o n e n t . W e b e l i e v e that the g e l p e a k o b s e r v e d i n T I C A 
e x p e r i m e n t s is a c t u a l l y a r e s u l t o f the r e s i n - s u b s t r a t e i n t e r a c t i o n . 

Loss Peaks Due to Kinetic Effects (7) 

B e c a u s e o f the m u l t i f r e q u e n c y s c a n c a p a b i l i t y o f T I C A , loss p e a k s 
d u e to k i n e t i c effects c a n b e d i s t i n g u i s h e d f r o m those a r i s i n g f r o m 
m o l e c u l a r m o t i o n t r a n s i t i o n s . B e c a u s e o f t r a n s i t i o n e n e r g y b a r r i e r 
c o n s i d e r a t i o n , loss p e a k s d u e to m o l e c u l a r m o t i o n t r a n s i t i o n s s h o u l d 
h a v e a f r e q u e n c y d e p e n d e n c e , w i t h l o w e r f r e q u e n c y p e a k s o c c u r r i n g 
at l o w e r t e m p e r a t u r e s . F o r the loss p e a k s d u e to k i n e t i c effects that are 
the resu l t s o f a c h a n g e i n t h e glass t r a n s i t i o n t e m p e r a t u r e o f t h e t e s t i n g 
s p e c i m e n d u r i n g the e x p e r i m e n t , t h e r e w i l l b e n o f r e q u e n c y d e p e n 
d e n c y . S u c h effects h a v e b e e n o b s e r v e d i n t h e r m o p l a s t i c s , w h e r e the 
r e m o v a l o f r e s i d u a l s o l v e n t s d u r i n g the e x p e r i m e n t causes a c h a n g e i n 
T9, a n d a lso i n p a r t i a l l y c u r e d t h e r m o s e t t i n g sys tems w h e r e the a d d i 
t i o n a l c u r e ra ises the glass t r a n s i t i o n t e m p e r a t u r e . 

F i g u r e 4 s h o w s a n e x a m p l e o f a k i n e t i c ef fect loss p e a k . T h e p e a k 
m a x i m a t e m p e r a t u r e o f t h e p e a k s at 180 °C are i n d e p e n d e n t o f f re 
q u e n c y . A n o t h e r i m p o r t a n t c h a r a c t e r i s t i c o f k i n e t i c e f fect loss p e a k s is 
t h e r e v e r s a l o f f r e q u e n c y t r e n d . A t t h e l o w e r t e m p e r a t u r e r e g i m e o f 
the peak , the l o w - f r e q u e n c y response l eads the t r e n d o f changes i n the 
a, b , a n d t a n δ c o m p o n e n t s . A f t e r the p e a k m a x i m u m , the h i g h - f r e -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

03



72 P O L Y M E R C H A R A C T E R I Z A T I O N 

I 1 ι ι I 
100 2 0 0 3 0 0 

T E M P E R A T U R E °C 

Figure 4. Loss peaks due to kinetic effects. Key: —, 100 radls; —, 10 
radls; and , 1 radls. (Reproduced with permission from Ref. 4. 

Copyright 1981, Society of Plastics Engineers, Inc.) 

q u e n c y r e s p o n s e is l e a d i n g t h e t r e n d . O n r e s c a n n i n g , t h e k i n e t i c loss 
p e a k s s h o u l d d i s a p p e a r . 

T h e r e s u l t s f r o m s u c h e x p e r i m e n t s c a n b e i n t e r p r e t e d b y d e 
s c r i b i n g the e x p e r i m e n t as a f u n c t i o n o f t i m e . W i t h p r o p e r a s s u m p 
t i o n s , t h e r e s p o n s e s o f t h e s p e c i m e n c a n b e e x p r e s s e d as a f u n c t i o n o f 
a r e d u c e d p a r a m e t e r ( T - T g ) . T h e c h a n g e s i n the o b s e r v e d r e s p o n s e 
are t h e n a r e s u l t o f the c h a n g e s i n the r e d u c e d p a r a m e t e r w h i c h is 
c o n t r o l l e d b y the r e l a t i v e m a g n i t u d e s o f the t h e r m a l c h a n g e s , dT/dt, 
a n d the k i n e t i c c h a n g e s , dTJdt. W i t h t h e i n t r o d u c t i o n o f a rate c o n v e r 
s i o n p o i n t , w h e n dT/dt = dTgldt, a n d a four-stage s c h e m e to d i s t i n 
g u i s h v a r i o u s c o n d i t i o n s e n c o u n t e r e d d u r i n g t h e e x p e r i m e n t , s e e m 
i n g l y c o m p l e x e x p e r i m e n t a l r e su l t s c a n b e u n d e r s t o o d q u a l i t a t i v e l y . 
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3. L E E A N D G O L D F A R B Torsion Impregnated Cloth Analysis 73 

lso-cure State Curves (8) 
T h e T T T d i a g r a m separates a t i m e - t e m p e r a t u r e c u r i n g p l o t i n t o 

l i q u i d , r u b b e r y , a n d g lassy r e g i o n s . T h e c u r e p h a s e d i a g r a m c o n c e p t 
is e x t e n d e d f u r t h e r b y the i n t r o d u c t i o n o f a n i s o - c u r e state c u r v e that 
j o i n s a l l t h e p o i n t s that r e p r e s e n t t h e same c u r e state o n t h e c u r e p h a s e 
d i a g r a m (8). T h e s u p e r p o s i t i o n o f t h e c u r v e o n t h e T T T d i a g r a m w i l l 
a l l o w r e c o n s t r u c t i o n o f the t h e r m a l p r o p e r t i e s o f a p a r t i a l l y c u r e d state 
that m a y no t b e o b t a i n a b l e b y d i r e c t t h e r m o s c a n e x p e r i m e n t s b e c a u s e 
o f t h e c o m p l i c a t i o n s o f a d d i t i o n a l c u r e d u r i n g the m e a s u r e m e n t p r o 
cess . 

A n i s o - c u r e state c u r v e has b e e n c o n s t r u c t e d w i t h t h e T I C A t e c h 
n i q u e u t i l i z i n g a t w o - s t e p c u r i n g p r o c e d u r e . A b a t c h o f T I C A s p e c i 
m e n s o f t h e same p a r t i a l l y c u r e d state w e r e p r e p a r e d b y s u b j e c t i n g 
t h e m to a n i d e n t i c a l c u r e h i s t o r y . T h e y w e r e t h e n p o s t - c u r e d at d i f f e r 
en t t e m p e r a t u r e s to m e a s u r e t h e t i m e r e q u i r e d to c u r e f u r t h e r to the 
state o f the b m a x i m u m . B y c o m p a r i n g these p o s t - c u r e r e s u l t s w i t h t h e 
i s o t h e r m a l c u r i n g r e s u l t s o f v i r g i n s p e c i m e n s o n e c a n o b t a i n the t i m e 
r e q u i r e d to c u r e to the p a r t i a l l y c u r e d state o f i n t e r e s t at v a r i o u s t e m 
p e r a t u r e s . 

F i g u r e 5 is t h e s u p e r p o s i t i o n o f a n i s o - c u r e state c u r v e a n d t h e 
T T T d i a g r a m o f a n e p o x y s y s t e m . T h e c u r e state r e p r e s e n t s a c u r e 
h i s t o r y o f 5 h at 135 °C. A t h e r m o s c a n o f s u c h a s p e c i m e n y i e l d e d a 
k i n e t i c ef fect loss p e a k at a b o u t 168°, a n d a glass t r a n s i t i o n at a b o u t 
2 7 0 °C , w h i c h is t h e same as the Tg o f the c o m p l e t e l y c u r e d s y s t e m . 
H o w e v e r , F i g u r e 5 i n d i c a t e s that the c u r e state i n q u e s t i o n s h o u l d 
h a v e a Tg o f 158 ° C . 

I s o - c u r e state c u r v e s c a n b e a v e r y u s e f u l t o o l to v i s u a l i z e t h e r m a l 
p r o p e r t y c h a n g e s as a f u n c t i o n o f c u r e . I f t h e T T T d i a g r a m is a c c o m 
p a n i e d b y p h y s i c a l p r o p e r t y m e a s u r e m e n t s , e.g., v o l u m e a n d d i e l e c 
t r i c c ons tant , a f a m i l y o f i s o - c u r e state c u r v e s , as a f u n c t i o n o f c u r e 
t i m e a n d t e m p e r a t u r e , w i l l a l l o w t h e e x t r a c t i o n o f i n f o r m a t i o n as to t h e 
m a n n e r i n w h i c h t h e p h y s i c a l p r o p e r t i e s c h a n g e o v e r a c e r t a i n t e m 
p e r a t u r e r a n g e as t h e c u r e i s a d v a n c e d . O f c o u r s e , t h e c o n c e p t o f t h e 
i s o - c u r e state c u r v e o n t h e T T T d i a g r a m r e q u i r e s c e r t a i n a s s u m p t i o n s 
(8). T h e c h o i c e o f p a r a m e t e r s to i d e n t i f y t h e c u r e state a n d the v a l i d i t y 
o f the c o n c e p t w i l l h a v e to b e c o n s i d e r e d for e a c h i n d i v i d u a l p o l y 
m e r i c s y s t e m , as w e l l as for e a c h i n d i v i d u a l p h y s i c a l p r o p e r t y o f i n 
terest . 

T g Calibration Method (8) 

B e c a u s e T I C A s p e c i m e n s w i t h k n o w n Tg v a l u e s c a n b e p r e p a r e d 
b y i s o t h e r m a l l y c u r i n g t h e s p e c i m e n at the t e m p e r a t u r e o f i n t e r e s t , 
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74 P O L Y M E R C H A R A C T E R I Z A T I O N 

T E M P E R A T U R E (°C) 

Figure 5. Superposition of iso-cured state curve (—) on time—temper
ature—transformation diagram. (Reproduced with permission from 

Ref. 8. Copyright 1981, Society of Plastics Engineers, Inc.) 

a n d t e r m i n a t i n g the c u r e w h e n the v i t r i f i c a t i o n b m a x i m u m is 
r e a c h e d , p h y s i c a l p r o p e r t i e s v s . Tg c a l i b r a t i o n c u r v e s c a n b e c o n 
s t r u c t e d . W h e n the Tg i n f o r m a t i o n o f a p a r t i a l l y c u r e d s p e c i m e n is 
n e e d e d , the p h y s i c a l p r o p e r t i e s o f t h e u n k n o w n s a m p l e c a n b e m e a 
s u r e d , a n d the Tg v a l u e c a n b e i n t e r p o l a t e d t h r o u g h the c a l i b r a t i o n 
c u r v e . 

S u c h a c o n c e p t has b e e n d e m o n s t r a t e d w i t h the T I C A t e c h n i q u e 
b y m e a s u r i n g the p o s t - c u r e p r o p e r t i e s o f the s p e c i m e n s . T h e t i m e to b 
m a x i m u m , or a s o f t e n i n g p a r a m e t e r , c a n b e u s e d as t h e c a l i b r a t i o n 
i n d e x . S a m p l e s o f k n o w n Tg w e r e p r e p a r e d as d e s c r i b e d , a n d t h e y 
w e r e s u b j e c t e d to a h i g h t e m p e r a t u r e p o s t - c u r e w i t h t h e same e x p e r i 
m e n t a l p r o c e d u r e as i n i s o t h e r m a l c u r i n g e x p e r i m e n t s . T h e t i m e s to 
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3. L E E A N D G O L D F A R B Torsion Impregnated Cloth Analysis 75 
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Figure 6. Time to b maximum calibration curve. (Reproduced with 
permission from Ref. 8. Copyright 1981, Society of Plastics Engi

neers, Inc.) 

r e a c h the b m a x i m u m w e r e t h e n u s e d to corre late w i t h the T9. F i g u r e 6 
s h o w s the r e s u l t o f u s i n g the t i m e to b m a x i m u m as t h e c a l i b r a t i o n 
i n d e x . T h e same e p o x y s y s t e m i n t h e i s o - c u r e state e x a m p l e g i v e n 
a b o v e w a s u s e d . F o r t h e state r e p r e s e n t i n g 5 h c u r e at 135 °C , t h e 
m e t h o d s h o w e d a TQ o f 155 °C , a g r e e i n g r e a s o n a b l y w e l l w i t h the 
i s o - c u r e state e x a m p l e . 

T h e s o f t e n i n g p a r a m e t e r w a s a lso e x t r a c t e d f r o m t h e p o s t - c u r e 
e x p e r i m e n t . T y p i c a l p o s t - c u r e b e h a v i o r is s h o w n i n F i g u r e 7. T h e 
p a r a m e t e r R is d e f i n e d as h^hx. T h e a m o u n t o f s o f t e n i n g at the i n i t i a l 
h e a t - u p as i n d i c a t e d b y hu a n d h2 is the h a r d e n i n g d u e to a d d i t i o n a l 
c u r i n g . T h e ra t i o o f the t w o v a l u e s is n e e d e d to m a k e c o n s i s t e n t c o m 
p a r i s o n s b e t w e e n s p e c i m e n s . T h e ra t i o is l i k e n o r m a l i z i n g t h e o b 
s e r v e d c h a n g e s w i t h a n i n t e r n a l s t a n d a r d . W h e n the a d d i t i o n a l c u r i n g 
rate is fast a n d the r e s o l u t i o n o f the t i m e to b m a x i m u m is p o o r , the 
s o f t e n i n g p a r a m e t e r is a n at t rac t ive a l t e r n a t i v e to y i e l d the p a r t i a l l y 
c u r e d T9 i n f o r m a t i o n . T h i s m e t h o d h a d b e e n u s e d to extract i n f o r m a 
t i o n o f Tg a d v a n c e m e n t as a f u n c t i o n o f cure t i m e , w h i c h is u n o b t a i n a b l e 
t h r o u g h c o n v e n t i o n a l t h e r m o s c a n e x p e r i m e n t s (9). A g a i n , the m e t h o d 
suffers the same l i m i t a t i o n s as the i s o - cure state m e t h o d b e c a u s e o f 
the n e c e s s i t y to m a k e c e r t a i n a s s u m p t i o n s a b o u t the c u r e state, a n d its 
a p p l i c a b i l i t y s h o u l d b e c o n s i d e r e d for e a c h i n d i v i d u a l s y s t e m . 
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76 P O L Y M E R C H A R A C T E R I Z A T I O N 

0 500 1000 1500 

TIME (sec) 

Figure 7. Post-cure curves of a partially cured specimen. Either the 
time to h maximum or the ratio b y h i can he used as calibration index. 
(Reproduced with permission from Ref. 8. Copyright 1981, Society of 

Plastics Engineers, Inc.) 
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4 
Dynamic Mechanical Analyzer for 
Thermal Mechanical Property 
Characterization of Organic Coatings 

T H E O D O R E P R O V D E R , R I C H A R D M. H O L S W O R T H , and 
T H O M A S H. G R E N T Z E R 
Glidden Coatings and Resins, Division of S C M Corporation, 
Strongsville, O H 44136 

Dynamic mechanical analysis was used to study poly
mer/end-use property relationships for chemical coat
ings systems. The du Pont 981 Mechanical Analyzer (DMA) 
and a torsion pendulum gave comparable results for ex
terior acrylic latex and styrene—acrylic—acrylonitrile 
terpolymer free films. DMA damping profiles of can 
coatings correlated with the coatings performance dur
ing can manufacture. Gel coat DMA modulus and damp
ing profiles correlated with the tendency toward en
vironmental stress cracking. Combined DMA/DSC (dif
ferential scanning calorimetry) techniques were used to 
analyze a high solids coating foam entrapment problem. 
Cure kinetics methodology using a single dynamic DMA 
temperature scan was developed to obtain kinetics pa
rameters. Comparative reaction kinetics were obtained 
by DMA/DSC techniques for the curing of EPON 825 
with bis(4-aminophenyl)methane. 

JL H E U S E O F T O R S I O N P E N D U L U M A N A L Y S I S ( T P A ) for e v a l u a t i n g o r g a n i c 
coat ings has b e e n w e l l d o c u m e n t e d (1-3). T h e f irst T P A i n use at t h i s 
l a b o r a t o r y was c a p a b l e o f o b t a i n i n g m o d u l u s a n d loss p r o f i l e s o f t h i n 
(1—3 m i l ; 25—75 μπι) o r g a n i c coa t ings as w e l l as t h i c k e r (10—20 m i l ; 
2 5 0 - 5 0 0 ftm) g e l coat r e s i n sys tems . T h i s i n s t r u m e n t is s h o w n i n 
F i g u r e s 1 a n d 2. T h e T P A c a n b e u s e d as a t o r s i o n b r a i d a n a l y z e r b y 
r e p l a c i n g the free f i l m w i t h a g lass m a t or b r a i d to s u p p o r t c oa t ings 
sys tems . T h i s use has b e e n d e m o n s t r a t e d for a t h e r m o s e t t i n g a c r y l i c 
p o w d e r coat ings s y s t e m as s h o w n i n F i g u r e 3 (4). T h e use o f t h e T P A 
w a s t i m e c o n s u m i n g a n d r e q u i r e d c ons tant opera to r a t t e n t i o n . A n 

0065-2393/83/0203-0077$06.00/0 
© 1983 Amer i can C h e m i c a l Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

04



78 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 1. Torsion pendulum designed for free paint films. (Repro
duced with permission from Réf. 1. Copyright 1966, Journal of Coat

ings Technology.) 

e v a l u a t i o n o f the d u P o n t 981 d y n a m i c m e c h a n i c a l a n a l y z e r ( D M A ) 
s h o w e d that the r esu l t s w e r e c o m p a r a b l e to those o b t a i n e d o n the 
T P A for t h e same sys tems . T h e o p e r a t i o n o f the D M A d i d n o t r e q u i r e 
cons tant operator a t t e n t i o n , t h e r e b y m a k i n g i t a n e x c e l l e n t i n s t r u m e n t 
for r o u t i n e t h e r m a l m e c h a n i c a l p r o p e r t y c h a r a c t e r i z a t i o n o f o r g a n i c 
c oa t ings . 

Instrumentation and Methodology 

Description of D M A Instrumentation. D y n a m i c m e c h a n i c a l a n a l 
y s i s m e a s u r e s the d e f o r m a t i o n r e s p o n s e o f a s a m p l e w h i c h has b e e n 
s u b j e c t e d to o s c i l l a t o r y forces . T h e d u P o n t 981 D M A f o l l o w s t h e res 
o n a n t f r e q u e n c y (or r e l a t i v e m o d u l u s ) a n d e n e r g y d i s s i p a t i o n o f or -
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4. P R O V D E R E T A L . Dynamic Mechanical Analyzer 79 

Figure 2. Lower sample holder and phonograph cartridge torque 
sensing unit. (Reproduced with permission from Réf. 1. Copyright 

1966, Journal of Coatings Technology.) 

g a n i c c o a t i n g sys tems as a d y n a m i c f u n c t i o n o f t i m e or t e m p e r a t u r e . 
F r o m these m e a s u r e m e n t s the m o d u l u s a n d t a n δ c a n b e c a l c u l a t e d i n 
the t e m p e r a t u r e range f r o m —150 to 500 °C. 

F i g u r e 4 s h o w s a s c h e m e o f t h e d u P o n t 981 D M A . T h e s a m p l e 
a r m s are f i x e d to the r i g i d b l o c k v i a l o w - f r i c t i o n f l e x u r e p i v o t s . A c o m 
p o u n d r e s o n a n c e s y s t e m is f o r m e d b y c l a m p i n g t h e s a m p l e b e t w e e n 
the a r m s . A n e l e c t r o m e c h a n i c a l t r a n s d u c e r is u s e d to d r i v e the a c t i v e 
a r m w h i l e the c o u n t e r w e i g h t e d p a s s i v e a r m is u s e d for p h y s i c a l s u p -
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0.2 

0.004-fc 1 1 L_Z 1 | 1 L_J 
25 50 75 100 125 150 175 

TEMPERATURE (°C) 

Figure 3. TBA relative rigidity as a function of temperature for a ther
mosetting acrylic powder coating. Key: A, powder fusion; B, T g of un-
curedfilm; C, end of melting; D, onset of gel; E, cure effected; and F, T g 

of cured film. (Reproduced with permission from Ref. 4. Copyright 
1974, Journal of Coatings Technology.) 

port . H o r i z o n t a l a n g u l a r d i s p l a c e m e n t o f the ac t ive a r m about the p i v o t 
f l e x u r e p r o d u c e s a f e w t e n t h s o f a m i l l i m e t e r d e f l e c t i o n at t h e s a m p l e . 
T h u s , the s a m p l e is p l a c e d i n flexural stress. A f t e r r e m o v i n g t h e d i s 
p l a c i n g force , the s a m p l e goes i n t o r e s o n a n t o s c i l l a t i o n . T h e o s c i l l a 
t i o n a m p l i t u d e a n d f r e q u e n c y are s e n s e d b y a l i n e a r v a r i a b l e d i f f e r 
e n t i a l t r a n s f o r m e r ( L V D T ) . T h e s a m p l e ' s n a t u r a l r e s o n a n t f r e q u e n c y 
o f o s c i l l a t i o n is d i g i t a l l y d i s p l a y e d o n the front p a n e l o f the 981 D M A 
a n d is a l so p l o t t e d as a d y n a m i c f u n c t i o n o f t i m e or t e m p e r a t u r e . N o r 
m a l l y , w h e n a s a m p l e is d e f o r m e d a n d r e l e a s e d , the s a m p l e w i l l os
c i l l a t e at its r e s o n a n t f r e q u e n c y w i t h a d e c r e a s i n g a m p l i t u d e o f o s c i l 
l a t i o n . T h e D M A sends t h e s i g n a l f r o m t h e L V D T to t h e D M A d r i v e r 
c i r c u i t r y , w h i c h feeds the s i g n a l b a c k to the e l e c t r o m e c h a n i c a l t r a n s 
d u c e r to m a i n t a i n a f i x e d a m p l i t u d e o f o s c i l l a t i o n . T h e p o w e r r e q u i r e d 
to m a i n t a i n th i s f i x e d a m p l i t u d e o f o s c i l l a t i o n is r e l a t e d to the d a m p 
i n g c a p a c i t y o f the m a t e r i a l , a n d is p l o t t e d a l o n g w i t h the r e s o n a n t 
f r e q u e n c y as a d y n a m i c f u n c t i o n o f t i m e a n d t e m p e r a t u r e (5, 6) . 

E x p e r i m e n t a l C o n d i t i o n s for D y n a m i c M e c h a n i c a l A n a l y s i s . T h e 
d u P o n t 981 D M A w a s u s e d i n c o n j u n c t i o n w i t h t h e 9 9 0 t h e r m a l a n a 
l y z e r p r o g r a m m e r / r e c o r d e r to o b t a i n t h e e x p e r i m e n t a l r e s u l t s . T h e 
m e c h a n i c a l r e s p o n s e o f a l l s a m p l e s w a s r e c o r d e d as a d y n a m i c f u n c -
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82 P O L Y M E R C H A R A C T E R I Z A T I O N 

t i o n o f t e m p e r a t u r e at a h e a t i n g rate o f 5 °C/min. T h e s a m p l e s w e r e 
c o o l e d to s u b a m b i e n t t e m p e r a t u r e s b y p u r g i n g t h e s a m p l e c h a m b e r 
w i t h l i q u i d n i t r o g e n . A f t e r t h e s a m p l e t e m p e r a t u r e r e a c h e d a p p r o x i 
m a t e l y - 1 0 0 °C, the l i q u i d f l o w rate w a s r e d u c e d a n d a d r y n i t r o g e n 
p u r g e o f 5 L / m i n w a s d e l i v e r e d to t h e s a m p l e c o m p a r t m e n t e n v i r o n 
m e n t s i m u l t a n e o u s l y . T h e s a m p l e p r e p a r a t i o n p r o c e d u r e a n d c l a m p 
i n g a r r a n g e m e n t w e r e d e p e n d e n t o n the t y p e o f c o a t i n g i n v e s t i g a t e d , 
as w e l l as t h e i n f o r m a t i o n d e s i r e d f r o m t h e a n a l y s i s . T h e r e f o r e , t h i s 
i n f o r m a t i o n w i l l b e d i s c u s s e d la ter for t h e s p e c i f i c c o a t i n g s y s t e m 
i n v e s t i g a t e d . 

Experimental Conditions for Differential Scanning Calorimetry 
(DSC) . T h e d u P o n t 9 9 0 t h e r m a l a n a l y z e r p r o g r a m m e r / r e c o r d e r a n d 
the 910 D S C c e l l m o d u l e w e r e u s e d to o b t a i n the e x p e r i m e n t a l r e 
su l t s . T h e s a m p l e e n v i r o n m e n t w a s e i t h e r n i t r o g e n or c o m p r e s s e d a i r 
at a f l o w rate o f 50 m L / m i n . T h e s a m p l e w e i g h t w a s k e p t i n t h e 0 . 5 - m g 
range . H e r m e t i c a l l y s e a l e d s a m p l e p a n s w e r e u s e d for r eac t i ons ex
h i b i t i n g a w e i g h t loss . 

Reaction Kinetics 

I n p r e v i o u s s t u d i e s ( 7 - 9 ) , a m e t h o d w a s d e v e l o p e d for d e t e r 
m i n i n g q u a n t i t a t i v e r e a c t i o n k i n e t i c s b y D S C w i t h t h e use o f a s i n g l e 
d y n a m i c t e m p e r a t u r e s can (one t h e r m o g r a m ) . I n t h i s c h a p t e r the 
m a t h e m a t i c a l a p p r o a c h w a s e x t e n d e d to o b t a i n q u a n t i t a t i v e r e a c t i o n 
k i n e t i c s o f c u r e b y d y n a m i c m e c h a n i c a l a n a l y s i s b y t h e use o f a s i n g l e 
d y n a m i c t e m p e r a t u r e s c a n . 

T h e d u P o n t D M A c a n b e u s e d to f o l l o w the m e c h a n i c a l r e s p o n s e 
o f a m a t e r i a l be f o re , d u r i n g , a n d after c u r e . H o w e v e r , i n m o s t cases , 
the t h e r m o s e t t i n g s y s t e m m u s t b e s u p p o r t e d b y a n i n e r t m a t e r i a l ( i .e . , 
a w o v e n f i berg lass b r a i d ) to f o l l o w t h e b u i l d u p o f m e c h a n i c a l p r o p 
er t i es d u r i n g c u r e . D u r i n g a d y n a m i c t e m p e r a t u r e s can , t h e D M A 
f r e q u e n c y p r o f i l e ( r e la t ive m o d u l u s ) w i l l i n c r e a s e i n the c u r i n g t e m 
p e r a t u r e r e g i o n for a t h e r m o s e t s y s t e m . T h i s i n c r e a s e i n r e l a t i v e m o d 
u l u s , w h i c h c a n b e r e l a t e d to t h e f r a c t i o n a l e x t e n t or d e g r e e o f c u r e , 
F(t,T), is d e f i n e d b y the f o l l o w i n g e q u a t i o n a n d s c h e m a t i c a l l y i l l u s 
t r a t e d i n F i g u r e 5: 

F(,,T) = ψ ± ^ (1, 

w h e r e G 1 ? G , a n d G 2 are the r e l a t i v e m o d u l u s r e a d i n g s at the onse t o f 
c u r e , at a g i v e n t i m e a n d t e m p e r a t u r e d u r i n g the c u r i n g p r o c e s s , a n d 
after t h e c u r i n g process has c e a s e d , r e s p e c t i v e l y . A s s u m i n g that t h e 
f u n c t i o n a l f o r m o f t h e c u r e c u r v e f o l l o w s t h e g e n e r a l n t h o r d e r rate 
e x p r e s s i o n : 
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Figure 5. DMA relative modulus profile as a function of temperature 

during cure. 

^ | ^ = i f c ( D [ l - F ( t , D ] - (2) 

w h e r e η is the o r d e r o f r e a c t i o n , t h e n the rate c ons tant k(T) i n r e c i p r o 
c a l s e conds takes o n the f o l l o w i n g f o r m : 

k ( T ) ^ ^ ^ [ l - F ( t , T ) } - (3) 

w h e r e φ is the h e a t i n g rate (dT/dt i n d e g r e e s C e n t i g r a d e p e r second) 
a n d [dF(t,T)]/dT i s t h e rate o f c h a n g e o f d e g r e e o f c u r e w i t h t e m p e r a 
t u r e . T h e r e l a t i o n s h i p b e t w e e n F (t,T) a n d dF(t,T)/dT is s h o w n i n F i g 
u r e 6. 

A l l o f the q u a n t i t i e s o n t h e r i g h t s i d e o f E q u a t i o n 3 are o b s e r v a b l e 
p a r a m e t e r s e x c e p t t h e r e a c t i o n o r d e r n . S u b s t i t u t i n g the A r r h e n i u s ex 
p r e s s i o n s h o w n i n E q u a t i o n 4 i n t o E q u a t i o n 3 y i e l d s t h e w o r k i n g 
E q u a t i o n 5. 

l n f c ( T ) = l n A (4) 

w h e r e A is the A r r h e n i u s f r e q u e n c y factor ( r e c i p r o c a l seconds ) , Ε is 
the a c t i v a t i o n e n e r g y ( k i l o j o u l e s p e r m o l e ) , a n d R is the gas c o n s t a n t 
( k i l o j o u l e s p e r m o l e degree ) . 
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TEMPERATURE (°C) 

Figure 6. Relationship between degree of cure, F(t ,T), and temperature 
rate of cure, dF(t ,T) /dT. 

T h e o r d e r o f r e a c t i o n is s e l e c t e d b y e v a l u a t i n g the l i n e a r i t y o f t h e 
A r r h e n i u s p l o t . A ser ies o f A r r h e n i u s p l o t s i s g e n e r a t e d b y v a r y i n g 
the o r d e r o f r e a c t i o n i n E q u a t i o n 5 f r o m 0.2 to 3.0. T h e b e s t v a l u e o f 
the r e a c t i o n o r d e r is o b t a i n e d b y s e l e c t i n g the o r d e f ' o f r e a c t i o n g i v i n g 
t h e h i g h e s t c o r r e l a t i o n c o e f f i c i e n t o f t h e l i n e a r l eas t squares f i t o f t h e 
In k(T) v s . 1/T c u r v e . T h e v a l u e for the r e a c t i o n o r d e r is t h e n s u b s t i 
t u t e d i n t o E q u a t i o n 5 to o b t a i n t h e a c t i v a t i o n e n e r g y a n d A r r h e n i u s 
f r e q u e n c y factor. T h e i s o t h e r m a l d e g r e e o f c u r e as a f u n c t i o n o f t i m e , 
t, or t e m p e r a t u r e , T , is o b t a i n e d b y i n t e g r a t i n g the rate e x p r e s s i o n to 
y i e l d the f o l l o w i n g e x p r e s s i o n s : 

F(t,T) = 1 - [ (n- l )Jfc (2> + Ι ] 1 7 1 " " η Φ 1 (6) 

F(t,T) = 1 -e-k<T)t η = 1 (7) 

E q u a t i o n s 5 - 7 are q u i t e s i m i l a r to those o b t a i n e d for t h e s i n g l e 
d y n a m i c t e m p e r a t u r e s can D S C m e t h o d (7, 8) . 

Results and Discussion 

C o m p a r i s o n o f t h e D M A w i t h t h e T P A . D y n a m i c m e c h a n i c a l 
p r o p e r t y i n f o r m a t i o n o n free f i l m s c a n b e o b t a i n e d w i t h the D M A . I n 
d e v e l o p i n g e x p e r i m e n t a l m e t h o d o l o g y for t h e D M A , free f i l m s a m 
p l e s w e r e a n a l y z e d b y b o t h D M A a n d T P A to c o m p a r e a n d c o r r e l a t e 
the r e s u l t s . F o r the D M A s t u d i e s the free f i l m d i m e n s i o n s w e r e 1.25 
c m x 0.63 c m x 0.5 m m a n d t h e f i l m s w e r e m o u n t e d h o r i z o n t a l l y i n 
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-40 -20 0 20 40 60 
TEMPERATURE (°C) 

Figure 7. Shear modulus and logarithmic decrement of an exterior 
latex as a function of temperature. (Reproduced with permission from 

Ref. 1. Copyright 1966, Journal of Coatings Technology.) 

the D M A c l a m p s . T h e s a m p l e p r e p a r a t i o n p r o c e d u r e for T P A has b e e n 
d e s c r i b e d p r e v i o u s l y ( J , 2 ) . 

F i g u r e s 7 a n d 8 s h o w t h e T P A a n d D M A r e s u l t s for a n e x t e r i o r 
a c r y l i c la tex , r e s p e c t i v e l y . A r a p i d c h a n g e i n shear m o d u l u s a n d 
l o g a r i t h m i c d e c r e m e n t a r o u n d 2 0 °C w a s o b s e r v e d b y t h e T P A . S i m i 
l a r r esu l t s w e r e o b s e r v e d w i t h the D M A . F i g u r e s 9 a n d 10 s h o w the 
T P A a n d D M A r e s u l t s for a s t y r e n e — a c r y l i c — a e r y l o n i t r i l e t e r p o l y m e r . 
T h e p o i n t o f m a x i m u m d a m p i n g for t h e T P A c u r v e l i e s b e t w e e n 10 
a n d 15 °C. T h e D M A e n e r g y d i s s i p a t i o n p e a k m a x i m u m is at 12 °C . 
A l t h o u g h the c u r v e shapes h a v e o b s e r v a b l e d i f f e r e n c e s , i n p a r t d u e to 
the d i f f e r e n c e i n e x p e r i m e n t a l t e c h n i q u e b e t w e e n T P A a n d D M A , t h e 
onset o f the glass t r a n s i t i o n r e g i o n for the r e l a t i v e m o d u l u s c u r v e is 
w i t h i n ± 5 °C f r o m b o t h t e c h n i q u e s . T h u s , D M A r e s u l t s are r e a d i l y 
c o m p a r a b l e to T P A resu l t s for d y n a m i c m e c h a n i c a l p r o p e r t y a n a l y s i s . 

C a n C o a t i n g s . S t r i n g e n t p e r f o r m a n c e p r o p e r t i e s are r e q u i r e d for 
c oa t ings u s e d i n t h e b e e r a n d b e v e r a g e c a n i n d u s t r y . A c o a t i n g is 
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-100 0 100 
TEMPERATURE (°C) 

Figure 8. Dynamic mechanical analysis of an exterior latex as a func
tion of temperature. 

a p p l i e d to the c a n m e t a l stock a n d c u r e d . T h e cans c a n b e f a b r i c a t e d i n 
a t h r e e - or t w o - p i e c e process . T h e m a i n b o d y o f the c a n is f o r m e d b y 
i t e r a t i v e p u n c h i n g o f t h e m e t a l sheet b y the a p p r o p r i a t e t o o l i n g 
( d r a w - r e d r a w ) or b y p u n c h i n g the m e t a l shee t i n t o a r e l a t i v e l y f lat , 
h i g h d i a m e t e r c u p a n d t h e n f o r c i n g the c u p t h r o u g h a ser ies o f r i n g s to 
i r o n out the c a n to f u l l s i z e . T h e c a n e n d s are s t a m p e d out f r o m the 
c o a t e d m e t a l sheets at v e r y h i g h rates. C o a t i n g s w i t h t a i l o r m a d e 
m e c h a n i c a l p r o p e r t i e s are r e q u i r e d for t h e s e processes . 

B e c a u s e the c a n coat ings are d e f o r m e d at h i g h rates o f e l o n g a t i o n 
a n d d e f o r m a t i o n , the p o s s i b i l i t y o f c r a z i n g or f r a c t u r i n g o f the c o a t i n g 
is i n c r e a s e d . D y n a m i c m e c h a n i c a l a n a l y s i s p r o v i d e s i n f o r m a t i o n o n 
the s t r u c t u r e — p r o p e r t y p e r f o r m a n c e c h a r a c t e r i s t i c s o f these c o a t i n g s . 
T h e D M A c a n a n a l y z e the d a m p i n g r e s p o n s e o f the c o a t i n g o n the 
m e t a l c a n stock. 

F i g u r e 11 s h o w s the D M A d a m p i n g p r o f i l e s for t h r e e c a n 
c o a t i n g — s t e e l substrate c o m p o s i t e s a n d the u n c o a t e d s t e e l substrate . 
T h e coa t ings w e r e a p p l i e d to the s tee l sheets w i t h a d r a w d o w n bar . 
S a m p l e s o f 2.54 x 1.25 c m w e r e c u t f r o m t h e c o a t e d s t e e l sheets a n d 
c l a m p e d v e r t i c a l l y i n the D M A . E x c e p t for S a m p l e C , the s a m p l e s 
w e r e b a k e d for 30 s at a p e a k m e t a l t e m p e r a t u r e o f 2 3 2 °C. S a m p l e C 
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4. PROVDER E T A L . Dynamic Mechanical Analyzer 87 

w a s b a k e d for 10 m i n at 2 0 4 °C. T h e coa t ings h a v e a t h i c k n e s s o f 
a p p r o x i m a t e l y 0.3 m i l (7.6 μπι ) , w h i l e t h e m e t a l substrate h a d a t h i c k 
ness o f a p p r o x i m a t e l y 30 m i l (760 μπι) . T h e t h r e e c o a t i n g s a m p l e s are 
w a t e r - b o r n e e p o x y a c r y l i c graft c o p o l y m e r s . S a m p l e A has a b r o a d e r 
d a m p i n g p e a k t h a n S a m p l e Β as s h o w n i n F i g u r e 11. T h e d a m p i n g 
c u r v e for S a m p l e A a lso s h o w e d s igns o f a d o u b l e t i n t h e t e m p e r a t u r e 
r e g i o n b e t w e e n 125 a n d 2 5 0 °C. S a m p l e A s h o w e d g o o d c a n f a b r i c a t i o n 
p e r f o r m a n c e , w h i l e S a m p l e Β f r a c t u r e d d u r i n g the c a n f a b r i c a t i o n p r o 
cess . S a m p l e A d i f fers f r o m S a m p l e Β i n the c h e m i c a l c o m p o s i t i o n o f 
the a c r y l i c p o r t i o n o f t h e graft c o p o l y m e r . B y a n a l y z i n g d a m p i n g p r o 
f i l e s ( a l o n g w i t h a k n o w l e d g e o f the c h e m i c a l c o m p o s i t i o n ) , i t w a s 
d e d u c e d that S a m p l e A is m o r e p r o n e to m i c r o s c o p i c a g g r e g a t i o n d u e 
to i n c r e a s e d d i f f e r e n c e s i n the s o l u b i l i t y p a r a m e t e r s b e t w e e n the graft 
a n d b a c k b o n e p o l y m e r c h a i n s . S a m p l e A has a m o r e h e t e r o g e n e o u s 
m i c r o s c o p i c s t ruc ture t h a n S a m p l e B . T h i s i n c r e a s e d h e t e r o g e n e i t y is 
b e l i e v e d to r e s u l t i n a n i n c r e a s e i n i m p a c t s t r e n g t h d u r i n g the c a n 

TEMPERATURE <°C) 
Figure 9. Shear modulus and logarithmic decrement of a styrene — 

acrylic—acrylonitrile terpolymer as a function of temperature. 
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88 P O L Y M E R C H A R A C T E R I Z A T I O N 

-100 0 
TEMPERATURE (°C) 

100 

Figure 10. Dynamic mechanical analysis of a styrene-acrylic-ac-
rylonitrile terpolymer as a function of temperature. 
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Figure 11. DMA damping profiles as a function of temperature for 
three can coating—steel substrate composites and the uncoated steel 

substrate. 
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4. PROVDER E T A L . Dynamic Mechanical Analyzer 89 

f a b r i c a t i o n process . S a m p l e C s h o w s the ef fect o f o v e r b a k i n g a c a n 
c o a t i n g s y s t e m . T h e o v e r b a k e d c o a t i n g s h o w s v e r y l i t t l e d a m p i n g c a 
p a c i t y b y D M A a n a l y s i s i n F i g u r e 11. T h i s b a k e s c h e d u l e a lso p r o 
d u c e d a c a n c o a t i n g w h i c h f a i l e d b y loss o f a d h e s i o n as a r e s u l t o f 
o v e r b a k i n g . 

G e l C o a t S y s t e m . G e l coats are p r o t e c t i v e / d e c o r a t i v e c oa t ings 
u s e d i n san i tary a n d m a r i n e a p p l i c a t i o n s . T h e g e l coat i s a n i n - m o l d 
i n t e g r a l par t o f the p r o d u c t . T h e g e l coat s y s t e m , a l o n g w i t h ca ta lys t 
a n d p r o m o t e r , is s p r a y e d i n t o a m o l d . T h e g e l coat u n d e r g o e s free 
r a d i c a l c u r e at a m b i e n t t e m p e r a t u r e u n t i l a tack- f ree sur face is o b 
t a i n e d . T h e n a f i berg lass m a t is p l a c e d o n the g e l coat a n d the s y s t e m 
is r e i n f o r c e d b y b a c k u p r e s i n . I f the f i be rg lass m a t is a p p l i e d b e f o r e 
t h e g e l coat r eaches a tack - f ree state, t h e g e l coat c o u l d p u l l a w a y f r o m 
the m o l d a n d p r o d u c e a n i r r e g u l a r sur face . 

T h e D M A c a n b e u s e d to c o r r e l a t e the e n d - u s e p r o p e r t i e s o f g e l 
coat r e s i n s to f u n d a m e n t a l d y n a m i c m e c h a n i c a l b e h a v i o r a n d to t h e 
c h e m i s t r y o f the c u r i n g s y s t e m . T h r e e p o l y e s t e r g e l coat f o r m u l a t i o n s 
w e r e a n a l y z e d as c u r e d free f i l m s b y t h e D M A a n d c o m p a r e d to e n v i 
r o n m e n t a l stress c r a c k i n g resu l t s o b t a i n e d after 1 year . T h e s a m p l e s 
w e r e c l a m p e d v e r t i c a l l y i n the D M A a n d h a d d i m e n s i o n s o f 1.9 c m x 
1.25 c m x 0 .076 m m . S a m p l e A i s a n o r t h o p h t h a l i c — i s o p h t h a l i c a c i d 
b a s e d r e s i n b l e n d . S a m p l e Β is a n e o p e n t y l g l y c o l - m o d i f i e d g e l coat 
r e s i n s y s t e m , a n d S a m p l e C is a n i s o p h t h a l i c a c i d - b a s e d s y s t e m a n d has 
m o r e u n s a t u r a t i o n t h a n t h e o t h e r t w o sys tems . T h e s e sys tems w e r e 
d e s i g n e d for use i n the m a n u f a c t u r e o f f i berg lass boats . S a m p l e A 
s h o w e d c r a c k i n g after 1 y e a r o f f i e l d s e r v i c e use . S a m p l e C w a s t h e 
m o s t c r a c k - r e s i s t a n t f o r m u l a t i o n , a n d S a m p l e Β gave i n t e r m e d i a t e 
stress c r a c k r e s i s t a n c e . T h e s e g e l coat s a m p l e s a lso w e r e c u r e d i n the 
l a b o r a t o r y a n d a n a l y z e d o n t h e D M A . T h e m o d u l u s a n d t a n δ c u r v e s 
are s h o w n i n F i g u r e s 12 a n d 13, r e s p e c t i v e l y . S a m p l e A has a h i g h e r 
m o d u l u s b e l o w its glass t r a n s i t i o n t e m p e r a t u r e t h a n d o S a m p l e s Β or 
C . T h e glass t r a n s i t i o n r e g i o n for S a m p l e A c o v e r s a s m a l l e r t e m p e r a 
t u r e s p a n t h a n for S a m p l e Β or C . T h e d a m p i n g p e a k for S a m p l e A oc
curs at a l o w e r t e m p e r a t u r e a n d has a n a r r o w e r b r e a d t h o f d i s t r i b u t i o n 
t h a n t h e o t h e r t w o s a m p l e s . 

B o t h the m o d u l u s a n d t h e d a m p i n g c u r v e s for S a m p l e Β i n d i c a t e a 
h i g h e r Tg m a t e r i a l d u e to c r o s s - l i n k i n g o f the a d d i t i o n a l u n s a t u r a t i o n . 
S a m p l e C , w h i c h h a d the b e s t e n d - u s e p e r f o r m a n c e , has a b r o a d a n d 
i n t e n s e d a m p i n g p e a k . T h e r e f o r e , S a m p l e C has a greater p o t e n t i a l for 
d i s s i p a t i n g t h e e n e r g y o f c r a c k p r o p a g a t i o n f r o m the p o l y e s t e r b a c k u p 
r e s i n a n d p e r f o r m s w e l l d u r i n g s e r v i c e u s e . T h e s e r esu l t s s h o w the 
q u a l i t a t i v e r e l a t i o n s h i p b e t w e e n t a n δ, m o d u l u s , a n d the g e l coats ' 
fu ture t e n d e n c y t o w a r d e n v i r o n m e n t a l stress c r a c k i n g . 

H i g h S o l i d s C o a t i n g s . A p o l y e s t e r — m e l a m i n e c o a t i n g e x h i b i t e d 
a f i l m de fec t ( foam e n t r a p m e n t ) u p o n c u r i n g . T h e f oam e n t r a p m e n t 
p r o b l e m w a s a l l e v i a t e d i n t h e f o r m u l a t i o n b y a d d i n g a d d i t i o n a l 
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1 1 1 1 1 1 1 
-100 0 100 200 

TEMPERATURE (°C) 
Figure 12. DMA modulus curves as a function of temperature for en
vironmentally stress-cracked gel coat systems. Key: —, severe cracking; 

, intermediate; and , crack-resistant. 

1 1 1 1 1 1 I 1 
-100 0 100 200 

TEMPERATURE (X) 

Figure 13. DMA tan δ curves as a function of temperature for environ
mentally stress-cracked gel coat systems. Key is the same as in Figure 12. 
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4. P R O V D E R E T A L . Dynamic Mechanical Analyzer 91 

c r o s s - l i n k e r a n d d e c r e a s i n g the ca ta lys t l e v e l . I t w a s b e l i e v e d that t h i s 
c h a n g e i n f o r m u l a t i o n p r o d u c e d d i f f e r e n c e s i n t h e c h e m i c a l r e a c t i v i t y 
o f t h e c u r i n g s y s t e m . 

A k i n e t i c s a n a l y s i s u s i n g the s i n g l e d y n a m i c D S C t e m p e r a t u r e 
s c a n m e t h o d (3—5) i n d i c a t e d that t h e t w o f o r m u l a t i o n s h a d t h e same 
c h e m i c a l r e a c t i v i t y . T h e r e f o r e , for t h i s p a r t i c u l a r s y s t e m , t h e f o a m 
e n t r a p m e n t p r o b l e m w a s not c a u s e d b y d i f f e r e n c e s i n c h e m i c a l r eac 
t i v i t y o f t h e c u r i n g s y s t e m . 

F o r the D M A s t u d i e s , f i be rg lass b r a i d s , 2.54 X 1.25 c m w e r e u s e d 
as i n e r t substrates for t h e u n c u r e d h i g h s o l i d r e s i n s . A f t e r a i r d r y i n g 
for 24 h , the b r a i d s w e r e m o u n t e d h o r i z o n t a l l y i n t h e D M A c l a m p s . 
D M A c u r e s t u d i e s a lso s h o w e d n o d i s c e r n a b l e d i f f e r e n c e s i n c u r e rate 
b e t w e e n the t w o f o r m u l a t i o n s . T h i s r e s u l t c a n b e s e e n b y e x a m i n i n g 
t h e c u r i n g r e g i o n i n t h e r e l a t i v e m o d u l u s p r o f i l e s for b o t h f o r m u 
l a t i o n s i n F i g u r e 14. T h i s f i n d i n g agrees w i t h the D S C r e s u l t s . H o w 
e v e r , the r e l a t i v e m o d u l u s p r o f i l e s for the c u r e d coat ings i n F i g u r e 15 
s h o w that t h e c o a t i n g e x h i b i t i n g f o a m e n t r a p m e n t has a n onse t t e m 
p e r a t u r e for the glass t r a n s i t i o n r e g i o n o f 55 °C c o m p a r e d to 32 °C for 
the c o a t i n g that d i d not e x h i b i t f o a m e n t r a p m e n t . A l s o , the g lass t r a n 
s i t i o n r e g i o n o f t h e la t ter s a m p l e c o v e r s a b r o a d e r t e m p e r a t u r e r a n g e , 
124 °C vs . 62 °C. T h e s e r e s u l t s i n d i c a t e that the r e f o r m u l a t e d c o a t i n g , 

CO 
D 
_J 
D 
Û 
Ο 
LU 
> 

LU 
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Figure 14. DMA relative modulus curves as a function of temperature 
for high solids coatings during the curing process. Key: , with 

foam entrapment; and , good film. 
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92 P O L Y M E R C H A R A C T E R I Z A T I O N 

TEMPERATURE (°C) 

Figure 15. DMA relative modulus curves as a function of temperature 
for high solids coatings after cure. Key is the same as in Figure 14. 

w h i c h does no t e x h i b i t de fec ts d u e to f o a m e n t r a p m e n t , i s m o r e flexi
b l e w i t h a h i g h e r m o l e c u l a r w e i g h t b e t w e e n c r o s s - l i n k s . T h i s w o u l d 
b e e x p e c t e d to o c c u r u p o n d e c r e a s i n g t h e ca ta lys t l e v e l . T h e d e c r e a s e 
i n ca ta lys t l e v e l m a y a c c o u n t for the e l i m i n a t i o n o f f o a m e n t r a p m e n t 
b y r e d u c i n g the l e v e l o f v o l a t i l e e v o l u t i o n o c c u r r i n g d u r i n g t h e 
m e l a m i n e c u r e . 

D M A / D S C C u r e K i n e t i c s . T h e D S C m o n i t o r s the heat flow i n t o 
a n d out o f t h e s a m p l e d u r i n g t h e c u r i n g process . O n t h e o t h e r h a n d , 
t h e D M A m o n i t o r s r i g i d i t y b u i l d u p d u r i n g c u r e . T h e D M A k i n e t i c s 
r e su l t s are s e n s i t i v e to v o l a t i l i z a t i o n , m o l e c u l a r w e i g h t b e t w e e n 
c r o s s - l i n k s , b a c k b o n e r i g i d i t y , v i s c o s i t y , a n d f u n c t i o n a l g r o u p r e a c t i v 
i t y . T h e r e f o r e , b y u s i n g k i n e t i c s r e s u l t s f r o m d i f f e r e n t t e c h n i q u e s i t 
s h o u l d b e p o s s i b l e to g a i n i n s i g h t i n t o t h e c h e m i c a l a n d p h y s i c a l 
factors a f f e c t ing the c u r i n g process . 

T h e D M A e x p e r i m e n t r e q u i r e d t h e u s e o f a f i b e r g l a s s b r a i d s u p 
por t for the e p o x y c u r e r e a c t i o n . R e a c t i o n k i n e t i c p a r a m e t e r s for the 
c u r i n g o f a n a r r o w m o l e c u l a r w e i g h t d i s t r i b u t i o n e p o x y , E P O N 8 2 5 , 
w i t h b i s ( 4 - a m i n o p h e n y l ) m e t h a n e b y the s i n g l e d y n a m i c s can D S C 
a n d D M A m e t h o d s are r e p o r t e d i n T a b l e I . T h e r e a c t i o n k i n e t i c s 
r e su l t s d o not agree , as o n e m i g h t e x p e c t , b e c a u s e e a c h m e t h o d is 
s e n s i t i v e to d i f f e r e n t p h y s i c a l p h e n o m e n a . T h e d i f f e r e n c e s b e t w e e n 
the f r a c t i o n a l c o n v e r s i o n (by D S C ana lys i s ) a n d the d e g r e e o f c u r e (by 
D M A ana lys i s ) are s h o w n i n F i g u r e 16. T h e t w o c u r v e s i n F i g u r e 16 
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4. P R O V D E R E T A L . Dynamic Mechanical Analyzer 93 

Table I. Reaction Kinetics for the C u r i n g of E p o n 825 with 
Bis(4-aminophenyl)methane 

Method 

D S C 
D M A 

Activation Arrhenius Frequency 
Energy Reaction Factor 
(kjimol) Order (s'1) 

58.6 1.05 8.9 χ 1 0 4 

109.7 1.10 7.8 x 1 0 1 2 

w e r e o b t a i n e d b y u s i n g E q u a t i o n 6 a l o n g w i t h t h e D S C a n d D M A 
k i n e t i c p a r a m e t e r s i n T a b l e I . T h e c a l c u l a t e d d e g r e e o f c u r e p r o f i l e b y 
D M A a n a l y s i s i n d i c a t e s a faster r e a c t i o n t a k i n g p l a c e at 150 °C t h a n is 
i n d i c a t e d b y D S C a n a l y s i s . 

T h e d i s c r e p a n c y b e t w e e n t h e D S C a n d D M A k i n e t i c r e s u l t s m a y 
b e d u e to the v i t r i f i c a t i o n o f t h e s a m p l e be f o re c o m p l e t e c h e m i c a l 
r e a c t i o n has b e e n a c h i e v e d . A l s o , i t is p o s s i b l e that t h i s d i f f e r e n c e is 
d u e to the D M A ' s s e n s i t i v i t y to the r i g i d i t y o f the a m i n e m o l e c u l e 
b i s ( 4 - a m i n o p h e n y l ) m e t h a n e . F u r t h e r w o r k i n d e t e r m i n i n g i s o t h e r m a l 
v i t r i f i c a t i o n p o i n t s is p l a n n e d . 

Conclusions 

D y n a m i c m e c h a n i c a l a n a l y s i s is a v a l u a b l e t e c h n i q u e for s o l v i n g 
p r o d u c t i o n p r o b l e m s a n d a i d i n g coat ings f a i l u r e a n a l y s i s . T h i s t e c h -

H 1 1 1 1 1 1 Li. 
0 30 60 90 120 150 

TIME (min) 

Figure 16. Comparison of DMA degree of cure curve and DSC frac
tional conversion curve for an epoxy—amine reaction at an isothermal 

temperature of 150 °C. 
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94 P O L Y M E R C H A R A C T E R I Z A T I O N 

n i q u e a lso is u s e f u l for e s t a b l i s h i n g r e l a t i o n s h i p s b e t w e e n e n d - u s e 
p e r f o r m a n c e p r o p e r t i e s a n d f u n d a m e n t a l t h e r m a l — m e c h a n i c a l p a 
r a m e t e r s . 

T h e use o f d y n a m i c m e c h a n i c a l a n a l y s i s c u r e k i n e t i c s s t u d i e s c a n 
p r o v i d e i n s i g h t i n t o the c h e m i c a l a n d p h y s i c a l factors a f f e c t i n g the 
c u r i n g process . T h e k i n e t i c p a r a m e t e r s c a n b e u s e d to s i m u l a t e o v e n 
b a k e c o n d i t i o n s . T h i s w i l l a l l o w coa t ings c h e m i s t s to b e t t e r d e s i g n 
a n d f o r m u l a t e c oa t ings to a c h i e v e d e s i r e d p e r f o r m a n c e p r o p e r t i e s . 
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5 
The PL-Dynamic Mechanical 
Thermal Analyzer and Its 
Application to the Study of 
Polymer Transitions 

R. E. W E T T O N 
Loughborough University, Department of Chemistry, 
Loughborough, United Kingdom 

T. G. C R O U C H E R and J. W. M. F U R S D O N 
Polymer Laboratories, Ltd., Church Stretton, Salop, United Kingdom 

A new instrument for small strain dynamic mechanical 
measurements of polymers is reported. Sample temper
ature can be programmed from -150 to 300 °C (500 °C 
Special Head arrangement). Eight logarithmically 
spaced drive frequencies from 0.33 to 90 Hz can be 
selected on the front panel. Clamping geometrics for 
bending beam, shear, and elongational deformation are 
described. Applications using both single-frequency 
thermal scans and computer multiplexing of several fre
quencies are given. Examples of application to homo-
polymers, copolymers, and composites are presented 
and discussed. 

^ M E A S U R E M E N T S O F D Y N A M I C M E C H A N I C A L P R O P E R T I E S o f p o l y m e r i c 
m a t e r i a l s , w h i c h w e r e p r e v i o u s l y l a b o r i o u s , c a n n o w b e p e r f o r m e d 
a u t o m a t i c a l l y w i t h m i c r o p r o c e s s o r - c o n t r o l l e d i n s t r u m e n t a t i o n . T h e 
P L - d y n a m i c m e c h a n i c a l t h e r m a l a n a l y z e r ( P L - D M T A ) uses the w e l l -
e s t a b l i s h e d p h a s e a n d a m p l i t u d e t e c h n i q u e w i t h d i g i t a l m e a s u r e m e n t 
o f p h a s e to g i v e t a n δ r e s o l u t i o n s o f 0 .0001 . M e a s u r e m e n t s c a n b e 
p e r f o r m e d at f i x e d f r e q u e n c y o v e r a t h r e e a n d o n e - h a l f d e c a d e r a n g e . 
A d y n a m i c st i f fness range o f o v e r f our d e c a d e s a l l o w s m e a s u r e m e n t o f 
a l l t r a n s i t i o n s w i t h one s a m p l e . T h i s , t o g e t h e r w i t h p r e c i s e t e m p e r a 
t u r e p r o g r a m m i n g , i n t h e r a n g e f r o m - 1 5 0 to 3 0 0 °C , o p e n s u p n e w 
p o s s i b i l i t i e s for r e s e a r c h , a n a l y t i c a l , a n d q u a l i t y c o n t r o l m e a s u r e -

0065-2393/83/0203-0095$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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96 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 1. The PL-dynamic mechanical thermal analyzer. Key: the 
mechanical measuring head, left; the dynamic analyzer unit, top right; 

and the temperature programmer, bottom right. 

mer i t s . T h e i n s t r u m e n t , as w e l l as m e a s u r e m e n t s o n a range o f p o l y 
m e r sys tems , is d e s c r i b e d . 

Instrumentation 

T h e P L - D M T A c o m p r i s e s t h r e e b e n c h top u n i t s as s h o w n i n 
F i g u r e 1. T h e m e c h a n i c a l h e a d c o n t a i n s t h e s a m p l e i n a t e m p e r a t u r e 
e n c l o s u r e . T h e m a i n d e f o r m a t i o n m o d e s are b e n d i n g b e a m ( e i t h e r 
d o u b l e or s i n g l e c a n t i l e v e r ) a n d shear . T h e s a m p l e c l a m p i n g d e t a i l s i n 
t h e s e t w o a r r a n g e m e n t s are s h o w n i n F i g u r e s 2 a a n d b . T h e s a m p l e 
d i s k s for shear s a n d w i c h o p e r a t i o n are m o u n t e d n o r m a l l y o n t h e f rame 
e x t e r n a l to the i n s t r u m e n t , a n d the c o m p l e t e a s s e m b l y is t h e n l o c a t e d 
o n the i n s t r u m e n t s . T h i s m e t h o d o f m o u n t i n g is p a r t i c u l a r l y u s e f u l 
w h e n m e a s u r i n g d i f f i c u l t s a m p l e s , s u c h as a d h e s i v e s . R e s u l t s q u o t e d 
i n t h i s c h a p t e r w e r e t a k e n i n t h e b e n d i n g b e a m m o d e ( t y p i c a l s a m p l e 
s i z e 10 x 5 x 2 m m ) u n l e s s o t h e r w i s e stated . A n a l t e r n a t i v e h e a d 
a s s e m b l y for the t e n s i l e d e f o r m a t i o n o f f i l m s a n d f ibers at c ons tant 
t e n s i o n is c u r r e n t l y b e i n g m a d e a v a i l a b l e . 

T h e o s c i l l a t i n g stress e x p e r i e n c e d b y the s p e c i m e n is p r o p o r 
t i o n a l to the d r i v e c u r r e n t f r o m the o s c i l l a t o r . T h e s t r a i n p r o d u c e d is 
c o n v e r t e d to a p r o p o r t i o n a l v o l t a g e b y a n o n l o a d i n g t r a n s d u c e r . T h e 
d y n a m i c a n a l y z e r u n i t c o m p a r e s the p h a s e a n d a m p l i t u d e o f stress a n d 
s t r a i n a n d c o m p u t e s a b s o l u t e v a l u e s o f l o g m o d u l u s a n d t a n δ. T h e 
i n s t r u m e n t is e a s i l y c a l i b r a t e d b y a n a d d e d mass t e c h n i q u e that t h e n 
m a k e s the i n s t r u m e n t a b s o l u t e w h e n the g e o m e t r y cons tant for the 
s a m p l e u n d e r m e a s u r e m e n t is d i a l e d i n o n the front p a n e l . C a l i b r a t i o n 
n e e d s c h e c k i n g o n l y p e r i o d i c a l l y . 
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5. W E T T O N E T A L . PL-Dynamic Mechanical Thermal Analyzer 97 

F r e q u e n c y a n d s t r a i n a m p l i t u d e are s e l e c t e d b y p u s h b u t t o n w i t h 
e i g h t l o g a r i t h m i c a l l y s p a c e d - f r e q u e n c i e s f r o m 0.03 to 9 0 H z a n d t h r e e 
c o n t r o l l e d s t r a i n l e v e l s c o v e r i n g a X 1 6 r a n g e . T e m p e r a t u r e is s e n s e d 
b y a p l a t i n u m res i s tance t h e r m o m e t e r l y i n g i m m e d i a t e l y b e h i n d the 
s a m p l e . A t e m p e r a t u r e p r o g r a m m e r cont ro l s the b a l a n c e d heat o v e n to 
p r o d u c e u n i f o r m h e a t i n g rates f r o m 1710 m i n (or less) to 2 0 7 m i n 
( n o m i n a l ) . T h e t e m p e r a t u r e m a y b e c o n t r o l l e d i s o t h e r m a l l y at a n y 
p o i n t , or ser ies o f p o i n t s , w i t h e x t e r n a l c o m p u t e r c o n t r o l . 

A c c u r a c y d e p e n d s o n the o p t i m i z a t i o n o f a n u m b e r o f p a r a m e t e r s . 
T e m p e r a t u r e u n i f o r m i t y i n t h i c k s p e c i m e n s c a n o n l y b e a c h i e v e d at a 
h e a t i n g rate o f a f e w d e g r e e s p e r m i n u t e . I n t h i n s p e c i m e n s t e m p e r a 
t u r e d e f i n i t i o n is eas i e r , b u t errors f r o m d i m e n s i o n a l m e a s u r e m e n t s 
m a y b e c o m e s i g n i f i c a n t i n m o d u l u s d e t e r m i n a t i o n s . T a n δ is r e s o l v e d 
to 0 .0001 for v a l u e s less t h a n 1.0 a n d , b e c a u s e i t is d e t e r m i n e d as 
kE"/kE', errors i n the g e o m e t r y t e r m (k) d o not p r o d u c e errors i n t h i s 
t e r m . T h e h i g h r e s o l u t i o n n o w a c h i e v e d p r o d u c e s s u f f i c i e n t l y f i n e 
steps i n o u t p u t v s . t e m p e r a t u r e s u c h that e s s e n t i a l l y s m o o t h c u r v e s 
are p r o d u c e d f r o m traces o n a n o r m a l t w o - p e n r e c o r d e r . 

E x t e r n a l c o m p u t e r c o n t r o l o f the m a i n f u n c t i o n s / , T , s t r a i n , a n d 
h e a t i n g rate is a v a i l a b l e t h r o u g h the I E E E ( Ins t i tute o f E l e c t r i c a l E n 
g i n e e r s S t a n d a r d 488) in ter face , a n d i n th i s m o d e , resu l ts are d i s p l a y e d 
b o t h i n r e a l t i m e a n d s t o r e d for fu ture m a n i p u l a t i o n . A n e x a m p l e o f 
the p o w e r o f e x t e r n a l c o m p u t e r c o n t r o l is s h o w n i n F i g u r e 3 i n w h i c h 
t h r e e f r e q u e n c i e s are m u l t i p l e x e d d u r i n g a s i n g l e t h e r m a l s can at 2 °C / 
m i n . T h e s a m p l e is a n e x t r e m e l y h i g h m o d u l u s c a r b o n - f i l l e d e p o x y . 

b 

Figure 2. (a) Sample clamping arrangement with a dual cantilever. 
Drive clamp vibrates perpendicular to sample, which can be mounted 
on one side only to accommodate expansion or contraction in length. 
Clamp frames are interchangeable to give variable length; and (b) 
shear sandwich geometry for rubbers and gels. The black discs repre
sent the two samples, and the central plate is oscillated by the 

drive clamp. 
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5. W E T T O N E T A L . PL-Dynamic Mechanical Thermal Analyzer 99 

O n e advantage o f t h i s m e t h o d is that a n y t e m p e r a t u r e errors i n t h e 
s a m p l e are i d e n t i c a l for e a c h f r e q u e n c y . 

Results and Discussion 

D y n a m i c m e c h a n i c a l t h e r m a l ana lys i s ( D M T A ) senses a n y c h a n g e 
i n m o l e c u l a r m o b i l i t y i n the s a m p l e as the t e m p e r a t u r e is r a i s e d or 
l o w e r e d . T h e t i m e scale r e q u i r e d for the m o l e c u l a r m o t i o n to m a n i 
fest i t s e l f is d e t e r m i n e d b y the f r e q u e n c y , / , o f t h e i m p r e s s e d s i n u 
s o i d a l stress. A p r o g r e s s i v e c h a n g e i n storage m o d u l u s a n d p e a k i n g i n 
t a n δ ( energy l o s t / e n e r g y s t o r e d p e r c y c l e ) o c c u r s w h e n t h e average 
m o l e c u l a r r e l a x a t i o n t i m e , r , is V2 π/. D M T A is not d e p e n d e n t o n t e m 
p e r a t u r e s c a n n i n g rate i n the same w a y that D S C - t y p e m e a s u r e m e n t s 
are . T h i s c a n b e d e m o n s t r a t e d m o r e a c u t e l y i n the a b i l i t y to o b t a i n 
i s o t h e r m a l d a t a b y s c a n n i n g t h r o u g h t h e m o t i o n a l t i m e s ca l e b y 
c h a n g i n g the f r e q u e n c y . T h i s i n f o r m a t i o n y i e l d s t h e n t h e r e l a x a t i o n 
t i m e s p e c t r u m ( I , 2 ) . 

M o r e t h a n o n e t r a n s i t i o n w i l l n o r m a l l y b e e n c o u n t e r e d i n t h e 
t e m p e r a t u r e p l a n e . F i g u r e 4 s h o w s a n e x a m p l e u s i n g a p r e q u e n c h e d 
p o l y ( e t h y l e n e t e r e p h t h a l a t e ) . T h e m a i n t r a n s i t i o n (aa) at 85 °C , 1 H z is 
d u e to the onset o f m i c r o - B r o w n i a n m o t i o n o f the m a i n c h a i n s about Tg. 

-100 - 50 0 50 100 150 200 250 

Temperature (°C) 

Figure 4. PL-DMTA (1 Hz) scan for a quenched poly(ethylene tere
phthalate) sample heated 5 °C/min. The scan shows a and β relaxation, 

crystallization, and melting. 
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100 P O L Y M E R C H A R A C T E R I Z A T I O N 

T h i s t r a n s i t i o n o c c u r s i n t h e a m o r p h o u s p h a s e , a n d has a l a r g e m a g 
n i t u d e b e c a u s e o f t h e h i g h v o l u m e f r a c t i o n o f a m o r p h o u s p h a s e p r e s 
e n t i n the q u e n c h e d s a m p l e . T h e t a n δ m a g n i t u d e , 0.6, a n d h a l f - w i d t h 
( i g n o r i n g r e c r y s t a l l i z a t i o n onset) at 13 °C , c o m p a r e to q u e n c h e d 
p o l y s t y r e n e v a l u e s o f 1.32 a n d 13 °C at the same s c a n n i n g rate . T h e 
r e d u c t i o n i n loss p e a k m a g n i t u d e w i t h o u t p e a k b r o a d e n i n g s h o w s 
s o m e c r y s t a l l i n i t y i n the q u e n c h e d s a m p l e . Q u a n t i t a t i v e i n f o r m a t i o n 
o f t h i s t y p e has no t b e e n a v a i l a b l e p r e v i o u s l y as a l l e x p e r i m e n t a l 
p a r a m e t e r s m u s t b e c o n t r o l l e d . 

A t l o w t e m p e r a t u r e s t h e b r o a d β r e l a x a t i o n process is o b s e r v e d at 
—60 ° C / H z , a n d is d u e to l o c a l i z e d m o l e c u l a r m o t i o n ( l o c a l m o d e ) o f 
the m e t h y l e n e a n d c a r b o x y l g r o u p s . I t c o m p r i s e s at l eas t t w o o v e r l a p 
p i n g r e l a x a t i o n s (3) a n d is r e l a t i v e l y i n s e n s i t i v e to c r y s t a l l i n i t y . W h e n 
m a i n c h a i n r e l a x a t i o n s are i n v o l v e d i n the β p r o c e s s , g o o d i m p a c t 
s t r e n g t h n o r m a l l y r e s u l t s . 

A s the t e m p e r a t u r e i s r a i s e d a b o v e Tg, the m o l e c u l a r f r e e d o m 
a c q u i r e d a l l o w s r a p i d c r y s t a l l i z a t i o n at t h i s h i g h d e g r e e o f s u p e r c o o l 
i n g . T h e m o d u l u s thus r i ses as c r y s t a l l i z a t i o n p r o c e e d s i n the range 
110—150 °C. F i n a l l y , at h i g h t e m p e r a t u r e s c a t a s t r o p h i c m e l t i n g o c c u r s 
at 2 0 0 °C , a n d c l a m p i n g is lost . I n p r i n c i p l e , t a n δ s h o u l d go t h r o u g h a 
s tep at the m e l t i n g p o i n t a n d i n c r e a s e w i t h o u t l i m i t as the t e m p e r a t u r e 
is r a i s e d f u r t h e r . 

T h e r m a l s c a n n i n g at r e a s o n a b l y h i g h rates (5 °G/min) y i e l d s i n 
f o r m a t i o n that w o u l d n o t b e o b t a i n e d i n v e r y s l o w s c a n n i n g or 
i s o t h e r m a l e x p e r i m e n t s . I n i s o t h e r m a l e x p e r i m e n t s a n n e a l i n g p r o 
cesses m a y o c c u r a n d the s a m p l e w o u l d c r y s t a l l i z e at a s i g n i f i c a n t l y 
l o w e r t e m p e r a t u r e . 

D a t a t h r o u g h the m e l t i n g r e g i o n are d i f f i c u l t to o b t a i n w i t h r e l a 
t i v e l y l o w m o l e c u l a r w e i g h t p o l y m e r s that h a v e h i g h m e l t i n g p o i n t s , 
s u c h as p o l y e s t e r s a n d n y l o n s . W h e n s u c h m a t e r i a l s m e l t the p rocess 
is ca tas t roph i c b e c a u s e the e q u i l i b r i u m l i q u i d has a l o w v i s c o s i t y . 
T h u s , c l a m p i n g i n t e g r i t y is l o s t as s o o n as the c r y s t a l l i n e i n t e r a c t i o n s 
are lost . I t i s , h o w e v e r , r e l a t i v e l y easy to o b t a i n d a t a t h r o u g h the 
m e l t i n g range o f a h i g h m o l e c u l a r w e i g h t , l o w m e l t i n g p o l y m e r , s u c h 
as p o l y e t h y l e n e o x i d e . D a t a i n F i g u r e s 5 a n d 6 are for p o l y e t h y l e n e 
o x i d e o f a m o l e c u l a r w e i g h t o f a p p r o x i m a t e l y o n e m i l l i o n ( P o l y o x 
grade) . A r e l a t i v e l y short , t h i c k s a m p l e w i t h aspec t rat io ( l e n g t h / 
t h i c k n e s s ) o f t h r e e w a s u s e d to o b t a i n r e a s o n a b l e s a m p l e st i f fness o n 
the h i g h t e m p e r a t u r e s i d e o f the m e l t i n g r e g i o n . S o m e sacr i f i ce o f 
m o d u l u s a c c u r a c y d u e to u n k n o w n e n d c o r r e c t i o n s is m a d e , p a r t i c u 
l a r l y w h e r e m o d u l u s l e v e l s are h i g h . F i g u r e 5 s h o w s r e s u l t s for a 
s a m p l e c o o l e d q u i c k l y f r o m t h e m e l t to r o o m t e m p e r a t u r e , w h e r e i t 
w a s h e l d for 2 h be fo re s c a n n i n g at 4 °C /min a n d 1 H z . T w o p e a k s are 
e x h i b i t e d i n t a n δ i n s y m p a t h y w i t h the decreases i n m o d u l u s . T h e 
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5. W E T T O N E T A L . PL-Dynamic Mechanical Thermal Analyzer 101 

h i g h e r p e a k (ac) c o i n c i d e s w i t h t h e o b s e r v e d m e l t i n g p o i n t , b u t t h e 
l o w e r t e m p e r a t u r e p e a k (ac') does not agree w i t h a n y ma jo r t h e r m a l 
e v e n t s e e n b y D S C - t y p e t e c h n i q u e s . D i f f e r e n t t h e r m a l t r e a t m e n t a l 
ters t h e p o s i t i o n a n d m a g n i t u d e o f the ac' i n F i g u r e 6. T h e s a m p l e w a s 
c r y s t a l l i z e d at 6 0 °C for 5 h to a l l o w c o m p l e t e p r i m a r y c r y s t a l l i z a t i o n , 
a n d t h e ac' p rocess o c curs at a h i g h e r t e m p e r a t u r e . T h e ac

r p rocess 
a p p a r e n t l y d e p e n d s o n the p e r f e c t i o n , or s i z e o f l a m e l l a e , a n d t h e r e is 
a s t r o n g p a r a l l e l w i t h s i m i l a r r e l a x a t i o n s i n d i f f e r e n t t y p e s o f p o l y e t h 
y l e n e (4). 

A n i n h e r e n t c o n s e q u e n c e o f the d y n a m i c m e c h a n i c a l m e t h o d ' s 
r e s p o n s e to m o t i o n a l t i m e sca le is that m e a s u r e m e n t at h i g h e r f re 
q u e n c i e s w i l l cause the loss p e a k to b e o b s e r v e d at h i g h e r t e m p e r a 
tures . I n a m o r p h o u s h o m o p o l y m e r s the loss p e a k shi f ts w i t h m i n o r 
shape c h a n g e s i n t h e t e m p e r a t u r e p l a n e . T h e shi f t factor is g i v e n b y 
the s e m i e m p i r i c a l W i l l i a m s , L a n d e l , a n d F e r r y ( W L F ) e q u a t i o n (5), 
w h i c h a p p r o x i m a t e s to a s i m p l e A r r h e n i u s r e l a t i o n at t e m p e r a t u r e s far 
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102 P O L Y M E R C H A R A C T E R I Z A T I O N 

above Tg. H o w e v e r , m a n y c o m m e r c i a l p o l y m e r s are p a r t i a l l y c r y s t a l l i n e , 
a n d c o p o l y m e r s are i n c r e a s i n g l y c o m m o n . I n s u c h cases the loss c u r v e s 
w i l l u s u a l l y c h a n g e shape r a d i c a l l y w i t h c h a n g e o f m e a s u r e m e n t f re 
q u e n c y . F i g u r e 7 s h o w s t h i s for a n e t h y l e n e - v i n y l acetate c o p o l y m e r 
( 2 4 % v i n y l acetate) w h e r e the s h a r p e n i n g o f t h e loss c u r v e w i t h i n 
c r e a s i n g t e m p e r a t u r e r e s u l t s f r o m t w o ef fects . F i r s t t h e r e is a s h a r p e n 
i n g o f the r e l a x a t i o n t i m e s p e c t r u m that is i n h e r e n t l y b r o a d for r a n d o m 
c o p o l y m e r s , a n d s e c o n d t h e r e is a n i m p r o v e m e n t i n s e g m e n t c o m p a t 
i b i l i t y as t h e t e m p e r a t u r e is r a i s e d , l e a d i n g to a m o r e h o m o g e n e o u s 
m a t e r i a l o n t h e m o l e c u l a r s ca le . T h e l oss p e a k h a l f - w i d t h at 3 0 H z i s 
s t i l l 18 °C , a n d is m u c h b r o a d e r t h a n o b s e r v e d for h o m o p o l y m e r s i n 
the same t e m p e r a t u r e r a n g e . 

T h e P L - D M T A c a n b e u s e d as a n a n a l y t i c a l i n s t r u m e n t i n t h e 
s a m e sense as I R i s u s e d to d e t e r m i n e u n k n o w n s . T h e t h e o r y is l ess 
far d e v e l o p e d , h o w e v e r , a n d t h e t e c h n i q u e is i n s o m e cases e m p i r i c a l . 
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5. W E T T O N E T A L . PL-Dynamic Mechanical Thermal Analyzer 103 

T h e loss p e a k l o c a t i o n for a r a n d o m c o p o l y m e r m o v e s n o r m a l l y b e 
t w e e n t h e l o c a t i o n for the p a r e n t h o m o p o l y m e r s i n a s i m i l a r w a y to Tg 

i t se l f . H o w e v e r , i n e t h y l e n e - v i n y l acetate c o p o l y m e r s c r y s t a l l i n i t y 
l e v e l c h a n g e s o f the p o l y e t h y l e n e s e q u e n c e s d i s t u r b the average 
a m o r p h o u s p h a s e c o m p o s i t i o n , a n d , c o n s e q u e n t l y , the aa loss p e a k 
p o s i t i o n c h a n g e s o n l y s l i g h t l y (see F i g u r e 8), b u t its m a g n i t u d e d e 
creases i n s y m p a t h y w i t h the a m o r p h o u s p h a s e c o n t e n t . T h e p e a k 
h a l f - w i d t h i n the t e m p e r a t u r e p l a n e (30 H z ) in c reases w i t h e t h y l e n e 
c o n t e n t u n t i l i t is too b r o a d to m e a s u r e s e n s i b l y at 7 .5% v i n y l acetate 
c o m p o s i t i o n . A s m o r e a n d m o r e e t h y l e n e s e q u e n c e s c r y s t a l l i z e , w i t h 
i n c r e a s i n g e t h y l e n e c o n t e n t , the a m o r p h o u s p h a s e b e c o m e s r e l a t i v e l y 
r i c h e r i n v i n y l acetate c o m p o s i t i o n , a n d t h i s fact causes the l a c k o f 
shi f t i n p e a k p o s i t i o n . C l e a r l y , after p r o p e r t h e r m a l h i s t o r y c o n t r o l , a 
D M T A s can c a n p r o v i d e a g o o d i n d i c a t i o n o f the c o m p o s i t i o n , or a l 
t e r n a t i v e l y , i f c o m p o s i t i o n is k n o w n , i n f o r m a t i o n is o b t a i n e d o n t h e 
n a t u r e o f t h e a m o r p h o u s p h a s e a n d c r y s t a l l i t e i n t e r a c t i o n / c r o s s -
l i n k i n g . 

T h e e x t r e m e cases o f h e t e r o g e n e i t y i n c o p o l y m e r s is p r o v i d e d b y 
b l o c k a n d graft c o p o l y m e r s p a r t i c u l a r l y as e x e m p l i f i e d b y t h e r m o 
p l a s t i c e l a s t o m e r s . I n these m a t e r i a l s p h y s i c a l p h a s e s e p a r a t i o n o f 
g lassy or c r y s t a l l i n e d o m a i n s is n e c e s s a r y to p r o v i d e c r o s s - l i n k i n g . 
G o o d c l e a r c u t p h a s e s e p a r a t i o n , w i t h e a c h p h a s e e x h i b i t i n g a loss 

Figure 7. Effect of frequency of measurement on loss peak position and 
shape for ethylene—vinyl acetate copolymer. Heating rate was 5 °C/min. 
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104 P O L Y M E R C H A R A C T E R I Z A T I O N 

c 

Temperature °C 

Figure 8. PL-DMTA scan (30 Hz) of ethylene-vinyl acetate copolymers 
with varying acetate contents. Crystallinity perturbs the amorphous 
phase composition. Key: —, 25% vinyl acetate; ,15% vinyl acetate; 

and — , 7.5% vinyl acetate. 

p e a k c l o se to its h o m o p o l y m e r p o s i t i o n a n d not s i g n i f i c a n t l y b r o a d 
e n e d , is the r e q u i r e m e n t . D M T A c h a r a c t e r i z e s f u r t h e r the r u b b e r 
a n d g lassy state m o d u l u s l e v e l s . T h e s e features are n o t a t t a i n a b l e 
b y a n y o ther s i n g l e t e c h n i q u e . P h a s e s t u d i e s o f t h i s t y p e c a n b e ex 
t e n d e d to p o l y u r e t h a n e s y s t e m s , w h i c h are e s s e n t i a l l y m u l t i - b l o c k 
c o p o l y m e r s w i t h p o o r c h e m i c a l a n d p h y s i c a l d e f i n i t i o n . F i g u r e 9 
s h o w s data for t w o t y p e s o f p o l y u r e t h a n e . S a m p l e A is a n o r m a l for
m u l a t i o n b a s e d o n p o l y e s t e r , s o m e w h a t greater t h a n b i f u n c t i o n a l 
i n — O H groups w i t h b u t a n e d i o l / m e t h y l e n e d i p h e n y l i s o c y a n a t e as 
c h a i n e x t e n d e r s . P h a s e s e p a r a t i o n is c l e a r c u t w i t h the p o l y e s t e r aa 

loss p e a k at - 8 °C a n d 1 H z , a n d s o m e s t r u c t u r a l d i s o r d e r i n g at 70 °C . 
S t r u c t u r a l i n t e g r i t y o f the n e t w o r k pers i s t s u p to 180 °C. I n contrast , 
m i c r o p h a s e s e p a r a t i o n w i t h s o m e p h a s e m i x i n g is a c h i e v e d i n t e n t i o n 
a l l y i n S a m p l e Β to p r o d u c e a n o p t i c a l l y c l e a r p r o d u c t . T h e e x t e n t o f 
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106 P O L Y M E R C H A R A C T E R I Z A T I O N 

p h a s e m i x i n g is a s sessed b y the D M T A trace . A g a i n , c r o s s - l i n k i n g 
i n t e g r i t y is p r e s e r v e d u p to 180 °C. 

A l t e r n a t i v e c l a m p i n g g e o m e t r y a l l o w s m e a s u r e m e n t o f soft s a m 
p l e s ( < 1 0 8 N / m 2 ) i n shear , b u t the m a i n i n t e r e s t i n these cases is for 
e n g i n e e r i n g data o n r u b b e r s that c a n b e g e n e r a t e d u p to a 1 0 % s t r a i n 
l e v e l . M e a s u r e m e n t s o f t h i s t y p e are n o t r e l e v a n t to t h e m a i n t h e m e o f 
t r a n s i t i o n m e a s u r e m e n t s , b u t t h i s m o d e o f d e f o r m a t i o n is u s e f u l for 
s t u d y i n g t r a n s i t i o n p h e n o m e n a i n a d h e s i v e s a n d for s t u d y i n g the e a r l y 
p a r t o f c u r e i n c r o s s - l i n k i n g r e s i n s . 

F i g u r e 10 s h o w s a n a l t e r n a t i v e g e o m e t r y that a l l o w s t e n s i l e m o d 
u l u s m e a s u r e m e n t o f t h i n p o l y m e r f i l m s , t y p i c a l l y b e l o w 0.05 m m i n 
t h i c k n e s s . T h e g e o m e t r y c ons tant i n t h i s m o d e is s h o w n i n t h e f i g u r e 
a n d is m e r e l y t h e n o r m a l t e n s i l e v a l u e m o d i f i e d b y c os 2 0 (the a n g l e 
b e t w e e n d r i v e d i r e c t i o n a n d f i l m ) . T h e t e n s i o n is m o n i t o r e d b y the 
d i s p l a c e m e n t p r o d u c e d i n the d r i v e s p r i n g a n d is s e e n d i r e c t l y as a 
p r o p o r t i o n a l c h a n g e i n t h e t r a n s d u c e r off-set v o l t a g e . A f t e r t e n s i o n 
ad jus tments h a v e b e e n m a d e , the s a m p l e is c l a m p e d b y the c e n t r a l 
c l a m p w i t h n a r r o w c l a m p e d g e s a n d the t r a n s d u c e r is a d j u s t e d m a n u 
a l l y to its n o r m a l w o r k i n g r a n g e . G o o d d a t a c a n b e g e n e r a t e d o n f i l m s 
i n r e g i o n s o f m i n o r c h a n g e s i n t e n s i o n t h r o u g h r e l a x a t i o n ef fects , b u t 
i t is no t p r a c t i c a l i f stress r e l a x a t i o n o c c u r s s t rong ly . T h e n e w t e n s i o n 
h e a d i s d e s i g n e d to r e m e d y t h i s p r o b l e m . F i g u r e 11 s h o w s d a t a o n 
r u b b e r t o u g h e n e d p o l y p r o p y l e n e f i l m s m o u n t e d as s h o w n i n F i g u r e 
10. T h e r e g i o n o f e t h y l e n e - p r o p y l e n e r u b b e r r e l a x a t i o n c a n b e s e e n 
c l e a r l y i n S a m p l e s A a n d B . T h e r u b b e r s e g m e n t s h a v e b e e n i n c o r p o 
r a t e d d i f f e r e n t l y , a n d t h i s i s r e f l e c t e d i n the shape o f t h e loss p rocess . 
T h e D M T A t e c h n i q u e is o n e o f the f e w w a y s o f s t u d y i n g f i n e d i f f e r -

Film. 
sample 

Drive 

Drive spring 

2bt (cos20) 
K - - J -

Figure 10. Arrangement for tensile dynamic modulus measurements in 
thin films. The angle θ is between film and drive directions, and b, t, 

and I are width, thickness, and length, respectively. 
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5. W E T T O N E T A L . PL-Dynamic Mechanical Thermal Analyzer 107 

.08 

.01 Quenched 
P.P. film 

-100 -50 0 
Temperature (°C) 

+ 40 

Figure 11. Rubber-modified polypropylene films measured through 
the ethylene—propylene rubber loss region. Geometry used is shown in 

Figure 10. 

e n c e s i n f i l m s t ruc ture o f t h i s t y p e . S a m p l e A has a w i d e r range o f 
m o l e c u l a r h e t e r o g e n e i t y a s s o c i a t e d w i t h the r u b b e r s e g m e n t s t h a n 
S a m p l e B . 

C o m p a r i s o n o f m o d u l i o b t a i n e d f r o m b e n d i n g o f short f i l m s a m 
p l e s w i t h those o b t a i n e d f r o m t e n s i l e m e a s u r e m e n t s p r o v i d e s a 
m e t h o d for l o o k i n g at s k i n effects i n f i l m s . I n n e r a n d o u t e r l ayers are 
w e i g h t e d e q u a l l y i n the t e n s i l e case , b u t the o u t e r l a y e r s c o n t r i b u t e 
m o r e to the b e n d i n g m o d u l u s . 

H i g h a c c u r a c y m o d u l u s a n d d a m p i n g c h a r a c t e r i s t i c s m e a s u r e d o n 
the P L - D M T A h a v e p r o v e d u s e f u l i n s t u d y i n g the a g i n g c h a r a c t e r i s 
t i cs o f p o l y m e r g lasses . I n b o t h , c r o s s - l i n k e d e p o x y sys tems (6) a n d 
u n c r o s s - l i n k e d p o l y s t y r e n e (7, 8) the b a s i c ef fects s e e m t h e s a m e . 
C o m p a r e d to the c o r r e s p o n d i n g a n n e a l e d (aged) glass a q u e n c h e d 
s a m p l e has a l o w e r g lassy state m o d u l u s , b u t s u r p r i s i n g l y a h i g h e r 
d a m p i n g p e a k , w h e n s c a n n e d i n the t e m p e r a t u r e p l a n e . T h e m o d u l u s 
c h a n g e o v e r a p e r i o d o f 1 w e e k , a n n e a l e d at 20 °C b e l o w Tg, is i n 
excess o f 1 0 0 % a n d the d a m p i n g l e v e l i n the g lass , at 30 °C b e l o w Tg, 
decreases b y a factor o f f i v e i n the case o f a n n e a l e d p o l y s t y r e n e . T h e 
l o w t e m p e r a t u r e (β) loss p rocess i n the e p o x y sys tems s h o w s a shar 
p e n i n g w i t h a n n e a l i n g , b u t n o s i g n i f i c a n t shi f t i n c e n t r a l p o s i t i o n . 

Conclusions 
T h e P L - D M T A is a b l e to g i v e accurate da ta o n the w i d e s t p o s s i 

b l e range o f p o l y m e r i c m a t e r i a l s . T h e r m a l s c a n n i n g at c ons tant f re 
q u e n c y t y p i c a l l y c a n b e a c h i e v e d i n 1 h , c o m p a r a b l e to D S C t e c h 
n i q u e s . T h e t e c h n i q u e is c o m p l e m e n t a r y to D S C i n that m o t i o n a l 
t r a n s i t i o n s are o b s e r v e d , a l t h o u g h t h e r m o d y n a m i c t r a n s i t i o n s are a l -
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108 P O L Y M E R C H A R A C T E R I Z A T I O N 

w a y s d e t e c t e d b y t h e s t r u c t u r a l c h a n g e s t h e y p r o d u c e . S e c o n d a r y 
t r a n s i t i o n s are not o b s e r v a b l e b y the D S C m e t h o d n o r c a n s m a l l r e i n 
f o r c i n g phases b e s t u d i e d . T h e P L - D M T A m e t h o d detec ts a l l these 
t rans i t i ons a n d a l l o w s f o r m u l a t i o n o f définitive c o n c l u s i o n s c o n c e r n i n g 
s a m p l e m o r p h o l o g y a n d p h a s e c o m p o s i t i o n . 

E x t e r n a l c o m p u t e r c o n t r o l a l l o w s the f u l l c a p a b i l i t i e s o f the i n 
s t r u m e n t to b e e x p l o i t e d a n d i t is s h o w n that s e v e r a l d i f f e r e n t m e a 
s u r e m e n t f r e q u e n c i e s c a n b e m u l t i p l e x e d d u r i n g a s i n g l e t e m p e r a t u r e 
s can . A s data are s t o r e d i n t h e c o m p u t e r a n y r e q u i r e d d a t a m a n i p u l a 
t i o n c a n b e a c h i e v e d s u b s e q u e n t l y . 
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6 
Dynamic Mechanical Spectroscopy 
Using the Autovibron DDV-III-C 
S. M. W E B L E R , J. A. MANSON,1 and R. W. L A N G 
Lehigh University, Materials Research Center, Bethlehem, PA 18015 

The Autovibron DDV-III-C is a forced vibration unit 
capable of operating at several constant frequencies for 
the determination of the dynamic mechanical response 
of a system. The automation provides a programmed 
heating rate, continuous sample tensioning, and acqui
sition and reduction of data. Results obtained at several 
frequencies are reported for plain poly(vinyl chloride) 
(PVC), PVC modified with a methacrylate—buta
diene—styrene terpolymer (MBS), and a commercially 
available mineral-reinforced polyamide. While prob
lems have been encountered with sample alignment, 
tension adjustment, and measurement at low tan δ val
ues, it is concluded that this instrument has good poten
tial for the convenient determination of dynamic spectra 
of polymers and their composites. 

I N D E T E R M I N I N G T H E D Y N A M I C M E C H A N I C A L R E S P O N S E o f a s y s t e m , i t i s 
o f ten d e s i r a b l e to w o r k w i t h a f o r c e d - v i b r a t i o n i n s t r u m e n t at a c o n 
stant f r e q u e n c y . O n e o f the i n s t r u m e n t s m o s t c o m m o n l y u s e d for t h i s 
p u r p o s e has b e e n the d i r e c t - r e a d i n g v i s c o e l a s t o m e t e r o r i g i n a l l y d e 
v e l o p e d b y T a k a y a n a g i (1, 2)—the R h e o v i b r o n . A c o m m o n m o d e l has 
b e e n the m o d e l D D V - I I ( l o a d c a p a c i t y , 0.1 kg f ) a n d i n r e c e n t years a 
5 -kg f c a p a c i t y m o d e l , the D D V - I I I - C , w a s i n t r o d u c e d (3, 4). 

W h i l e v a l u a b l e r e s e a r c h has b e e n b a s e d o n resu l t s o b t a i n e d u s i n g 
s u c h u n i t s , s e v e r a l p r o b l e m s h a v e b e e n r e c o g n i z e d . L i m i t a t i o n s i n 
c l u d e d i f f i c u l t y i n w o r k i n g at Τ > Tg, a n d u n d e s i r a b l y l o w ranges i n 
t a n δ a n d f r e q u e n c y . I n a d d i t i o n , m a i n t e n a n c e o f p r o p e r t e n s i o n o n the 
s p e c i m e n is o f ten far f r o m easy. T h e r e f o r e , the operator m u s t g i v e 
cons tant a t t e n t i o n to the i n s t r u m e n t o v e r a p e r i o d o f 4 h or m o r e . M o r e 
d e t a i l e d d i s c u s s i o n s are a v a i l a b l e i n the l i t e r a t u r e (5, 6). 

1 To whom correspondence should be addressed. 

0065-2393/83/0203-0109$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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110 P O L Y M E R C H A R A C T E R I Z A T I O N 

T o r e m e d y or a l l e v i a t e s o m e o f t h e s e p r o b l e m s , t h e R h e o v i b r o n 
m o d e l D D V - I I - B w a s m o d i f i e d a n d i m p r o v e d (5) b y p r o v i d i n g 
c l o s e d - l o o p c o n t r o l , a n d b y i m p r o v i n g a n d s i m p l i f y i n g the t e c h n i q u e 
u s e d to d e t e r m i n e the loss t a n g e n t a n d the storage m o d u l u s . G a i n s i n 
a c c u r a c y , s i m p l i c i t y o f o p e r a t i o n , a n d a d a p t a b i l i t y to d i g i t a l p r o c e s s 
i n g o f the data w e r e r e p o r t e d . T h e R h e o v i b r o n i t s e l f has b e e n a u t o 
m a t e d b y the m a n u f a c t u r e r (3) a n d the R h e o v i b r o n D D V - I I w a s a l so 
a u t o m a t e d (6) to p r o v i d e a u t o m a t i c c o n t r o l o f t e n s i o n , i n c r e a s e d s e n 
s i t i v i t y , a n d c a l c u l a t i o n a n d p r i n t o u t o f Ε ', Ε", a n d t a n δ. T h e lat ter u n i t 
has b e e n c o m m e r c i a l i z e d ( Imass , Inc . ) (4) as t h e A u t o v i b r o n , m o d e l 
D D V - I I - C . R e c e n t l y a g e n e r a l l y s i m i l a r a d a p t a t i o n w a s i n t r o d u c e d 
b a s e d o n the h y d r a u l i c a l l y o p e r a t e d R h e o v i b r o n D D V - I I I - C . A u t o 
m a t i o n o f a t o r s i o n a l p e n d u l u m (7) a n d a d i f f e r e n t c o n s t a n t - f r e q u e n c y 
i n s t r u m e n t (8) h a v e a l so b e e n d e s c r i b e d . 

A l t h o u g h a f u l l c r i t i c a l a n a l y s i s o f t h e o p e r a t i o n o f t h e A u t o v i b r o n 
D D V - I I I - C has no t y e t b e e n p o s s i b l e , i t is a p p r o p r i a t e to d e s c r i b e o u r 
e x p e r i e n c e w i t h t h i s n e w i n s t r u m e n t , a n d to m a k e p r e l i m i n a r y r e c 
o m m e n d a t i o n s w i t h r e s p e c t to o p e r a t i o n a n d fu ture i m p r o v e m e n t . B e 
cause the i n s t r u m e n t is t h e f i rs t o f i ts t y p e , the o b s e r v a t i o n s r e p o r t e d 
s h o u l d b e h e l p f u l to o t h e r i n v e s t i g a t o r s . R e s u l t s o b t a i n e d i n o u r l a b o 
ratory u s i n g a n a u t o m a t e d D D V - I I u n i t are a l so d e s c r i b e d for c o m 
p a r i s o n . 

Instrumentation 

A s m e n t i o n e d p r e v i o u s l y , the m o d e l D D V - I I I - C R h e o v i b r o n 
( T o y o B a l d w i n Co . ) has b e e n c o m b i n e d w i t h a n a u t o m a t i o n p a c k a g e 
( Imass , Inc . ) . T h e i n s t r u m e n t m a i n t a i n s t h e e s s e n t i a l c h a r a c t e r i s t i c s o f 
the R h e o v i b r o n D D V - I I I - C , u t i l i z i n g the o r i g i n a l s a m p l e b e n c h , h y 
d r a u l i c s y s t e m , l o a d c e l l , a n d b a s i c e l e c t r o n i c s . F o u r f i x e d f r e q u e n c i e s 
o f 3.5, 11, 35 , a n d 110 H z are a v a i l a b l e . S a m p l e s izes u p to 7 c m x 1 c m 
x 5 m m c a n b e h a n d l e d , w i t h a c l a i m e d range for c o m p l e x Y o u n g ' s 
m o d u l u s b e t w e e n 1 M P a a n d 100 G P a (1 G P a = 1 G N / m 2 = 1 0 1 0 

d y n e s / c m 2 ) . A l o w - t e m p e r a t u r e c h a m b e r a l l o w s m e a s u r e m e n t s to b e 
t a k e n f r o m a b o u t - 1 4 0 to 175 °C w i t h a p r o g r a m m e d rate o f t e m p e r a 
ture increase o f ~ 1 °C/min. A s e c o n d c h a m b e r is p r o v i d e d for t e m p e r a 
tures u p to 3 0 0 °C . T h e a u t o m a t i o n p a c k a g e is r e s p o n s i b l e for s a m p l e 
t e n s i o n i n g , p h a s e a n g l e m e a s u r e m e n t s , t e m p e r a t u r e c o n t r o l , da ta ac 
q u i s i t i o n , a n d d a t a r e d u c t i o n . T h e k e y c o m p o n e n t s o f t h i s p a c k a g e are 
a l o c k - i n a n a l y z e r ( P r i n c e t o n A p p l i e d R e s e a r c h m o d e l 5204) , a p r o 
g r a m m a b l e c a l c u l a t o r ( H e w l e t t P a c k a r d m o d e l 9 8 2 5 A ) , a m u l t i p r o -
g r a m m e r ( H e w l e t t P a c k a r d m o d e l 6 9 4 0 B ) , a n d a n o p t i o n a l p l o t t e r 
( H e w l e t t P a c k a r d m o d e l 9 8 7 2 B ) . T h e a u t o m a t i o n p a c k a g e c a n a lso b e 
i n t e r f a c e d r e a d i l y w i t h a R h e o v i b r o n m o d e l D D V - I I . T h e e s s e n t i a l 
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6. WEBLER E T A L . Dynamic Mechanical Spectroscopy 111 
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Figure 1. Comparison of the correct sample size vs. modulus for the 
DDV-II (—) and DDV-III (—) Rheovibrons. 

d i f f e r e n c e s i n the t w o u n i t s are the d r i v i n g u n i t a n d the l o a d c a p a c i t y . 
T h e h y d r a u l i c d r i v i n g s y s t e m o f the D D V - I I I is r e p l a c e d b y a n e l e c 
t r o m e c h a n i c a l d r i v e r i n the s m a l l e r u n i t . T h e D D V - I I is c a p a b l e o f 
h a n d l i n g s a m p l e s i zes u p to 5 x 0.05 x 0.4 c m ( F i g u r e 1 s h o w s a 
c o m p a r i s o n o f s a m p l e s izes for the t w o m o d e l s ) w i t h a m a x i m u m l o a d 
c a p a c i t y o f 0.1 k g f a n d m o d u l u s range o f 100 k P a - 1 0 0 G P a . A s c h e m a 
is g i v e n i n F i g u r e 2. 

T e m p e r a t u r e p r o g r a m m i n g is e f f e c t ed t h r o u g h the c a l c u l a t o r i n 
c o n j u n c t i o n w i t h a p l a t i n u m res i s tance t h e r m o m e t e r . F r o m —140 to 
- 4 5 °C the t e m p e r a t u r e is a l l o w e d to i n c r e a s e w i t h o u t r e g u l a t i o n at a 
rate o f 1 °C/min. A t - 4 5 °C p o w e r is s u p p l i e d to the heaters , a n d the 
t e m p e r a t u r e is c o n t r o l l e d b y p r o g r a m m i n g the a p p l i c a t i o n o f p o w e r . 
T h e t e m p e r a t u r e r i s e c a n a lso b e c o n t r o l l e d at rates o t h e r t h a n 1 °C/ 
m i n t h r o u g h c h a n g e s i n t h e o p e r a t i n g p r o g r a m . F o r t e m p e r a t u r e s 
a b o v e 2 2 5 °C , the h i g h - t e m p e r a t u r e c h a m b e r m u s t b e u s e d . 

P h a s e - a n g l e m e a s u r e m e n t s u s i n g the l o c k - i n a n a l y z e r w e r e i n 
c o r p o r a t e d to s i m p l i f y a u t o m a t i o n o f the m e a s u r e m e n t s , i m p r o v e res 
o l u t i o n o f s m a l l a n g l e s , a n d i n c r e a s e the range o f t a n δ m e a s u r e m e n t s 
(4). T h e c a l c u l a t o r a l t e r n a t e l y s w i t c h e s the l o a d (P) a n d d i s p l a c e m e n t 
(X) s i g n a l t h r o u g h the m u l t i p r o g r a m m e r to the l o c k - i n a n a l y z e r . A f t e r a 
p r o g r a m m e d d e l a y for s e t t i n g o f the s i g n a l , t h e i n - p h a s e a n d q u a d r a 
ture c o m p o n e n t s o f t h e r e s p e c t i v e s igna l s are m e a s u r e d w i t h r e s p e c t 
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112 P O L Y M E R C H A R A C T E R I Z A T I O N 

to a r e f e r e n c e s i g n a l f r o m t h e A u t o v i b r o n ( F i g u r e 3). T h e c o m p l e x 
Y o u n g ' s m o d u l u s , E * , is c a l c u l a t e d u s i n g E q u a t i o n 1. 

E * = 
R (Pf + PQ) L2 

(1) 
( x j + X q T ν 

T h e s u b s c r i p t s J a n d Q d e s i g n a t e t h e i n - p h a s e a n d q u a d r a t u r e c o m p o 
n e n t s o f the r e s p e c t i v e s i g n a l s , R is a r a n g i n g a n d s c a l i n g factor , L is 
the s a m p l e l e n g t h , a n d V is the o r i g i n a l s a m p l e v o l u m e . T h e p h a s e 
d i f f e r e n c e , δ is c a l c u l a t e d u s i n g E q u a t i o n 2. 

PQ X q 
δ = φ1 - φ 2 = a r c t a n — - - a r c t a n — -

Pj Xi 
(2) 

W i t h E * a n d δ f r o m E q u a t i o n s 1 a n d 2, r e s p e c t i v e l y , t h e storage m o d 
u l u s , E', a n d loss m o d u l u s , £ " , c a n b e c a l c u l a t e d . 

E' = |E*|cos δ 

Ε" = \ E*\sin δ 

t a n δ = Ε 7 Ε ' 

(3) 

(4) 

(5) 

T h e a c q u i r e d d a t a are d i s p l a y e d w h i l e t h e p r o g r a m is r u n n i n g a n d 
s t o red o n m a g n e t i c - t a p e c a r t r i d g e s for f u r t h e r r e d u c t i o n . R e s u l t s c a n 
b e p r i n t e d or p l o t t e d d u r i n g t h e r u n w i t h a p p r o p r i a t e p r o g r a m m i n g ; 
p r o g r a m s for da ta r e d u c t i o n a n d p l o t t i n g f r o m tape are a v a i l a b l e . 

RHEOVIBRON 

LOAD SAMPLE LOAD SAMPLE 

RHEOVIBRON 
INTERFACE 

π — π 

LOCK-1Ν ANALYZER 

CALCULATOR 

I 

PLOTTER 

DISPLACEMENT 

[TENSION AMP 

MULTI PROGRAMMER 

Ί 

TEMPERATURE 
SENSOR 

HEATERS 

STEPPING 
MOTOR 

Figure 2. Block diagram of Autovibron. 
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6. WEBLER ET A L . Dynamic Mechanical Spectroscopy 113 

Figure 3. In-phase and quadrature components of the load (P) and dis
placement (X) signals. Subscripts I and Q refer to in-phase and out-of-

phase (quadrature) components; φ 7 and fa are phase angles. 

Experimental 
Problems and T h e i r Correct ion. D u r i n g start-up and subsequent trials 

us ing the D D V - I I I - C , several significant problems were encountered. M u c h 
of our work has been conducted using an automated D D V - I I because of 
problems w i t h the D D V - I I I . Pre l iminary work w i th the large load capacity 
unit has shown problems i n sample tensioning, load control , measurement of 
small phase angles, and programming. These difficulties are discussed later. 

Sample tension is control led by the calculator through the mult ipro -
grammer and a s tepping-motor that moves the l oad arm. T h e o r i g i n a l 
stepping-motor assembly used springs to control tension and resulted i n 
enough lateral motion to preclude maintenance of alignment. Such alignment 
is of cr it ical importance, otherwise serious errors i n modulus and damping can 
result. A combination of shims to a l ign the center of the load-arm w i t h the 
center of the driver and a new screw-driven stepping-motor assembly (rede
signed by Imass, Inc.) have m i n i m i z e d lateral motion. However , even w i t h 
these modifications, great care must st i l l be taken w i t h c lamping and a l ign
ment of the specimen. Also , bowing i n the sample can be introduced by 
nonuniform t ightening of the grips. Some scatter may be due to an inherent 
design problem; the manufacturer is currently revis ing the signal reading 
section. As was the case w i t h the Autov ibron D D V - I I (6), sample mount ing 
and alignment are two major flaws of the instrument. Reproducib le methods 
for sample mounting have been reported for the D D V - I I (9), and s imilar mod
ifications should be inc luded i n further redesign of the D D V - I I I system. 

The original software calculated the D C voltage of the load signal by 
sampling the sine wave, calculating the amplitude, and d i v i d i n g by two to 
obtain the D C bias. Because of problems i n measuring the load, the program 
was modi f ied to measure the D C voltage bias directly, by momentari ly 
switching off the sine wave. L o a d corrections are then made by the 
stepping-motor to maintain a preset l imi t . Th i s new load-control program 
functions acceptably through a programmed temperature run except i n the 
region around the glass transition temperature (T9). Immediately after the 
transition, the sample is often put into compression. So far, rel iable mea
surements of rubbery m o d u l i on the order of 10 M Pa have been obtained only 
occasionally. 

W h i l e monitor ing the load signal (P) w i t h an oscilloscope, a problem was 
evident i n the switching of the signal. T h e value of the load was intermittently 
recorded as zero. Because tension is a function of load, w h e n zero loads are 
recorded the instrument reacts by making drastic changes i n sample length, 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

06



114 P O L Y M E R C H A R A C T E R I Z A T I O N 

result ing i n incorrect modulus and phase angle measurements. T h i s problem 
appears to have been corrected by the replacement of a relay-readback board 
i n the multiprogrammer. 

Another problem has been the determination of opt imum settings of the 
phase controls on the lock- in analyzer. After some experimentation it was 
determined that the in-phase and quadrature readings should be set approxi
mately equal i n magnitude and w i t h the same sign (positive or negative) us ing 
the reference angle potentiometer and quadrant selector of the l o ck - in 
analyzer. Use of these settings appears to reduce the t ime required for the 
signal to stabilize, and facilitates ranging of the signals. T h e ranging sub
routine has also been rewritten by Imass to alleviate a problem w i t h signal 
saturation that occurred w h e n the in-phase and quadrature components of the 
signal became unbalanced. 

Performance. Figures 4 and 5 compare data at 110 H z from two samples 
of the same methacry la te -butad iene - s tyrene (MBS) -modi f ied P V C i n the 
as-received condit ion ( P V C 132-3). These samples were analyzed by us ing the 
D D V - I I I - C Autov ibron before manufacturer revisions. Tab le I shows P V C 
sample designations, weight-average molecular weight, MW9 and rubber con
tents. Previous literature contains detai led characterization of the P V C (10). 
T h e samples were of s imi lar cross-sectional area and length (see Tab le I). T h e 
tests were run using an osci l lat ing displacement, A L , of 2.5 x 10" 3 cm, corre
sponding to an osci l lat ing strain, Ae, of 0.05%. Great care was taken w i t h 
sample mounting and alignment. Over the temperature range from - 1 1 5 to 
100 °C, values of the storage modulus ( £ ' ) obtained i n the two tests agreed 
w i t h i n less than 5%. B e l o w —75 °C (corresponding to tan δ ^0.02) significant 
scatter was evident i n the loss modulus (E") and tan δ, and the slopes differed 
considerably, so that the value of tan δ at - 1 0 0 °C is —40% less i n F igure 5 
than i n Figure 4. (The shapes of the E" and tan δ curves i n F igure 5 are i n fact 
atypical.) Considerable scatter has also been seen at low values of tan δ w i t h 
the Autovibron D D V - I I - C (11). However , the peak for the M B S phase is clear
l y evident at about - 6 0 °C. W h i l e data for Spec imen A (Figure 4) c ou ld be 
taken up to 140 °C, it was not possible to exceed 100 °C w i t h Spec imen Β 

Figure 4. Dynamic mechanic spec
tra (110 Hz) of MBS-modified PVC 
(Sample 132-3A) using a DDV-III-

C Autovibron. T E M P E R A T U R E (C) 
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6. W E B L E R E T A L . Dynamic Mechanical Spectroscopy 115 

Figure 5. Dynamic mechanical spec
tra (110 Hz) of MBS-modified PVC 
(Sample 132-3B) using a DDV-III-

C Autovibron. 

w h i c h , for unknown reasons, deformed excessively. Values of T9 and complex 
modulus (E*) are reported i n Table II . 

F igure 6 shows data obtained for a P V C 132-4 sample us ing the D D V -
I I I -C unit after replacement of the pump and modif ication of the electronics 
by the manufacturer. Sample characteristics are g iven i n Tables I and II . T h e 
test was run using an osci l lat ing displacement, A L , of 2 x 10" 3 cm (i.e., at Ac 
« 0.05%). T a n δ and E" values show considerably less scatter than before the 
instrument was modi f ied (compare data i n Figures 4, 5, and 6). I n fact, E' 
results can now be reproduced at 110 H z to w i t h i n ± 2 % w h e n using s imilar 
sample sizes. Nevertheless, the problem of excessive sample deformation at 
Τ > Tg s t i l l exists. 

F igure 7 illustrates data obtained w i t h an automated Rheovibron D D V - I I 
for two different specimens of the same material . The two samples had almost 
identical length, w i d t h , and thickness (see Table II). Both samples were 
machined i n the same manner and run by the same operator under the same 
operating conditions. T h e in i t ia l osci l lating displacement, A L , was 7.9 Χ 1 0 - 4 

cm (i.e., Ae 0.01%) i n both cases. Values of E * agree to w i t h i n 9% at -100°C 

T a b l e I . P V C C h a r a c t e r i z a t i o n 

PVC Matrix" phr 
Sample designation M w x 105 MBS 

131-1 0 .67 0 
131-4 0.67 14 
132-1 0 .95 0 
132-3 0.95 10 
132-4 0 .95 14 
135-1 2.08 0 
135-4 2.08 14 

a Values of Mw are from reference (10). 
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Figure 6. Dynamic mechanical spec
tra of MBS-modified PVC (Sample 
132-4, M w =0.95 x 105; 14 phr 
MBS) using DDV-III-C Autovibron 

after revisions (110 Hz). 

and differ by less than 6% at 40 °C. In the Tg region E\ E", and tan δ are 
virtual ly ident ical . T h e two samples do not however, have the same E" and tan 
δ i n the region from - 1 0 0 to 50 °C. F o r example, tan δ readings of 0.033 and 
0.056 were taken at - 2 5 °C for the two samples. These differences are as yet 
unexplained and suggest caution should be employed w h e n analyzing data. 

Figures 8 and 9 show data for P V C 135-1 us ing the D D V - I I I unit (before 
and after revisions) and the automated D D V - I I . T a n δ values are comparable 
from - 1 5 0 to 50 °C. T h e Tg measured us ing the D D V - I I I - C is 10°C higher than 
the Tg obtained w i t h the D D V - I I . T h i s difference probably reflects an effect of 
the larger sample size i n the D D V - I I I . Most l i k e l y the average sample tem
perature lags b e h i n d the furnace temperature; this temperature lag results i n 
the apparent increase i n Tg. A comparison of complex modulus (E*) data at 0 

T E M P E R A T U R E C O 

Figure 7. Dynamic mechanical spec
tra of two replicate MBS-modified 
PVC samples (Sample 135—4, M w = 
2 x J O 5 ; 14 phr MBS) using an auto

mated DDV-II Autovibron. 
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Figure 8. Comparison of dynamic 
mechanical spectra of PVC (Sample 
135-1, M w = 2 x 105) using model 
DDV-III-C (-)and manual DDV-

11 (***) Autovibron. 
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°C reveals an apparent 3 5 % decrease after modif ication of the D D V - I I I , w h i l e 
E * obtained at 0 °C us ing the D D V - I I is 18% lower than the new D D V - I I I 
value. These unexpla ined differences suggest caution should be employed 
w h e n comparing data obtained from different instruments and operators. 

Error analysis for the manual D D V - I I was addressed (9), and the analysis 
should be extended to the automated unit. Errors of up to 50% have been 
reported (9) and were attributed to the instrument compliance, sample y i e l d 
ing and s l ipp ing i n the clamps, sample alignment, the instrument's inert ia , 
variable sample sizes, and structural changes i n the sample dur ing testing. 
E a c h problem needs to be addressed before a thorough understanding of the 
automated unit w i l l be possible, and true material properties can be measured 
w i t h fu l l confidence. 

Figure 9. Comparison of dynamic 
mechanical spectra of PVC (Sample 
135-1, M w = 2 x 10s) using auto
mated DDV-II (O) and DDV-III-C 
Autovibrons after manufacturer s 

revisions (—) at 110 Hz. 
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Figure 10. Dynamic mechanical 
spectra (110 Hz) of MBS-modified 
PVC (Sample 135-4, M w = 2 x 105; 
14 phr MBS) as received (1), after 
7 d at 65 C (2), quenched from 
110 °C (3). These spectra were ob
tained by using the DDV-III-C 

Autivibron after revisions. 

Studies of the effect of thermal history and frequency of P V C and M B S -
modi f ied P V C are under way. Pre l iminary results obtained us ing the D D V -
I I I - C on quenched P V C (quenched from 110 °C i n ice) are shown i n F igure 10 
w i t h respect to an as-received sample. The results show an increase i n damp
ing between Τβ and Τϋ i n the quenched sample s imilar to the results of Struik 
(12). F igure 10 also displays data for a sample that was quenched i n ice from 
110 °C and then annealed at 65 °C for a per iod of 7 d. T h e damping between 0 
and 50 °C clearly had been affected by the aging process i n a manner s imilar to 
data presented by Struik (12). 

The manual Rheovibron is not used easily at frequencies <110 H z , but 
l imi ted results have been obtained using the automated D D V - I I at 35 and 11 
H z . Data i n Figure 11 show the effect of vibrations and resonances on data 

T E M P E R A T U R E (C) 

Figure 11. Dynamic mechanical 
spectra (110 Hz) of a quenched MBS-
modified PVC (Sample 131 -4-Q, 
M w = 7 x 104; 14 phr MBS) run at 
35 Hz using an automated DDV-II 

Autovibron. 
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120 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 12. Effect of frequency on 
dynamic mechanical spectra (14) 
of Minion 12T using DDV-III-C 
Autovibron (before revision). Key: 

x , 110 Hz; and ·, 11 Hz. TEMPERATURE CO 

obtained at 35 H z . A t Γ = - 1 0 °C, the scatter i n E" and tan δ was caused by 
lateral vibration of the sample, clamps, and rods. This problem has been seen 
and discussed by others (9). Results obtained using lower frequencies on the 
D D V - I I I have been less acceptable. Differences of up to 50% have been seen 
i n E" us ing the revised D D V - I I I at a test frequency of 35 H z . T h e manufac
turer is now considering the problem of low-frequency response for the 
D D V - I I I . 

Studies of the effects of frequency and water content on the dynamic 
spectra and fatigue of various reinforced polymers (13) are also i n progress. 

Figure 13. Effect of frequency on 
dynamic mechanical spectra (14) of 
Minion 12T using DDV-III-C Auto
vibron (before revision). Key: x , 

110 Hz; and ·, 3.5 Hz. TEMPERATURE 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

06



6. W E B L E R E T A L . Dynamic Mechanical Spectroscopy 121 

10 

9 

σ 
α. 8 

LU 

ω 
ο 

0. 6% 

Tan D e l t a 

Ο 

Q 

C 
σ 

Ι 
Ο) 

(Μ 
I 

(Μ I 

T E M P E R A T U R E C O 

-3 Figure 14. Effect of water on 
dynamic mechanical spectra (110 
Hz) (14) of Minion 12T using DDV-
III-C Autovibron. Key: x , 0.6% 

H20; and ·, 2.8% H20. 

T y p i c a l best fits for the dynamic spectra for specimens of a mineral-reinforced 
ny lon ( M i n i o n 12T, du Pont) are shown i n Figures 1 2 - 1 5 . Three frequen
cies (3.5, 11, and 110 Hz ) and five water contents (dry, 0.6, 1.3, 2.8, and 4.8%) 
were studied; the data show the trends expected w i t h respect to frequency 
and water content. Apparent activation energies of the pr inc ipa l relaxation 
processes have been estimated to be: 68 k j / m o l (16 kcal/mol) for the β relaxa
t ion , and 160 k j / m o l (39 kcal/mol) for the a transition. T h e curves of the 
frequencies of the maxima i n E" are almost coincidental w i t h those presented 
previously (14) for unmodi f ied ny lon 66. 

T E M P E R A T U R E 

Figure 15. Effect of water on 
dynamic mechanical spectra (110 
Hz) (14) of Minion 12T using DDV-
III-C. Autovibron. Key: x , 1.3% 

H20; and ·, 4.8% H20. 
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Conclusions and Recommendations 

S e v e r a l c o n c l u s i o n s a n d r e c o m m e n d a t i o n s are i n o r d e r a n d are 
m e n t i o n e d h e r e . 

1. A l t h o u g h m a n y p r o b l e m s h a v e b e e n e n c o u n t e r e d , t h e 
A u t o v i b r o n D D V - I I I - C s h o w s p r o m i s e for the c o n v e 
n i e n t d e t e r m i n a t i o n o f d y n a m i c spec t ra o f a v a r i e t y o f 
s t a n d a r d a n d m u l t i p h a s e p o l y m e r sys tems at 110 H z . 

2. F u r t h e r w o r k is n e e d e d o n m e t h o d s for c l a m p i n g a n d 
a l i g n m e n t , the a d j u s t m e n t o f t e n s i o n atT>Tg a n d for 
use at l o w f r e q u e n c i e s . 

3. A t h o r o u g h a n a l y s i s o f errors r e s u l t i n g f r o m i n s t r u m e n t 
c o m p l i a n c e , s a m p l e y i e l d i n g a n d s l i p p i n g i n t h e c l a m p s , 
v a r i a b l e s a m p l e s i zes , a n d i n s t r u m e n t i n e r t i a is n e e d e d 
i n l i g h t o f the recent w o r k w i t h the m a n u a l R h e o v i b r o n ( 9 ) . 

4. F u r t h e r d o c u m e n t a t i o n f r o m the m a n u f a c t u r e r is i n 
order . 
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7 
Transient and Dynamic 
Characterization of 
Viscoelastic Solids 

S. S. S T E R N S T E I N 
Rensselaer Polytechnic Institute, Materials Engineering Department, 
Troy, NY 12181 

This chapter reviews the rudimentary aspects of linear 
viscoelasticity theory as applied to the transient and 
dynamic mechanical characterization of solids. Various 
sources of experimental error are discussed, and a de
tailed derivation of machine and load cell compliance 
corrections as applied to dynamic moduli data is given. 
The Dynastat system and associated computerized data 
acquisition and processing equipment are described. 
This instrument provides closed-loop control of either 
load or displacement covering a frequency range of DC 
to 200 Hz. A transient stress relaxation curve on a glassy 
polymer is given and illustrates the ability of the 
Dynastat to apply a displacement rapidly (15 ms) with
out overshoot or ringing. Dynamic data on a very stiff 
carbon—epoxy laminate (stiffness of 1000 Ν/mm) are 
presented versus both frequency and temperature. The 
effects of the matrix glass transition on the storage and 
loss stiffnesses of the laminate are illustrated. 

J A L P P L I C A T I O N S O F L I N E A R V I S C O E L A S T I C test m e t h o d s a n d data to the 
s t u d y o f p o l y m e r i c s o l i d s , m e l t s , a n d s o l u t i o n s are w e l l d o c u m e n t e d 
(1). T h e t h r e e - d i m e n s i o n a l t h e o r y o f v i s c o e l a s t i c i t y is p r e s e n t e d w i t h 
m a t h e m a t i c a l r i g o r b y C h r i s t e n s e n (2) a n d s o m e e x a m p l e s o f n o n 
l i n e a r v i s c o e l a s t i c b e h a v i o r a n d t h e o r y are a l so g i v e n e l s e w h e r e (3 ,4 ) . 
S o m e e x a m p l e s o f c o m p l e x i t i e s i n t r o d u c e d b y the s i m u l t a n e o u s e x i s 
t e n c e o f b o t h v o l u m e a n d shear l i n e a r v i s c o e l a s t i c processes i n p o l y 
m e r i c s o l i d s are f o u n d i n t h e l i t e r a t u r e (5, 6) . T h e a d d e d c o m p l e x i t i e s 
a s s o c i a t e d w i t h t h r e e - d i m e n s i o n a l effects ( v o l u m e a n d shear p r o 
cesses) , a n i s o t r o p y , a n d n o n l i n e a r i t y w i l l b e i g n o r e d i n th i s c h a p t e r . It 

0065-2393/83/0203-0123$07.25/0 
© 1983 Amer i can C h e m i c a l Society 
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124 P O L Y M E R C H A R A C T E R I Z A T I O N 

is a l so a s s u m e d i n t h i s c h a p t e r that t h e m a t e r i a l i s s u b j e c t e d to a 
s p a t i a l l y u n i f o r m stress a n d s t r a i n . 

I n its s i m p l e s t f o r m , t h e o n e - d i m e n s i o n a l t h e o r y o f l i n e a r v i s 
c o e l a s t i c i t y states that t h e stress σ at t h e p r e s e n t t i m e t i s g i v e n b y 

t . de , /1N 

a(t) = J Er(t - u)~j^du (1) 
—00 

w h e r e Er is the stress r e l a x a t i o n m o d u l u s , a f u n c t i o n o f t i m e , a n d e(u) 
is the s t r a i n h i s t o r y o v e r a l l past t i m e u ^ t. 

A n a l t e r n a t i v e f o r m u l a t i o n o f the t h e o r y g i v e s the s t r a i n at the 
p r e s e n t t i m e e(t) i n t e r m s o f a n a r b i t r a r y l o a d h i s t o r y σ(μ) 

* da 
e(t) = f Dc(t - u)—du (2) 

J du 
— 00 

w h e r e Dc is t h e c r e e p c o m p l i a n c e . E v a l u a t i n g E q u a t i o n 1 for a s tep 
f u n c t i o n i n s t r a i n o c c u r r i n g at t i m e z e r o , that is e(u) = 0 for u < 0 a n d 
e(u) = € 0 for u > 0, o n e o b t a i n s 

ψ-ΕΛ) (3) 

T h i s e x p e r i m e n t d e f i n e s a n i d e a l stress r e l a x a t i o n test . 
S i m i l a r l y , a s tep f u n c t i o n i n stress m a y b e a p p l i e d ^ n a m e l y , a(u) = 

0 for u < 0 a n d σ(η) = σ0 for u > 0, a n d E q u a t i o n 2 m a y b e i n t e g r a t e d 
to o b t a i n 

^ = D c ( i ) (4) 

T h i s e x p e r i m e n t d e f i n e s a n i d e a l c r e e p test . C l e a r l y the h i s t o r i e s that 
d e f i n e Er a n d D c are d i f f e r e n t ; h o w e v e r , t h e s e f u n c t i o n s are r e l a t e d b y 
the s i m u l t a n e o u s s o l u t i o n o f E q u a t i o n s 1 a n d 2 to o b t a i n 

t 
J Er(t - u) Dc(u) du = t (5) 

0 

O n l y for a n e l a s t i c s o l i d w h e r e b o t h Ε a n d D are n o t t i m e d e p e n d e n t 
does o n e o b t a i n ED = 1. 

T h e c ons tant s t r a i n or stress h i s t o r i e s u s e d to d e f i n e t h e m a t e r i a l 
r e s p o n s e f u n c t i o n s Er(t) a n d Dc(t) are b u t t w o o f t h e m a n y p o s s i b l e 
h i s t o r i e s o f d e f o r m a t i o n . A n o t h e r h i s t o r y c o m m o n l y u s e d to d e f i n e 
m a t e r i a l r e s p o n s e is a s i n u s o i d a l s t r a i n (or stress) h i s t o r y . T h i s h i s t o r y 
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7. S T E R N S T E i N Characterization of Viscoelastic Solids 125 

is c o n v e n i e n t l y r e p r e s e n t e d u s i n g p h a s o r n o t a t i o n as i n A C e l e c t r i c a l 
n e t w o r k s , that is 

e(u) = € 0 ei(ÛU (6) 

w h e r e e 0 is t h e s t r a i n a m p l i t u d e , ω is the a n g u l a r f r e q u e n c y o f t h e s i n e 
w a v e ( rad ians p e r s e cond ) , a n d u is h i s t o r i c a l t i m e u ^ t. B y u s i n g 
E q u a t i o n 6 i n E q u a t i o n 1, t h e s t eady state ra t i o o f i n s t a n t a n e o u s stress 
to i n s t a n t a n e o u s s t r a i n is s e e n to c o n s i s t o f b o t h a n i n - p h a s e a n d a n 
out -o f -phase c o m p o n e n t . T h u s , the ra t i o c a n b e e x p r e s s e d as a c o m 
p l e x or d y n a m i c m o d u l u s E * 

alt) 
~^y= E* = E' + iE" (7) 

w h e r e E' r e p r e s e n t s the ra t i o o f i n - p h a s e stress to s t r a i n a n d E " r e p r e 
sents the rat io o f out - o f -phase stress to s t r a i n . T h e out -o f -phase stress 
l e a d s the s t r a i n b y 90° a n d is t h e r e f o r e r e p r e s e n t e d i n E q u a t i o n 7 as 
the i m a g i n a r y par t o f E * . 

A n a l t e r n a t i v e p r o c e d u r e for d e v e l o p i n g E q u a t i o n 7 is g i v e n as 
f o l l o w s . C o n s i d e r that t h e m a t e r i a l m a y b e m o d e l e d as a p a r a l l e l c o m 
b i n a t i o n o f a s p r i n g a n d a d a s h p o t (the s o - c a l l e d K e l v i n - V o i g h t b o d y ) . 
F o r the s p r i n g the stress d e v e l o p e d is p r o p o r t i o n a l to the s t r a i n ( i .e . , 
H o o k e a n e las t i c ) a n d c a n b e w r i t t e n as 

^ (e las t i c ) = ke (8) 

w h e r e k is a s p r i n g constant . T h e d a s h p o t r e p r e s e n t s a N e w t o n i a n 
v i s c o u s r e s p o n s e a n d g i v e s r i s e to a stress p r o p o r t i o n a l to s t r a i n rate , 
n a m e l y 

o-(viscous) = ne (9) 

W h e r e e is the s t r a i n rate a n d η is a v i s c o s i t y constant . I f the s t r a i n is 
s i n u s o i d a l , t h e n 

€ = € 0 s i n <ùt (10a) 

é = e 0 ω cos cot (10b) 

a n d the v i s c o u s stress c o m p o n e n t l e a d s t h e e l a s t i c stress c o m p o n e n t 
b y 90° as s h o w n i n F i g u r e 1. C o m p a r i s o n o f E q u a t i o n s 7 - 1 0 s h o w s 
that , i n t h i s case , the i n - p h a s e m o d u l u s is g i v e n b y E' = k a n d t h e 
out -o f -phase m o d u l u s b y Ε" = τ/ω. 
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126 POLYMER C H A R A C T E R I Z A T I O N 

a(VISCOUS)=^ =ηωί 

6 

I i • cr(ELASTIC) = κε 
Figure 1. Phasor representation of strain (e) and strain rate (è) for a 
dynamic sinusoidal experiment and the resultant elastic and viscous 

material stresses. 

T h e s a m p l e loss factor 

t a n δ = Ε 7 Ε ' = rjœ/k (11) 

is e q u a l to the ra t i o o f e n e r g y d i s s i p a t e d (v i s cous w o r k ) to e n e r g y 
storage (e last i c w o r k ) p e r q u a r t e r c y c l e o f d e f o r m a t i o n . 

A n a l t e r n a t i v e r e p r e s e n t a t i o n o f E q u a t i o n 7 is o f t en u s e d i n the 
s t u d y o f p o l y m e r m e l t s a n d s o l u t i o n s . S u c h m a t e r i a l s are m o r e f l u i d 
t h a n s o l i d a n d i t i s c o n v e n i e n t to d i v i d e the stress b y the s t ra in rate a n d 
no t s t r a i n . T h e c o m p l e x d y n a m i c v i s c o s i t y η* is d e f i n e d as 

4 ^ - = η* = η' - i τ," (12) 

F r o m E q u a t i o n 6, o n e o b t a i n s € = iœe, a n d c o m p a r i n g E q u a t i o n s 7 a n d 
12, w e f i n d that 

V = E " / o > a n d V ' =ΕΊω (13) 

T h u s , t h e v i s c o s i t y η o f E q u a t i o n 9 i s a c t u a l l y t h e i n - p h a s e d y n a m i c 
v i s c o s i t y η ' . 

T h u s far, t w o b a s i c test m e t h o d s h a v e b e e n c o n s i d e r e d ; n a m e l y , 
t r a n s i e n t m e t h o d s as d e f i n e d b y the i d e a l stress r e l a x a t i o n e x p e r i 
m e n t , E q u a t i o n 3, a n d the i d e a l c r e e p e x p e r i m e n t , E q u a t i o n 4, a n d the 
d y n a m i c m e t h o d as d e f i n e d b y E q u a t i o n s 6—13. T h e s e t w o m e t h o d s 
h a v e d i f f e rent l i m i t a t i o n s a n d e x p e r i m e n t a l d i f f i c u l t i e s as d i s c u s s e d 
la ter . It is a p p r o p r i a t e , h o w e v e r , to c o n s i d e r f i rst t h e t h e o r e t i c a l ( ideal ) 
r e l a t i o n s h i p b e t w e e n t r a n s i e n t a n d d y n a m i c data . 

S u b s t i t u t i n g E q u a t i o n 6 for a d y n a m i c s t r a i n h i s t o r y i n E q u a t i o n 1 
g i v e s E q u a t i o n 7, w h e r e t h e s teady state E' a n d E" are g i v e n b y 
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7. S T E R N S T E i N Characterization of Viscoelastic Solids 127 
00 

E ' (ω) = Ee + ω J [Er(t) - Ee]sm ωΐ dt (14) 
ο 

Ε"(ω) = ω fQ [Er(t) - E e ] c o s ωί dt (15) 

w h e r e E e = Ε Γ (°°) , the e q u i l i b r i u m v a l u e o f t h e stress r e l a x a t i o n m o d 
u l u s . T h e s e e q u a t i o n s m a y b e i n v e r t e d to o b t a i n the stress r e l a x a t i o n 
m o d u l u s f r o m e i t h e r Ε ' or Ε" as f o l l o w s : 

Er(t) =Ee+%\ [ Ε ' ( ω ) " Ee]^^-da> (16) 

2 r°° cos cot 
Er(t) =Ee + — J E » dm (17) 

ο ω 

G i v e n the stress r e l a x a t i o n m o d u l u s Er(t), E q u a t i o n s 14 a n d 15 
m a y b e u s e d to c o m p u t e the c o m p o n e n t s o f the c o m p l e x m o d u l u s at 
a n y d e s i r e d f r e q u e n c y ω . C l e a r l y , r e l a x a t i o n d a t a at a l l t i m e s t f r o m 
z e r o to i n f m i t y are r e q u i r e d to e v a l u a t e these i n t e g r a l s . C o n v e r s e l y , i t 
is c l e a r f r o m E q u a t i o n s 16 a n d 17 that d y n a m i c d a t a at a l l f r e q u e n c i e s 
f r o m z e r o to i n f i n i t y are r e q u i r e d to p r e d i c t t h e stress r e l a x a t i o n m o d 
u l u s at a n y t i m e t. 

I n t h e o r y , a n y o n e o f t h e f u n c t i o n s [E r ( f ) , Dc(t), Ε ' ( ω ) , Ε"(ω)] c o n 
ta ins a l l o f the n e c e s s a r y i n f o r m a t i o n r e q u i r e d to c o m p u t e the o t h e r 
f u n c t i o n s . T h e d i f f i c u l t y i n i m p l e m e n t i n g t h i s s ta tement rests w i t h the 
e x p e r i m e n t a l i m p o s s i b i l i t y o f o b t a i n i n g m e a n i n g f u l stress r e l a x a t i o n 
data or c r e e p data o v e r a l l t i m e s , or d y n a m i c data o v e r a l l f r e q u e n c i e s . 
T h e sources o f e r r o r a s s o c i a t e d w i t h e a c h m o d e o f t e s t i n g are d i s t i n c t 
a n d r e q u i r e d i f f e r e n t c o n s i d e r a t i o n s . B e f o r e e x a m i n i n g s o m e o f these 
h o w e v e r , i t is a p p r o p r i a t e to c o n s i d e r a s p e c i f i c e x a m p l e o f E q u a t i o n s 
3, 14, a n d 15 a n d i n t r o d u c e t h e c o n c e p t o f a m a t e r i a l r e l a x a t i o n t i m e 
that is q u i t e u s e f u l i n t h e e x p e r i m e n t a l c o n t e x t b u t u n n e c c e s s a r y i n 
the t h e o r e t i c a l t r e a t m e n t . 

L e t us s u p p o s e that a stress r e l a x a t i o n e x p e r i m e n t is p e r f o r m e d 
a n d that the o b s e r v e d r e s p o n s e is that o f a s i m p l e e x p o n e n t i a l d e c a y o f 
stress, n a m e l y 

Er(t) = A e~t,r + Ee (18) 

T h e cons tant τ has d i m e n s i o n s o f t i m e a n d is r e f e r r e d to as a r e l a x a t i o n 
t i m e . N o t e t h a t E r ( 0 ) =A +Ee a n d E r H =Ee. T h u s , A is t h e s t r e n g t h 
o f the r e l a x a t i o n a n d τ is i ts t i m e constant . M a t e r i a l s g e n e r a l l y r e q u i r e 
a d i s t r i b u t i o n o f r e l a x a t i o n t i m e s to d e s c r i b e t h e i r l i n e a r v i s c o e l a s t i c 
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128 P O L Y M E R C H A R A C T E R I Z A T I O N 

r e s p o n s e . N e v e r t h e l e s s , i t is u s e f u l to c o n s i d e r a n i d e a l i z e d s i t u a t i o n 
o f a s i n g l e r e l a x a t i o n t i m e . 

C o m b i n i n g E q u a t i o n s 14, 15, a n d 18 a n d p e r f o r m i n g the r e q u i r e d 
i n t e g r a t i o n s g i v e for t h e c o m p o n e n t s o f the c o m p l e x m o d u l u s 

Ε ' ( ω ) - Ee ω 2 τ 2 

A 1 + ω 2 τ 2 

Ε » ωτ 

A " 1 + ω 2 τ 2 

(19a) 

(19b) 

T h e s e e q u a t i o n s are p l o t t e d vs . the d i m e n s i o n l e s s v a r i a b l e ωτ i n F i g 
ure 2. N o t e that the r e a l (or in -phase ) c o m p o n e n t is s i g m o i d a l l y s h a p e d 
a n d that the f r e q u e n c y at w h i c h t h e i n f l e c t i o n p o i n t o c c u r s is g i v e n b y 
ωτ = 1 o r ω = Ι/τ. A t th i s same f r e q u e n c y , the i m a g i n a r y (or out-of -
phase ) m o d u l u s goes t h r o u g h a m a x i m u m . B o t h E ' a n d E" are r e l a 
t i v e l y f lat w i t h f r e q u e n c y w h e n ω τ < 0.1 a n d ωτ > 10. I t f o l l o w s that a 

Figure 2. The storage modulus (Ε') component of dynamic modulus for 
a single relaxation time process as a function of reduced frequency ωτ, 
where ω is frequency (radians per second) and τ is the relaxation time 
(top); and the loss modulus (E") component of dynamic modulus for 

a single relaxation time process (bottom). 
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7. S T E R N S T E i N Characterization of Viscoelastic Solids 129 

m a t e r i a l h a v i n g a s i g n i f i c a n t stress r e l a x a t i o n c o m p o n e n t o c c u r r i n g i n 
a t i m e s c a l e τ χ ( seconds) w i l l h a v e a c o r r e s p o n d i n g d y n a m i c a c t i v i t y at 
a f r e q u e n c y o f ω ! ( rad ians p e r second) or ω/27Γ H z , w h e r e ωχ = 1/τν F o r 
a d i s t r i b u t i o n o f r e l a x a t i o n t i m e s E q u a t i o n s 19a a n d 19b are r e a d i l y 
g e n e r a l i z e d (see R e f e r e n c e 1). I n t h e o r y , t h e n , the same i n f o r m a t i o n is 
c o n t a i n e d i n t r a n s i e n t a n d d y n a m i c data . T h e n e c e s s i t y o f d o i n g b o t h 
t r a n s i e n t a n d d y n a m i c e x p e r i m e n t s is d u e to e x p e r i m e n t a l l i m i t a t i o n s 
a n d sources o f e r ror . 

Machine Compliance 

A n e x a m p l e o f e x p e r i m e n t a l e r r o r that affects b o t h t r a n s i e n t a n d 
d y n a m i c d a t a is that o f m a c h i n e c o m p l i a n c e . O f t e n i t is n e c e s s a r y to 
m e a s u r e t h e d i s p l a c e m e n t o f o n e e n d o f a s a m p l e r e l a t i v e to a s u p 
p o s e d l y f i x e d o t h e r e n d o f a s a m p l e to d e t e r m i n e the s a m p l e s t r a i n . 
M a n y s a m p l e g e o m e t r i e s a n d m a t e r i a l s d o n o t l e n d t h e m s e l v e s to t r u e 
s t r a i n m e a s u r e m e n t s o b t a i n e d d i r e c t l y o n t h e s p e c i m e n , e.g. , b y s t r a i n 
gauges . I n fact, s p e c i m e n m o u n t e d t r a n s d u c e r s m a y g i v e r i s e to as 
m a n y p r o b l e m s as t h e y s o l v e u n d e r c e r t a i n c i r c u m s t a n c e s . 

I n t h i s s e c t i o n , t h e n e c e s s a r y m a t h e m a t i c s are d e v e l o p e d for t h e 
c o r r e c t i o n o f d y n a m i c d a t a d u e to f i n i t e m a c h i n e c o m p l i a n c e . C o n 
s i d e r a s p e c i m e n that is d i r e c t l y i n ser ies w i t h a n e l a s t i c s p r i n g as 
s h o w n i n F i g u r e 3. T h e s p r i n g c o m p l i a n c e ( d i s p l a c e m e n t / l o a d ) S i s 
i n t e n d e d to r e p r e s e n t t h e c o m b i n e d c o m p l i a n c e o f the l o a d c e l l , 
m a c h i n e frame, j a w s , a n d e x t e n s i o n rods . I n a p e r f e c t s y s t e m S w o u l d 
b e z e r o , a n d a m e a s u r e m e n t o f d i s p l a c e m e n t ( X i n F i g u r e 3) w o u l d b e 
t h e t r u e d i s p l a c e m e n t o f t h e s a m p l e . U n f o r t u n a t e l y , S is n e v e r z e r o ; at 
t h e v e r y l eas t t h e l o a d c e l l a l w a y s e x h i b i t s s o m e d i s p l a c e m e n t . T o 
w h a t ex tent , t h e n , does a n o n z e r o S affect d y n a m i c m e a s u r e m e n t s o f 
E * , e s p e c i a l l y for s t i f f s o l i d s ? 

A r e a s o n a b l e a s s u m p t i o n for the apparatus d e s c r i b e d i n t h i s 
c h a p t e r is that t h e m a c h i n e f r a m e a n d l o a d c e l l are p u r e l y e l a s t i c . I t 
f o l l o w s that S is a r e a l n u m b e r i n the f o l l o w i n g d e r i v a t i o n . S a m p l e 
i n e r t i a i s n o t c o n s i d e r e d e i t h e r , w h i c h is t a n t a m o u n t to a s s u m i n g that 
a l l p o s i t i o n s i n the s a m p l e are s u b j e c t e d to the same stress at the same 
t i m e . A t s u f f i c i e n t l y h i g h f r e q u e n c i e s , d e p e n d i n g o n t h e s a m p l e d i 
m e n s i o n s , d e n s i t y , a n d m o d u l u s , w a v e p r o p a g a t i o n effects w i l l d o m i 
nate a n d the s a m p l e w i l l no t b e u n i f o r m l y s t ressed at e a c h i n s t a n t o f 
t i m e . B e c a u s e t h e apparatus d e s c r i b e d h e r e is d e s i g n e d for u n i f o r m 
stress m e a s u r e m e n t s , w a v e p r o p a g a t i o n effects w i l l no t b e c o n s i d e r e d . 

W i t h r e f e r e n c e to F i g u r e 3, the t o ta l (measured ) d i s p l a c e m e n t is 
X , the m a c h i n e d i s p l a c e m e n t d u e to t h e n o n z e r o c o m p l i a n c e S is Z, 
a n d the t r u e s a m p l e d i s p l a c e m e n t is g i v e n b y Y, w h e r e 

Y = X - Z = X - S F (20) 
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130 P O L Y M E R C H A R A C T E R I Z A T I O N 

LOAD CELL a FRAME 
COMPLIANCE S 

SAMPLE 

FORCE 

Figure 3. Schematic of a test frame showing a finite machine com
pliance S. Key: X, overall displacement; and Z, machine and load cell 

displacement only. 

a n d X , Y, a n d Ζ are c o m p l e x n u m b e r s . N o t e that Y a n d X are g e n e r a l l y 
no t i n p h a s e b e c a u s e t h e m a c h i n e d i s p l a c e m e n t Ζ i s i n p h a s e w i t h t h e 
l o a d F a n d no t t h e to ta l d i s p l a c e m e n t X . T h e a p p a r e n t d y n a m i c sti f f 
ness R* i s d e f i n e d b y t h e r e l a t i o n 

F = R* X = (R' + iR") X (21) 

a n d represents the a m p l i t u d e a n d p h a s e r e l a t i o n s h i p o f F to X . 
T h e t rue (or d e s i r e d ) d y n a m i c st i f fness o f the s a m p l e is d e n o t e d 

b y M * a n d d e f i n e d b y the a m p l i t u d e a n d p h a s e r e l a t i o n s h i p b e t w e e n 
F a n d Y, n a m e l y 

F = M * Y = (Μ' + iM") Y (22) 

T h e s a m p l e d y n a m i c m o d u l u s E * (see E q u a t i o n 7) is r e l a t e d to t h e 
d y n a m i c st i f fness M * b y a f o r m factor Β that i n v o l v e s o n l y the s a m p l e 
g e o m e t r y factors a n d test m o d e (e.g., shear or t e n s i o n ) , that is E * = 
B M * . F o r the p r e s e n t p u r p o s e the f o r m factor s i m p l y r e p r e s e n t s a 
n u m e r i c a l s c a l i n g factor. T h u s , i t is n e c e s s a r y to o b t a i n M * i n t e r m s o f 
the m e a s u r e d R * . 
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7. STERNSTEIN Characterization of Viscoelastic Solids 131 

C o m b i n i n g E q u a t i o n s 20—22 g i v e s 

F = M * Y = M * (Χ - S F ) = R * Χ (23) 

w h i c h rearranges to g i v e 

( M * - R * ) X = M * S F = M * S R * X 

S o l v i n g for M * g i v e s 

R * 
M * = , — - 2 4 

1 - S R * v 7 

T h e c o m p o n e n t s o f M * are g i v e n b y 

R ' (1 - S R ' ) - S ( R " ) 2 

M ' = — i ^ (25a) 

M " = | - (25b) 

w h e r e 

D = (1 - S R ' ) 2 + ( S R " ) 2 (25c) 

A f t e r s ome a l g e b r a , i t c a n b e s h o w n that the m a g n i t u d e o f M * is g i v 
e n b y 

|R*| 
|M*| = 1 — L (26) 

V D 

T h e loss factor o f the s a m p l e is g i v e n b y Μ'ΊΜ' = t a n δ a n d is o b t a i n e d 
d i r e c t l y f r o m E q u a t i o n s 2 5 a a n d 2 5 b . A f t e r s o m e a l g e b r a i c m a n i p u l a 
t i o n , o n e ob ta ins 

M " t a n β 
t a n δ = = (27) 

Μ' 1 - S R ' ( 1 + tan 2 )8 ) 

w h e r e t a n β = R 7 R ' , the a p p a r e n t (measured ) v a l u e o f loss factor 
w i t h o u t c o m p l i a n c e c o r r e c t i o n . T h e c o r r e c t i o n is n o n l i n e a r w i t h r e 
spect to t a n β. 
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132 P O L Y M E R C H A R A C T E R I Z A T I O N 

F o r s a m p l e s that are h i g h l y e l a s t i c ( l o w loss) , i . e . , w i t h t a n β « 1, 
E q u a t i o n 2 7 c a n b e a p p r o x i m a t e d b y 

t a n δ == 
t a n / 3 

1 - SRf 

(28) 

C l e a r l y , e v e n for t h i s case t h e c o m p l i a n c e c o r r e c t i o n c a n b e l a r g e i f 
t h e s a m p l e st i f fness R' t i m e s t h e m a c h i n e c o m p l i a n c e S is s i g n i f i 
c a n t l y l a rge . 

F i n a l l y , t h e t r u e s a m p l e d i s p l a c e m e n t a m p l i t u d e r e l a t i v e to t h e 
o v e r a l l d i s p l a c e m e n t a m p l i t u d e is g i v e n b y 

= V d (29) 

T h e v e c t o r r e l a t i o n s h i p s a m o n g Χ , Y , Z , t a n β, a n d t a n δ are s h o w n i n 
F i g u r e 4. 

T h e m a c h i n e c o m p l i a n c e S m a y b e o b t a i n e d e i t h e r b y r e p l a c i n g 
t h e s a m p l e w i t h a n e x c e e d i n g l y s t i f f ( r i g i d ) s t e e l s p e c i m e n a n d 
m e a s u r i n g d i s p l a c e m e n t v s . force i n a static test or b y p e r f o r m i n g a 

ν 

Y= x - z 

Figure 4. Phasor representation of the force (F), machine displacement 
(Z), overall displacement (X), corrected sample displacement (Y), mea
sured viscoelastic loss factor (tan β), and true sample loss factor (tan δ). 
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7. S T E R N S T E i N Characterization of Viscoelastic Solids 133 

d y n a m i c test o n t h e r i g i d s p e c i m e n . T o t h e d e g r e e o f a p p r o x i m a t i o n 
that t h e s a m p l e is r i g i d , t h e n Y = 0 a n d from E q u a t i o n s 2 9 a n d 2 5 c , 
one o b t a i n s R" = 0 a n d S = 1/R' . 

C o m p l i a n c e tests o n the D y n a s t a t s y s t e m d e s c r i b e d u n d e r " I n 
s t r u m e n t a t i o n " g i v e the v a l u e o f S as t y p i c a l l y 0 .002 m m / k g . C o r r e c 
t i ons o f l ess t h a n 5 % ( E q u a t i o n 29) are t y p i c a l for r i g i d g lassy p o l y 
m e r s s u c h as p o l y m e t h y l m e t h a c r y l a t e ( P M M A ) h a v i n g a d i a m e t e r o f 5 
m m a n d a gauge l e n g t h o f 2 5 - 5 0 m m . C o r r e c t i o n s o f l ess t h a n 1% are 
t y p i c a l for r u b b e r y s a m p l e s . 

T h e D y n a s t a t s y s t e m a u t o m a t i c a l l y p e r f o r m s t h e c o r r e c t i o n s 
g i v e n i n E q u a t i o n s 2 4 - 2 9 u s i n g d i g i t a l c o m p u t a t i o n s s u p p l i e d as p a r t 
o f t h e so f tware a s s o c i a t e d w i t h t h e D y n a l y z e r a n d s c a l i n g u n i t . T h u s , 
m e a n i n g f u l d y n a m i c d a t a c a n b e o b t a i n e d o n v e r y r i g i d s p e c i m e n s 
s u c h as c a r b o n — e p o x y l a m i n a t e s ( d i s c u s s e d later) e v e n t h o u g h t h e 
c o m p l i a n c e c o r r e c t i o n is as l a r g e as 4 0 % . T y p i c a l l y , d y n a m i c m o d u l i 
o n s u c h s t i f f s p e c i m e n s are o b t a i n e d at d i s p l a c e m e n t l e v e l s as l o w as 
1 0 - 5 0 μιη. 

I n a d d i t i o n to the m a c h i n e c o m p l i a n c e factor , t h e ef fect o f l o a d 
c e l l a s s e m b l y r e s o n a n c e m u s t b e c o n s i d e r e d as i t re lates to the m e a 
s u r e d vs . a c t u a l s a m p l e force a m p l i t u d e s . T h i s ef fect has b e e n d i s 
c u s s e d i n d e t a i l e l s e w h e r e (7). Su f f i c e i t to say that t h i s i n e r t i a l cor 
r e c t i o n is p e r f o r m e d a u t o m a t i c a l l y o n d y n a m i c data p r o c e s s e d b y t h e 
D a t a l y z e r . 

Instrumentation 

T h e t r a n s i e n t a n d d y n a m i c t e s t i n g apparatus d e s c r i b e d h e r e w a s 
d e v e l o p e d i n t h i s l a b o r a t o r y i n i t i a l l y for t h e v i s c o e l a s t i c c h a r a c t e r i z a 
t i o n o f g lassy p o l y m e r s . I t is n o w a v a i l a b l e c o m m e r c i a l l y as t h e 
D y n a s t a t . A c o m p l e t e s y s t e m c o n s i s t i n g o f t h e D y n a s t a t , D y n a l y z e r , 
s c a l i n g u n i t , a n d D y o a t h e r m is s h o w n i n F i g u r e 5. A d d i t i o n a l i n 
s t r u m e n t a t i o n n o t s h o w n is a l so d e s c r i b e d . 

T h e test f rame o f the D y n a s t a t c o n t a i n s t h e l o a d c e l l w i t h ad jus t 
a b l e s a m p l e gauge l e n g t h p r o v i s i o n s , a l i n e a r m o t o r c o n s i s t i n g o f a 
p e r m a n e n t m a g n e t a n d s p i d e r s u s p e n d e d c o i l w o u n d o n a l i g h t w e i g h t 
c o i l f o r m , a l o w e r p u s h - p u l l r o d r i g i d l y c o u p l e d to the m o t o r c o i l a n d 
m o u n t e d i n a n a i r b e a r i n g for t ransverse s t i f fness , t w o d i s p l a c e m e n t 
t r a n s d u c e r s c o n n e c t e d to t h e l o w e r p u s h r o d , a t e m p e r a t u r e c h a m b e r , 
a n d a s s o c i a t e d c o n t r o l f eatures . 

T h e l o a d c e l l is a d u a l a c t i o n ( t e n s i o n — c o m p r e s s i o n ) b e a m t y p e 
h a v i n g v e r y l o w c o m p l i a n c e a n d a range o f ± 5 0 k g . T h e l o a d r a n g e o f 
the D y n a s t a t is ± 1 0 k g f u l l s ca le w i t h the a s s o c i a t e d e l e c t r o n i c g a i n 
set u p to g i v e a f u l l s ca le o u t p u t o f ± 1 0 V . T h i s c o n f i g u r a t i o n e f fec 
t i v e l y decreases t h e l o a d c e l l c o m p l i a n c e b y a factor o f 5 r e l a t i v e t o t h e 
use o f a 1 0 - k g l o a d c e l l . 
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7. S T E R N S T E i N Characterization of Viscoelastic Solids 135 

O n e o f t h e t w o d i s p l a c e m e n t t r a n s d u c e r s has a r a n g e o f ± 0 . 5 m m 
for a f u l l sca le o u t p u t o f ± 1 0 V a n d is m o u n t e d i n a p r e c i s i o n z e r o i n g 
d e v i c e that m a y b e set at a n y p o s i t i o n i n t h e s troke range o f t h e i n 
s t r u m e n t . T h e s e c o n d d i s p l a c e m e n t t r a n s d u c e r has a range o f ± 5 m m 
f u l l sca le a n d is f i x e d i n p o s i t i o n . T h i s t r a n s d u c e r m o n i t o r s t h e f u l l 
sca le d i s p l a c e m e n t c a p a b i l i t i e s o f the D y n a s t a t . D u a l e l e c t r o n i c s are 
p r o v i d e d w h i c h e n a b l e e i t h e r d i s p l a c e m e n t t r a n s d u c e r to b e u s e d for 
c l o s e d - l o o p o p e r a t i o n , b u t a l l o w b o t h t r a n s d u c e r s to b e u s e d for 
o u t p u t o f data . T h i s a r r a n g e m e n t is p a r t i c u l a r l y u s e f u l w h e n p e r 
f o r m i n g d y n a m i c tests o n c o m p l i a n t m a t e r i a l s s u c h as r u b b e r w h e r e 
the 5 - m m t r a n s d u c e r is u s e d to c o n t r o l the static a n d d y n a m i c d i s 
p l a c e m e n t b u t the 0 . 5 - m m t r a n s d u c e r c a n b e p o s i t i o n e d to a c c o u n t for 
the static d i s p l a c e m e n t w h i l e i t is u s e d to m o n i t o r the d y n a m i c s i g n a l . 
T h i s p r o v i d e s for a 10 :1 i m p r o v e m e n t i n the d y n a m i c s i g n a l - t o - n o i s e 
rat io . S i m i l a r l y , i n c l o s e d - l o o p l o a d c o n t r o l , the a b i l i t y to p o s i t i o n t h e 
0 . 5 - m m t r a n s d u c e r a l l o w s o n e to e l i m i n a t e the offset d i s p l a c e m e n t 
d u e to a static p r e l o a d . 

T h e m a i n c o n t r o l u n i t o f the D y n a s t a t c o n t a i n s t h e t r a n s d u c e r 
c o n d i t i o n i n g c i r c u i t s , p r o g r a m a n d servo c o n t r o l s , l o g i c c i r c u i t s , a n d 
c a l i b r a t i o n a n d p r o t e c t i o n c i r c u i t s . T h e l o a d c i r c u i t a n d t w o d i s p l a c e 
m e n t t r a n s d u c e r c i r c u i t s c o n t a i n d y n a m i c f i l t e rs that are p h a s e 
m a t c h e d to w i t h i n 1% at 2 0 0 0 H z , t h e r e b y e n s u r i n g n e g l i g i b l e p h a s e 
shi f t at or b e l o w 2 0 0 H z . T h e p r o g r a m c o n t r o l a l l o w s for t w o static 
c o m m a n d s to b e p r e s e t i n l e v e l a n d s i g n ( t e n s i o n or c o m p r e s s i o n ) a n d 
for c o n t r o l o f a d y n a m i c (or external ) p r o g r a m s i g n a l . A l l p r o g r a m 
s w i t c h i n g is l o g i c c o n t r o l l e d , a n d s w i t c h c l o s u r e s are d e b o u n c e d . T h i s 
is e s p e c i a l l y i m p o r t a n t i n t r a n s i e n t tests at v e r y short t i m e s . E x t e r n a l 
c o n t r o l o f the p r o g r a m f u n c t i o n s is p r o v i d e d for a u t o m a t e d t r a n s i e n t 
a n d d y n a m i c tests ( d i s c u s s e d later ) . 

T h e servo s y s t e m p r o v i d e s for c l o s e d - l o o p c o n t r o l u s i n g l o a d or 
e i t h e r d i s p l a c e m e n t t r a n s d u c e r for f e e d b a c k . A l l f e e d b a c k c i r c u i t s i n 
c l u d i n g the p o w e r a m p l i f i e r are D C c o u p l e d to p r o v i d e for l o n g - t e r m 
static c o n t r o l (e.g., i n c r e e p or stress r e l a x a t i o n e x p e r i m e n t s ) . T h e 
servo c o m p e n s a t i o n c i r c u i t s are opera tor ad jus tab l e f r o m t h e f ront 
p a n e l a n d c a n b e o p t i m i z e d for a n y s a m p l e s i ze or g e o m e t r y , a n d t h e 
t y p e o f test ( t rans ient or d y n a m i c ) . A l o n g - t e r m c o n t r o l s t a b i l i t y o f 1 
par t i n 10,000 f u l l scale i n a t r a n s i e n t test is c o m m o n l y a c h i e v e d . 
D y n a m i c tests c a n b e p e r f o r m e d at f r e q u e n c i e s to 2 0 0 H z . 

S e v e r a l features o f the D y n a s t a t are p a t e n t e d (8) a n d a m o n g these 
is a r i s e t i m e c o n t r o l c i r c u i t that a l l o w s step f u n c t i o n s i n l o a d or d i s 
p l a c e m e n t to b e i m p o s e d o n the s a m p l e w i t h o u t o v e r s h o o t b u t w i t h 
the r i s e t i m e o f a n u n d e r d a m p e d servo . F i g u r e 6 g i v e s a n e x a m p l e that 
s h o w s a stress r e l a x a t i o n e x p e r i m e n t o n a g lassy P M M A s a m p l e . T h e 
s t r a i n t r a n s i e n t is 9 0 % c o m p l e t e i n a b o u t 15 m s , b u t t h e r e is n o o v e r -
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shoot . A c o n v e n t i o n a l servo c o m p e n s a t i o n s c h e m e w o u l d g i v e o v e r 
shoot i f the same r i s e t i m e w a s u s e d or w o u l d h a v e a m u c h s l o w e r 
r i s e t i m e i f n o o v e r s h o o t w a s c a l l e d for. I n t e r e s t i n g l y , a b o u t 1 7 % stress 
r e l a x a t i o n occurs i n the g lassy P M M A w i t h i n 1 s o f s t r a i n i n g . D y n a m i c 
data o n P M M A c o r r e s p o n d i n g l y s h o w a p e a k i n E" at 1 - 1 0 H z , a n d 
th i s is r e f e r r e d to as the /3 - re laxat ion . 

T e m p e r a t u r e p r o g r a m m i n g a n d c o n t r o l is a c c o m p l i s h e d u s i n g a 
D y n a t h e r m that e m p l o y s a m i c r o p r o c e s s o r - b a s e d d i g i t a l s e rvo s y s t e m 
that c a n c o n t r o l o n e to f i v e h e a t i n g a n d c o o l i n g r e l a y s as w e l l as a l o w 
v o l t a g e servo f o l l o w e r for so l id - s tate p o w e r a m p l i f i e r s . T e m p e r a t u r e 
p r o g r a m m i n g is f l e x i b l e a n d c a n b e set b e t w e e n - 2 0 0 a n d 750 °C 
u s i n g f r o m 1 to 9 9 t e m p e r a t u r e i n c r e m e n t s . I n c r e m e n t steps c a n b e 
c o n t r o l l e d b y t i m e a l o n e or b y a t e m p e r a t u r e — t i m e c r i t e r i o n . T h e 
la t ter case is m o s t u s e f u l w h e n r h e o l o g i c a l da ta o n i s o t h e r m a l s a m p l e s 
is d e s i r e d . A soak t i m e o f a n y v a l u e b e t w e e n 0.1 a n d 99 .9 m i n c a n b e 
set to c o m m e n c e w h e n t h e t e m p e r a t u r e c h a m b e r is w i t h i n a t e m p e r 
ature w i n d o w set b y the operator . A t the c o m p l e t i o n o f e a c h soak 
c y c l e , the D y n a t h e r m i s s u e s a start s i g n a l for t h e a u t o m a t i c t r a n s i e n t 
or d y n a m i c test to b e g i n a n d w i l l no t c h a n g e t e m p e r a t u r e u n t i l t h e test 
is c o m p l e t e . 

T h e servo set t ings o n the D y n a t h e r m are ad jus tab l e o v e r a w i d e 
r a n g e . F o r e x a m p l e , t h e t h e r m a l t i m e c o n s t a n t o f the c h a m b e r to b e 
c o n t r o l l e d c a n b e set b e t w e e n 1 m i n a n d 88 h u s i n g l o g a r i t h m i c a l l y 
s p a c e d v a l u e s . I n p r a c t i c e , t e m p e r a t u r e c o n t r o l to ± 0 . 1 °C c a n b e 
a c h i e v e d w i t h o u t offset e r r o r b e c a u s e t h e D y n a t h e r m c a n b e u s e d as a 
t o t a l l y i n t e g r a l c o n t r o l l e r (no p r o p o r t i o n a l c ont ro l ) . C o n v e n t i o n a l p r o 
p o r t i o n a l c o n t r o l w i t h i n t e g r a l reset is a l so p r o v i d e d . T h e d a m p i n g 
factor for t h e s y s t e m m a y b e set to p r o v i d e n o o v e r s h o o t after p r o g r a m 
t e m p e r a t u r e c h a n g e s . T h i s f eature is u s e f u l w h e n t e m p e r a t u r e o v e r 
shoot m a y r e s u l t i n a n u n w a n t e d s a m p l e r e a c t i o n , e.g., d u r i n g t h e r -
m o s e t c u r e s t u d i e s . 

W h e n u s e d w i t h t h e D y n a s t a t t e m p e r a t u r e c h a m b e r , t h e opera t 
i n g range is — 1 5 0 - 2 2 5 °C. B e l o w a m b i e n t t e m p e r a t u r e , a l i q u i d n i t r o 
g e n s u p p l y is u s e d to p r o v i d e c o o l i n g . C o n t i n u o u s a n d i n t e r m i t t e n t 
s u p p l y s o l e n o i d s a n d a h e a t e r are c o n t r o l l e d b y t h e D y n a t h e r m . T h e 
servo system controls the d u t y cyc les o f the heater a n d in termi t tent f l o w 
s o l e n o i d . A b o v e a m b i e n t temperature the system automat i ca l ly swi tches 
to a h e a t e d a i r s y s t e m w i t h s e r v o - c o n t r o l l e d heat . T h i s s y s t e m p r o 
v i d e s p r o g r a m m e d c o o l i n g at e l e v a t e d t e m p e r a t u r e s at n e a r l y t h e 
same rate as h e a t i n g . T e m p e r a t u r e s e n s i n g is b y a p l a t i n u m r e s i s t a n c e 
t h e r m o m e t e r ad jacent to t h e s a m p l e . T h e t e m p e r a t u r e c h a m b e r c o n 
ta ins a u n i q u e f l o w d i s t r i b u t i o n baf f le that e f f e c t i v e l y e l i m i n a t e s g r a 
d i e n t s . T e m p e r a t u r e c o n t r o l is t y p i c a l l y ± 0 . 1 °C for i n d e f i n i t e t i m e . 
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D y n a m i c m o d u l u s m e a s u r e m e n t s are m a d e w i t h t h e a i d o f t h e 
D y n a l y z e r , a l so a m i c r o p r o c e s s o r - b a s e d i n s t r u m e n t . T h i s u n i t g e n e r 
ates t h e r e f e r e n c e s i n e w a v e that is u s e d as t h e e x t e r n a l p r o g r a m i n p u t 
to the Dynastat . T h e s ine w a v e is generated d i g i t a l l y u s i n g a 1024-word , 
12 -b i t d i g i t a l - t o - a n a l o g c o n v e r s i o n . T h e l o a d a n d d i s p l a c e m e n t o u t p u t 
s igna ls f r o m the D y n a s t a t are u s e d as i n p u t s to the D y n a l y z e r a n d are 
s a m p l e d u s i n g a 14 -b i t a n a l o g - t o - d i g i t a l ( A / D ) c o n v e r t e r . P r i o r to the 
A / D c o n v e r s i o n , a d i g i t a l f e e d b a c k s c h e m e is u s e d to r e m o v e t h e D C 
c o m p o n e n t o f the i n p u t s i g n a l a n d autorange the d y n a m i c s i g n a l for 
e a c h i n p u t . G a i n s o f x l ( ± 1 0 V ) , x 10 ( ± 1 V ) a n d x l O O ( ± 1 0 0 m V ) are 
p r o v i d e d . T h i s s c h e m e a l l o w s a 5 0 - m V d y n a m i c s i g n a l r i d i n g o n a 
9 . 9 - V stat ic s i g n a l to b e p r o c e s s e d u s i n g t h e x 100 r a n g e for o p t i m u m 
r e s o l u t i o n . 

T h e f r e q u e n c y r a n g e o f t h e D y n a l y z e r i s 0 .1 — 1 9 9 . 9 H z , o r 
0 .01—99.99 H z o p t i o n a l l y . F r e q u e n c y s w e e p s m a y b e p e r f o r m e d 
l i n e a r l y u s i n g u p to 99 f r e q u e n c y v a l u e s b e t w e e n the start a n d stop 
v a l u e s , or l o g a r i t h m i c a l l y u s i n g e i t h e r 5 or 10 po in t s p e r d e c a d e . S e r i a l 
A S C I I c o d e d data outputs (RS-232) o f f r e q u e n c y , t e m p e r a t u r e , l o a d 
a m p l i t u d e , d i s p l a c e m e n t a m p l i t u d e , a n d c o m p l e x m o d u l u s ( E * , t a n δ, 
Ε ' , a n d Ε") a re p r o v i d e d . T h e D y n a l y z e r h a n d s h a k e s w i t h t h e 
D y n a t h e r m for p r o v i d i n g automat i c t e m p e r a t u r e a n d f r e q u e n c y s w e e p s . 

T h e c o m p l e x m o d u l u s v a l u e s are o b t a i n e d u s i n g a F o u r i e r - t y p e 
c o r r e l a t i o n b e t w e e n t h e r e f e r e n c e s i g n a l a n d e a c h o f t h e i n p u t s ( l o a d 
a n d d i s p l a c e m e n t ) . T h e f u n d a m e n t a l s o f e a c h s i g n a l that are i n p h a s e 
a n d 90° o u t o f p h a s e w i t h t h e r e f e r e n c e are o b t a i n e d . C o m p l e x 
a l g e b r a is t h e n u s e d to e l i m i n a t e the p h a s e sh i f t b e t w e e n t h e re fer 
e n c e s i g n a l a n d m a c h i n e r e s p o n s e , l e a v i n g o n l y t h e r e l a t i v e i n - p h a s e 
a n d out -o f -phase c o m p o n e n t s o f l o a d w i t h r e s p e c t to d i s p l a c e m e n t . 
T h e s c h e m e p r o v i d e s a h i g h d e g r e e o f n o i s e a n d h a r m o n i c r e j e c t i o n . 
T h e n u m b e r o f c y c l e s s a m p l e d c a n b e set b e t w e e n 1 a n d 15, a n d a 
d e l a y feature is p r o v i d e d to e l i m i n a t e t r a n s i e n t ( u n s t e a d y state) effects 
that the t e s t i n g m a c h i n e m a y e x h i b i t f o l l o w i n g e a c h f r e q u e n c y j u m p . 
T h i s d e l a y m a y b e set at 1—9 c y c l e s for f r e q u e n c i e s b e l o w 1 H z or 1—9 
s a b o v e 1 H z . 

T h e D y n a l y z e r is a v a i l a b l e w i t h a t r a n s i e n t o p t i o n w h i c h e n a b l e s 
i t to b e u s e d as a t w o - c h a n n e l t r a n s i e n t r e c o r d e r h a v i n g a l o g a r i t h m i c 
t i m e s a m p l i n g rate c o v e r i n g u p to s ix d e c a d e s a n d b e g i n n i n g w i t h 10 
m s . T h i s feature is p a r t i c u l a r l y u s e f u l w i t h the D y n a s t a t w h e n c r e e p 
a n d stress r e l a x a t i o n tests are to b e p e r f o r m e d . A n a u t o - t i m e r se
q u e n c e r in ter faces w i t h the t r a n s i e n t D y n a l y z e r a n d D y n a t h e r m to 
p r o v i d e a u t o m a t i c t e m p e r a t u r e s w e e p s a n d p r o g r a m m e d m u l t i p l e 
c y c l e c r e e p a n d r e c o v e r y , t w o - l e v e l c r e e p , stress r e l a x a t i o n a n d r e c o v 
e r y , a n d t w o - l e v e l stress r e l a x a t i o n tests. 
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A m i c r o p r o c e s s o r - b a s e d s c a l i n g u n i t c a n m a n i p u l a t e the d i g i t a l 
d a t a f r o m the D y n a l y z e r p r i o r to p r i n t i n g . S a m p l e g e o m e t r y factors , 
l o a d a n d d i s p l a c e m e n t scales (e.g., 1 k g / V ) , a n d s e v e r a l c o r r e c t i o n fac
tors s u c h as m a c h i n e c o m p l i a n c e (see E q u a t i o n s 24—29) are e n t e r e d 
o n a k e y b o a r d . N i n e a l g o r i t h m s for s a m p l e test m o d e are p r o v i d e d , 
i n c l u d i n g t e n s i o n a n d c o m p r e s s i o n o f a r e c t a n g u l a r or c i r c u l a r bar , 
d o u b l e - s h e a r s p e c i m e n , t h r e e - p o i n t flexure, t o r s i o n o f a c y l i n d e r , a n d 
c o n e a n d p l a t e . ( T h e D y n a s t a t operates o n l y i n a l i n e a r m o t i o n c o n 
f i g u r a t i o n a n d does no t p e r f o r m rotary tests.) T h e r e s u l t s are p r i n t e d 
out i n t e rms o f stress, s t r a i n , a n d m o d u l i i n e i t h e r E n g l i s h or S I u n i t s . 

A n e w accessory , the D a t a l y z e r , is not s h o w n i n F i g u r e 5. T h i s s u b 
s y s t e m p r o v i d e s a l l the features o f the s c a l i n g u n i t b u t w i t h s e v e r a l 
u s e f u l a d d i t i o n s . D a t a e n t r y is b y m e a n s o f a C R T k e y b o a r d , a n d a 
floppy d i s k a n d e i g h t - c o l o r d i g i t a l p l o t t e r are p r o v i d e d . T h e D a t a l y z e r 
p r o v i d e s a l l n e c e s s a r y so f tware to store a n d m a n i p u l a t e da ta a n d to 
p l o t t h e resu l t s o f b o t h d y n a m i c a n d t r a n s i e n t tests . F i f t e e n d i f f e r e n t 
o r d i n a t e s m a y b e p l o t t e d v s . f r e q u e n c y , t i m e , or t e m p e r a t u r e , a n d f u l l 
c o n t r o l o f axes s c a l i n g is p r o v i d e d (both n u m e r i c a l l y a n d l o g or l i n e a r ) . 
I n a d d i t i o n , the D a t a l y z e r c a n c o m p u t e a n d p l o t t i m e - t e m p e r a t u r e or 
f r e q u e n c y — t e m p e r a t u r e s u p e r p o s i t i o n g raphs . 

Results 

A n e x a m p l e o f a t r a n s i e n t e x p e r i m e n t , n a m e l y stress r e l a x a t i o n for 
a g lassy P M M A s a m p l e , i s g i v e n i n F i g u r e 6. T h e d i s c u s s i o n f o l l o w i n g 
E q u a t i o n s 18 a n d 19 s h o w s that r e l a x a t i o n processes that are c h a r a c 
t e r i z e d b y r e l a x a t i o n t i m e s l o n g e r t h a n a b o u t 5 0 m s m a y b e s t u d i e d 
u s i n g a t r a n s i e n t test m e t h o d s u c h as i n d i c a t e d b y F i g u r e 6. H o w e v e r , 
r e l a x a t i o n t i m e s shor te r t h a n 5 0 m s p o s e a p r o b l e m as far as t h e t r a n 
s i e n t m o d e is c o n c e r n e d . R e f e r r i n g a g a i n to F i g u r e 6, b e l o w a b o u t 2 0 
m s , t h e s t r a i n ( d i s p l a c e m e n t ) h i s t o r y is no t at a l l constant . T h u s , e v e n 
t h o u g h the r i s e t i m e c a p a b i l i t y , w i t h o u t overshoot , o f the D y n a s t a t is 
q u i t e s m a l l , i t is no t s m a l l e n o u g h to a p p r o x i m a t e a step f u n c t i o n 
i n s o f a r as a 20 -ms r e l a x a t i o n t i m e is c o n c e r n e d . F a s t e r r i s e t i m e s are 
p o s s i b l e b u t r e s u l t i n a d d e d c o m p l i c a t i o n s . F o r e x a m p l e , o v e r s h o o t is 
a l m o s t c e r t a i n to o c c u r d u e to i n e r t i a l a n d t i m e l a g effects o n t h e 
servo s y s t e m . 

A n o t h e r p e r h a p s m o r e s u b t l e ef fect is that a v e r y r a p i d r i s e t i m e 
resu l t s i n a m a t e r i a l r e s p o n s e f u n c t i o n that is c l o s e r to a d i a b a t i c t h a n 
to i s o t h e r m a l . T h u s , a d y n a m i c m e a s u r e m e n t is m o r e a p p r o p r i a t e to 
the s t u d y o f short r e l a x a t i o n t i m e p h e n o m e n a , n a m e l y , shor ter t h a n 
a b o u t 50 m s , w h i c h c o r r e s p o n d s to a f r e q u e n c y o f 2 0 rad/s o r 3.2 H z . 
D y n a m i c resu l t s t a k e n at a f r e q u e n c y o f a b o u t 1 H z are w e l l w i t h i n the 
t r a n s i e n t c a p a b i l i t y o f the D y n a s t a t . 
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Figure 6. A stress relaxation experiment on glassy PMMA at 30 °C. The 
servo-controlled step function in displacement having a risetime of 15 
ms without overshoot, and the resultant stress relaxation are shown. 
The data were obtained digitally with a high speed transient recorder 
and then replayed from memory using a strip-chart recorder in slow 

time. 

D y n a m i c e x p e r i m e n t s pose a d i f f e r e n t set o f p r o b l e m s , m a n y o f 
w h i c h are r e a d i l y h a n d l e d b y the D y n a s t a t . T h e d y n a m i c c o r r e c t i o n 
for m a c h i n e st i f fness d e s c r i b e d i n E q u a t i o n s 2 0 - 2 9 c a n b e q u i t e s i g 
n i f i c a n t for s t i f f s a m p l e s that e x h i b i t a l o w loss m o d u l u s (E") . F o r t u 
n a t e l y , t h i s c o r r e c t i o n m a y b e p e r f o r m e d a u t o m a t i c a l l y i n t h e D y n a 
stat s y s t e m a l o n g w i t h t h e i n e r t i a l c o r r e c t i o n for l o a d c e l l a s s e m b l y 
r e s o n a n c e . 

A no t so e a s i l y c o r r e c t e d a n d p o t e n t i a l l y l a rge e r r o r i n d y n a m i c 
m e a s u r e m e n t s e s p e c i a l l y for h i g h loss m o d u l u s m a t e r i a l s is d u e to 
m e c h a n i c a l e n e r g y d i s s i p a t i o n a n d the s u b s e q u e n t i n t e r n a l h e a t i n g o f 
the s a m p l e . I n t h i s r e g a r d , a t r a n s i e n t test m a y p r o v e to b e m o r e 
a p p r o p r i a t e . F o r e x a m p l e , e i t h e r a r e l a x a t i o n e x p e r i m e n t or a d y n a m i c 
e x p e r i m e n t m a y b e u s e d to i n v e s t i g a t e a r e l a x a t i o n process o f 1-s t i m e 
constant . H o w e v e r , the d y n a m i c test c o n t i n u a l l y p r o d u c e s s a m p l e 
heat g e n e r a t i o n , w h e r e a s a t r a n s i e n t test p r o d u c e s m i n i m a l h e a t i n g . I t 
is a l w a y s p r u d e n t to test for s a m p l e s e l f h e a t i n g i n a d y n a m i c test b y 
l o o k i n g for t i m e d r i f t o f t h e d y n a m i c m o d u l i . 
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D y n a m i c e x p e r i m e n t s m a y b e p e r f o r m e d i n the D y n a s t a t u s i n g 
e i t h e r l o a d or d i s p l a c e m e n t c o n t r o l . L o a d c o n t r o l i s p a r t i c u l a r l y u s e f u l 
w h e n the s a m p l e g e o m e t r y r e q u i r e s that a f i x e d v a l u e o f stat ic to 
d y n a m i c rat io b e u s e d , as w h e n t e s t i n g a t h i n f i l m that b u c k l e s w h e n 
t h e l o a d goes c o m p r e s s i v e . I n t h i s case the static ( tens i le ) l o a d m u s t b e 
at l east e q u a l to t h e d y n a m i c l o a d a m p l i t u d e a n d m a i n t a i n e d at a l l 
t e m p e r a t u r e s . D i s p l a c e m e n t c o n t r o l is u s e f u l w h e n t e s t i n g e l a s t o m e r s 
b e c a u s e o f ten the d y n a m i c m o d u l i are a d i r e c t f u n c t i o n o f t h e stat ic 
s t r a i n l e v e l a b o u t w h i c h t h e d y n a m i c test is p e r f o r m e d . T h i s is a r e s u l t 
o f c e r t a i n n o n l i n e a r t e r m s that are g e n e r a t e d i n t h e s t r a i n t e n s o r at 
f i n i t e d e f o r m a t i o n . C o n s e q u e n t l y , t h e stat ic s t r a i n , a n d no t t h e stat ic 
stress, is the source o f n o n l i n e a r i t y . B o t h l o a d - or d i s p l a c e m e n t -
c o n t r o l l e d d y n a m i c tests s h o u l d b e c o n d u c t e d at a f i x e d a m p l i t u d e 
l e v e l a n d w i t h p r e c i s e l y d e f i n e d test f r e q u e n c y at e a c h test p o i n t as i n 
t h e case o f t h e D y n a s t a t . 

A d y n a m i c test c o n d u c t e d i n l o a d c o n t r o l i s s h o w n i n F i g u r e 7. 
T h e s a m p l e is a c a r b o n - e p o x y l a m i n a t e a n d is b e i n g t e s t e d u s i n g a 
c e n t r o s y m m e t r i c d e f o r m a t i o n ( C S D ) test d e s c r i b e d b y S t e r n s t e i n a n d 
Y a n g (9). B a s i c a l l y , t h e C S D g e o m e t r y is a c i r c u l a r s y m m e t r y b e n d i n g 
test that is p a r t i c u l a r l y u s e f u l for s t i f f s a m p l e s . A s F i g u r e 7 s h o w s , t h e 
force a m p l i t u d e is c o n s t a n t as the t e m p e r a t u r e o f the s a m p l e is s w e p t 
t h r o u g h t h e glass t r a n s i t i o n o f t h e m a t r i x . F o r t h r e e f i x e d f r e q u e n c i e s , 
0 .1 , 1, a n d 10 H z , t h e m a g n i t u d e o f t h e d y n a m i c m o d u l u s s h o w s a 
p r o n o u n c e d r e d u c t i o n i n v a l u e as t h e m a t r i x softens. T h e c o r r e 
s p o n d i n g d i s p l a c e m e n t a m p l i t u d e is a lso s h o w n a n d is c l e a r l y the 
m i r r o r i m a g e o f the m o d u l u s c u r v e s b e c a u s e a c ons tant force a m p l i 
t u d e is b e i n g m a i n t a i n e d . 

T h e s t o r a g e ( Μ ' ) a n d l o s s ( M " ) s t i f f n e s s c o m p o n e n t s o f t h e 
d y n a m i c st i f fness are s h o w n i n F i g u r e 8 for t h e same s a m p l e as F i g u r e 
7, b u t at a s i n g l e f r e q u e n c y o f 6.5 H z . T h e glass t r a n s i t i o n r e g i o n o f the 
m a t r i x is s e e n r e a d i l y . T h e s a m p l e st i f fness p r i o r to the glass t r a n s i t i o n 
is o n t h e o r d e r o f 1000 N / m m a n d t h e d y n a m i c d i s p l a c e m e n t s at w h i c h 
these d a t a w e r e t a k e n are o f t h e o r d e r o f 20—50 μτη. T h e r e s u l t s i n 
F i g u r e s 7 a n d 8 w e r e p l o t t e d a u t o m a t i c a l l y u s i n g the D a t a l y z e r a n d 
r e p r e s e n t o n l y t w o o f m a n y p o s s i b l e g raphs that c a n b e p l o t t e d . T h e s e 
data are c o m p l i a n c e c o r r e c t e d . 

T h e storage c o m p o n e n t o f st i f fness ( Μ ' ) i s s h o w n v s . f r e q u e n c y at 
a n u m b e r o f t e m p e r a t u r e s i n F i g u r e 9 a n d the c o r r e s p o n d i n g loss 
c o m p o n e n t (M" ) i n F i g u r e 10. T h e s e data m a y b e s u p e r p o s e d u s i n g 
t i m e — t e m p e r a t u r e e q u i v a l e n c e to o b t a i n m a s t e r c u r v e s as s h o w n i n 
F i g u r e s 11 a n d 12. T h e d e t a i l s o f the d y n a m i c s t u d y o f c a r b o n — e p o x y 
l a m i n a t e s u s i n g t h e D y n a s t a t s y s t e m a n d the C S D test m e t h o d are 
g i v e n e l s e w h e r e (9). 
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8 
The Dynamic Response of Polymer 
Melts Subjected to Shear from the 
Quiescent State 
B R Y C E M A X W E L L 
Princeton University, Department of Chemical Engineering, Polymer 
Materials Program, Princeton, NJ 08544 

Polymer melts were subjected to an applied shear start
ing from the quiescent state. The properties measured 
include the yield stress, the steady state stress, and the 
time-dependent recoverable strain. These properties in
dicate a transition, Tll, in polystyrene and polymethyl 
methacrylate that increases with increasing molecular 
weight. The yield stress and recoverable strain in low 
density polyethylene was found to be strongly depen
dent on the high molecular weight end of the molecular 
weight distribution. Blends of polystyrene and poly
methyl methacrylate exhibit double yield stresses and 
much greater recoverable strains than either of the com
ponents. This method of studying the behavior of poly
mer melts provides information that may be of value in 
practical processing situations. 

V I S C O E L A S T I C P R O P E R T I E S O F P O L Y M E R M E L T S c a n b e s t u d i e d b y t h e 
p o p u l a r m e t h o d o f s u b j e c t i n g the s p e c i m e n to a n o s c i l l a t o r y s i n u s o i 
d a l stress or s t r a i n o f s m a l l m a g n i t u d e a n d k n o w n f r e q u e n c y a n d t h e n 
m e a s u r i n g t h e r e s p o n s e o f t h e p o l y m e r i n t e r m s o f t h e c o m p o n e n t s o f 
t h e c o m p l e x m o d u l u s or t h e c o m p l e x v i s c o s i t y . S u c h tests are u s e f u l 
a n d i n f o r m a t i v e , p a r t i c u l a r l y i n the a rea o f s t r u c t u r e — p r o p e r t y r e 
l a t i o n s h i p s . B u t o t h e r d y n a m i c m e t h o d s a n d p r o p e r t i e s ex i s t that c a n 
s h e d a d d i t i o n a l k n o w l e d g e o f t h e r e s p o n s e o f m a c r o m o l e c u l e s to 
stress a n d s t r a i n . T h e p u r p o s e o f t h i s c h a p t e r is to p r e s e n t o n e s u c h 
m e t h o d a n d to p r e s e n t s o m e resu l t s t h e r e f r o m . 

T h e d i c t i o n a r y d e f i n e s d y n a m i c as " d e a l i n g w i t h forces a n d t h e i r 
r e l a t i o n s h i p to m o t i o n . " T h e r e f o r e , the w o r d is m u c h b r o a d e r t h a n j u s t 
o s c i l l a t o r y b e h a v i o r . I n a n o s c i l l a t o r y e x p e r i m e n t , the i n t e r n a l s t r u c -

0065-2393/83/0203-0149$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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150 POLYMER C H A R A C T E R I Z A T I O N 

t u r a l r e s p o n s e m e c h a n i s m s o f the m a t e r i a l e q u i l i b r a t e w i t h t h e i m 
p o s e d o s c i l l a t o r y stress o r s t r a i n a n d t h e r e s p o n s e m e a s u r e d i s that o f 
the s t ruc ture that has r e s u l t e d f r o m the a p p l i e d f o r c i n g f u n c t i o n . 

Experimental 
The properties of melts to be measured inc lude the fo l lowing: the shear 

modulus of elasticity, the y i e l d stress or stress overshoot, the steady state 
shear stress or viscosity, and the t ime-dependent strain recovery. These prop
erties are a l l a function of temperature, app l ied shear rate, and appl ied shear 
magnitude. 

F igure 1 is a schematic i l lustration of the apparatus that was descr ibed i n 
detail previously (I). The shear f ie ld is essentially that of a Couette viscometer 
consisting of a cup, a central cy l indr i ca l member coaxially a l igned w i t h the 
cup and the melt specimen i n the annular space between the central c y l i n d r i 
cal member, and the inside of the cup. 

T h e experimental procedure consists of shearing the specimen at the 
desired rate, y, to the desired shear magnitude, ya, by rotating the cup w h i l e 
the central cy l indr i ca l member is prevented from rotating by a restraining arm 
acting against a force transducer. The output of the transducer is fed to a 
strip-chart recorder that plots the stress vs. strain curve. The in i t ia l slope gives 
the shear modulus of elasticity. As the test proceeds, the melt exhibits a 
y i e l d i n g or stress overshoot, and then the stress decreases to the steady state 
value associated w i t h the melt 's viscosity. 

W h e n the desired magnitude of strain has been appl ied , the rotation of 
the cup is stopped and the central cy l indr i ca l member is released by removing 
the force transducer. T h e rotation of the central member as it turns i n accor
dance w i t h the elastic reco i l of the melt is recorded photographically to give 
the recoverable strain, yr, as a function of t ime. T h e result ing data were repro
ducib le w i t h i n ± 3 % . 

Results 
P o l y s t y r e n e . F i g u r e 2 s h o w s t h e stress vs . s t r a i n c h a r a c t e r i s t i c s 

o f a ser ies o f p o l y s t y r e n e s at 170 °C. W e i g h t average m o l e c u l a r 
w e i g h t s (Mw) r a n g e d f r o m 75 ,000 to 400 ,000 a n d the w e i g h t a v e r a g e to 
n u m b e r average w a s a p p r o x i m a t e l y 1.7. 

A s the q u i e s c e n t m e l t i s s h e a r e d , t h e stress r i ses u n t i l i t r e a c h e s a 
v a l u e h i g h e n o u g h to o v e r c o m e the i n t e r c h a i n i n t e r a c t i o n s [ s u c h as 
e n t a n g l e m e n t s (2)], t h e n the m e l t y i e l d s a n d the stress dec reases to 
the stress a s s o c i a t e d w i t h s teady state flow. T h e h i g h e r the m o l e c u l a r 
w e i g h t , the h i g h e r the y i e l d stress a n d , i n g e n e r a l , the h i g h e r t h e 
s teady state stress. T h e s e r e s u l t s are to b e e x p e c t e d i f o n e c o n s i d e r s 
t h e q u i e s c e n t m e l t to h a v e a s t ruc ture o f i n t e r c h a i n i n t e r a c t i o n s that 
m u s t b e o v e r c o m e b y the a p p l i e d shear be fo re a s teady flow c o n s i s t i n g 
o f a n e q u i l i b r i u m o f the f o r m a t i o n o f i n t e r c h a i n i n t e r a c t i o n s a n d the 
b r e a k i n g o f these i n t e r a c t i o n s b y the i m p o s e d shear c a n b e a c h i e v e d . 
A s t h e m o l e c u l a r w e i g h t i n c r e a s e s , m o r e stress i s r e q u i r e d to d i s a s 
soc iate t h e i n t e r a c t i o n s that e x i s t e d i n t h e q u i e s c e n t state. T h e m a g 
n i t u d e o f the y i e l d stress has t e c h n o l o g i c a l i m p l i c a t i o n s i n s u c h fab -
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8 
Lu or 

ο 
χ 

PS-485 

V *t= STRAIN 

Figure 2. Melt stress vs. strain curves for polystyrene (PS) of various 
molecular weights: PS-1 = 75,000, PS-2 = 140,000, PS-3 = 310,000, PS-4 
= 380,000, and PS-5 = 400,000 M w . (Reproduced with permission from 

Réf. 1. Copyright 1979.) 

r i c a t i o n o p e r a t i o n s as v a c u u m f o r m i n g , b l o w m o l d i n g , a n d v e l o c i t y 
p r o f i l e s i n e x t r u s i o n . 
_ F i g u r e 3 s h o w s t h e stress v s . s t r a i n c h a r a c t e r i s t i c s o f the 3 1 0 , 0 0 0 

Mw p o l y s t y r e n e at v a r i o u s m e l t t e m p e r a t u r e s . T h e h i g h e r the t e m p e r 
a ture , t h e l o w e r t h e y i e l d stress a n d t h e l o w e r t h e s teady state stress . 
T h i s b e h a v i o r a g a i n w o u l d b e e x p e c t e d o n the bas i s o f i n t e r c h a i n 
i n t e r a c t i o n s b e i n g d i s a s s o c i a t e d b y t h e c o m b i n a t i o n o f a p p l i e d shear 
a n d t h e r m a l e n e r g y . T h e greater the t h e r m a l e n e r g y , the less stress 
r e q u i r e d . 

F r o m F i g u r e 3, t h e t e m p e r a t u r e d e p e n d e n c e o f the y i e l d stress 
a n d the s teady state stress m a y b e d e t e r m i n e d . T h e s e d a t a are p l o t t e d 
i n F i g u r e 4. A p p a r e n t l y , a n a b r u p t c h a n g e i n the t e m p e r a t u r e d e p e n 
d e n c e o f b o t h these stresses o c curs at 190 °C . T h i s t e m p e r a t u r e is 9 0 
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8. M A X W E L L Dynamic Response of Polymer Melts 153 

°C a b o v e the glass t r a n s i t i o n a n d m a y b e a s s o c i a t e d w i t h t h e l i q 
u i d — l i q u i d t r a n s i t i o n , Tlu p r o p o s e d b y B o y e r (3). T h i s p o i n t w i l l b e 
d i s c u s s e d m o r e e x t e n s i v e l y l a t e r i n t h i s c h a p t e r after f u r t h e r da ta h a v e 
b e e n p r e s e n t e d . 

T h e resu l t s o f r e c o v e r a b l e s t r a i n e x p e r i m e n t s are s h o w n i n F i g u r e 
5 for p o l y s t y r e n e s o f v a r i o u s m o l e c u l a r w e i g h t s at a m e l t t e m p e r a t u r e 
o f 170 °C. T h e r e c o v e r a b l e s t r a i n is p l o t t e d d o w n w a r d , i n d i c a t i n g 
r e c o v e r y f r o m a p r e v i o u s l y a p p l i e d s t ra in vs . l i n e a r t i m e i n s e c o n d s . 
T h e f i rst o b s e r v a t i o n i s that t h e a m o u n t o f r e c o v e r a b l e s t r a i n is l a r g e , 
a n d i n s o m e cases t h e s t r a i n r e c o v e r y c o n t i n u e s for a l o n g p e r i o d o f 
t i m e , greater t h a n 15 m i n . T h e s e c o n d o b s e r v a t i o n is that a d i s t i n c t 
t r e n d is not f o u n d w i t h m o l e c u l a r w e i g h t . 

T o e x p l o r e th i s la t ter p o i n t fu r t he r , the r e c o v e r a b l e s t r a i n for the 
310 ,000 Mw p o l y s t y r e n e as a f u n c t i o n o f t e m p e r a t u r e is s h o w n i n F i g -

6 

168 

I60°C 

180 

190 
"2σσ 
210 

0 5 10 15 20 25 
STRAIN, r= r Q t 

Figure 3. Melt stress vs. strain curves for 310,000 M w polystyrene at 
various T. (Reproduced with permission from Réf. 1. Copyright 1979.) 
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5| 

ol ι ι ι ι I 
160 170 180 190 200 210 

Temp.°C 

Figure 4. Melt yield stress and steady state stress as a function of Ύ for 
310,000 M w polystyrene. 

u r e 6. A g a i n , n o d i s t i n c t t r e n d w i t h t e m p e r a t u r e is o b s e r v e d . T h e 
t e m p e r a t u r e - d e p e n d e n t r e c o v e r a b l e s t r a i n c u r v e s cross e a c h o t h e r 
s e v e r a l t i m e s , b u t c a r e f u l e x a m i n a t i o n i n d i c a t e s that the r e c o v e r a b l e 
s t r a i n c u r v e s f a l l d i s t i n c t l y i n t o t w o ca tegor i es . T h e 170 °C c u r v e 
s h o w s t i m e - d e p e n d e n t r e c o v e r a b l e s t r a i n that goes o n s l o w l y for a 
l o n g p e r i o d o f t i m e ; t h i s w i l l b e c a l l e d T y p e I r e c o v e r y . T h e 2 2 0 °C 
c u r v e s h o w s a v e r y r a p i d s t r a i n r e c o v e r y that is f i n i s h e d i n a r a t h e r 
shor t t i m e ; t h i s w i l l b e c a l l e d T y p e I I r e c o v e r y . 

T h e factor that m o s t c l e a r l y d i f f e rent ia tes T y p e I r e c o v e r y f r o m 
T y p e I I r e c o v e r y is the l e n g t h o f t i m e r e q u i r e d for the r e c o v e r y to b e 
f i n i s h e d . T h e t i m e for the s t r a i n r e c o v e r y to b e f i n i s h e d is p l o t t e d i n 
F i g u r e 7 vs . t e m p e r a t u r e for t h r e e d i f f e r e n t m o l e c u l a r w e i g h t p o l y 
styrenes . A p p a r e n t l y , a rather sharp t r a n s i t i o n t e m p e r a t u r e is e v i d e n t at 
w h i c h the r e s p o n s e c h a n g e s f r o m T y p e I to T y p e I I , a n d t h i s t r a n s i t i o n 
t e m p e r a t u r e i s h i g h e r for h i g h e r m o l e c u l a r w e i g h t s . T h i s r e s u l t i s 
c o n s i s t e n t w i t h B o y e r ' s T H . A t t e m p e r a t u r e s b e l o w t h e t r a n s i t i o n , t h e 
m e l t i s c a p a b l e o f s t o r i n g a large a m o u n t o f e l as t i c s t r a i n e n e r g y , b u t 
the r e c o v e r y o f t h i s s t o r e d e l a s t i c s t r a i n e n e r g y is r e t a r d e d c a u s i n g the 
r e c o v e r a b l e s t r a i n to r e q u i r e l o n g t i m e s to f i n i s h the r e c o i l i n g p r o c e s s . 
A t t e m p e r a t u r e s a b o v e the t r a n s i t i o n , the r e c o i l i n g process is no t r e 
t a r d e d s e v e r e l y a n d t h e r e c o v e r y process is f i n i s h e d q u i c k l y . 

R e c o g n i z i n g that a t r a n s i t i o n i n t h e r e s p o n s e o f m e l t s a b o v e t h e 
glass t r a n s i t i o n t e m p e r a t u r e ex is ts is o f ass i s tance i n u n d e r s t a n d i n g 
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# 

\ 

\ _ - T Y P t : η fiw=310,00 0 

^ T Y P E I 

^ M w = l4( ),000 

^ T Y P E I 

^ M w = l4( ),000 

"TRANSIT 
TEMPERA 

ION" 
TURE 

f Mw = 75 000 

4000 
TIME TO FINISH RECOVERY, t F 

Figure 7. Time for the recoverable strain process to be finished as a 
function of Τ for polystyrene. 

the r e c o v e r a b l e s t r a i n as a f u n c t i o n o f m o l e c u l a r w e i g h t s h o w n i n 
F i g u r e 5. T h e 310 ,000 a n d t h e 400 ,000 Mw m a t e r i a l s e x h i b i t T y p e I 
r e c o v e r y c u r v e s b e c a u s e at t h e test t e m p e r a t u r e , 170 °C , t h e y are 
b e l o w t h e i r r e s p e c t i v e t r a n s i t i o n t e m p e r a t u r e s . T h e 140,000 Mw m a t e 
r i a l is j u s t a b o u t at its t r a n s i t i o n at the test t e m p e r a t u r e , a n d the 75 ,000 
Mw m a t e r i a l e x h i b i t s a T y p e I I r e s p o n s e b e c a u s e at 170 °C i t is w e l l 
a b o v e its t r a n s i t i o n t e m p e r a t u r e . 

P o l y e t h y l e n e . F o u r s a m p l e s o f l o n g c h a i n b r a n c h e d p o l y e t h y l -
e n e s o f v a r i o u s m o l e c u l a r w e i g h t d i s t r i b u t i o n s a l so w e r e i n v e s t i g a t e d 
u s i n g these t e c h n i q u e s (4). 

F i g u r e 8 s h o w s the m e l t stress vs . s t r a i n c u r v e s at 120 °C w i t h t h e 
r e l a t i v e g e l p e r m e a t i o n c h r o m a t o g r a p h y ( G P C ) c u r v e s s u p e r i m p o s e d . 
T w o m a t e r i a l s , P E - 1 a n d -6 ( w h e r e P E r e p r e s e n t s p o l y e t h y l e n e ) , are 
o f n a r r o w m o l e c u l a r w e i g h t d i s t r i b u t i o n . T h e o t h e r t w o , P E - 3 a n d -4 , 
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4 

0 10 2 0 30 

Strain 

Figure 8. Melt stress vs. strain curves for low density poly ethylene s of 
various molecular weight distributions. 

h a v e b r o a d m o l e c u l a r w e i g h t d i s t r i b u t i o n s , a n d s a m p l e P E - 3 has a 
d i s t i n c t s h o u l d e r o n the h i g h m o l e c u l a r w e i g h t e n d o f the d i s t r i b u t i o n . 
O f t h e t w o n a r r o w d i s t r i b u t i o n m a t e r i a l s , P E - 1 s h o w s a y i e l d stress 
a n d a s teady state stress that is a p p r o x i m a t e l y t w i c e as l a r g e as those 
e x h i b i t e d b y P E - 6 . T h i s b e h a v i o r is a t t r i b u t e d to the l a r g e r h i g h m o 
l e c u l a r w e i g h t c o m p o n e n t i n P E - 1 . O f t h e t w o b r o a d m o l e c u l a r w e i g h t 
d i s t r i b u t i o n m a t e r i a l s , P E - 3 has a m u c h l a r g e r y i e l d stress t h a n P E - 4 . 
T h e steady state stress for P E - 4 i s l o w c o m p a r e d to P E - 6 , w h i c h does 
no t q u i t e r e a c h a s t eady state stress e v e n at l a rge m a g n i t u d e s o f 
a p p l i e d s t ra in . C l e a r l y , t h e h i g h m o l e c u l a r w e i g h t s h o u l d e r o n the 
d i s t r i b u t i o n d o m i n a t e s t h e s e p r o p e r t i e s . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

08



8. M A X W E L L Dynamic Response of Polymer Melts 159 

F i g u r e 9 s h o w s the r e c o v e r a b l e s t r a i n c h a r a c t e r i s t i c s for these 
f our m a t e r i a l s . P E - 3 w i t h t h e h i g h m o l e c u l a r w e i g h t s h o u l d e r is the 
m o s t e las t i c . P E - 4 , the o t h e r b r o a d d i s t r i b u t i o n m a t e r i a l , is h i g h l y 
e l a s t i c b u t e x h i b i t s o n l y a b o u t o n e - h a l f as m u c h r e c o v e r a b l e s t r a i n as 
P E - 3 . T h e n a r r o w d i s t r i b u t i o n m a t e r i a l s , P E - 1 a n d P E - 6 , h a v e a c o n 
s i d e r a b l y s m a l l e r h i g h m o l e c u l a r w e i g h t c o m p o n e n t a n d e x h i b i t l ess 
m e l t e l a s t i c i t y . P E - 1 w i t h a m o l e c u l a r w e i g h t d i s t r i b u t i o n s h i f t e d 
s l i g h t l y to the h i g h s i d e has t w i c e as m u c h r e c o v e r a b l e s t r a i n i n c o m 
p a r i s o n to the o ther n a r r o w d i s t r i b u t i o n m a t e r i a l , P E - 6 . T h i s f i n d i n g 
s h o w s a g a i n h o w the h i g h m o l e c u l a r w e i g h t e n d o f the d i s t r i b u t i o n 
d o m i n a t e s the e l a s t i c b e h a v i o r . 

P o l y m e t h y l M e t h a c r y l a t e . Inves t igat i ons o f the response o f m e l t s 
o f p o l y m e t h y l m e t h a c r y l a t e (5) w h e n s h e a r e d f r o m the q u i e s c e n t state 
s h o w e d s i m i l a r b e h a v i o r to that o f p o l y s t y r e n e . F i g u r e 10 p r e s e n t s t h e 
y i e l d stress a n d s teady state stress as a f u n c t i o n o f t e m p e r a t u r e . A g a i n , 
a sharp t r a n s i t i o n is o b s e r v e d i n b o t h proper t i e s at a p p r o x i m a t e l y 2 0 5 °C 
(100 °C a b o v e t h e glass t r a n s i t i o n t e m p e r a t u r e ) . 

F i g u r e 11 s h o w s the i n i t i a l s t r a i n r e c o v e r y d u r i n g the f i rst s e c o n d 

I I I ι ι ι I 1 1 
0 1 2 3 4 _ 2 5 6 7 8 9 

Time, Sec. x10 

Figure 9. Recoverable strain as a function of time for low density poly-
ethylenes of various molecular weight distributions. 
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61 

160 180 200 220 240 

Temp.°C 

Figure 10. Melt yield stress and steady state stress as a function ο / Τ 
for polymethyl methacrylate. 

o f the e l a s t i c r e c o i l as a f u n c t i o n o f t e m p e r a t u r e . I n g e n e r a l , a 
m o n o t o n i e t r e n d o f d e c r e a s i n g r e c o v e r y is o b s e r v e d as t h e t e m p e r a 
ture is i n c r e a s e d . T h e a m o u n t o f s t r a i n r e c o v e r e d d u r i n g the f i rs t 0.5 
a n d f i rst 0.8 s o f r e c o i l is s h o w n i n F i g u r e 12 as a f u n c t i o n o f t e m p e r 
a ture . A g a i n , the t r a n s i t i o n is c l e a r l y e v i d e n t at a b o u t 201 °C b y t h i s 
test. 

P o l y m e r B l e n d s . B l e n d s o f p o l y s t y r e n e a n d p o l y m e t h y l m e t h a c 
r y l a t e a l so w e r e s t u d i e d b y t h e s e t e c h n i q u e s (6). F i g u r e 13 s h o w s t h e 
stress vs . s t r a i n c u r v e s for p u r e p o l y s t y r e n e , p u r e p o l y m e t h y l m e t h a c 
r y l a t e , a n d a 4 0 - 6 0 w t % b l e n d o f the t w o at 2 0 0 °C. T w o y i e l d p o i n t s 
are e x h i b i t e d b y the b l e n d , i n d i c a t i n g t h e p o s s i b i l i t y o f t w o i n t e r 
p e n e t r a t i n g phases i n the b l e n d . 

F i g u r e 14 s h o w s the r e c o v e r a b l e s t r a i n b e h a v i o r as a f u n c t i o n o f 
c o m p o s i t i o n . T h e t o t a l a m o u n t o f r e c o v e r a b l e s t r a i n for t h e t w o p u r e 
c o m p o n e n t s is r e l a t i v e l y s m a l l . A s o n e c o m p o n e n t i s a d d e d to the 
o t h e r b y e x t r u s i o n m e l t b l e n d i n g , the r e c o v e r a b l e s t r a i n i n c r e a s e s to a 
m a x i m u m at 4 0 % p o l y s t y r e n e — 6 0 % p o l y m e t h y l m e t h a c r y l a t e , a n d the 
r e c o v e r y c h a n g e s f r o m T y p e I I for the i n d i v i d u a l c o m p o n e n t s to T y p e 
I for the b l e n d . C o r r e s p o n d i n g to the m a x i m u m i n r e c o v e r a b l e s t r a i n , 
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8. M A X W E L L Dynamic Response of Polymer Melts 161 

the t i m e for the s t r a i n r e c o v e r y to b e f i n i s h e d goes t h r o u g h a 
m a x i m u m that is m o r e t h a n t e n t i m e s t h e t i m e for the s t r a i n r e c o v e r y 
o f t h e i n d i v i d u a l c o m p o n e n t s . 

T h e m e l t t e n s i o n i n f i b e r s p i n n i n g these b l e n d s a l s o goes t h r o u g h 
a m a x i m u m at t h e same c o m p o s i t i o n . 

Discussion 
W h e n a p o l y m e r m e l t is s u b j e c t e d to a n a p p l i e d shear rate f r o m the 

q u i e s c e n t state, the stress i n c r e a s e s u n t i l a y i e l d stress is r e a c h e d a n d 
t h e n decreases to some s teady state stress a s s o c i a t e d w i t h the flow 
p r o c e s s . T h i s o b s e r v a t i o n i n d i c a t e s that i n t h e q u i e s c e n t m e l t a s t ruc 
t u r e is b u i l t u p that res ists flow, a n d t h i s s t ruc ture m u s t b e d i s a s 
s o c i a t e d be fore a s teady state flow c a n b e a c h i e v e d . T h i s b e h a v i o r i s 

O.Oi 
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^O^ -̂̂ T^ 207 225 
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Figure 11. Recoverable strain during the first second of recovery for 
polymethyl methacrylate at various T . 
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162 P O L Y M E R C H A R A C T E R I Z A T I O N 

s h o w n i n t h e v a r i o u s stress v s . s t r a i n c u r v e s to b e a f a i r l y g e n e r a l 
p h e n o m e n o n . 

I n s ome cases ( p o l y s t y r e n e a n d p o l y m e t h y l m e t h a c r y l a t e ) t h e 
t e m p e r a t u r e d e p e n d e n c e o f t h e y i e l d stress c h a n g e s a b r u p t l y at a s p e 
c i f i c t e m p e r a t u r e , 2 V B e l o w t h i s t e m p e r a t u r e , the y i e l d stress is h i g h 
a n d is a lso s t r o n g l y d e p e n d e n t o n t e m p e r a t u r e . A b o v e t h i s t e m p e r a 
t u r e , the y i e l d stress is l o w a n d o n l y s l i g h t l y t e m p e r a t u r e d e p e n d e n t . 
T h i s r e s u l t i n d i c a t e s that b e l o w the t r a n s i t i o n a s t ruc ture ex is ts i n the 
m e l t that is s t rong b u t r a p i d l y decreases i n s t r e n g t h as t e m p e r a t u r e i s 
i n c r e a s e d . 

R e c o v e r a b l e s t r a i n a l so s h o w s t h i s t r a n s i t i o n i n p o l y s t y r e n e m e l t s . 
B e l o w the t r a n s i t i o n , t h e a m o u n t o f r e c o v e r a b l e s t r a i n is l a rge a n d 
r e q u i r e s a l o n g t i m e to f i n i s h the r e c o v e r y p rocess ( T y p e I) . A b o v e t h e 
t r a n s i t i o n , the a m o u n t o f r e c o v e r a b l e s t r a i n is s m a l l e r a n d the r e c o v e r y 
p rocess is f i n i s h e d i n a m u c h shor ter t i m e ( T y p e I I ) . T h i s f i n d i n g 
i n d i c a t e s , i n c o n f i r m a t i o n w i t h the y i e l d stress r e s u l t s , that b e l o w the 
t r a n s i t i o n a s t rong i n t e r a c t i n g s t ruc ture ex is ts that p e r m i t s a h i g h e l a s 
t i c e n e r g y storage. A b o v e t h e t r a n s i t i o n , t h i s s t ruc ture s e e m s to d i s a p 
pear . T h e t r a n s i t i o n t e m p e r a t u r e i n c r e a s e s w i t h i n c r e a s i n g m o l e c u l a r 
w e i g h t , i n d i c a t i n g that t h e i n t e r a c t i o n s i n t h e m e l t s t ruc ture i n c r e a s e 
w i t h i n c r e a s i n g m o l e c u l a r l e n g t h . 

T h e resu l t s o n l o w d e n s i t y p o l y e t h y l e n e s h o w that b o t h the y i e l d 
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8. M A X W E L L Dynamic Response of Polymer Melts 163 

stress a n d the r e c o v e r a b l e s t r a i n are s t r o n g l y d e p e n d e n t o n t h e h i g h 
m o l e c u l a r w e i g h t e n d o f t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n . T h i s 
f i n d i n g a g a i n c o n f i r m s that a s t ronger m e l t s t r u c t u r e i s b u i l t u p w i t h 
l a r g e r m o l e c u l e s . 

T h e r e s u l t s o n t h e b l e n d s o f the t w o i n c o m p a t i b l e p o l y m e r s , 
p o l y s t y r e n e a n d p o l y m e t h y l m e t h a c r y l a t e , d e m o n s t r a t e that t h e t r a n 
s i t i o n t e m p e r a t u r e , Tlh o f a b l e n d c a n b e h i g h e r t h a n e i t h e r o f i ts c o m 
p o n e n t s . B o t h c o m p o n e n t s o f t h e b l e n d w e r e a b o v e t h e i r r e s p e c t i v e 
t r a n s i t i o n s at the test t e m p e r a t u r e , b u t w h e n t h e y are b l e n d e d to 
g e t h e r the r e s p o n s e c h a n g e s f r o m T y p e I I to T y p e I . T h i s r e s u l t i n d i 
cates the f o r m a t i o n o f a s t r o n g i n t e r a c t i n g s t ruc ture i n t h e m e l t . 

A l t h o u g h these s t ruc tures n o w are no t i d e n t i f i a b l e i n the m e l t , 
s o m e p r a c t i c a l c o n c l u s i o n s c a n b e d r a w n f r o m t h e s e r e s u l t s . F o r 
e x a m p l e , i f a h i g h o r i e n t a t i o n is d e s i r e d i n b l o w m o l d i n g , v a c u u m 
f o r m i n g , or f i l m f o r m a t i o n t h e n t h e s t ronger m e l t s t ruc ture s h o u l d b e 
u s e d . T h i s task c a n b e a c c o m p l i s h e d b y u s i n g a p r o c e s s i n g t e m p e r a 
ture b e l o w the t r a n s i t i o n , T w , or b y i n c r e a s i n g t h e h i g h m o l e c u l a r 
w e i g h t e n d o f the d i s t r i b u t i o n , or b y b l e n d i n g . 

Conclusion 
T h e a u t h o r h o p e s that t h e i n v e s t i g a t i o n p r e s e n t e d d e m o n s t r a t e s 

that t h e m o l e c u l e ' s b e h a v i o r c a n d e m o n s t r a t e m a n y i n t e r e s t i n g t h i n g s 
i n r e s p o n s e to a n a p p l i e d s h e a r s t a r t i n g from t h e q u i e s c e n t state. S u c h 
s t u d i e s are s u p p l e m e n t a r y a n d c o m p l e m e n t a r y to m o r e c o n v e n t i o n a l 
d y n a m i c t e s t i n g . 

10 

100% PS 
40% PS 
60%PMMA 100%PMMA 

10 15 0 5 10 

Strain,? a 

15 Ο 10 15 

Figure 13. Melt stress vs. strain curves for pure polystyrene (a), pure 
polymethyl methacrylate (b), ana a 40 —60% blend (c). 
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|28 

Wt.&PS 
Ο 20 40 60 80 100 

Wt.% PMMA 

Figure 14. Recoverable strain and time to finish strain recovery for 
blends of polystyrene and polymethyl methacrylate at 200 °C. 
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9 
A Low Shear, High Temperature 
Rotational Viscometer 
The Viscosity of Ultrahigh Molecular 
Weight Polyethylene 

H. L . WAGNER 
National Bureau of Standards, Polymer Science and Standards Division, 
Washington, D C 20234 

J. G. D I L L O N 
Food and Drug Administration, Office of Medical Devices, 
Silver Spring, MD 20910 

To obtain accurate measurements of the limiting vis
cosity number of solutions of ultrahigh molecular weight 
polyethylene (UHMWPE), a low shear floating-rotor 
viscometer of the Zimm—Crothers type was developed 
to measure viscosities at elevated temperatures (135 °C) 
and essentially zero shear rate. The zero shear rate mea
surements for a set of UHMWPE samples were com
pared with viscosity measurements at moderate and 
high shear rates (up to 2000 s-1) carried out in a capillary 
viscometer. The limiting viscosity number of UHMWPE 
depends, as expected, on shear rate, and the higher shear 
rate data could not be extrapolated to yield the correct 
zero-shear rate viscosities. 

JL H E SIMPLEST A N D M O S T C O N V E N I E N T T E C H N I Q U E a v a i l a b l e for t h e 
d e t e r m i n a t i o n o f t h e r e l a t i v e s i z e o f p o l y m e r m o l e c u l e s is t h e m e a 
s u r e m e n t o f its d i l u t e s o l u t i o n v i s c o s i t y . T h e c l a s s i c a l t e c h n i q u e s 
o f m o l e c u l a r w e i g h t m e a s u r e m e n t s u c h as l i g h t s c a t t e r i n g or os
m o m e t r y , as w e l l as s i z e e x c l u s i o n c h r o m a t o g r a p h y ( S E C ) , are e i t h e r 
too d i f f i c u l t or i m p o s s i b l e w i t h p o l y m e r s o f m o l e c u l a r w e i g h t greater 
t h a n a b o u t a m i l l i o n , a l t h o u g h t h e y are q u i t e s u i t a b l e for t y p i c a l c o m 
m e r c i a l l y a v a i l a b l e h i g h - v o l u m e p o l y m e r s w i t h m o l e c u l a r w e i g h t s i n 
the h u n d r e d t h o u s a n d range . D i l u t e s o l u t i o n v i s c o s i t y m e a s u r e m e n t s 
m a y b e m a d e o n u l t r a h i g h m o l e c u l a r w e i g h t p o l y m e r s b u t b y a t e c h -

This chapter not subject to U . S . copyright 
P u b l i s h e d 1983 Amer i can C h e m i c a l Society 
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1 6 6 P O L Y M E R C H A R A C T E R I Z A T I O N 

n i q u e q u i t e d i f f e r e n t f r o m that u s e d for l o w e r m o l e c u l a r w e i g h t p o l y 
m e r s . F o r the la t ter , the use o f a c a p i l l a r y v i s c o m e t e r w i t h shear rates 
o f t h e o r d e r o f a f e w t h o u s a n d r e c i p r o c a l s e conds is sat is factory b e 
c a u s e the v i s c o s i t y is i n d e p e n d e n t o f shear rate . T h i s r e l a t i o n s h i p is 
far f r o m the case w i t h t h e u l t r a h i g h m o l e c u l a r w e i g h t p o l y m e r s . T h e 
n o n - N e w t o n i a n b e h a v i o r o f t h e s e p o l y m e r s is w e l l r e c o g n i z e d i n t h e 
l i t e r a t u r e as a p r o b l e m that m u s t b e d e a l t w i t h i f a c cura te m e a 
s u r e m e n t s o f t h e l i m i t i n g v i s c o s i t y n u m b e r are to b e m a d e . A s the 
shear rate i n c r e a s e s , t h e s h a p e a n d o r i e n t a t i o n o f t h e m o l e c u l e c h a n g e 
s u f f i c i e n t l y so that t h e shear stress is n o l o n g e r p r o p o r t i o n a l to t h e 
shear rate . 

I n F i g u r e 1, t h e data o b t a i n e d i n a m u l t i b u l b c a p i l l a r y v i s c o m e t e r , 
i n w h i c h the flow at s e v e r a l shear rates m a y b e m e a s u r e d , are s h o w n 
for u l t r a h i g h m o l e c u l a r w e i g h t p o l y e t h y l e n e ( U H M W P E ) . T h e d e p e n 
d e n c e o n shear rate is a p p a r e n t a n d e x p l a i n s , i n par t , w h y i t i s so 
d i f f i c u l t to o b t a i n g o o d i n t e r l a b o r a t o r y a g r e e m e n t . N o t o n l y does the 
shear rate v a r y as the i n v e r s e c u b e o f the r a d i u s o f t h e c a p i l l a r y , b u t 
the shear rate is a l so a f u n c t i o n o f the flow rate , w h i c h w i l l v a r y w i t h 
the s a m p l e . F o r T 2 D N A , o f m o l e c u l a r w e i g h t o f a b o u t 10 8 , v i s c o s i t i e s 
m e a s u r e d at d i f f e r e n t shear rates m a y d i f f e r b y as m u c h as a factor o f 
t w o (I ) . S i m i l a r b e h a v i o r has b e e n f o u n d for p o l y s t y r e n e (2) a n d ex-
m e t h y l p o l y s t y r e n e s (3) o f u p to 1.4 x 1 0 7 i n m o l e c u l a r w e i g h t . 

10 1 ' 1 • 1 1 

0 .01 .02 .03 .04 .05 
CONCENTRATION, g/dL 

Figure 1. Viscosity number as a function of shear rate for a sample of 
UHMWPE in decalin at 135 °C in a multibulb capillary viscometer. 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 167 

B e c a u s e c a p i l l a r y v i s c o m e t e r s are no t u s u a l l y d e s i g n e d to p r o v i d e 
a c ons tant or v e r y l o w shear rate , v i s c o s i t y da ta for shear r a t e - s e n s i t i v e 
m a t e r i a l s m u s t b e o b t a i n e d i n a v i s c o m e t e r w h e r e the ef fect o f shear 
rate is m i n i m a l o r n o n e x i s t e n t . T h e Z i m m - C r o t h e r s f l o a t i n g - r o t o r l o w 
shear v i s c o m e t e r , a l t h o u g h u s e d m o s t l y for b i o l o g i c a l m o l e c u l e s s u c h 
as D N A (I ) , a lso has f o u n d a p p l i c a t i o n for h i g h m o l e c u l a r w e i g h t 
s y n t h e t i c p o l y m e r s (3). I n t h i s v i s c o m e t e r at the l o w shear rates o f a 
f e w r e c i p r o c a l s e c o n d s , the v i s c o s i t y is i n d e p e n d e n t o f shear rate , so 
that the m e a s u r e d v i s c o s i t y is e s s e n t i a l l y the z e r o - s h e a r rate v i s c o s i t y . 
A n o t h e r i m p o r t a n t a d v a n t a g e is that t h e d e g r a d a t i o n d u e to shear , 
w h i c h c a n r e d u c e t h e v i s c o s i t y s u b s t a n t i a l l y , i s v e r y u n l i k e l y at t h e s e 
l o w shear rates . T h i s d e g r a d a t i o n is s o m e t i m e s o b s e r v e d i n a c a p i l l a r y 
v i s c o m e t e r d u r i n g a m e a s u r e m e n t w h e n the f l o w t i m e decreases as 
the s a m p l e is r e c y c l e d t h r o u g h the v i s c o m e t e r . 

I n the past , the v i s c o s i t y o f U H M W P E w a s m e a s u r e d i n c a p i l l a r y 
v i s c o m e t e r s at 135°C i n d e c a l i n at a s i n g l e c o n c e n t r a t i o n o f 0 . 0 5 % (4). 
I t i s a s s u m e d n o t o n l y that t h i s d a t u m m a y b e e x t r a p o l a t e d to z e r o 
c o n c e n t r a t i o n u s i n g the same v i s c o s i t y — c o n c e n t r a t i o n r e l a t i o n s h i p s 
f o u n d for l o w e r m o l e c u l a r w e i g h t p o l y m e r s , b u t a l so that s u c h a n 
e x t r a p o l a t i o n w i l l y i e l d a z e r o - s h e a r rate l i m i t i n g v i s c o s i t y n u m b e r . 
H o w e v e r , for m o l e c u l a r w e i g h t s o f the o r d e r o f 1 x 1 0 6 to 10 x 1 0 6 , 
w h i c h w e b e l i e v e is the range o f m o l e c u l a r w e i g h t s for U H M W P E , a n d 
l i m i t i n g v i s c o s i t y n u m b e r s o f a b o u t 4 0 , a c o n c e n t r a t i o n as h i g h as 
0 . 0 5 % is i n the s e m i d i l u t e r a n g e (5). T h e v i s c o s i t y n u m b e r is n o l o n g e r 
e x p e c t e d to b e l i n e a r w i t h c o n c e n t r a t i o n i n t h i s r a n g e , a n d c o n 
s e q u e n t l y , the v i s c o s i t y — c o n c e n t r a t i o n r e l a t i o n s h i p s f o u n d for l o w e r 
m o l e c u l a r w e i g h t p o l y e t h y l e n e s c a n n o t b e e x p e c t e d to h o l d . F i g u r e 2 
s h o w s o u r resu l t s for t w o d i f f e r e n t U H M W P E s , one at the h i g h e r e n d 
o f the m o l e c u l a r w e i g h t r a n g e , the o t h e r at t h e l o w e r . T h e s t ra ight l i n e 
i n d i c a t e s t h e r e s u l t o b t a i n e d m a k i n g t h e j u s t m e n t i o n e d a s s u m p t i o n s 
a n d g i v e s a n i d e a o f the p o s s i b l e e r ror . A l t h o u g h t h e e r r o r is n o t too 
large for the l o w e r m o l e c u l a r w e i g h t s a m p l e , i t is q u i t e s e r i o u s for the 
h i g h e r one . 

T h e l i m i t i n g v i s c o s i t y n u m b e r is u s e d as a n i n d i c a t o r o f r e l a t i v e 
b u t not a b s o l u t e m o l e c u l a r w e i g h t s b e c a u s e the p r e s e n t l y a v a i l a b l e 
p a r a m e t e r s for t h e e m p i r i c a l M a r k - H o u w i n k r e l a t i o n for p o l y e t h y l 
e n e w e r e o b t a i n e d f r o m d a t a o n l o w e r m o l e c u l a r w e i g h t p o l y m e r s . 
B o t h e x p e r i m e n t a n d t h e o r y d e m o n s t r a t e that t h e s e p a r a m e t e r s d o n o t 
a p p l y n e c e s s a r i l y to p o l y m e r s i n t h e u l t r a h i g h m o l e c u l a r w e i g h t 
r a n g e (6, 7). 

I n the process o f c h a r a c t e r i z i n g U H M W P E for s u r g i c a l i m p l a n t s , 
w e a s s e m b l e d a l o w shear v i s c o m e t e r o f t h e Z i m m — C r o t h e r s t y p e . 
T h i s v i s c o m e t e r has s o m e u n i q u e features , t h e p r i n c i p a l o n e b e i n g i ts 
h i g h t e m p e r a t u r e c a p a b i l i t y , a n e c e s s a r y r e q u i r e m e n t for p o l y e t h y l -
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168 P O L Y M E R C H A R A C T E R I Z A T I O N 

Ε 

0.02 0.04 0.06 0.08 0.10 
Concentration, g /dL 

Figure 2. Viscosity number as a function of concentration for samples 
of UHMWPE in decalin at 135 °C. The same Ubbelohde viscometer 
was used for all measurements. Shear rate is variable and depends on 
flow rate. The straight lines are those used for extrapolation to limiting 
viscosity number, assuming viscosity —concentration relationships ob

served for lower molecular weight poly ethylenes. 

e n e m e a s u r e m e n t s b e c a u s e t h i s p o l y m e r is i n s o l u b l e at r o o m t e m p e r 
a ture . 

High Temperature, how Shear Viscometer 
T h e c o n s t r u c t i o n o f t h i s v i s c o m e t e r is b a s e d o n t h e o r i g i n a l d e 

s i g n o f the f l oa t ing - ro to r v i s c o m e t e r f i rst d e s c r i b e d b y Z i m m a n d 
C r o t h e r s (8). T h e d r i v e s y s t e m for the rotor is s i m i l a r to o n e d e s c r i b e d 
e l s e w h e r e (9). 

T h e e s s e n t i a l features o f t h e v i s c o m e t e r are s h o w n i n F i g u r e 3. 
S o l v e n t or s o l u t i o n is p l a c e d b e t w e e n a n i n n e r glass c y l i n d e r , t h e 
rotor , a n d a f i x e d o u t e r glass c y l i n d e r , the stator. T h e rotor f loats f r e e l y 
i n the l i q u i d a n d is c e n t e r e d w i t h i n the stator b y sur face forces ; i t is 
sub jec t to a c o n s t a n t t o r q u e p r o d u c e d b y t h e i n t e r a c t i o n o f a c y l i n d e r 
o f a l u m i n u m i n s e r t e d i n t o t h e rotor a n d f o u r s u r r o u n d i n g s o l e n o i d s . 
T h e apparatus operates o n the p r i n c i p l e o f a n e l e c t r o m a g n e t i c i n d u c 
t i o n motor . T h e r e are n o m e c h a n i c a l d e v i c e s a t t a c h e d to the rotor , 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 169 

w h i c h i s s u p p o r t e d b y b u o y a n c y . U n l i k e the C o u e t t e v i s c o m e t e r , a l l 
t h e e n e r g y loss o c c u r s i n t h e l i q u i d , m a k i n g p o s s i b l e m e a s u r e m e n t s at 
l o w v i s c o s i t i e s w i t h g o o d p r e c i s i o n . T h e r e f o r e , the s p e e d o f the rotor 
is i n v e r s e l y p r o p o r t i o n a l to t h e v i s c o s i t y o f the l i q u i d . 

A r e s i s t i v e - c a p a c i t a n c e c i r c u i t s p l i t s the c u r r e n t f e d the s o l e n o i d s 
i n t o t w o legs that are e q u a l b u t 90° out o f p h a s e . E a c h l e g e n e r g i z e s a 
p a i r o f o p p o s i t e s o l e n o i d s so that ad jacent s o l e n o i d s are ou t o f p h a s e . 
T o r q u e o n the rotor is p r o d u c e d b y e d d y c u r r e n t s i n d u c e d i n t h e 
a l u m i n u m a n d is h e l d c ons tant b y a n a d j u s t a b l e c ons tant c u r r e n t s u p 
p l y . T h e cons tant c u r r e n t s u p p l y i s b a s e d o n a K e p c o 1 b i p o l a r o p e r a 
t i o n a l a m p l i f i e r c a p a b l e o f s u p p l y i n g 1.5 A at 75 V . T h e c i r c u i t u s e d is 
the o n e d e s c r i b e d b y the m a n u f a c t u r e r o f the u n i t for o p e r a t i o n at 
c o n s t a n t c u r r e n t . T h e r e f e r e n c e for t h e a m p l i f i e r i s a p r e c i s i o n 6 0 - H z 
o s c i l l a t o r s t a b i l i z e d for b o t h f r e q u e n c y a n d a m p l i t u d e to b e t t e r t h a n 
0 . 1 % . T h e root m e a n square v a l u e o f t h e c u r r e n t for the e n t i r e c i r c u i t 
is s t a b i l i z e d to b e t t e r t h a n 0 . 1 % . 

T o m i n i m i z e t h e t e n d e n c y to w o b b l e at l o w v e l o c i t i e s , the ro tor 
a n d stator are f a b r i c a t e d f r o m u n i f o r m b o r e glass t u b i n g , a b o u t 3 0 m m 
i n d i a m e t e r w i t h a 1 -mm gap b e t w e e n t h e m for the l i q u i d . T h e t op 

1 Certain commercial equipment, instruments, or materials are identified in this 
chapter to specify the experimental procedure. In no case does such identification 
imply recommendation by the National Bureau of Standards, nor does it imply that the 
material or equipment identified is necessarily the best for the purpose. 

Figure 3. The high-temperature, low shear viscometer, schematic. 
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1 7 0 P O L Y M E R C H A R A C T E R I Z A T I O N 

e d g e o f the glass rotor is p o l i s h e d a n d free o f n i c k s , a n d the b o t t o m is 
r o u n d e d as s y m m e t r i c a l l y as p o s s i b l e . 

T h e a l u m i n u m i n s e r t , w h i c h m u s t a l so b e s y m m e t r i c a l to r e d u c e 
w o b b l e , is m a c h i n e d c a r e f u l l y to f i t the glass rotor at 135 °C. T h e to ta l 
w e i g h t o f the rotor is a d j u s t e d b y d r i l l i n g the p r o p e r s i z e h o l e t h r o u g h 
t h e c e n t e r o f the a l u m i n u m . B e c a u s e t h e ro tor is s u s p e n d e d b y 
b u o y a n c y , the s i ze o f the h o l e r e q u i r e d d e p e n d s o n the d e n s i t y o f the 
s o l v e n t . T h e l e n g t h o f t h e i n s e r t s h o u l d b e s u c h as to b e w i t h i n the 
c o n f i n e s o f the m a g n e t i c field o f the s o l e n o i d s . T o a v o i d s h a t t e r i n g the 
g lass , the glass a n d a l u m i n u m are h e a t e d s e p a r a t e l y i n a 150 °C o v e n 
a n d t h e n a s s e m b l e d a n d p u t i n t o the stator i n the b a t h . T h i s p r o c e d u r e 
is n e c e s s a r y b e c a u s e o f t h e d i f f e r e n c e i n t h e rate o f e x p a n s i o n o f the 
t w o m a t e r i a l s . 

T h e e n t i r e apparatus is b o l t e d r i g i d l y to a f rame i m m e r s e d i n the 
h i g h t e m p e r a t u r e o i l b a t h . T h i s r i g i d m o u n t i n g w a s n e c e s s a r y to 
a c h i e v e g o o d r e p r o d u c i b i l i t y . T h e b a t h w a s fitted w i t h a c o v e r so that 
m e a s u r e m e n t s c o u l d b e m a d e u n d e r a b l a n k e t o f a r g o n . S o l v e n t r e a d 
i n g s are r e p r o d u c i b l e to a b o u t 1% f r o m d a y to d a y , e v e n t h o u g h the 
b a t h is c o o l e d o v e r n i g h t a n d r e h e a t e d o n the m o r n i n g o f a r u n . 

T h e r o t a t i o n t i m e , or p e r i o d , is d e t e r m i n e d b y d i r e c t i n g a l a ser 
b e a m onto the ro tor w h i c h has b e e n c o a t e d w i t h a w i d e b a n d o f c h r o m i 
u m , e x c e p t for t w o v e r t i c a l c l e a r w i n d o w s a f e w m i l l i m e t e r s w i d e a n d 
180° apart . D u r i n g r o t a t i o n , the b e a m passes t h r o u g h these w i n d o w s 
a n d i m p i n g e s o n the p h o t o c e l l , w h i c h , i n c o n j u n c t i o n w i t h a S c h m i d t 
t r igger assembly , starts a c ounter - t imer to measure the p e r i o d o f the rotor. 
T h e r e l a t i v e v i s c o s i t y is e q u a l to the rat io o f the t i m e p e r c y c l e for t h e 
s o l u t i o n , or the p e r i o d , to that for t h e s o l v e n t at the same t o r q u e or 
c u r r e n t . 

S a m p l e is i n t r o d u c e d i n t o the s i d e a r m o f the stator b y m e a n s o f a 
f u n n e l . F o r p o l y o l e f i n s , the f u n n e l m u s t b e h e a t e d to p r e v e n t c o o l i n g 
o f the ho t s o l u t i o n a n d p r e c i p i t a t i o n o f t h e p o l y m e r . T h e h e i g h t o f the 
ro tor is t h e n a d j u s t e d b y a d d i n g or w i t h d r a w i n g l i q u i d after i t has 
b e e n floated. T h e c e n t e r i n g effect is a c h i e v e d b y the surface t e n s i o n 
o f the m e n i s c u s . A s p o i n t e d out b y Z i m m (1), the shape o f the m e n 
i s c u s is c r u c i a l for t h i s c e n t e r i n g ; sur face forces act to c e n t e r t h e i n n e r 
rotor i f the l i q u i d sur face r i ses u p f r o m its r i m to the w a l l o f the stator. 

T h e o p t i m u m h e i g h t o f the rotor is d e t e r m i n e d b y the h e i g h t at 
w h i c h the m a g n e t i c c o u p l i n g is a m a x i m u m , that i s , w h e r e t h e p e r i o d is 
shortest for a g i v e n c u r r e n t . A t t h i s h e i g h t , the rotor s p e e d is c h a n g i n g 
v e r y s l o w l y w i t h h e i g h t , so that s m a l l errors i n h e i g h t w i l l l e a d to 
m i n i m a l e r r o r i n t h e p e r i o d . 

Measurement Procedure 

A l t h o u g h t h e data for o n l y o n e v a l u e o f the t o r q u e , o r t h e c u r r e n t , 
w e r e finally u s e d , the p e r i o d w a s d e t e r m i n e d for a range o f c u r r e n t 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 171 

v a l u e s f r o m 30 to 150 m A at 1 0 - m A i n t e r v a l s . T h e p e r i o d s w e r e f i rst 
d e t e r m i n e d for the s o l v e n t , t h e n for the s o l u t i o n . T h e r e l a t i v e v i s c o s 
i t y is the rat io o f t h e p e r i o d for t h e s o l u t i o n to that o f t h e s o l v e n t at a 
g i v e n t o r q u e or c u r r e n t s e t t i n g . T h e l i m i t i n g v i s c o s i t y n u m b e r t h e n is 
c a l c u l a t e d i n the c u s t o m a r y w a y b y p l o t t i n g the v i s c o s i t y n u m b e r 
(Vrei — l)/<? as a f u n c t i o n o f c o n c e n t r a t i o n a n d e x t r a p o l a t i n g to z e r o c o n 
c e n t r a t i o n . T h e m e a s u r e m e n t s w e r e r e s t r i c t e d to v e r y d i l u t e s o l u t i o n s 
to m a k e c e r t a i n the data w e r e i n the l i n e a r c o n c e n t r a t i o n r e g i o n . 

T h e shear rate m a y b e c a l c u l a t e d f r om the equat ions g i v e n b y Z i m m 
a n d C r o t h e r s (6) 

π R t + fl2 S f l j R l . 

w h e r e Rt i s the o u t e r r a d i u s o f t h e rotor , R 2 i s t h e i n n e r r a d i u s o f t h e 
stator, y is the shear rate , a n d P0 the p e r i o d . I n o u r case , R2 w a s 1.5 
c m a n d Rt w a s 1.4 c m so that y = 90.94/Ρ 0 · 

O n e o f the m a j o r p r o b l e m s e n c o u n t e r e d d u r i n g t h e d e s i g n o f t h e 
apparatus w a s a n a p p a r e n t i n c r e a s e i n v i s c o s i t y n u m b e r at l o w v e 
l o c i t i e s . T h i s i n c r e a s e w a s a t t r i b u t e d to w o b b l e o f the rotor . T o h e l p 
a l l e v i a t e t h i s p r o b l e m , u n i f o r m b o r e t u b i n g w a s e m p l o y e d a n d t h e 
a l u m i n u m i n s e r t w a s m a c h i n e d to f i t the rotor c l o s e l y , as d e s c r i b e d 
e a r l i e r . T h i s t e c h n i q u e e l i m i n a t e d m o s t o f the a p p a r e n t i n c r e a s e i n 
v i s c o s i t y n u m b e r at l o w v e l o c i t i e s . 

T h e t o r q u e , T, e s t a b l i s h e d i n the rotor is p r o p o r t i o n a l to the p r o d 
uc t o f the i n t e n s i t y o f the i n d u c i n g m a g n e t i c f i e l d a n d the c u r r e n t 
i n d u c e d i n the rotor . B u t t h e la t ter a l so d e p e n d s o n t h e m a g n e t i c 
f i e l d — w h i c h i n t u r n d e p e n d s o n the c u r r e n t , i, s u p p l i e d to the c o i l . 
H e n c e , 

Τ = M 2 (2) 

B u t for a N e w t o n i a n f l u i d , t h e t o r q u e a c t i n g u n d e r c o n s t a n t ro tor 
s p e e d , ω , is 

o r
 T = Μ ω , 

Τ = k2V/P0 (3) 

w h e r e η i s v i s c o s i t y a n d P 0 is the p e r i o d o f r o t a t i o n . H e n c e , 

η = kxlk2 i2P0 (4) 

F o r the s o l v e n t , or a n y N e w t o n i a n fluid, t h i s q u a n t i t y is i n v a r i a n t 
w i t h shear rate . T h i s r e l a t i o n s h i p w a s e m p l o y e d to d e t e r m i n e h o w 
w e l l the apparatus b e h a v e d , p a r t i c u l a r l y the ex tent o f the rotor w o b b l e , 
as s h o w n i n F i g u r e 4. G e n e r a l l y , the v a l u e o f Pi2 w a s c o n s t a n t a b o v e a 
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Figure 4. Plot of P i 2 vs. shear rate for UHMWPE 99716 in decalin 
at 135 °C. 

shear rate o f 3 s " 1 , b u t at l o w e r shear rates s o m e u p t u r n o f the o r d e r o f 
0 . 5 - 0 . 8 % at 1 s - 1 w a s n o t i c e d , i n d i c a t i n g a s m a l l a m o u n t o f w o b b l e . 
A t shear rates greater t h a n 7 or 8 s" 1 , w h e r e the p e r i o d s are 10 s or l e ss , 
the p o s s i b i l i t y o f t u r b u l e n t f l o w ex is ts . H e n c e , shear rates i n t h i s v i s 
c o m e t e r w e r e c o n f i n e d to these l i m i t s . W e note f r o m the f i g u r e that 
the v i s c o s i t y is a l so i n v a r i a n t for U H M W P E i n t h i s range o f l o w shear 
rates. 

Z i m m (1 ) s h o w e d e x p e r i m e n t a l l y that i f the p r o d u c t o f the r e l a x a 
t i o n t i m e , r , a n d shear rate , y , i s less t h a n 0.2, n o v a r i a t i o n o f v i s c o s i t y 
w i t h shear rate o c c u r s . T h e r e l a x a t i o n t i m e , r , is e q u a l to 

α Μ[η] η 0 / Κ Γ 1 (5) 

w h e r e M is the m o l e c u l a r w e i g h t o f the p o l y m e r , [η] is i ts l i m i t i n g v i s 
c o s i t y n u m b e r , η 0 i s t h e s o l v e n t v i s c o s i t y , a n d α is a c o n s t a n t that 
d e p e n d s o n the n a t u r e o f the m o l e c u l e . F o r l i n e a r f l e x i b l e m o l e c u l e s , 
a is a b o u t 4 0 [η] i n d e c i l i t e r s p e r g r a m . F o r o u r h i g h e s t m o l e c u l a r 
w e i g h t U H M W P E , a s s u m i n g a m o l e c u l a r w e i g h t as h i g h as 10 x 10 6 , 
w e f i n d a v a l u e o f ry o f l ess t h a n 0 .15, w i t h i n the r e g i o n o f c o n 
stant shear rate . 

B e c a u s e n o e v i d e n c e o f u p t u r n i n the Pi2 vs . shear rate p lo ts above 
110 m A w a s f o u n d , o u r v i s c o s i t y c a l c u l a t i o n s w e r e m a d e w i t h data 
t a k e n at 110 m A , or for a shear rate for the s o l v e n t o f 3 s - 1 . 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 173 

Assessing the Viscometer 
T o d e t e r m i n e w h e t h e r the i n s t r u m e n t was b e h a v i n g sat is factor i ly , 

a ser ies o f e x p e r i m e n t s w a s r u n at l o w e r t e m p e r a t u r e o n n a r r o w m o 
l e c u l a r w e i g h t d i s t r i b u t i o n p o l y s t y r e n e s , i n c l u d i n g t w o s t a n d a r d re fer 
e n c e m a t e r i a l s , S R M 7 0 5 a n d S R M 1479. T h e m o l e c u l a r w e i g h t s 
r a n g e d f r o m 18 x 1 0 4 to 2 2 x 1 0 6 ; t h e a b s o l u t e m o l e c u l a r w e i g h t s for 
the n o n - S R M m a t e r i a l s are e s t i m a t e d a n d h a v e n o t b e e n m e a s u r e d 
h e r e . T h e v a l u e s o f t h e l i m i t i n g v i s c o s i t y n u m b e r a n d t h e H u g g i n s 
cons tant , d e r i v e d f r o m the s l o p e o f the v i s c o s i t y n u m b e r c o n c e n t r a t i o n 
c u r v e , are g i v e n i n T a b l e I . E x c e l l e n t a g r e e m e n t is f o u n d for S R M 7 0 5 
b e t w e e n o u r v a l u e a n d t h e ce r t i f i ca te v a l u e . F o r S R M 1479, for w h i c h 
n o v i s c o s i t y is c e r t i f i e d , t h e a g r e e m e n t i n t h e m o l e c u l a r w e i g h t d e 
r i v e d f r o m the " b l o b " m o d e l (6) u s i n g o u r v i s c o s i t y r e s u l t a n d the 
w e i g h t - a v e r a g e m o l e c u l a r w e i g h t d e t e r m i n e d b y l i g h t s c a t t e r i n g is 
e x c e l l e n t . T h e data for S R M 1479 are s h o w n i n F i g u r e 5. 

Sample Preparation 
O n e o f t h e m o s t d i f f i c u l t p r o b l e m s e n c o u n t e r e d i n c h a r a c t e r i z i n g 

U H M W P E is s a m p l e p r e p a r a t i o n . T h e s e m a t e r i a l s are d i f f i c u l t to d i s 
s o l v e b e c a u s e o f t h e i r c r y s t a l l i n i t y a n d h i g h m o l e c u l a r w e i g h t , a n d o n 
t h e o t h e r h a n d , t h e y are e x t r e m e l y s e n s i t i v e to m e c h a n i c a l forces . A 
l a r g e v i s c o s i t y d e c r e a s e o c c u r s i f j u s t a s m a l l a m o u n t o f d e g r a d a t i o n 
takes p l a c e . 

O u r p r e s e n t t e c h n i q u e cons i s t s o f h e a t i n g d e c a l i n a n d p o l y m e r i n 
a c a p p e d b o t t l e . T h e d e c a l i n , 9 9 % p u r e a n d c o m p o s e d o f cis- a n d 
i r a n s - i s o m e r s , i s f i rs t p a s s e d t h r o u g h a s i l i c a g e l c o l u m n . A n a n t i o x i 
dant , N - p h e n y l - 2 - n a p h t h y l a m i n e , is a d d e d to a c o n c e n t r a t i o n o f 0 . 2 % , 
a n d t h e n n i t r o g e n is b u b b l e d t h r o u g h o v e r n i g h t . T h e b o t t l e o f s a m p l e 
a n d s o l v e n t is flushed w i t h n i t r o g e n a n d t h e n p l a c e d i n a 150 °C o v e n 
for 1 h a n d is n o t d i s t u r b e d for the f i rs t 15 or 2 0 m i n . A t the f i rst s i g n o f 
p o l y m e r m e l t i n g w h i c h o c curs at a b o u t t h i s t i m e , t h e b o t t l e i s s w i r l e d 
g e n t l y to p r e v e n t a g g l o m e r a t i o n o f t h e p a r t i c l e s i n t o a g e l - l i k e mass 
that w o u l d b e v e r y d i f f i c u l t to d i s s o l v e . T h i s g e n t l e s w i r l i n g is r e 
p e a t e d e v e r y 15 m i n for a t o ta l h e a t i n g t i m e o f 1 h . A l l o f o u r 
U H M W P E s a m p l e s d i s s o l v e d u n d e r t h e s e c o n d i t i o n s , b u t i t does n o t 
f o l l o w that e v e r y U H M W P E s a m p l e w i l l d o so. 

A t f i rs t , t e t r a l i n w a s u s e d as a s o l v e n t , b u t i t w a s a l m o s t i m p o s s i 
b l e to a c h i e v e sat is factory r e p r o d u c i b i l i t y . T e t r a l i n t e n d s to f o r m 
p e r o x i d e s that c o u l d c o n t r i b u t e to d e g r a d a t i o n , l e a d i n g to the o b 
s e r v e d e r ra t i c r e su l t s d e s p i t e the p r e s e n c e o f a n t i o x i d a n t . C o n 
s e q u e n t l y , w e s w i t c h e d to d e c a l i n d e s p i t e p o s s i b l e c o m p l i c a t i o n s 
w i t h i s o m e r i s m . T h e resu l t s o b t a i n e d w i t h d e c a l i n w e r e m o r e c o n s i s 
t ent t h a n w i t h t e t r a l i n , a n d the l i m i t i n g v i s c o s i t y v a l u e s w e r e s i g n i f i 
c a n t l y h i g h e r , a l t h o u g h the v a l u e s w e r e e x p e c t e d to b e a b o u t t h e 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 175 

Concentration, g/dL 

Figure 5. Viscosity number as a function of concentration for SRM 
1479, narrow molecular weight distribution polystyrene, molecular 

weight 10.5 x 106. 

s a m e . A v a l u e o f 24 .2 d L / g w a s o b t a i n e d for o n e s a m p l e i n d e c a l i n , b u t 
a v a l u e o f o n l y 18.6 d L / g w a s f o u n d i n t e t r a l i n . W e n o w s u s p e c t that 
s o m e d e g r a d a t i o n o c c u r r e d i n t e t r a l i n be fo re a m e a s u r e m e n t c o u l d b e 
m a d e . 

Results 
F i g u r e 6 s h o w s the p l o t s o f v i s c o s i t y n u m b e r as a f u n c t i o n o f 

c o n c e n t r a t i o n for t h r e e d i f f e r e n t s a m p l e s o f U H M W P E i n d e c a l i n at 
135 °C. C o n c e n t r a t i o n s w e r e l i m i t e d to v e r y d i l u t e v a l u e s b e c a u s e for 
these h i g h m o l e c u l a r w e i g h t s , c u r v a t u r e s e e m e d to set i n , as a l r e a d y 
m e n t i o n e d , at l o w c o n c e n t r a t i o n s . H e n c e , for s a m p l e 99974 the h i g h e s t 
c o n c e n t r a t i o n w a s a b o u t 0 . 0 2 2 % or 0.22 m g / m L . A t p r e s e n t , a m e t h o d 
o f r e l a t i n g l i m i t i n g v i s c o s i t y n u m b e r to m o l e c u l a r w e i g h t i s n o t 
k n o w n b e c a u s e t h e M a r k - H o u w i n k p a r a m e t e r s i n t h e l i t e r a t u r e w e r e 
o n l y d e t e r m i n e d for p o l y m e r s o f l o w e r m o l e c u l a r w e i g h t . 

T o e s t a b l i s h t h e ef fect o f shear rate o n v i s c o s i t y , m e a s u r e m e n t s 
w e r e m a d e no t o n l y i n the l o w shear v i s c o m e t e r , b u t a l so i n a m u l t i b u l b 
c a p i l l a r y v i s c o m e t e r i n w h i c h t h e shear rates r a n g e d f r o m a b o u t 5 0 to 
a b o u t 150 s - 1 for t h e s o l v e n t a n d i n a c a p i l l a r y v i s c o m e t e r i n w h i c h t h e 
shear rate is o f t h e o r d e r o f 2 0 0 0 s - 1 . T h e las t v i s c o m e t e r w a s t h e 
o r d i n a r y C a n n o n - U b b e l o h d e t y p e u s u a l l y u s e d for c o n t r o l w o r k . 
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T h e s e data are s h o w n i n F i g u r e 7. T h e v a l u e s o f t h e l i m i t i n g v i s c o s i t y 
n u m b e r , o b t a i n e d i n the m u l t i b u l b v i s c o m e t e r for w h i c h a n a t t e m p t 
w a s m a d e to ex t rapo la te to z e r o shear rate , are l i s t e d i n T a b l e I I 
a n d are c o m p a r e d w i t h t h e v a l u e s o b t a i n e d i n the l o w shear v i s c o m e t e r . 
T h e data o b t a i n e d w i t h the r o u t i n e c a p i l l a r y v i s c o m e t e r a l so are s h o w n . 
S e r i o u s errors i n l i m i t i n g v i s c o s i t y n u m b e r c a n r e s u l t i f m e a s u r e m e n t s 
are no t m a d e at v e r y l o w shear rate . 

Discussion and Conclusion 
Z i m m (I) d i s c u s s e d the d i f f i c u l t y o f t r y i n g to p r e d i c t i n d e t a i l the 

n o n - N e w t o n i a n b e h a v i o r o f m o s t large m a c r o m o l e c u l e s b u t w a s a b l e 
to m a k e a u s e f u l s e m i e m p i r i c a l g e n e r a l i z a t i o n : the e x t e n t o f d i s t o r t i o n 
o f the m o l e c u l e , w h i c h d e t e r m i n e s the n o n - N e w t o n i a n b e h a v i o r , i s 
d e t e r m i n e d b y t h e shear rate r e l a t i v e to the m o l e c u l a r r e l a x a t i o n . 
T h i s r e l a x a t i o n is the r e c i p r o c a l o f τ g i v e n i n E q u a t i o n 5, so that the 
p r o d u c t o f the d i m e n s i o n l e s s q u a n t i t y yr m u s t b e b e l o w a v a l u e , f o u n d 
f r o m e x p e r i e n c e to b e a b o u t 0.2. I n o u r case , t h i s v a l u e i s no t e x c e e d e d 
u n t i l the shear rate is a b o u t 100 s _ 1 , a l t h o u g h f r o m F i g u r e 7 i t a p p e a r s 
to set i n s o m e w h a t e a r l i e r . 

W e c o n c l u d e that accurate m e a s u r e m e n t s o f the v i s c o s i t y o f 
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9. W A G N E R A N D D I L L O N Ultrahigh Molecular Weight Polyethylene 177 

40r 

35 H 

5 30 

25 

201 1 1 1 1 
0 1 2 3 4 

Log Shear Rate, γ, sec" 1 

Figure 7. Viscosity number as a function of shear rate using three 
different viscometers. Key to viscometers: ·, low shear; W, multibulb 

capillary; and A , regular capillary. 

U H M W P E r e q u i r e s v i s c o s i t y m e a s u r e m e n t s at shear rates n o greater 
t h a n a b o u t 50 s - 1 a n d p r e f e r a b l y c l o s e r to 10 s - 1 . T h e s e m e a s u r e m e n t s 
s h o u l d b e c a r r i e d out at v e r y l o w c o n c e n t r a t i o n s so that the v i s c o s i t y 
n u m b e r - c o n c e n t r a t i o n c u r v e is l i n e a r . T h e f r e e l y f l o a t i n g l o w - s h e a r 
v i s c o m e t e r d e s c r i b e d e a r l i e r m a y b e u s e d for these m e a s u r e m e n t s at 
e l e v a t e d t e m p e r a t u r e s . W e f i n d that the use o f t h i s v i s c o m e t e r is q u i t e 
s i m p l e , a n d m e a s u r e m e n t s m a y b e m a d e r a p i d l y . 

T a b l e I I . L i m i t i n g V i s c o s i t y N u m b e r V a l u e s 

Sample Number 

Method 

Z e r o shear rate ( l o w shear v i s c o m 
eter , i n i t i a l v a l u e ) 

Z e r o shear rate , e s t i m a t e d ( m u l t i 
b u l b v i s c o m e t e r ) 

H i g h - s h e a r r a t e ( r o u t i n e C a n 
n o n — U b b e l o h d e v i s c o m e t e r ) 

99716a 

20 .5 

18.9 

14.6 

99881b 

23 .5 

17.8 

99974e 

39 .5 

34 .0 

26 .0 

Note : These values were measured i n deca l in at 135 °C and are g iven i n d L / g . 
a M a x i m u m concentration = 0.046%. 
6 M a x i m u m concentration = 0.03%. 
c M a x i m u m concentration = 0.02%. 
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10 
Morphology and Properties of 
Styrene and Dimethylsiloxane 
Triblock and Multiblock Copolymers 

SUNIL K. V A R S H N E Y 

University of Florida, Department of Materials Science and Engineering, 
Gainesville, FL 32611 

PUSHPA BAJAJ 

Indian Institute of Technology, Polymer and Fiber Science Laboratory, 
New Delhi, 110016 India 

Multiblock copolymers (BAB)n of styrene and polydi
methylsiloxane were synthesized by coupling diphenyl-
diacetoxysilane with preformed triblock copolymers of 
siloxane—styrene-siloxane terminated with "living" 
silanolate ends. Electron microscopy and dynamic mea
surements were used to examine the phase separation of 
these copolymers. The dimethylsiloxane content, molec
ular weight, and polydispersity of these specimens were 
investigated also. A difference was noted in the tensile 
behavior of the multiblock copolymers obtained from 
solution-cast films. The results show that the morphol
ogy of the multiblock copolymers studied is defined only 
when films are cast from their preferential solvents. 
Characterization of the microdomain structures of these 
block copolymers revealed polystyrene discrete spheres 
dispersed in a rubbery polydimethylsiloxane matrix. 

S Y N T H E S I S A N D C H A R A C T E R I Z A T I O N o f A B d i b l o c k (1—4) a n d A B A 
t r i b l o c k c o p o l y m e r s ( 5 ) , h a v i n g a h a r d b l o c k o f p o l y s t y r e n e (A) a n d 
a r u b b e r y p o l y d i m e t h y l s i l o x a n e ( P D M S ) s e g m e n t (B) h a v e b e e n 
s t u d i e d e x t e n s i v e l y . R e c e n t l y , w e s h o w e d ( 6 ) the d i l u t e s o l u t i o n a n d 
m o r p h o l o g i c a l b e h a v i o r o f p o l y ( d i m e t h y l s i l o x a n e - f o - s t y r e n e - f c - d i -
m e t h y l s i l o x a n e ) e l a s t o m e r s i n d i f f e r e n t s o l vents a n d e v a l u a t e d the 
s o l v e n t — s o l u t e i n t e r a c t i o n p a r a m e t e r s . T h e p r e s e n t i n v e s t i g a t i o n ex 
t e n d s the s y n t h e s i s to m u l t i b l o c k c o p o l y m e r s o f ( B A B ) n t y p e that 

0065-2393/83/0203-0179$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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180 P O L Y M E R C H A R A C T E R I Z A T I O N 

s h o u l d s h o w p r o p e r t i e s c h a r a c t e r i s t i c o f t h e r m o p l a s t i c e l a s t o m e r s i f 
m i c r o p h a s e s e p a r a t i o n o c c u r s i n the b u l k state. 

M u l t i b l o c k c o p o l y m e r s ( B A B ) n o f s ty rene a n d P D M S w e r e s y n 
t h e s i z e d b y c o u p l i n g d i p h e n y l d i a c e t o x y s i l a n e w i t h p r e f o r m e d t r i 
b l o c k c o p o l y m e r s o f s i l o x a n e —styrene —si l oxane t e r m i n a t e d w i t h 
" l i v i n g " s i l a n o l a t e e n d s . F i l m s o f these b l o c k c o p o l y m e r s cast f r o m 
s o l u t i o n a n d c o m p r e s s i o n m o l d i n g h a d c o n s i d e r a b l e s t r e n g t h , p r e 
s u m a b l y d u e to t h e a g g r e g a t i o n o f p o l y s t y r e n e m i c r o d o m a i n s , w h i l e 
r e t a i n i n g e l a s t i c i t y o w i n g to t h e i r a l t e r n a t i n g P D M S b l o c k s . T h e 
p h a s e s e p a r a t i o n o f these c o p o l y m e r s are e x a m i n e d w i t h e l e c t r o n m i 
c r o s c o p y a n d d y n a m i c m e a s u r e m e n t s . 

Experimental 
Materials . Styrene was freed from the inhib i tor by washing w i t h 5% 

N a O H solution. It was then washed several times w i t h d i s t i l l ed water to 
e l iminate a l l traces of a lkal i and dr ied over C a C l 2 . After dist i l lat ion under 
vacuum (30 °C/0.05 m m Hg) , styrene was f inally dr ied over C a H 2 under 
vacuum. 

HexamethyIcyclotrisi loxane was synthesized by a method described 
elsewhere (7). It was pur i f ied by subl imation under vacuum. 

Toluene was d r i e d over sodium wire and d i s t i l l ed over C a H 2 . It was 
d i s t i l l ed directly from the reservoir just before the polymerizat ion. Tetrahy-
drofuran ( T H F ) was refluxed for several hours over sodium wire and was 
fractionally d i s t i l l ed into a flask containing sodium and a smal l amount of 
naphthalene. Ref luxing was continued unt i l the naphthalene complex, w h i c h 
reacts more efficiently w i t h impurit ies than the a lkal i metal alone, was 
formed. T H F was flash d i s t i l l ed from the reservoir as needed into a dark-
colored flask just before polymerizat ion. 

L i t h i u m b i p h e n y l anionic initiator was synthesized according to the 
method of Scott (8) and was used for the preparation of sodium and l i t h i u m 
naphthalene. 

Polymerizat ion. Block copolymers of poly(dimethylsiloxane-&-styrene-
b-dimethylsiloxane) were synthesized as described previously i n the po ly 
merization of hexamethylcyclotrisi loxane-d 3 , w i t h " l i v i n g " a , ω-dilithiopoly-
styryl species i n the presence of bi functional initiator and T H F as a solvent 
(9). Th is polymerizat ion y i e l d e d B A B triblock copolymer of l ow po lydis -
persity, terminated at both ends w i t h a l i t h i u m silanolate moiety. T h e l i v i n g 
p o l y m e r was c o u p l e d w i t h d ipheny ld iace toxys i l ane to g ive m u l t i b l o c k 
copolymers of styrene—siloxane. After 3 h (10) reaction t ime, methyl iodide 
was added to terminate the residual silanolate chain ends, i f present. T h e 
polymerization scheme is diagramed i n Scheme I. 

Identif ication of B lock Copolymer . T h e characteristic color of l i v i n g 
polystyrene anion is dark red, and the l i v i n g silanolate anion is pure white . 
W h e n the cycl ic tri siloxane was added, only a d i lut ion of the color was noticed 
immediately . As the polymerizat ion proceeded, the red color of l i v i n g styrene 
anion began to fade considerably, and the viscosity of the system increased. 
After 8 h , the po lymer solution was very viscous and sl ightly pale i n color. 
Therefore, the sequence of polymerizat ion can be described by the color 
change of the system. 

The composit ion of the block copolymers were determined by proton 
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10. V A R S H N E Y A N D B A J A J Styrene and Dimethylsiloxane 181 

Li 

Scheme I. Polymerization scheme for synthesis of poly(dimethylsilox-
ane-b-styrene-b-dimethylsiloxane) multiblock copolymer. 

magnetic resonance ( P M R ) and IR spectroscopy as described previously (II ) . 
T h e molecular characteristics of the copolymers were determined i n toluene 
(which is a solvent for both po lymer components) v ia gel permeation chro
matography ( G P C ) . 

F i l m Preparation. F i l m specimens about 0.5 m m thick were prepared by 
casting the copolymers from 10% solutions on glass plate. T h e solvents chosen 
were toluene, methyl ethyl ketone, and cyclohexane. I n each case, the solvent 
was evaporated slowly at room temperature (27 °C) over 2 - 3 days and the cast 
films were dr ied subsequently under h igh vacuum for 3—4 days. Spec imen for 
mo ld ing of copolymer was carried out at 140 °C. 

Mechan i ca l Measurements. Stress—strain curves were measured us ing 
an Instron tensile tester. Test specimens were 4 cm long and 0.4 cm wide . A 
cross-head speed of 4 cm/min was used. D y n a m i c tensile mechanical mea
surements were made using a Rheovibron dynamic viscoelastometer model 
D D V — 1 1 . Test pieces were about 2 cm long and 0.4 cm wide . T h e mea
surements were carried out over the temperature range —120—+ 110 & C at 
average intervals of 4 °C. Data were corrected for apparatus compliance us ing 
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182 POLYMER C H A R A C T E R I Z A T I O N 

an empir ica l correction factor measured at near zero length as a function of 
temperature. Thermomechanica l studies were carried out on styrene—si
loxane triblock copolymer. Measurements were made us ing Stanton R e d -
croft thermomechanical analyzer model T M A 6 9 1 . T h e probe used was quartz 
rod, radius 0.25 cm, w i t h a flat end. Samples approximately 0.3 X 0.1 cm were 
cut and placed under the end of the probe. The probe was adjusted to just 
touch the surface of the pel let using the probe position controller after cool ing 
the sample i n l i q u i d air ( — 140 °C). T h e temperature was increased from 
- 1 4 0 - + 2 5 0 °C at a heating rate of 10 °C/min. 

E lec t ron Microscopy. Mul t ib l o ck copolymers were dissoved i n toluene, 
methyl ethyl ketone, and cyclohexane and di luted to a concentration of 3 wt %. 
F i l m s were cast on a carbon-coated copper gr id and examined i n the instru
ment at 60 k V . 

Results and Discussion 

D i m e t h y l s i l o x a n e c o n t e n t , m o l e c u l a r w e i g h t s , a n d t h e p o l y d i s -
p e r s i t y (MJMn) o f b l o c k c o p o l y m e r s s a m p l e s s t u d i e d i n the p r e s e n t 
w o r k are s u m m a r i z e d i n T a b l e s I a n d I I . T h e B A B p r e p o l y m e r s as 
w e l l as the d e r i v e d m u l t i b l o c k c o p o l y m e r s w e r e f o u n d to b e e s s e n 
t i a l l y free o f h o m o p o l y m e r s , as i n d i c a t e d b y t h e i r s o l u t i o n s ' b e h a v i o r 
i n s e l e c t i v e s o l v e n t s s u c h as c y c l o h e x a n e or b r o m o b e n z a n e . A s s h o w n 
i n F i g u r e 1, the G P C c u r v e s o f the B A B a n d ( B A B ) W b l o c k c o p o l y m e r s 
i n d i c a t e u n i m o d a l m o l e c u l a r w e i g h t d i s t r i b u t i o n . T h e m o l e c u l a r 
w e i g h t d i s t r i b u t i o n o f the t r i b l o c k c o p o l y m e r s w a s n a r r o w , i . e . , 1.2, 
a l t h o u g h t h e same m e a s u r e m e n t s h o w e d inc reases i n m o l e c u l a r 
w e i g h t as w e l l as i n p o l y d i s p e r s i t y o f t h e c o u p l e d m u l t i b l o c k . T h e 
b r o a d e n i n g o f m o l e c u l a r w e i g h t d i s t r i b u t i o n i n t h e m u l t i b l o c k 
c o p o l y m e r s m a y b e a t t r i b u t e d to n o n u n i f o r m c o u p l i n g o f p r e f o r m e d 
t r i b l o c k c o p o l y m e r s . 

T h e storage m o d u l u s , Ε ' , a n d loss tangent , t a n δ, o f the m u l t i b l o c k 
c o p o l y m e r films cast i n t o l u e n e (a g o o d s o l v e n t for b o t h c o m p o n e n t s o f 
b l o c k s ) , c y c l o h e x a n e (better s o l v e n t for P D M S ) , a n d f i l m p r e p a r e d b y 
c o m p r e s s i o n m o l d i n g are p l o t t e d aga ins t t e m p e r a t u r e i n F i g u r e 2. T h e 
d y n a m i c m e a s u r e m e n t s w e r e c a r r i e d out at a f r e q u e n c y o f 110 H z . A t 
l o w t e m p e r a t u r e , - 1 2 0 °C , t h e storage m o d u l u s , E ' , is h i g h e r as t h e 

T a b l e I . C h a r a c t e r i z a t i o n D a t a for P o l y m e r s U s e d i n T h i s S t u d y 

Mol Fraction 
(Me2SiO)n 

Samplea Incorporated1* 

Stoichiometric 
Molecular Weight 

M n x 10~3g/mol 

1 1 . 5 - 1 4 . 0 - 1 1 . 5 
1 8 . 5 - 2 5 . 0 - 1 8 . 5 
2 2 . 5 - 3 7 . 0 - 2 2 . 5 

M w / M n 

GPC 

P ( D M S - S t - D M S ) 0.504 
P ( D M S - S t - D M S ) 0 .617 
P ( D M S - S t - D M S ) 0 .618 

1.20 
1.24 
1.26 

a St is styrene; D M S is dimethylsiloxane. 
From IR spectral analysis (11). 
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10. V A R S H N E Y A N D B A J A J Styrene and Dimethylsiloxane 183 

Table II. Poly dimethylsiloxane—Polystyrene (BAB) n 

Multiblock Copolymers 

(Me2SiO) _ Coupling 
Units in Polymer M n x 10~3a Valueb _ _ 

Copolymer Yield (g/mol) η M w / M n 

42 .3 83 88 .3 2.4 1.28 
53 .7 80 124.0 2.0 1.30 
53 .0 81 188.6 2.3 1.34 

a Mn measured by membrane osmometry. 
6 Calculated on the basis of initial Mn of prepolymer (BAB). 

4.00 4.40 4.80 5.20 5.60 

Log Mi 

Figure 1. Integral differential MWD curves of BAB and (BAB)n 

copolymers. Key: 1, BAB M w / M n = 1.2; and 2, (BAB)n M w / M n = 1.28. 
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184 P O L Y M E R C H A R A C T E R I Z A T I O N 

TEMP. °C 

Figure 2. Dynamic mechanical properties of poly dimethylsiloxane— 
polystyrene multiblock copolymer cast from toluene (%), cyclohexane 

(O), and compression molding (•). 

p o l y m e r is i n the g lassy stage. I n t h i s r e g i o n , the t h e r m a l e n e r g y is 
i n s u f f i c i e n t to s u r m o u n t i n t h e p o l y m e r . W i t h i n c r e a s i n g t e m p e r a t u r e , 
the a m p l i t u d e o f v i b r a t i o n a l m o t i o n s b e c o m e s r o u g h l y c o m p a r a b l e to 
t h e p o t e n t i a l - e n e r g y b a r r i e r s for s e g m e n t a l m o t i o n s . A t - 1 1 0 °C , a 
s h a r p c h a n g e i n t h e t a n δ w a s o b s e r v e d r e l a t e d to t h e g lass t r a n s i t i o n 
t e m p e r a t u r e o f t h e P D M S b l o c k s . F u r t h e r m o r e , a r o u n d - 4 8 °C a 
s m a l l e r p e a k i n t a n δ w a s o b s e r v e d . T h e c h a n g e i n t h e t a n δ v a l u e 
a r o u n d - 4 8 °C c o r r e s p o n d s to the c r y s t a l l i n e m e l t i n g p o i n t o f t h e 
P D M S b l o c k . H o w e v e r , the d i f f e r e n t s a m p l e p r e p a r a t i o n c o n d i t i o n s 
affect the ease o f c r y s t a l l i z a t i o n o f t h e s i l o x a n e m o i e t y (12—14). A n 
o ther sharp c h a n g e i n E' at 8 0 °C w i t h a m a x i m a i n t a n δ at 8 9 °C 
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10. V A R S H N E Y A N D B A J A J Styrene and Dimethylsiloxane 185 

p r e s u m a b l y re f l ec ts the r e s p o n s e o f p o l y s t y r e n e m i c r o d o m a i n s . T h i s 
b e h a v i o r o f m u l t i b l o c k c o p o l y m e r f i l m s c o u l d b e a c c o u n t e d for i n 
t e r m s o f a t w o - p h a s e s t ruc ture d e v e l o p m e n t f r o m m i c r o p h a s e s e p a r a 
t i o n o f the b l o c k s e g m e n t s . F u r t h e r m o r e , t h e v a l u e o f t a n δ i n t h e 
c o m p r e s s i o n - m o l d e d s a m p l e s w a s a b o u t 1.15 t i m e s greater t h a n for 
the so lvent - cas t f i l m s . T h i s finding s h o w s that m o r e i n t e r p h a s e m i x i n g 
has o c c u r r e d i n the so lvent - cas t sys tems t h a n i n the m o l d e d s a m p l e . 
O t h e r r esearchers (15) a l so h a v e f o u n d that i n p o l y ( d i m e t h y l s i l o x -
ane—carbonate ) b l o c k c o p o l y m e r s , t h e Tg o f t h e p o l y c a r b o n a t e p h a s e 
is s h i f t e d to l o w e r t e m p e r a t u r e a n d b e c o m e s m o r e d i f f u s e d as t h e 
d i m e t h y l s i l o x a n e u n i t s i n t h e b l o c k are i n c r e a s e d . A m o r e d e t a i l e d 
i n s p e c t i o n o f t h e m o d u l u s c u r v e o f b l o c k c o p o l y m e r f i l m s r e v e a l s that 
t h e v a l u e o f E ' i n t h e r u b b e r y p l a t e a u o b s e r v e d i n F i g u r e 2 i s a b o u t 
1.5 o r d e r o f m a g n i t u d e l o w e r t h a n that m e a s u r e d at l o w t e m p e r a t u r e s 
( w h e n b o t h p h a s e s are g lassy ) , i n d i c a t i n g that i n t h i s r a n g e o f t e m p e r 
atures the a p p l i e d l o a d is c a r r i e d b y t h e r u b b e r y P D M S p h a s e . 

T a b l e s I I I a n d I V s h o w s t ress—stra in p r o p e r t i e s m e a s u r e d o n 
m u l t i b l o c k c o p o l y m e r s p e c i m e n s o b t a i n e d f r o m s o l u t i o n - c a s t f i l m s 
a n d b y c o m p r e s s i o n m o l d i n g . T h e m e a s u r e m e n t s w e r e p e r f o r m e d at 
2 7 °C. T o l u e n e , w h i c h is a g o o d s o l v e n t for b o t h s e g m e n t s , p r o d u c e s 
f i l m s h a v i n g h i g h e r m e c h a n i c a l p r o p e r t i e s t h a n those o b t a i n e d f r o m 
c y c l o h e x a n e ( charac ter i s t i c o f a p l a s t i c r a t h e r t h a n a r u b b e r y state). 
S o l u t i o n c a s t i n g f r o m p r e f e r e n t i a l s o l v e n t s for P D M S is k n o w n (1, 2) 
to i m p r o v e t h e r u b b e r l i k e b e h a v i o r for A B A a n d A B p o l y s t y r e n e — 
P D M S c o p o l y m e r s h a v i n g a s t y r e n e c o n t e n t 5 0 % b y w e i g h t . S u c h 
so lvents s w e l l t h e P D M S p h a s e p r e f e r e n t i a l l y a n d t h e r e b y e n h a n c e 
t h e b e t t e r d i s p e r s i o n o f t h e p o l y s t y r e n e m i c r o d o m a i n s that e x i s t , 
a f ter c o m p l e t e s o l i d i f i c a t i o n o f t h e m a t e r i a l , as a d i s c r e t e g l a s s y 
d o m a i n i n a c o n t i n u o u s f l e x i b l e m a t r i x o f P D M S . C o m p r e s s i o n -
m o l d e d f i l m s s h o w e n h a n c e d m e c h a n i c a l p r o p e r t i e s , as r e p o r t e d i n 
T a b l e I V . S t r e s s — s t r a i n b e h a v i o r o f t h e c o m p r e s s i o n - m o l d e d s a m p l e s 
e x h i b i t s a " k n e e " i n the s t ress—stra in c u r v e . F u r t h e r m o r e , as the 
a m o u n t o f p o l y s t y r e n e i n the c o p o l y m e r dec reases , the b l o c k c o p o l y 
m e r b e c o m e s i n c r e a s i n g l y e l a s t o m e r i c , a n d t h e s t ress—stra in b e h a v i o r 
is r u b b e r y w i t h p o o r m e c h a n i c a l p r o p e r t i e s . F u r t h e r m o r e , M o r t o n et 

Table III. Mechanical Properties of Multiblock Copolymer F i l m s 
Cast from Solvent 

(Me2SiO) Tensile 
Units in Strength Elongation 

Solvent Copolymer (psi) (%) 

C y c l o h e x a n e 42 .3 1210 175 
C y c l o h e x a n e 53 .0 9 7 0 2 1 0 
T o l u e n e 5 3 . 0 1230 2 1 0 
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Table IV. Mechanical Properties of Compression-Molded 
(BAB) n Copolymers 

(Me2SiO)n Tensile Stress Strain 
Units in M n x 10~3 Strength Etongation Yield Yield 

Copolymer (glmol) (psi) (%) (psi) (%) 

42 .3 88 .3 1530 180 9 3 0 6.5 
53 .0 188.6 1610 2 4 0 8 1 0 9.2 

a l . (16) s h o w e d the l i n e a r r e l a t i o n s h i p b e t w e e n s t r e n g t h a n d d e g r e e o f 
a d h e s i o n i n r u b b e r v u l c a n i z a t e s . P o o r t e n s i l e p r o p e r t i e s o f s t y r e n e — 
s i l o x a n e b l o c k c o p o l y m e r s are r e l a t e d to the surface free e n e r g y o f 
P D M S (24 d y n e s / c m ) c o m p a r e d to that o f c a r b o n p o l y m e r s ( 3 2 - 3 3 
d y n e s / c m ) , w h i c h l e a d s to p o o r a d h e s i o n . 

F i g u r e 3 s h o w s t h e s t ress—stra in b e h a v i o r i n w h i c h t h e s p e c i m e n 
w a s s u b m i t t e d to t w o c o n s e c u t i v e e x t e n s i o n c y c l e s to a s t r a i n e = 1.2, 
w h i c h c o r r e s p o n d s to a p p r o x i m a t e l y h a l f the e l o n g a t i o n at b r e a k for 
c y c l o h e x a n e - c a s t film. T h e s p e c i m e n w a s r e l a x e d for 10 m i n b e t w e e n 
t h e f i rst a n d s e c o n d c y c l e s . A s c a n b e s e e n f r o m F i g u r e 3 a , t h e s a m p l e 
cast f r o m c y c l o h e x a n e does no t e x h i b i t s i g n i f i c a n t stress s o f t e n i n g . O n 
the o t h e r h a n d , as s h o w n i n F i g u r e 3 b , the s t r e s s - s t r a i n c u r v e m e a 
s u r e d o n c o m p r e s s i o n - m o l d e d s a m p l e s e x h i b i t s a w e l l - d e f i n e d y i e l d 
at l o w e l o n g a t i o n , i n d i c a t i n g p l a s t i c d e f o r m a t i o n c a u s e d b y the b r e a k 
d o w n o f c o n t i n u o u s p o l y s t y r e n e d o m a i n s . T h i s p h e n o m e n o n appears 
to b e s i m i l a r to the M u l l i n s ef fect i n r e i n f o r c e d r u b b e r s . 

D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y ( D S C ) m e a s u r e m e n t s w e r e car 
r i e d out o n b l o c k c o p o l y m e r h a v i n g 53 w t % d i m e t h y l s i l o x a n e u n i t s . 
T h e glass t r a n s i t i o n t e m p e r a t u r e s w e r e c h o s e n as t h e i n f l e c t i o n p o i n t 
o f the c u r v e s a n d the m e l t i n g t e m p e r a t u r e at the t op o f the e n d o t h e r m 
p e a k . B e f o r e t h e h e a t i n g m e a s u r e m e n t w a s m a d e , t h e s a m p l e w a s 
h e a t e d to 100 °C a n d q u e n c h e d . T h e h e a t i n g c u r v e o b t a i n e d at 10 °C/ 
m i n s h o w s a s l i g h t sh i f t i n b a s e l i n e i n t h e v i c i n i t y o f t h e P D M S glass 
t r a n s i t i o n t e m p e r a t u r e , i . e . , —108 °C . A n o t h e r d i f fuse p e a k at a r o u n d 
—40 to - 4 5 °C w a s o b s e r v e d , a n d i t c o r r e s p o n d s to the c r y s t a l l i n e 
m e l t i n g p o i n t o f P D M S . O n the o t h e r h a n d , the c o o l i n g c u r v e s h o w s a 
s h a r p c r y s t a l l i z a t i o n e n d o t h e r m w i t h a m a x i m u m at - 4 6 °C. A l l these 
features are i n g o o d a g r e e m e n t w i t h l i t e r a t u r e data o n p u r e P D M S 
(12). A b o v e r o o m t e m p e r a t u r e , a w e l l - d e f i n e d sh i f t i n b a s e l i n e w a s 
o b s e r v e d a r o u n d 83 °C (the i n f l e c t i o n p o i n t o f 86°C) . T h e d i f f e r e n c e 
b e t w e e n the Tg o f the p o l y s t y r e n e b l o c k i n the c o p o l y m e r a n d that o f 
h o m o l o g o u s p o l y s t y r e n e h o m o p o l y m e r o f the same m o l e c u l a r w e i g h t 
w a s a b o u t 5 - 6 °C . T h i s b e h a v i o r o f p o l y s t y r e n e - P D M S b l o c k co 
p o l y m e r is i n s h a r p contrast w i t h the c h a r a c t e r i s t i c b e h a v i o r o f p o l y 
s t y r e n e — b u t a d i e n e ) (17) a n d p o l y ( s t y r e n e — i s o p r e n e ) (18) d i b l o c k 
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10. V A R S H N E Y A N D B A J A J Styrene and Dimethylsiloxane 187 

c o p o l y m e r s , w h e r e t h e l o w e r i n g o f t h e g lass t r a n s i t i o n t e m p e r a 
t u r e o f the p o l y s t y r e n e b l o c k i n the c o p o l y m e r is h i g h e r . T h i s b e 
h a v i o r o f p o l y s t y r e n e - P D M S b l o c k c o p o l y m e r s m a y b e c o n s i d e r e d as 
a n a r g u m e n t for a c o m p l e t e s e g r e g a t i o n o f t h e b l o c k s a n d a t w o - p h a s e 
s t r u c t u r e for t h e c o p o l y m e r s . S u c h a feature i n t h e p o l y s t y r e n e -
P D M S b l o c k c o p o l y m e r s m a y b e e x p l a i n e d r e a d i l y b y i ts h i g h i n t e r -
f a c i a l c o n t a c t e n e r g y o w i n g to t h e v e r y s t r o n g i n c o m p a t i b i l i t y o f 
t h e t w o b l o c k s (19). T h e d i f f e r e n c e o b s e r v e d i n t h e t e n s i l e b e h a v i o r o f 
s t y r e n e - d i m e t h y l s i l o x a n e b l o c k c o p o l y m e r f i l m cast f r o m d i f f e r e n t 
s o l vents m a d e us s u s p e c t that d i f f e r e n c e s w o u l d ex i s t i n t h e i r t h e r 
m o m e c h a n i c a l a n a l y s i s c u r v e s ( T M A c u r v e s are s h o w n i n F i g u r e 4 for 
b l o c k p o l y m e r a n d p o l y s t y r e n e i n the f o r m o f p e l l e t s ) . A n i m p o r t a n t 
d i f f e r e n c e i n b e h a v i o r is o b s e r v e d b e t w e e n p o l y s t y r e n e a n d p o l y s t y 
r e n e — d i m e t h y l s i l o x a n e c o p o l y m e r s . U n d e r t h e a p p l i e d w e i g h t o n t h e 
p r o b e , the m a c r o s c o p i c c e l l u l a r s t ruc ture is d e s t r o y e d b y a n i n c r e a s e 
i n t e m p e r a t u r e , a n d c o n s e q u e n t l y a p p a r e n t p h a s e - t r a n s i t i o n r e s u l t s . 
I n the p o l y s t y r e n e p r o b e , d i s p l a c e m e n t i s m a x i m u m a r o u n d 102 °C 
w i t h a c h a n g e i n b a s e l i n e i n i t i a t e d at 60 °C . I n b l o c k p o l y m e r s , t h e 
p r o b e d i s p l a c e m e n t s h o w s t h r e e p h a s e t r a n s i t i o n s , w i t h o u t s u c h a 
sharp p e a k m a x i m u m at 102 °C as for p o l y s t y r e n e . I n t h e p o l y ( d i m e t h 
y l s i l o x a n e - b - s t y r e n e - b - d i m e t h y l s i l o x a n e ) p o l y m e r , a w e l l - d e f i n e d 
t r a n s i t i o n a r o u n d - 1 1 0 °C is o b s e r v e d i n the v i c i n i t y o f the s e c o n d -
o r d e r t r a n s i t i o n t e m p e r a t u r e o f the P D M S s e g m e n t . A n o t h e r t r a n s i t i o n 
a r o u n d - 4 8 °C m a y b e d u e to t h e c r y s t a l l i z a t i o n o f t h e P D M S b l o c k . 
A f t e r t h i s t r a n s i t i o n , a h o r i z o n t a l p l a t e a u is o b s e r v e d f o l l o w e d b y a 

€ € 

Figure 3. Stress—strain curves for poly(DMS-b-St-h-DMS)n copoly
mers, 53-wt% (Me2SiO)n. (a) Film cast from cyclohexone; (b) by com

pression molding. 
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10. V A R S H N E Y A N D B A J A J Styrene and Dimethylsiloxane 189 

c h a n g e i n p r o b e d i s p l a c e m e n t at 85 °C . A shi f t i n t h e t r a n s i t i o n to t h e 
l o w e r t e m p e r a t u r e o w i n g to t h e p o l y s t y r e n e s e g m e n t i n b l o c k c o 
p o l y m e r s ( w i t h r e s p e c t to p o l y s t y r e n e ) m a y b e r e l a t e d to t h e ease i n 
t h e d e f o r m a t i o n o f s t ruc ture d u e to t h e s i l o x a n e s e g m e n t . W e c o n 
c l u d e f r o m t h e s e T M A d a t a that t h e b l o c k p o l y m e r s m a y h a v e s o m e 
i n t e r f a c i a l d i f f e r e n c e r e g i o n s b e t w e e n p o l y s t y r e n e g lassy d o m a i n s 
a n d t h e P D M S s e g m e n t s that ass ist i n m e c h a n i c a l stress t rans fe r so as 
to d e f o r m t h e s t ruc ture at l o w t e m p e r a t u r e s as c o m p a r e d to h o m o -
p o l y s t y r e n e . 

T h e t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s o f t h e m u l t i b l o c k c o p o l y 
m e r are s h o w n i n F i g u r e 5a—c. T h e d a r k r e g i o n s are t h e P D M S , a n d 
t h e l i g h t r e g i o n s are the p o l y s t y r e n e d o m a i n s . W e s h o w e d p r e v i o u s l y 
(6) that the f o r m a t i o n s i z e a n d s h a p e o f d o m a i n s i n p o l y ( d i m e t h y l s i -
l oxane - f o - s tyrene - f c -d imethy l s i l oxane ) c o p o l y m e r s are a f u n c t i o n o f 
s u c h m o l e c u l a r p r o p e r t i e s o f t h e b l o c k c o p o l y m e r as m o l e c u l a r w e i g h t 
d i s t r i b u t i o n o f t h e b l o c k a n d t h e n a t u r e o f c a s t i n g s o l v e n t s . 

W h e n b e n z e n e , w h i c h is a g o o d s o l v e n t for b o t h b l o c k s , w a s u s e d 
as s o l v e n t , m i c r o p h a s e s e p a r a t i o n w i t h a r o d l i k e s t ruc ture o f P D M S 
d o m a i n s i n B A B t r i b l o c k c o p o l y m e r s w a s s e e n (6). T h e u s e o f s o l v e n t 
that s e l e c t i v e l y so lvates e i t h e r the p o l y s t y r e n e o r P D M S b l o c k i n 
( B A B ) n c o p o l y m e r s gave f i l m s that s h o w e d b e t t e r d e f i n i t i o n o f t h e 
m i c r o p h a s e s . T h e d o m a i n s o f P D M S cast f r o m m e t h y l e t h y l k e t o n e 
( M E K ) s o l u t i o n are c y l i n d r i c a l a n d d i s p e r s e d ( F i g u r e 5a). T h i s r e s u l t 
suggests that M E K is a b e t t e r s o l v e n t for p o l y s t y r e n e t h a n for P D M S , 
a n d a c l e a r p h a s e s e p a r a t i o n ex ists b e t w e e n these t w o p o l y m e r b l o c k s . 
F i g u r e 5 b s h o w s the m i c r o g r a p h o f b l o c k c o p o l y m e r f i l m s cast f r o m 
c y c l o h e x a n e s o l u t i o n . T h i s b l o c k c o p o l y m e r s o l u t i o n f o r m e d a f i l m 
c o m p o s e d o f a d a r k P D M S m a t r i x w i t h a s m a l l , r o d l i k e s t ruc ture o f 
p o l y s t y r e n e . O n t h e o t h e r h a n d , the p h a s e s e p a r a t i o n i n f i l m cast f r o m 
t o l u e n e s o l u t i o n , F i g u r e 5c , i s no t as c l e a r as i n the f i l m cast f r o m M E K 
a n d c y c l o h e x a n e , w h i c h are p r e f e r e n t i a l s o l vents for p o l y s t y r e n e a n d 
p o l y d i m e t h y l s i l o x a n e , r e s p e c t i v e l y . F i g u r e 5c s h o w s t h e P D M S d o 
m a i n s that are d i s p e r s e d i r r e g u l a r l y i n p o l y s t y r e n e d o m a i n s , i n d i c a t 
i n g c o n s i d e r a b l e m i x i n g o f p o l y s t y r e n e a n d P D M S u n i t s i n b o t h the 
d o m a i n s a n d c o n t i n u o u s m a t r i x . T h i s f i n d i n g r e v e a l s that t h e m o r 
p h o l o g y o f t h e s e m u l t i b l o c k c o p o l y m e r s is less s e n s i t i v e to m o l e c u l a r 
w e i g h t , c o p o l y m e r c o m p o s i t i o n , a n d c a s t i n g s o l v e n t a n d is o n l y w e l l 
d e f i n e d w h e n f i l m s are cast f r o m t h e i r p r e f e r e n t i a l s o l v e n t s . 

Conclusions 

T h e s t u d y p e r f o r m e d o n ( B A B ) n m u l t i b l o c k c o p o l y m e r s w i t h 
P D M S e n d - b l o c k s a n d w i t h p o l y s t y r e n e h a r d m i d b l o c k s i n d i c a t e s that 
the b l o c k c o p o l y m e r f i l m s o b t a i n e d b y d i f f e r e n t m e t h o d s i n f l u e n c e 
t h e s t r e s s - s t r a i n a n d d y n a m i c m e c h a n i c a l b e h a v i o r o f t h e u l t i m a t e 
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190 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 5a. Electron micrograph of film of multiblock copolymer cast 
from methyl ethyl ketone. 

Figure 5b. Electron micrograph of film of multiblock copolymer cast 
from cyclohexane. 

Figure 5c. Electron micrograph of film of multiblock copolymer cast 
from toluene. 
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m a t e r i a l s . U s i n g a g o o d s o l v e n t for p o l y s t y r e n e c a n r e s u l t i n s p e c i 
m e n s h a v i n g m e c h a n i c a l b e h a v i o r c l o s e to that o f u n f i l l e d v u l c a n i z e d 
r u b b e r s . T h e m i c r o d o m a i n s t ruc tures o f these s p e c i m e n s are c h a r a c 
t e r i z e d as p o l y s t y r e n e d i s c r e t e s p h e r e s d i s p e r s e d i n a r u b b e r y P D M S 
m a t r i x . T h e s p e c i m e n s o b t a i n e d b y c o m p r e s s i o n m o l d i n g s h o w e d s i g 
n i f i c a n t stress s o f t e n i n g o n r e p e a t e d e x t e n s i o n s . 
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11 
Differential Scanning Calorimetry of 
Flexible, Linear Macromolecules 

B E R N H A R D W U N D E R L I C H and U M E S H GAUR 
Rensselaer Polytechnic Institute, Department of Chemistry, 
Troy, NY 12181 

A summary of instrument and application news for dif
ferential scanning calorimetry (DSC) and a study of low 
temperature DSC are presented. From 140 to 300 K, a 
reasonably critical application range, DSC is shown to 
be capable of up to 2% precision. This is less than clas
sical calorimetry can provide, but many applications 
may be served by these measurements. Heat capacities 
of poly(acrylate) and poly(methacrylate) are presented 
for the temperature range 220—500 Κ (specifically, 
methyl, ethyl, n-butyl, isobutyl, and octadecyl acrylates, 
and methyl, ethyl, n-butyl, isobutyl, dodecyl, and 
octadecyl methacrylates). These heat capacities are an
alyzed in terms of the side-chain heat capacity by 
comparison with the heat capacities of polyethylene, poly
propylene, polybutene-1, polyisobutylene, and polypen-
tene. The latter are taken from our data bank, which 
contains heat capacities on over 100 different mac
romolecules and will be the basis of a general addition 
scheme on heat capacities. 

D I F F E R E N T I A L S C A N N I N G C A L O R I M E T R Y ( D S C ) has b e c o m e a s i g n i f i 
cant a n a l y t i c a l t e c h n i q u e o v e r the last 10 years . B e c a u s e a l m o s t a n y 
p h y s i c a l or c h e m i c a l c h a n g e s o c c u r w i t h a c h a n g e i n e n t h a l p y , a l l c a n 
b e f o l l o w e d b y c a l o r i m e t r y . S i m i l a r l y , t h e r m a l p r o p e r t i e s that are ex
p r e s s e d t h r o u g h e n t h a l p y , e n t r o p y , a n d G i b b s e n e r g y (free e n t h a l p y ) 
c a n b e e v a l u a t e d b y c a l o r i m e t r y u s i n g heat c a p a c i t y a n d heat o f t r a n 
s i t i o n m e a s u r e m e n t f r o m 0 Κ to the t e m p e r a t u r e i n q u e s t i o n . A l t h o u g h 
c a l o r i m e t r y p l a y s a ma jo r r o l e a m o n g a n a l y t i c a l t e c h n i q u e s , i t has s t i l l 
no t r e a c h e d its l i m i t . T h e i n i t i a l s e c t i o n o f t h i s c h a p t e r d i s c u s s e s t h e 
h i s t o r y o f the d e v e l o p m e n t o f c a l o r i m e t r y a n d i n c l u d e s a l i s t i n g o f 
m o d e r n D S C apparatus . 

0065-2393/83/0203-0195$06.00/0 
© 1983 Amer i can C h e m i c a l Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

11



196 P O L Y M E R C H A R A C T E R I Z A T I O N 

T h e m a i n p o r t i o n o f t h i s c h a p t e r c oncent ra tes o n the a p p l i c a t i o n 
o f D S C to heat c a p a c i t y m e a s u r e m e n t s o f flexible l i n e a r m a c 
r o m o l e c u l e s , o u r m a i n r e s e a r c h in teres t . U l t i m a t e l y , w e h o p e to d e 
r i v e a n a d d i t i o n s c h e m e that p e r m i t s t h e p r e d i c t i o n o f heat c a p a c i t i e s 
o f m a c r o m o l e c u l e s w i t h the h e l p o f a ser ies o f tab les o f g r o u p c o n t r i 
b u t i o n s . D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y i n s t r u m e n t a t i o n is d e 
s c r i b e d b y u s i n g a c o m p a r i s o n o f d i f f e r e n t D S C e q u i p m e n t a p p l i e d to 
l o w t e m p e r a t u r e heat c a p a c i t y m e a s u r e m e n t s . I n a d d i t i o n , heat 
c a p a c i t i e s o f po ly (acry la te ) s a n d p o l y (methacry la te ) s i n the t e m p e r a 
t u r e range 2 2 0 - 5 0 0 Κ ( m e t h y l , e t h y l , η -butyl , i s o b u t y l , a n d o c t a d e c y l 
acry la tes a n d m e t h y l , e t h y l , η -butyl , i s o b u t y l , d o d e c y l , a n d o c t a d e c y l 
m e t h a c r y l a t e s ) are p r e s e n t e d . T h e s e d a t a are u s e d a l o n g w i t h l i t e r a 
t u r e d a t a o n p o l y a c r y l a t e s , p o l y m e t h a c r y l a t e s , a n d p o l y a l k e n e s [ p o l y 
e t h y l e n e ( P E ) , p o l y p r o p y l e n e ( P P ) , p o l y b u t e n e - 1 ( P B u ) , p o l y p e n -
tene-1 ( P P e ) , p o l y h e x e n e - 1 ( P H e ) , p o l y ( 4 - m e t h y l - l - p e n t e n e ) ( P 4 M 1 P ) , 
a n d p o l y i s o b u t y l e n e ( P I B ) ] to s t u d y t h e heat c a p a c i t y c o n t r i b u t i o n s 
d u e to the s i d e g r o u p s . T h i s p r e s e n t s a n o v e r v i e w o f the u t i l i t y o f D S C 
u s i n g the e x a m p l e o f heat c a p a c i t y o f l i n e a r m a c r o m o l e c u l e s c o v e r 
i n g h i s t o r y , i n s t r u m e n t a t i o n , data , a n d d a t a t r e a t m e n t . 

History and List of Instruments 

C a l o r i m e t r y has t w o h a n d i c a p s that h a v e i m p e d e d i ts a p p l i c a t i o n . 
T h e f i rs t is the l a c k o f p e r f e c t i n s u l a t o r s . T h e heat to b e m e a s u r e d 
c a n n o t b e c o n t a i n e d ; i t is a l w a y s i n flux, so that loss c o n t a i n m e n t a n d 
loss c a l c u l a t i o n s are b a s i c to c a l o r i m e t r y . T h e s e c o n d h a n d i c a p is the 
l a c k o f a d i r e c t h e a t m e t e r . A l l c a l o r i m e t r y is d o n e i n d i r e c t l y , e i t h e r b y 
c o m p e n s a t i o n (e.g., b y e l e c t r i c a l h e a t i n g or c o o l i n g i n case o f e n 
d o t h e r m s or e x o t h e r m s ) , o r b y d e t e r m i n a t i o n o f s e c o n d a r y effects (e.g., 
the m e a s u r e m e n t o f t e m p e r a t u r e r i se ) . D i f f e r e n t i a l s c a n n i n g c a l o r i 
m e t r y has its roots i n t w i n c a l o r i m e t r y ( 1 , 2 ) w h i c h w a s d e v e l o p e d to 
m i n i m i z e the heat loss p r o b l e m . N e x t w a s the d e v e l o p m e n t o f c o n 
stant h e a t i n g rate c a l o r i m e t e r s (3) that a l l o w e d r a p i d m e a s u r e m e n t 
o v e r a large t e m p e r a t u r e range w i t h o u t the n e e d o f f r e q u e n t e q u i l i 
b r a t i o n a n d loss c a l i b r a t i o n . T h e f i rs t t w i n c a l o r i m e t e r o p e r a t i n g at 
c ons tant h e a t i n g rate w a s d e s c r i b e d i n 1960 (4). T h e nex t s tep i n the 
d e v e l o p m e n t i n v o l v e d i n v e n t i o n a n d c o m m e r c i a l i z a t i o n o f a m o d e r n 
d i f f e r e n t i a l s c a n n i n g c a l o r i m e t e r for m i l l i g r a m - s i z e d s a m p l e s b a s e d 
o n t e m p e r a t u r e s e n s i n g a n d e l e c t r o n i c a l l y r e g u l a t e d h e a t i n g o f t h e 
r e f e r e n c e a n d s a m p l e ( P e r k i n - E l m e r ) (5). C u r r e n t l y a v a r i e t y o f a d d i 
t i o n a l D S C i n s t r u m e n t s are a v a i l a b l e c o m m e r c i a l l y . A n u m b e r o f 
D S C s i n v o l v e h e a t i n g b y flux t h r o u g h a c o n t r o l l e d l eak . T h e t e m p e r 
ature m e a s u r e m e n t c a n b e d o n e b y t h e r m o c o u p l e ( d u P o n t ) b y 
t h e r m o p i l e ( t empera ture d i f f e rence ) ( M e t t l e r ) , a n d b y r e s i s t a n c e 
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11. wuNDERLiCH A N D G A U R Differential Scanning Calorimetry 197 

t h e r m o m e t e r (Heraeus* ) . A d d i t i o n a l v a r i a t i o n s i n v o l v e t h e c a p a b i l i t y 
to a d d e l e c t r i c a l c a l i b r a t i o n heat p u l s e s ( N e t z s c h ) . F i n a l l y , t h e r e i s a 
D S C b a s e d o n m e a s u r e m e n t o f heat f lux u s i n g m u l t i p l e t h e r m o c o u p l e 
a r r a n g e m e n t s (Setaram 2 ) . 

A l l these i n s t r u m e n t s o f D S C are c a p a b l e o f m e a s u r e m e n t rates o f 
u p to 50 K / m i n a n d m a y r e a c h a p r e c i s i o n i n heat c a p a c i t y as h i g h as 
0 .5%. B e c a u s e o f fast h e a t i n g rates , i t i s no t o n l y p o s s i b l e to m e a s u r e 
e q u i l i b r i u m f u n c t i o n s o f state, b u t i t is a l so p o s s i b l e to s t u d y m e t a s t a -
b l e a n d u n s t a b l e states. T h e la t ter is o f k e y i m p o r t a n c e to e s t a b l i s h 
i n f o r m a t i o n o n t h e r m a l , m e c h a n i c a l , a n d p e r h a p s a lso e l e c t r i c a l h i s 
t o ry (6). 

Instrumentation 
W e h a v e m e a s u r e d the heat c a p a c i t y o f m o l t e n s e l e n i u m f r o m 

500—700 Κ u s i n g t h e t h r e e c o m m e r c i a l , w i d e l y a v a i l a b l e D S C s ( M e t -
t l e r T A 2000 , d u P o n t 9 9 0 , P e r k i n - E l m e r D S C - 2 ) (7). A l l t h r e e D S C s 
r e p r o d u c e d a d i a b a t i c c a l o r i m e t r y data to w i t h i n 3 % . U s i n g a c o m p u t e r 
c o u p l e d D S C , the a c c u r a c y o f the heat c a p a c i t y c o u l d b e i m p r o v e d 
f u r t h e r to b e t t e r t h a n 1% (8). 

C o n t i n u i n g o u r c o m p a r i s o n o f c o m m e r c i a l i n s t r u m e n t s , the s u b -
a m b i e n t accessor ies for M e t t l e r T A 2 0 0 0 , d u P o n t 9 9 0 , a n d P e r k i n -
E l m e r D S C - 2 w e r e u s e d for heat c a p a c i t y m e a s u r e m e n t s o f p o l y m e r s , 
e x t e n d i n g the t e m p e r a t u r e r a n g e o f m e a s u r e m e n t s d o w n to l i q u i d 
n i t r o g e n t e m p e r a t u r e s . 

T h e d u P o n t 9 9 0 l i q u i d n i t r o g e n accessory i s l i m i t e d i n its d e s i g n . 
It cons i s ts o f a s m a l l c o o l e r (~ 150 m L ) that is p l a c e d o v e r t h e D S C c e l l 
a s s e m b l y a n d f i l l e d w i t h l i q u i d n i t r o g e n to c o o l t h e c e l l a s s e m b l y . T h e 
c o o l i n g o f t h e c e l l is s l o w a n d u n c o n t r o l l e d , p r e c l u d i n g p r e c i s i o n 
m e a s u r e m e n t s o n c o o l i n g . A l s o , t h e i s o t h e r m at l i q u i d n i t r o g e n t e m 
p e r a t u r e is not f u l l y s tab le . 

T h e P e r k i n - E l m e r l i q u i d n i t r o g e n ac cessory cons i s t s o f a t a n k 
(—4.5 L ) that is f i l l e d w i t h l i q u i d n i t r o g e n . T h i s a l l o w s for fast, c o n 
t r o l l e d c o o l i n g o f t h e s a m p l e h o l d e r s . C o o l i n g rates o f as m u c h as 8 0 
K / m i n are p o s s i b l e . T h e b a s e l i n e is q u i t e g o o d . H o w e v e r , i s o t h e r m s 
are u n s t a b l e a n d s h o w s i g n i f i c a n t dr i f t s , c a u s e d b y t h e c o n t i n u o u s 
c h a n g e o f the l i q u i d n i t r o g e n l e v e l . 

T h e M e t t l e r T A 2 0 0 0 is e q u i p p e d w i t h a s o p h i s t i c a t e d c o o l i n g 
s y s t e m for the c e l l . T h e f u r n a c e is f i t t e d w i t h a heat e x c h a n g e r for 
c o o l i n g . T h e l i q u i d n i t r o g e n c o o l a n t is s t o red i n a separate t a n k . A n 
e v a p o r a t o r ( h e a t i n g e l e m e n t ) i n the l i q u i d n i t r o g e n c o n t r o l s the flow 

1 Heraeus, W. C , GmbH, Postfach 169, 6450 Hanau 1, Federal Republic of Ger
many. 

2 Setaram, 101-103 rue de Sexe, 69451 Lyon, Cedex 3, France. 
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198 P O L Y M E R C H A R A C T E R I Z A T I O N 

o f c o o l a n t to t h e heat e x c h a n g e r . T h e e l e c t r i c h e a t i n g a n d t h e c o o l i n g 
w i t h l i q u i d n i t r o g e n are s e p a r a t e l y c o n t r o l l e d . T h e r e f e r e n c e a n d the 
s a m p l e pans are p l a c e d o n the t h i n - f i l m sensors . S o m e d i f f i c u l t i e s 
w e r e e n c o u n t e r e d d u e to p o o r contacts b e t w e e n the p a n s a n d the 
sensors . A g i v e n s can w a s f o u n d to b e r e p r o d u c i b l e to w i t h i n ± 1 / x V i f 
the p a n w a s k e p t i n p l a c e . H o w e v e r , i f the pans w e r e r e m o v e d a n d 
r e p l a c e d r a n d o m l y o n t h e sensor , the s i g n a l r e p r o d u c i b i l i t y w a s m u c h 
p o o r e r ( ± 1 2 μ,ν) . T h i s p r o b l e m w a s a v o i d e d b y u s i n g g o l d p a n s that 
are m a d e u p o f h e a v i e r m e t a l sheet , w h i c h r e s u l t e d i n m o r e u n i f o r m 
contac t b e t w e e n t h e p a n s a n d the sensor . 

T h e e r r o r i n heat c a p a c i t y m e a s u r e m e n t s at l i q u i d n i t r o g e n t e m 
pera tures u s i n g t h e P e r k i n - E l m e r a n d t h e M e t t l e r i n s t r u m e n t s o n 
A 1 2 0 3 a n d P M M A ( u s i n g b e n z o i c a c i d as s t a n d a r d are s u m m a r i z e d 
b e l o w : 

Perkin-Elmer Mettler 

Temp (K) A1203 (%) PMMA (%) Al2Os (%) PMMA (%) 
150 ± 7 ± 5 +3 ± 2 
2 0 0 ± 3 ± 2 ± 2 ± 2 
2 5 0 ± 1 ± 2 ± 2 ± 2 

T h e s e data a n d t h e g e n e r a l d e s c r i p t i o n i n d i c a t e that l o w t e m p e r a t u r e 
heat c a p a c i t y m e a s u r e m e n t s are p o s s i b l e w i t h a l l t h r e e i n s t r u m e n t s 
w i t h o n l y s l i g h t l y r e d u c e d a c c u r a c y , b u t i t is n e c e s s a r y to use c o n s i d 
e r a b l y m o r e care i n a v o i d i n g s p u r i o u s t e m p e r a t u r e g r a d i e n t s . 

H e a t c a p a c i t y m e a s u r e m e n t s w e r e m a d e w i t h a c o m p u t e r c o u p l e d 
P e r k i n - E l m e r D S C - 2 , fitted w i t h the m o r e r e p r o d u c i b l e i n t r a c o o l e r 
at a p p r o x i m a t e l y 2 0 0 Κ to r e a c h the p r e c i s i o n n e e d e d for o u r 
data b a n k . T h i s use o f m e c h a n i c a l r e f r i g e r a t i o n l i m i t s the l o w t e m p e r 
a ture . D e t a i l s o f t h e i n s t r u m e n t a t i o n , c a l i b r a t i o n , a n d c o m p u t a t i o n s 
are g i v e n i n R e f e r e n c e 8. 

Results 
T h e a c r y l i c p o l y m e r s u s e d i n t h i s s t u d y w e r e s e c o n d a r y s tandards 

o b t a i n e d f r o m S c i e n t i f i c P o l y m e r P r o d u c t s , I n c . T h e m o l e c u l a r 
w e i g h t s p r o v i d e d b y the m a n u f a c t u r e r s are l i s t e d i n T a b l e I . T h e 
m a n u f a c t u r e r s p r o v i d e d P M - 1 , P M - 2 , P M - 4 i , a n d P M - 1 8 i n g r a n u l a r 
f o r m . A l l t h e o t h e r a c r y l i c p o l y m e r s h a v e Tg v a l u e s b e l o w r o o m t e m 
p e r a t u r e . F o r ease o f h a n d l i n g these s a m p l e s w e r e p r o v i d e d as 4 0 % 
s o l u t i o n i n t o l u e n e a n d w e r e la ter d r i e d i n v a c u u m at 330—350 Κ for 
24—48 h . E a c h s a m p l e (10—25 mg) w a s t r a n s f e r r e d i n t o a h e r m e t i c a l l y 
s e a l e d p a n for heat c a p a c i t y m e a s u r e m e n t s . A l l t h e m e a s u r e m e n t s 
w e r e d o n e o n h e a t i n g at 1 0 - 2 0 K / m i n a n d A 1 2 0 3 w a s u s e d as r e f e r e n c e 
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11. W U N D E R L I C H A N D GAUR Differential Scanning Calorimetry 199 

T a b l e I , C h a r a c t e r i z a t i o n o f P o l y m e r s 
Polymer Abbreviation M w M w / M n 

P o l y ( m e t h y l acry late ) P A - 1 
P o l y ( e t h y l acry late ) P A - 2 
P o l y ( n - b u t y l acry late ) P A - 4 
P o l y ( i s o b u t y l acry late ) P A - 4 i 
P o l y ( o c t a d e c y l acry late ) P A - 1 8 
P o l y ( m e t h y l m e t h a c r y l a t e ) P M - 1 
P o l y ( e t h y l m e t h a c r y l a t e ) P M - 2 
P o l y ( n - b u t y l m e t h a c r y l a t e ) P M - 4 
P o l y ( i s o b u t y l m e t h a c r y l a t e ) P M - 4 i 
P o l y ( d o d e c y l m e t h a c r y l a t e ) P M - 1 2 
P o l y ( o c t a d e c y l m e t h a c r y l a t e ) P M - 1 8 

200 ,000 
125,000 
119 ,000 
116,000 

23 ,300 
60 ,000 

340 ,000 
320 ,000 
300 ,000 
113,000 
671 ,000 

3.2 
3.2 
3.6 
3.7 
1.8 
1.82 
2.7 
4.4 
2.14 
1.5 
6.9 

m a t e r i a l . T h e average data o f t w o to f i ve m e a s u r e m e n t s ( w i t h i n ± 1 % ) 
are l i s t e d i n T a b l e s I I a n d I I I . 

Discussion 
T h e n e w l y m e a s u r e d h e a t c a p a c i t i e s o f a c r y l i c p o l y m e r s s h o w n i n 

T a b l e s I I a n d I I I h a v e b e e n c o m b i n e d w i t h the l i t e r a t u r e data ( m a i n l y 
at l o w t e m p e r a t u r e s ) o n t h e same a c r y l i c p o l y m e r s to d e r i v e a set o f 
r e c o m m e n d e d d a t a for e a c h a c r y l i c p o l y m e r (9). T h e s e r e c o m m e n d e d 
data , w h i c h n o w c o v e r a w i d e r range t h a n the data r e p o r t e d h e r e , h a v e 
b e e n u s e d to d e r i v e the h e a t c a p a c i t y c o n t r i b u t i o n o f t h e C H 3 g r o u p 
o n the C - C b a c k b o n e a n d t h e c o n t r i b u t i o n o f a C H 2 g r o u p i n the s i d e 
c h a i n [ ( C H 2 ) C H 3 to ( C H 2 ) 1 7 C H 3 ] b e l o w a n d a b o v e the glass t r a n s i t i o n . 
D a t a are g i v e n i n T a b l e s I V — V I I . T h e s e c o n t r i b u t i o n s h a v e a l s o b e e n 
d e r i v e d for p o l y p r o p y l e n e (10), p o l y b u t e n e (11), p o l y p e n t e n e (11), 
p o l y h e x e n e (11), a n d p o l y i s o b u t y l e n e ( I I ) . A l s o l i s t e d i n these tab l es 
are t h e c o r r e s p o n d i n g data o n p o l y e t h y l e n e (12). H e a t c a p a c i t y c o n t r i 
b u t i o n s o f the C O O - g r o u p i n p o l y a c r y l a t e s a n d p o l y m e t h a c r y l a t e s 
h a v e a lso b e e n d e r i v e d b y t a k i n g the d i f f e r e n c e i n heat c a p a c i t y c o n 
t r i b u t i o n b e t w e e n t h e a c r y l i c p o l y m e r a n d the c o r r e s p o n d i n g p o l y a l -
k e n e . T h e s e data b e l o w a n d a b o v e the glass t r a n s i t i o n are l i s t e d i n 
T a b l e s V I I I a n d I X . 

T h e d i s c u s s i o n o f t h e s e g r o u p c o n t r i b u t i o n s is d o n e i n stages. 
F i r s t , w e l o o k at the t h e o r e t i c a l f e a s i b i l i t y o f a n a d d i t i o n s c h e m e for 
l i n e a r m a c r o m o l e c u l e s a n d t h e n , the p o s s i b l e e m p i r i c a l e x t e n s i o n s are 
a n a l y z e d . 

A d e t a i l e d d i s c u s s i o n o f the heat c a p a c i t i e s o f l i n e a r m a c 
r o m o l e c u l e s has r e v e a l e d that , b e c a u s e o f the c h e m i c a l n a t u r e o f t h e 
m o l e c u l e s , the v i b r a t i o n a l s p e c t r u m c a n b e s e p a r a t e d i n t o g r o u p a n d 
s k e l e t a l v i b r a t i o n s (13). F u r t h e r m o r e , the s k e l e t a l v i b r a t i o n s are 
l a r g e l y i n t r a m o l e c u l a r i n n a t u r e b e c a u s e o f t h e s t r o n g b o n d i n g a l o n g 
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T a b l e I I . H e a t C a p a c i t y o f Po ly (ac ry la te ) s 
T(K) PA-1 PA-2 PA-4 PA-4i PA-18 

2 2 0 90 .4 114.3 174.7 156.0 
2 3 0 93 .3 119.0 217 .6 163.0 449 .6 
2 4 0 96 .0 123.6 221 .5 171.5 476 .7 
2 5 0 98 .9 130.2 221 .1 197.2 505 .0 
2 6 0 102.1 153.7 223 .5 223 .9 535 .6 
2 7 0 105.5 173.9 224 .9 223 .2 570 .0 

2 8 0 110.5 175.2 227 .5 226 .0 579 .7 
2 9 0 124.2 177.1 230 .2 229 .0 — 

3 0 0 153.6 178.9 232 .7 232 .1 — 

3 1 0 153.6 180.7 2 3 5 . 5 235 .1 — 

3 2 0 155.1 182.4 238 .3 238 .1 — 

3 3 0 156.3 184.5 241 .7 241 .5 — 

3 4 0 158.3 187.7 246 .0 245 .0 694 .3 
3 5 0 160.2 190.2 249 .3 248 .3 703 .5 
3 6 0 161.3 191.9 252 .1 251 .6 708 .5 
3 7 0 162.7 193.9 255 .6 255 .2 718 .3 
3 8 0 163.9 195.8 258 .4 258 .5 728.4 
3 9 0 165.1 197.7 261 .8 261 .2 738.4 
4 0 0 168.3 200 .1 265 .4 265 .8 747.1 
4 1 0 170.4 2 0 2 . 3 270 .1 273 .1 758 .9 
4 2 0 172.6 2 0 4 . 5 273 .4 275 .1 769 .8 
4 3 0 174.8 206 .2 275 .7 276 .2 771 .9 
4 4 0 175.3 208 .6 277 .3 277.4 792 .8 
4 5 0 175.6 211 .6 284.4 802 .4 

4 6 0 178.5 213 .5 278 .6 804 .5 
4 7 0 179.8 215 .9 287 .0 814 .7 
4 8 0 181.1 219 .1 2 9 3 . 0 824 .4 
4 9 0 182.9 220 .8 295 .8 830 .9 
5 0 0 183.8 2 2 2 . 5 300 .3 8 4 3 . 2 

Note: Heat capacity measurements are given in J m o l - 1 K _ 1 . 

the b a c k b o n e c h a i n o f t h e m o l e c u l e . O n l y at t e m p e r a t u r e s b e l o w 
a b o u t 4 0 Κ is the i n f l u e n c e o f t h e i n t e r m o l e c u l a r s k e l e t a l v i b r a t i o n s o n 
t h e h e a t c a p a c i t y d o m i n a n t . 

T h u s , a m o d e l o f l i n e a r m a c r o m o l e c u l e s b a s e d o n t h i s a n a l y s i s i s 
that o f a s t r i n g o f b e a d s . E a c h b e a d has the mass o f the r e p e a t i n g u n i t 
(or s i n g l e b a c k b o n e c h a i n a t o m un i t ) a n d is c o u p l e d s t r o n g l y i n t h e 
c h a i n d i r e c t i o n . E a c h s t r i n g o f b e a d s i s , h o w e v e r , o n l y w e a k l y 
c o u p l e d w i t h its n e i g h b o r s t r ings . S u b t r a c t i n g the c o n t r i b u t i o n o f t h e 
g r o u p v i b r a t i o n s l e a v e s t h e heat c a p a c i t y o f a n a s s e m b l y o f s t r u c t u r e 
l ess b e a d s . B e c a u s e at l east a l l c a r b o n b a c k b o n e m a c r o m o l e c u l e s h a v e 
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11. wuNDERLiCH A N D G A U R Differential Scanning Calorimetry 201 

the same b o n d i n g b e t w e e n b e a d s a n d h a v e a lso s i m i l a r g e o m e t r y , 
t h e i r i n t r a m o l e c u l a r heat c a p a c i t i e s m u s t b e r e l a t e d . T h i s r e l a t i o n s h i p 
w a s e s t a b l i s h e d ( 13 ) u s i n g a o n e - d i m e n s i o n a l D e b y e f u n c t i o n Dx w i t h 
a ^ - t empera ture p r o p o r t i o n a l to the i n v e r s e o f the mass o f the o n e 
c a r b o n b a c k b o n e b e a d ( M c ) . B y t a k i n g the rat io o f Mc to the p o l y e t h y l 
e n e mass ( 1 4 g /mol) the u n i v e r s a l e q u a t i o n is w r i t t e n b y u s i n g t h e 
p o l y e t h y l e n e ^ - t e m p e r a t u r e 5 4 0 Κ 

C = Dx [ 5 4 0 ( 1 4 / M e ) 1 ' 2 } (1 ) 

for the i n t r a m o l e c u l a r s k e l e t a l heat c a p a c i t y . 

T a b l e I I I . H e a t C a p a c i t y o f P o l y ( m e t h a c r y l a t e ) s 
T(K) PM-1 PM-2 PM-4 PM-4i PM-12 PM-18 
2 2 0 3 9 8 . 1 4 5 5 . 2 
2 3 0 1 0 8 . 9 1 3 2 . 5 1 8 2 . 7 1 7 3 . 6 4 6 7 . 5 4 8 2 . 9 
2 4 0 1 1 2 . 8 1 3 7 . 5 1 9 2 . 5 1 8 1 . 5 5 7 4 . 4 5 1 4 . 0 
2 5 0 1 1 6 . 5 1 4 2 . 3 2 0 0 . 5 1 8 8 . 6 7 4 0 . 0 5 5 4 . 0 
2 6 0 1 2 0 . 2 1 4 7 . 0 2 0 8 . 8 1 9 5 . 0 5 2 5 . 8 6 0 8 . 2 
2 7 0 1 2 4 . 5 1 5 1 . 5 2 1 8 . 1 2 0 1 . 6 4 9 8 . 0 

2 8 0 1 2 8 . 3 1 5 7 . 7 2 3 1 . 7 2 0 7 . 6 4 9 9 . 3 
2 9 0 1 3 2 . 2 1 6 2 . 0 2 4 6 . 3 2 1 7 . 8 5 0 4 . 5 
3 0 0 1 3 5 . 9 1 6 7 . 5 2 5 9 . 1 2 2 8 . 5 5 0 9 . 9 
3 1 0 1 4 0 . 1 1 7 2 . 9 2 6 7 . 5 2 4 0 . 0 5 1 6 . 2 
3 2 0 1 4 3 . 8 1 7 9 . 9 2 7 3 . 6 2 5 5 . 1 5 2 3 . 2 
3 3 0 1 4 7 . 7 1 8 9 . 1 2 7 7 . 5 2 6 7 . 4 5 3 2 . 5 7 2 0 . 1 

3 4 0 1 5 1 . 1 2 0 1 . 8 2 8 2 . 8 2 7 8 . 2 5 4 1 . 7 7 3 0 . 5 

3 5 0 1 5 6 . 3 2 1 5 . 2 2 8 8 . 1 2 8 6 . 9 5 4 9 . 4 7 4 1 . 1 
3 6 0 1 6 1 . 4 2 2 6 . 1 2 9 4 . 2 2 9 0 . 4 5 5 6 . 7 7 4 9 . 1 
3 7 0 1 6 7 . 8 2 3 0 . 0 3 0 0 . 5 2 9 3 . 5 5 6 5 . 2 7 5 9 . 0 
3 8 0 1 8 0 . 4 2 3 3 . 5 3 0 6 . 1 2 9 3 . 8 5 7 2 . 6 7 6 6 . 8 
3 9 0 2 0 4 . 3 3 0 4 . 9 2 9 5 . 4 5 7 8 . 1 7 7 5 . 5 

4 0 0 2 0 7 . 5 3 1 1 . 4 3 0 2 . 5 5 8 2 . 5 7 8 9 . 7 
4 1 0 2 0 9 . 2 3 1 3 . 7 8 0 1 . 9 
4 2 0 2 1 2 . 2 3 1 8 . 5 8 1 3 . 3 
4 3 0 2 1 4 . 8 3 2 3 . 2 8 2 5 . 4 
4 4 0 2 1 7 . 9 3 2 9 . 1 8 3 1 . 2 
4 5 0 2 2 0 . 9 3 3 7 . 7 8 3 9 . 5 

4 6 0 2 2 3 . 6 8 5 7 . 0 
4 7 0 2 2 6 . 2 8 7 3 . 3 
4 8 0 2 2 8 . 9 8 9 0 . 1 
4 9 0 2 3 1 . 4 9 0 3 . 0 
5 0 0 2 3 4 . 4 9 1 3 . 7 

Note: Heat capacity measurements are in J m o l - 1 K - 1 . 
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T a b l e I V . H e a t C a p a c i t y C o n t r i b u t i o n o f C H 3 G r o u p o n C - C 
B a c k b o n e P o l y m e r s B e l o w the G l a s s T r a n s i t i o n 

Polyacrylates Polyalkenes 

T(K) Ia II» IIIe IVd Ve VIf VIIs CH2 

4 0 2.0 3.8 0.6 2.2 3.2 
8 0 3.2 6.1 5.3 2.8 4.0 7.8 

120 5.7 7.1 8.9 9.2 7.1 8.2 10.2 
160 8.6 10.6 11.9 12.7 12.2 12.5 13.5 
2 0 0 13.0 14.6 15.2 9.7 16.5 16.7 16.6 15.6 
2 4 0 18.2 18.8 19.4 17.9 
2 8 0 22 .0 20 .6 
3 2 0 27 .9 23 .0 
3 6 0 32 .8 26 .5 
4 0 0 30 .6 34 .1 
4 4 0 27 .1 42 .7 

Note: Heat capacity measurements are in J m o l - 1 K 1 . 
a Cp (PM-1) - Cp (PA-1); error ± 0.4-2.6 J m o ^ K " 1 . 
b Cp (PM-2) - Cp (PA-3); error ± 1.2-2.8 I m o ^ K " 1 . 
c Cp (PM-4) - Cp (PA-4); error ± 0.6-3.8 I m o l " 1 ^ 1 . 
d C p (PM-4i) - Cp (PA-4i) ; error ± 3.6 J m o l ^ K " 1 . 
e Cp (PP) - 2CP (PE); error ± 0.2-2.2 I m o ^ K " 1 . 
' Cp (PIB) - Cp (PE); error ± 0.2-1.2 I m o ^ K " 1 . 
9 [Cp (PIB) - 2CP (ΡΕ)] - 2; error ± 0.2-0.6 I m o ^ K " 1 . 

T h e i n t e r m o l e c u l a r s k e l e t a l c o n t r i b u t i o n is n o t a d d i t i v e , b u t has 
to b e d e t e r m i n e d b y m e a s u r e m e n t at l o w t e m p e r a t u r e ( t h r e e - d i m e n 
s i o n a l D e b y e funct ion ) . T h e d e v e l o p m e n t o f a r e l i a b l e t e c h n i q u e o f l o w 
t e m p e r a t u r e heat c a p a c i t y m e a s u r e m e n t , p r e f e r a b l y to at least 10 Κ as 
d i s c u s s e d p r e v i o u s l y , is t h u s o f k e y i m p o r t a n c e . A u s e f u l c o m b i n a t i o n 
o f the i n t r a m o l e c u l a r a n d i n t e r m o l e c u l a r s k e l e t a l heat c a p a c i t i e s is 
p o s s i b l e u s i n g t h e T a r a s o v e q u a t i o n (13). 

B a s e d o n th i s a n a l y s i s i t s h o u l d b e p o s s i b l e to d e v e l o p a n a d d i t i o n 
s c h e m e o f heat c a p a c i t i e s that covers the i n t r a m o l e c u l a r s k e l e t a l v i 
b r a t i o n s a n d the g r o u p v i b r a t i o n s b a s e d o n a s i n g l e a t o m b a c k b o n e 
c h a i n b e a d . A n i n i t i a l a t t e m p t o f s u c h a n a d d i t i o n s c h e m e s h o w e d 
p r o m i s i n g resu l t s (14). T h e t e m p e r a t u r e range o f s u c h s i m p l e a n a l y s i s 
i s e s t i m a t e d to r e a c h f r o m 4 0 Κ to the glass t r a n s i t i o n or the m e l t i n g 
t r a n s i t i o n . 

S t r i c t c o r r e l a t i o n b e t w e e n v i b r a t i o n a l f r e q u e n c i e s a n d heat 
c a p a c i t i e s exists o n l y for the heat c a p a c i t i e s at c ons tant v o l u m e . H e a t 
c a p a c i t i e s at c o n s t a n t p r e s s u r e d e v i a t e a b o v e 1 5 0 - 2 0 0 Κ i n c r e a s i n g l y 
f r o m the heat c a p a c i t y at cons tant v o l u m e . W i t h i n a r e a s o n a b l e t e m 
p e r a t u r e range the d e v i a t i o n i s , h o w e v e r , p r o p o r t i o n a l to the square o f 
the heat c a p a c i t y i t s e l f w i t h a n a l m o s t u n i v e r s a l c o n s t a n t (15). T h e r e 
fore , t h e a d d i t i o n s c h e m e s h o u l d a l so a p p l y to h e a t c a p a c i t i e s at c o n 
stant p r e s s u r e u p to a p p r o x i m a t e l y 400—500 K . T h e e a r l y a d d i t i o n 
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T a b l e V I I I . H e a t C a p a c i t y C o n t r i b u t i o n o f C O O - i n t h e S i d e 
C h a i n B e l o w t h e G l a s s T r a n s i t i o n 

T(K) Ρ IP IIP IV Ve VP VIP 

4 0 6.2 10.6 
80 15.6 23 .6 23 .2 23 .4 17.6 

120 22.2 28 .0 29 .5 26 .7 28 .0 25 .1 
160 28 .3 29 .9 33 .6 31.1 33 .7 31 .8 
2 0 0 33.8 33 .2 36 .9 34 .7 37 .1 38 .9 
2 4 0 39 .0 40 .2 37 .2 54 .2 
2 8 0 44 .3 

Note: Heat capacity measurements are in J mol *K *. 
a Cp (PM-Acid) - Cp (PP); error ± 0.2-2.2 J m o ^ K " 1 . 
6 Cp (PM-1) - Cp (PIB); error ± 0.4-2.0 J m o l " 1 ^ 1 . 
c Cp (PA-1) - Cp (PP); error ± 0.8-2.0 J m o ^ K " 1 . 
d Cp (PA-2) - Cp (PBu); error ± 1.4-2.4 J m o ^ K " 1 . 
e Cp (PA-4) - Cp (PHe); error ± 1.4-3.0 J m o ^ K " 1 . 
' Cp (PA-4Ï) - Cp (P4M1P); error ± 3.4 J m o l " 1 ^ 1 . 
9 Heat capacity of main chain C O O — from Reference 21. 

s c h e m e has b o r n e out th i s a n a l y s i s (14). A s the ana lys i s o f the c u r r e n t l y 
d e v e l o p e d set o f r e c o m m e n d e d data is c o m p l e t e d (9-12), a n ex 
p a n d e d a n d i m p r o v e d set o f tab l es w i l l b e p r e s e n t e d . 

I n t h e m e a n t i m e , t w o e m p i r i c a l e x t e n s i o n s o f the a d d i t i o n s c h e m e 
are a t t e m p t e d . T h e f i rs t d e a l s w i t h l i q u i d s (16) i n s t e a d o f s o l i d s . I n t h e 
l i q u i d state, heat c a p a c i t i e s are n o t o n l y c a u s e d b y v i b r a t i o n s , b u t h a v e 
c o n s i d e r a b l e p o t e n t i a l e n e r g y c o n t r i b u t i o n s . R e a s o n a b l e a d d i t i v i t y 
c a n b e e s t a b l i s h e d as l o n g as t h e i n c r e a s e i n heat c a p a c i t y at t h e glass 
t r a n s i t i o n t e m p e r a t u r e w a s n o r m a l . T h e d a t a o f T a b l e s V , V I I , a n d I X 
r e a f f i r m t h i s f i n d i n g . 

T h e s e c o n d e x t e n s i o n o f the a d d i t i o n s c h e m e is t e s t e d i n T a b l e s 
I V — I X . H e r e w e t ry e m p i r i c a l l y to e s t a b l i s h the heat c a p a c i t y c o n t r i 
b u t i o n s o f s i d e - c h a i n g r o u p s ( d i s r e g a r d i n g t h e c h a n g e s i n t h e n o n a d -
d i t i v e c o n t r i b u t i o n s to t h e i n t r a m o l e c u l a r s k e l e t a l heat ca pa c i ty ) . S u c h 

T a b l e I X . H e a t C a p a c i t y C o n t r i b u t i o n o f C O O - i n the S i d e C h a i n 
A b o v e t h e G l a s s T r a n s i t i o n 

T(K) Ρ IP IIP 
2 6 0 60 .6 
3 0 0 61 .9 
3 4 0 63 .2 
3 8 0 73 .5 64 .6 64 .4 
4 2 0 65 .0 65 .7 
4 6 0 65 .4 67 .0 
5 0 0 65 .9 68 .3 

Note: Heat capacity measurements are in J mol *K 1 . 
α Cp (PM-1) - Cp (PIB); error ± 4.0 J mol^K" 1 . 
b Cp (PA-1) - Cp (PP) ; error ± 3.2-3.6 J m o H K " 1 . 
c Cp (PA-2) - Cp (PBu); error ± 3.4-4.4 J m o l ^ K " 1 . 
d Cp (PA-4) - Cp (PHe); error ± 4.4 J m o l ^ K " 1 . 
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a n a p p r o a c h s h o u l d b e s u c c e s s f u l for l o n g s ide c h a i n s , w h i c h a g a i n 
a p p r o a c h the case o f i s o l a t e d c h a i n s , b u t is less s u c c e s s f u l for short 
s ide c h a i n s w h e r e the b a c k b o n e b e a d c h a n g e i n mass o n s u b s t i t u t i o n 
o f a s ide c h a i n is i m p r o p e r l y a c c o u n t e d for. 

B e f o r e d i s c u s s i n g T a b l e s I V - I X i t m u s t b e r e m a r k e d that t h e 
e r r o r l i m i t s o f the v a r i o u s t a b l e e n t r i e s v a r y as g i v e n i n the footnotes to 
the t a b l e s . T h e e r r o r l i m i t s are e s t i m a t e d u s i n g a 2 % e r r o r i n t h e heat 
capac i t i e s o f the p a r e n t data . T h u s , the e r r o r b e c o m e s m u c h l a r g e r i f 
the d i f f e r e n c e i n heat c a p a c i t y n e e d e d for t h e g i v e n g r o u p is m u c h 
s m a l l e r t h a n the m e a s u r e d h e a t c a p a c i t i e s o f the p a r e n t p o l y m e r s . 

T a k i n g these e r r o r l i m i t s i n t o a c c o u n t , one f i n d s that t h e C H 3 

g r o u p c o n n e c t e d to the c a r b o n b a c k b o n e s u b s t i t u t e d for a h y d r o g e n 
(i .e. , i n s e r t i n g a C H 2 b e t w e e n a C - H b o n d ) s h o w s c o n t r i b u t i o n s to the 
heat c a p a c i t y that are not far f r o m those o f C H 2 g r o u p s , i n c l u d i n g 
s k e l e t a l v i b r a t i o n s . T h e cause o f the v a r i o u s d e v i a t i o n s is not o b v i o u s 
at p r e s e n t a n d n e e d s m o r e s t u d y i n l i g h t o f t h e f u l l y d e v e l o p e d a d d i 
t i o n s c h e m e . T h e l i q u i d C H 3 g r o u p data f i t a g e n e r a l a d d i t i o n s c h e m e 
be t t e r t h a n the d a t a for the g lass . I n t h i s case a l l s k e l e t a l v i b r a t i o n s c a n 
b e a s s u m e d to b e e x c i t e d g i v i n g t h e r e a s o n for the b e t t e r a g r e e m e n t . 
T h e c h a n g e i n heat c a p a c i t y , u p o n i n t r o d u c t i o n o f a d d i t i o n a l C H 2 

g r o u p s i n t o the s i d e c h a i n , i s l i s t e d i n T a b l e s V I a n d V I I a n d s h o w s 
e v e n c l o s e r a d h e r e n c e to a d d i t i v i t y w i t h the l i q u i d data a p p r o a c h i n g 
e x p e r i m e n t a l a c c u r a c y . A g a i n , a g r e e m e n t i n the l i q u i d state is b e t t e r 
t h a n i n the g lassy state. T h e h e a t c a p a c i t y c o n t r i b u t i o n s d u e to C O O -
l i s t e d i n T a b l e s V I I I a n d I X a l so s h o w that the data are a d d i t i v e w i t h i n 
the e x p e r i m e n t a l e r r o r l i m i t s . T h e i r d e v i a t i o n f r o m the heat c a p a c i t y 
c o n t r i b u t i n g es ter g r o u p s i n t h e m a i n c h a i n a l so s e e m s s m a l l . 

Conclusions 

D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y is one o f t h e b a s i c a n a l y s i s 
t e c h n i q u e s . W i t h m o d e r n i n s t r u m e n t a t i o n , a c c u r a c i e s c l o se to c l a s 
s i c a l c a l o r i m e t r y c a n b e r e a c h e d . L o w t e m p e r a t u r e o p e r a t i o n to a b o u t 
150 Κ is p o s s i b l e w i t h o n l y s l i g h t l y r e d u c e d p r e c i s i o n . T h e n e w d a t a 
o n p o l y a c r y l a t e a n d p o l y m e t h a c r y l a t e heat c a p a c i t i e s s h o w that t h e 
p r i o r e s t a b l i s h e d heat c a p a c i t y a d d i t i o n s c h e m e o f m a c r o m o l e c u l a r 
s o l i d s , w h i c h is b a s e d o n a n a n a l y s i s o f t h e v i b r a t i o n a l s p e c t r u m , c a n 
p r o b a b l y b e e m p i r i c a l l y e x t e n d e d to s i d e g r o u p c o n t r i b u t i o n s a n d a lso 
to the l i q u i d state. O n the b a s i c e x a m p l e o f heat c a p a c i t i e s , the u s e f u l 
ness a n d i m p o r t a n c e o f D S C is thus i l l u s t r a t e d . 
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12 
Thermogravimetry Applied to 
Polymer Degradation Kinetics 

BRIAN DICKENS and J O S E P H H . FLYNN1 
National Bureau of Standards, Polymer Science Division, 
Washington, DC 20234 

The kinetics of polymer degradations (and oxidations) 
may be represented in the simple general form dα/dt = 
f(α)Ae-E/RT, where α is the extent of reaction, and A and Ε 
are Arrhenius parameters. The various attempts to rep
resent f(α) in a simple way are discussed, with the 
conclusion that none is satisfactory for polymer degrada
tion studies. Therefore, four methods of thermogra
vimetry have been devised and implemented to avoid 
any need to model f(α). Three of these methods give val
ues for the activation energy, E, and through it shed 
some light on the dominant contributors to the kinetic 
form. The fourth method can be used in favorable cases 
to examine the importance of competing or successive 
reactions in the degradation mechanism. The methods 
are (1) factor-jump thermogravimetry, a series of iso-
thermals requiring only a single sample; (2) isoconver-
sional diagnostic plots, a variable heating rate method 
applied to a series of samples; (3) analysis of the initial 
stage of reaction, a variable heating rate method re
quiring only one sample; and (4) variable heating rate 
analysis, applied to several samples to examine any 
change in component reactions in f(α). 

JL H E R M A L M E T H O D S O F A N A L Y S I S f i n d w i d e use for t h r e e reasons : 
p h a s e c h a n g e s c a n b e s t u d i e d v i a the heats o f t r a n s i t i o n ; t e m p e r a t u r e 
affects t h e rate o f r e a c t i o n o f m o s t c h e m i c a l p r o c e s s e s ; a n d c o m p l e x 
m o l e c u l e s c a n b e s t u d i e d f r o m f ragments p r o d u c e d b y p y r o l y s i s . T h i s 
c h a p t e r is c o n c e r n e d w i t h t h e use o f t h e r m o g r a v i m e t r y , w h e r e t h e 
s a m p l e is h e a t e d a n d w e i g h e d c o n t i n u o u s l y , to s t u d y p o l y m e r d e g r a 
d a t i o n s . T h e r m o g r a v i m e t r y i s , i n p r i n c i p l e , a s i m p l e t e c h n i q u e that 

1 To whom correspondence should be sent. 

This chapter not subject to U . S . copyright 
Pub l i shed 1983, Amer i can C h e m i c a l Society 
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p r o v i d e s k i n e t i c i n f o r m a t i o n o n the d e g r a d a t i o n , o x i d a t i o n , e v a p o r a 
t i o n , or s u b l i m a t i o n o f s a m p l e s i n a n y c o n d e n s e d f o r m . T h e m a t e r i a l i s 
p r e s e n t e d h e r e i n the f o r m o f a n o v e r v i e w . F o r m o r e c o m p l e t e treat 
ments , see Re ferences 1 a n d 2 a n d other references c i t e d i n this chapter . 

Kinetic Analysis of Thermogravimetric Data 
T h e m a t h e m a t i c a l m o d e l that is e v o k e d to d e s c r i b e the k i n e t i c s o f 

a s y s t e m u n d e r g o i n g c h e m i c a l c h a n g e is u s u a l l y e x p r e s s e d i n t h e f o r m 

w h e r e the rate o f c h a n g e o f the c o n v e r s i o n or f r a c t i o n r e a c t e d , a , w i t h 
r e s p e c t to t i m e , t, is e q u a t e d to s e p a r a b l e f u n c t i o n s o f a a n d t h e a b s o 
l u t e t e m p e r a t u r e , T . E q u a t i o n 1 r e p r e s e n t s a d e q u a t e l y t h e k i n e t i c s o f 
m a n y r e a c t i n g sys tems i n t h e gaseous p h a s e a n d a lso a p p l i e s to s o m e 
reac t i ons o c c u r r i n g i n h o m o g e n e o u s s o l u t i o n s . H o w e v e r , e v e n for 
h o m o g e n e o u s s y s t e m s , i f t h e o v e r a l l k i n e t i c p rocess i n v o l v e s s e v e r a l 
e l e m e n t a r y steps s u c h as o p p o s i n g , c o n s e c u t i v e , p a r a l l e l , o r c h a i n 
r e a c t i o n s , t h e n E q u a t i o n 1 is p r o b a b l y n o t s u f f i c i e n t to d e s c r i b e t h e 
rate o f r e a c t i o n . T h e s e c o m p l e x i t i e s c a n b e t a k e n i n t o a c c o u n t f o r m a l l y 
b y the a d d i t i o n o f a t e r m , g (a ,T ) (3), to E q u a t i o n 1 to o b t a i n : 

w h e r e g(a,T) i n c l u d e s a l l c o n v e r s i o n - t e m p e r a t u r e c ross - t e rms . A l 
t h o u g h t h i s case m a y a p p e a r to b e t r a c t a b l e , a s i n g l e r e a c t i o n c o o r d i 
nate , a, i s i n s u f f i c i e n t i n m a n y cases s u c h as w h e n t h e a m o u n t o f 
r e s i d u e or c h a r d e p e n d s o n p r e v i o u s t h e r m a l t r e a t m e n t . T h e u s u a l 
a p p r o a c h to f i t t i n g E q u a t i o n 2 is to e m p l o y s p e c i f i c a n a l y t i c a l e x p r e s 
s ions that u s u a l l y w e r e o b t a i n e d f r o m m o d e l s b a s e d o n p h y s i c a l a n d 
c h e m i c a l e v i d e n c e , i n t u i t i o n , a n d / o r e x p e r i e n c e . 

H e t e r o g e n e o u s k i n e t i c s p o s e a d d i t i o n a l p r o b l e m s a n d c o m p l i c a 
t i o n s o v e r h o m o g e n e o u s k i n e t i c s b e c a u s e processes s u c h as d i f f u s i o n , 
s o r p t i o n , e v a p o r a t i o n , a n d c h e m i c a l r eac t i ons a m o n g separate p h a s e s 
are i n v o l v e d . I f d u e care is n o t t a k e n , rates m a y d e p e n d o n p h y s i c a l 
factors s u c h as contac t areas a n d the m o v e m e n t o f s p e c i e s t h r o u g h 
f i x e d m a t r i c e s or h i g h l y v i s c o u s fluids. T h e r e f o r e , a n o t h e r t e r m m u s t 
b e a d d e d to E q u a t i o n 2 to o b t a i n : 

daldt =f(a)k(T) (1) 

daldt = f(a)k(T)g(a,T) (2) 

daldt =f(a) k(T) g(a,T) h(XuYh. . .) (3) 

w h e r e the t e r m , h(Xi9Yjy. . .) i s a n a n a l y t i c a l e x p r e s s i o n o f t h e f u n c 
t i o n a l r e l a t i o n s h i p s b e t w e e n t h e c h e m i c a l rate a n d a l l o t h e r ra te -
a f f e c t i n g factors a n d t h e c ross - t e rms a m o n g t h e factors t h e m s e l v e s as 
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w e l l as w i t h t e m p e r a t u r e a n d c o n v e r s i o n . T h e factors , X,Y,. . ., r e p r e 
sent the effects o f s u c h v a r i a b l e s as p r e s s u r e , gas flow rate , gas c o m p o 
s i t i o n , p h y s i c a l a n d g e o m e t r i c a l p r o p e r t i e s o f t h e s a m p l e , c a t a l y t i c 
i m p u r i t i e s , l a b i l e g r o u p s i n t r o d u c e d d u r i n g p r e p a r a t i o n , a n d m e c h a n 
i c a l stresses. 

M a n y factors that affect the rate o f w e i g h t loss m a y c h a n g e i n a 
n o n c o n t r o l l a b l e m a n n e r d u r i n g the c o u r s e o f a n e x p e r i m e n t . F o r 
e x a m p l e , the t e m p e r a t u r e i n t h e i n t e r i o r o f a la rge s p e c i m e n is af
f e c t e d s i g n i f i c a n t l y b y e n d o t h e r m i c or e x o t h e r m i c r e a c t i o n s ; the p r e s 
sure o f a gaseous s p e c i e s c a n b e d i f f e r e n t i n t e r n a l l y a n d e x t e r n a l l y 
d e p e n d i n g o n its rate o f p r o d u c t i o n or c o n s u m p t i o n a n d r e m o v a l . S u c h 
effects set u p p o t e n t i a l g r a d i e n t s i n t h e s y s t e m s , a n d the r e s u l t a n t 
fluxes affect the o v e r a l l r e a c t i o n rate . W h e n t h e rate is a f f e c ted or 
l i m i t e d b y s u c h d i f f u s i o n a l p rocesses , i t is e x t r e m e l y d i f f i c u l t to m o d e l 
the k i n e t i c s a d e q u a t e l y . I n p r a c t i c e , these c o m p l i c a t i o n s c a n b e 
a m e l i o r a t e d c o n s i d e r a b l y b y d e c r e a s i n g t h e d r i v i n g p o t e n t i a l , i . e . , b y 
m a i n t a i n i n g c o n s t a n t i n t e n s i t i e s o f e x t e r n a l factors s u c h as p r e s s u r e 
a n d a t m o s p h e r i c c o m p o s i t i o n , or b y s l o w i n g d o w n the r e a c t i o n rate so 
that i n t e r n a l g r a d i e n t s b e c o m e less s i g n i f i c a n t . 

S o m e ra te -a f f e c t ing factors are no t c o n t r o l l e d e a s i l y . S t a n d a r d i z a 
t i o n o f t h e p h y s i c a l a n d g e o m e t r i c a l p r o p e r t i e s o f the s p e c i m e n s so as 
to r e n d e r h(Xi9Yi9. . .) i n E q u a t i o n 3 a cons tant t e r m that m a y b e i g 
n o r e d i n the k i n e t i c t r e a t m e n t o f ten is e x t r e m e l y d i f f i c u l t . C o n t r o l o f 
c h e m i c a l factors is e q u a l l y i m p o r t a n t . T r a c e a m o u n t s o f a d d i t i v e s a n d 
r e s i d u a l cata lys ts , s o l v e n t s , a n d m o n o m e r s m u s t e i t h e r b e r e m o v e d or 
t h e i r effects o n t h e k i n e t i c s m u s t b e t a k e n i n t o a c c o u n t . 

T h e p r o c e d u r e m o s t o f t en f o l l o w e d is to k e e p the factors j u s t 
m e n t i o n e d at c o n t r o l l e d l e v e l s to i n c o r p o r a t e t h e i r effects i n t o the 
e x p r e s s i o n s for f(a) a n d k(T). I n that case , g(ct,T) h(XuYh. . .) = 1, a n d 
E q u a t i o n 3 r e d u c e s to E q u a t i o n 1, b e c a u s e o n l y m a t h e m a t i c a l m o d e l s 
for t e m p e r a t u r e a n d c o n v e r s i o n w i l l b e n e c e s s a r y . 

The Conversion Function, f(a) 
T h e c o n v e r s i o n f u n c t i o n , f(a), i n g e n e r a l is e x t r e m e l y c o m p l i 

c a t e d . I n a t t e m p t i n g to c h a r a c t e r i z e i t , i s o t h e r m a l e x p e r i m e n t s m u s t 
b e u s e d to separate out the effects o f t e m p e r a t u r e c h a n g e . A s u r v e y o f 
the l i t e r a t u r e o n t h e i s o t h e r m a l w e i g h t - l o s s k i n e t i c s o f p o l y m e r s e m 
p h a s i z e s the c o m p l e x i t y o f t h e k i n e t i c s o f these sys tems . P l o t s o f 
w e i g h t - l o s s rate vs . c o n v e r s i o n f r a c t i o n d o not f o l l o w s i m p l e r e a c t i o n 
o r d e r s ; a l so , t h e i r o v e r a l l shape u s u a l l y c h a n g e s w i t h t e m p e r a t u r e . 
T h u s , a p a r t i c u l a r c o n v e r s i o n f u n c t i o n i s v a l i d o n l y for a l i m i t e d r a n g e 
o f e x p e r i m e n t a l c o n d i t i o n s . B e c a u s e p o l y m e r d e g r a d a t i o n s are o f t e n 
c h a i n r e a c t i o n s , / ( a ) r e p r e s e n t s the n e t r e s u l t o f a ser ies o f e l e m e n t a r y 
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steps. E a c h e l e m e n t a r y step has its o w n a c t i v a t i o n e n e r g y , w h i c h 
m a k e s e a c h s u c h step r e s p o n d d i f f e r e n t l y to t e m p e r a t u r e c h a n g e . A 
g o o d e x a m p l e is the e x i s t e n c e o f a c e i l i n g t e m p e r a t u r e , a b o v e w h i c h 
d e g r a d a t i o n takes p l a c e a n d b e l o w w h i c h the m a t e r i a l p o l y m e r i z e s . 

T h e t r a d i t i o n a l r a d i c a l c h a i n m o d e l for the m e c h a n i s m o f v i n y l 
p o l y m e r d e g r a d a t i o n i l l u s t r a t e s m a n y o f these c o m p l e x i t i e s . T h i s 
m o d e l i n v o l v e s t h r e e t y p e s o f p rocesses : (1) i n i t i a t i o n r e a c t i o n s b y 
w h i c h r a d i c a l s are f o r m e d , (2) c h a i n p r o p a g a t i o n reac t i ons that p r o 
d u c e s c i s s i o n o f the p o l y m e r b a c k b o n e , a n d (3) t e r m i n a t i o n r e a c t i o n s 
that r e m o v e c h a i n - p r o p a g a t i n g r a d i c a l s f r o m the s y s t e m . 

I n i t i a t i o n m a y r e s u l t f r o m l a b i l e l i n k a g e s a l r e a d y i n the p o l y m e r . 
I f s u c h i n i t i a t i o n is f o l l o w e d b y a d e p r o p a g a t i o n ( u n z i p p i n g ) to l o w 
m o l e c u l a r w e i g h t f r a g m e n t s , t h e n the rate o f v o l a t i l i z a t i o n w i l l d e 
crease c o n t i n u o u s l y as t h e r e a c t i o n p r o c e e d s . O n the o t h e r h a n d , i f the 
c h a i n b r e a k s c o m e a b o u t m o r e or less r a n d o m l y , e i t h e r b e c a u s e o f 
r a n d o m i n i t i a t i o n or m o r e u s u a l l y b e c a u s e o f / 3 - s c i ss ion o f r a d i c a l s 
f o r m e d o n the p o l y m e r b a c k b o n e b y h y d r o g e n a b s t r a c t i o n (transfer) , 
m o s t e a r l y f ragments w i l l b e too large to v o l a t i l i z e , b u t t h e rate w i l l 
i n c r e a s e w i t h c o n v e r s i o n as greater n u m b e r s o f s m a l l e r f ragments are 
f o r m e d . T h i s process p r o d u c e s a n a p p a r e n t auto ca ta ly t i c rate o f 
w e i g h t loss . I f n e w l a b i l e l i n k a g e s s u c h as u n s a t u r a t e d e n d g r o u p s are 
f o r m e d f r o m trans fer a n d d i s p r o p o r t i o n a t i o n r e a c t i o n s , t h e rate o f i n 
i t i a t i o n w i l l i n c r e a s e . T h u s , i n o n l y a f e w cases o f p o l y m e r d e g r a d a 
t i o n , s u c h as the t h e r m a l d e g r a d a t i o n o f p o l y t e t r a f l u o r o e t h y l e n e 
( w h i c h o f ten is u s e d as a n i l l u s t r a t i v e e x a m p l e ) , d o the w e i g h t - l o s s 
k i n e t i c s c o n f o r m r e a s o n a b l y c l o s e l y to s i m p l e n t h o rder k i n e t i c m o d e l s . 

Temperature Dependence: The Arrhenius Equation 
T h e A r r h e n i u s e q u a t i o n is the m o d e l u s e d a l m o s t u n i v e r s a l l y to 

express the t e m p e r a t u r e d e p e n d e n c e o f the rate o f r e a c t i o n , v i z . , 

k(T) =A e x p [ - E ( R T ) " 1 ] (4) 

I n E q u a t i o n 4, R is the gas c ons tant a n d Τ is the a b s o l u t e t e m p e r a t u r e . 
T h e e n e r g y o f a c t i v a t i o n ( £ ) a n d the p r e - e x p o n e n t i a l factor (A) are 
p a r a m e t e r s d e t e r m i n e d b y f i t t i n g e x p e r i m e n t a l rate data . 

T h e a p p l i c a t i o n o f the A r r h e n i u s e q u a t i o n to c o n d e n s e d p h a s e 
k i n e t i c s r e c e i v e d c o n s i d e r a b l e r e c e n t a d v e r s e c r i t i c i s m b e c a u s e o f t en 
v a l u e s for Ε c h a n g e w i t h r e s p e c t to t e m p e r a t u r e a n d c o n v e r s i o n a n d 
s h o w p o o r a g r e e m e n t w h e n c o m p a r e d w i t h v a l u e s o b t a i n e d u s i n g 
d i f f e r e n t t e c h n i q u e s or u n d e r d i f f e r e n t c o n d i t i o n s . T h e r e f o r e , i t is 
p e r t i n e n t to g i v e s o m e j u s t i f i c a t i o n for its use . M u c h o f t h i s c r i t i c i s m 
resu l t s f r o m m i s c o n c e p t i o n s o f the t h e o r e t i c a l bas i s for the e q u a t i o n 
a n d its r o l e as a m a t h e m a t i c a l f u n c t i o n for f i t t i n g a n d m o d e l i n g data . 
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M o s t m o d e l s for a k i n e t i c step p o s t u l a t e a n e n e r g y b a r r i e r b e 
t w e e n the i n i t i a l state (reactants) a n d the f i n a l state (products ) . T h e y 
a s s u m e that o n l y a s m a l l f r a c t i o n o f t h e spec i e s has s u f f i c i e n t e n e r g y 
to cross t h i s b a r r i e r . T h i s a s s u m p t i o n is the case w h e t h e r t h e m o d e l i s 
b a s e d o n s tat i s t i ca l or m o l e c u l a r c o n c e p t s . T h e r e l a t i o n s h i p b e t w e e n 
the e n e r g y d i s t r i b u t i o n o f the r e a c t i n g spec i e s a n d t e m p e r a t u r e is 
r e p r e s e n t e d b y a B o l t z m a n n e x p o n e n t i a l f u n c t i o n , A e x p ( — B T - 1 ) . 
( M a n y m o d e l s p r e d i c t s o m e sort o f m i l d p o l y n o m i a l f u n c t i o n a l i t y w i t h 
t e m p e r a t u r e for A , b u t , i n p r a c t i c e , e v e n s l i g h t u n c e r t a i n t i e s i n the 
e x p o n e n t i a l p a r a m e t e r , E , o v e r w h e l m a n d r e n d e r f u t i l e efforts to m e a 
sure a t e m p e r a t u r e d e p e n d e n c e for A . ) T h u s , o n e f i n d s A r r h e n i u s - t y p e 
t e m p e r a t u r e d e p e n d e n c e w h e n c o l l i s i o n , t r a n s i t i o n - s t a t e , a n d o t h e r 
m o d e l s are a p p l i e d not o n l y to h o m o g e n e o u s c h e m i c a l p rocesses b u t 
a lso to m a n y p h y s i c a l p rocesses s u c h as the v i s c o u s f l o w o f l i q u i d s a n d 
d i f f u s i o n i n s o l i d s . 

H o w e v e r , the b a s i c p r o b l e m i n the a p p l i c a t i o n o f t h e A r r h e n i u s 
e q u a t i o n to c o n d e n s e d p h a s e p o l y m e r sys tems is t h e c o m p l e x i t y o f the 
k i n e t i c s . A h e t e r o g e n e o u s s y s t e m o f ten is c o m p o s e d o f at l eas t s e v e r a l 
e l e m e n t a r y processes , e a c h w i t h its o w n set o f A r r h e n i u s p a r a m e t e r s . 
W h e r e a s i n h o m o g e n e o u s s y s t e m s , these processes c a n b e c o n d e n s e d 
i n t o a s m a l l n u m b e r o f d i s c r e t e p r o t o t y p e e l e m e n t a r y p r o c e s s e s , i n 
m a n y h e t e r o g e n e o u s sys tems , s u c h as p o l y m e r d e g r a d a t i o n r e a c t i o n s , 
the c o m b i n a t i o n o f a l l these processes m a y a p p r o a c h a c o n t i n u u m . 
B e c a u s e o f th is fact, the m o r e success fu l approaches to m o d e l i n g the k i 
n e t i c s o f p o l y m e r d e g r a d a t i o n reac t i ons h a v e b e e n s ta t i s t i ca l i n n a 
t u r e , a s s u m i n g average v a l u e s for the v a l u e s o f t h e p a r a m e t e r s o f t h e 
rate constants for a n array o f s i m i l a r processes . T h e r a d i c a l c h a i n d e -
p o l y m e r i z a t i o n m o d e l s for v i n y l p o l y m e r d e g r a d a t i o n f it the d e s c r i p 
t i o n j u s t g i v e n . T h e r e , w h o l e ser ies o f r eac t i ons i n v o l v i n g h o m o l o g o u s 
spec i e s are g i v e n a n i d e n t i c a l rate c ons tant i r r e s p e c t i v e o f m o l e c u l a r 
s i z e . A s a r e s u l t , those m o d e l s c a n u s u a l l y p r e d i c t o n l y the g e n e r a l 
charac te r i s t i c s o f i s o t h e r m a l rate c u r v e s . 

T h e p a r a m e t e r s o f t h e t e m p e r a t u r e f u n c t i o n , k(T), i n E q u a t i o n 1 
m u s t , o f c o u r s e , b e d e t e r m i n e d f r o m e x p e r i m e n t s i n v o l v i n g d i f f e r e n t 
t e m p e r a t u r e s . T h e p a r a m e t e r m o s t a m e n a b l e to p r e c i s e d e t e r m i n a t i o n 
is E, the a c t i v a t i o n e n e r g y . M e t h o d s ex is t (see l a te r d i s c u s s i o n ) to 
d e t e r m i n e Ε w i t h o u t k n o w l e d g e off(a). T h e p a r a m e t e r Ε is u s e f u l i n 
that i t g i v e s s ome i n d i c a t i o n o f c h a n g e i n t h e r a t e - d e t e r m i n i n g p r o 
cesses d u r i n g the d e g r a d a t i o n a n d , b e i n g a n e n e r g y , c a n b e r e l a t e d to 
processes , s u c h as d i f f u s i o n or b r e a k i n g o f a p a r t i c u l a r t y p e o f b o n d , 
f o u n d i n m o d e l sys tems . A l t h o u g h / ( a ) n e e d no t b e s p e c i f i e d to d e 
t e r m i n e E, a m o d e l forf(a) m u s t b e u s e d to d e c o m p o s e the a c t i v a t i o n 
e n e r g y o f the o v e r a l l p rocess i n t o the v a l u e s o f t h e c o m p o n e n t steps . 
T h e o v e r a l l v a l u e o f Ε is a p p l i c a b l e o n l y to the same range o f e x p e r i -
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m e n t a l c o n d i t i o n s that f(a) a p p l i e s to , b u t t h e i n d i v i d u a l Ε v a l u e s for 
t h e c o m p o n e n t r e a c t i o n s h a v e m o r e u n i v e r s a l a p p l i c a t i o n . 

T h e o ther , less t e m p e r a t u r e - d e p e n d e n t factor i n E q u a t i o n 4, t h e 
p r e e x p o n e n t i a l factor , A, a l so m a y b e d e t e r m i n e d a l o n g w i t h t h e a c t i 
v a t i o n e n e r g y . F o r c o n d e n s e d p h a s e k i n e t i c s , h o w e v e r , i t i s i m p o s s i 
b l e to u n c o u p l e A a n d f(a) e x p e r i m e n t a l l y , a n d b e c a u s e / ( a ) m a y c o n 
t a i n p h y s i c a l a n d g e o m e t r i c a l p r o p e r t i e s o f the r e a c t i n g s p e c i e s as 
w e l l as o t h e r factors , i t i s i m p o s s i b l e to m o d e l i t sa t i s fa c to r i l y so as to 
separate i t a n a l y t i c a l l y f r o m t h e p r e e x p o n e n t i a l factor. 

Kinetic Forms Used in Polymer Thermogravimetry 
T h e s i m p l e s t a n d m o s t w i d e l y u s e d ( a n d u s u a l l y incor rec t ) m o d e l 

for f(a) is t a k e n f r o m h o m o g e n e o u s c h e m i c a l k i n e t i c s , v i z . , 

f(a) = (1 - « ) » (5) 

w h e r e η i s the a p p a r e n t o r d e r o f r e a c t i o n . S u b s t i t u t i n g f o r / ( a ) a n d k(T) 
i n E q u a t i o n 1 g i v e s 

daldt = (1 - a)nAe~EIRT (6) 

I n cases w h e r e the s a m p l e is h e a t e d c o n t i n u o u s l y so that the v a r i a t i o n , 
β, o f t e m p e r a t u r e w i t h t i m e is β = dT/dt, w e h a v e 

daldt = β daldT = (1 - a)nAe~EIRT (7) 

or , after t a k i n g l o g a r i t h m s , 

I n (daldt) = η I n (1 - a) + In A - E/RT (8) 

D i f f e r e n t i a l M e t h o d s . T h e s i m p l e s t m e t h o d o f a n a l y s i s i s to ex 
t e n d t h e m e t h o d o f v a n ' t H o f f (4) to the n o n i s o t h e r m a l case , i . e . , s o l v e 
E q u a t i o n 8 for I n A, n, a n d E/R f r o m t h r e e sets o f d a t a p o i n t s for the 
ra te , f r a c t i o n r e a c t e d , a n d t e m p e r a t u r e . L e t o r t (5) e x t e n d e d v a n ' t 
H o f f ' s m e t h o d for t h e i s o t h e r m a l case to a n y n u m b e r o f data p o i n t s b y 
p l o t t i n g I n (daldt) v s . I n (1 — a) to o b t a i n a s l o p e o f η a n d a n i n t e r c e p t 
o f I n k. F r e e m a n a n d C a r r o l l (6) m a d e a s i m i l a r e x t e n s i o n for t h e r m o -
g r a v i m e t r i c da ta at c ons tant rate o f h e a t i n g b y e x p r e s s i n g E q u a t i o n 8 
as a d i f f e r e n c e e q u a t i o n to r e m o v e the q u a n t i t y I n A , v i z . , 

ΔΙη (daldt) = η Δ1η (I - a) - (E/R) Δ (1 /Γ ) (9) 

a n d d i v i d i n g b y A(l/T) to o b t a i n v a l u e s for η a n d E/R f r o m t h e s l o p e 
a n d i n t e r c e p t o f a p l o t o f 
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ΔΙη (daldt) [A(IIT)]-1 vs . Δ1η (1 - a) ^ ( l / T ) ] " 1 

T h i s p r o c e d u r e has b e c o m e t h e m o s t p o p u l a r m e t h o d for t h e a n a l y s i s 
o f n o n i s o t h e r m a l data . T h e d e t e r m i n a t i o n o f t h e o r d e r , n , is f o r m a l l y 
e x p l i c i t , a n d gross changes i n η a n d £ w i t h c h a n g i n g a m a y b e 
s e e n . U n f o r t u n a t e l y , E q u a t i o n 4, o n w h i c h t h i s m e t h o d i s b a s e d , 
does no t a p p l y to t h e c o m p l e t e range o f a i n p o l y m e r d e g r a d a t i o n s . 
F o r e x a m p l e , a c t i v a t i o n e n e r g i e s d e t e r m i n e d f r o m F r e e m a n — C a r r o l l 
p l o t s for the d e g r a d a t i o n o f p o l y ( m e t h y l a - p h e n y l a c r y l a t e ) c o m p a r e d 
p o o r l y w i t h those d e t e r m i n e d f r o m i s o t h e r m a l e x p e r i m e n t s (7). T h e 
i s o t h e r m a l k i n e t i c s suggest (7) that a r a n d o m s c i s s i o n - t y p e m o d e l i n 
w h i c h the rate goes t h r o u g h a m a x i m u m is m o r e a p p r o p r i a t e t h a n 
E q u a t i o n 5 for t h i s s y s t e m . 

M a n y d i f f e r e n t i a l m e t h o d s m a k e use o f the p o i n t o f i n f l e c t i o n o f 
the t h e r m o g r a v i m e t r i c c u r v e . I f the d e r i v a t i v e o f E q u a t i o n 6 w i t h r e 
spec t to t i m e i s set e q u a l to z e r o , w e c a n factor o u t t h e q u o t i e n t 
E/(nR), i . e . , 

E/(nR) = Tm
2(daldt)m^m(l - a)m (10) 

w h e r e the s u b s c r i p t , m , re fers to the v a l u e at the m a x i m u m . T o o b t a i n 
£ , w e m u s t d e t e r m i n e or e s t i m a t e n . W e stress that t h e v a l u e s o f η a n d 
£ are d e p e n d e n t o n the m o d e l c h o s e n for the k i n e t i c s . M e t h o d s i n 
w h i c h Ε a n d η are d e t e r m i n e d i n t h i s w a y h a v e l i m i t e d a p p l i c a b i l i t y to 
p o l y m e r d e g r a d a t i o n k i n e t i c s . N o test c a n b e m a d e o f the v a l i d i t y o f 
the k i n e t i c p a r a m e t e r s o b t a i n e d . 

I n i t i a l k i n e t i c p a r a m e t e r s are s i g n i f i c a n t b o t h i n e s t a b l i s h i n g t h e 
m e c h a n i s m a n d i n i n v e s t i g a t i n g the s l o w a g i n g o f p o l y m e r i c m a t e r i a l s . 
M e t h o d s at c o n t i n u o u s rates o f t e m p e r a t u r e c h a n g e h a v e a n advantage 
o v e r i s o t h e r m a l m e t h o d s i n the d e t e r m i n a t i o n o f i n i t i a l rates as t h e y 
m i n i m i z e the p r o b l e m s o f e s t a b l i s h i n g the true t i m e o r i g i n , t = 0, d u r i n g 
t h e w a r m u p t i m e . S u c h m e t h o d s o f a n a l y s i s , b a s e d o n a s i n g l e e x p e r i 
m e n t , c a n b e a d a p t e d u s e f u l l y to the d e t e r m i n a t i o n o f i n i t i a l A r 
r h e n i u s p a r a m e t e r s . E q u a t i o n 7 m a y b e d i f f e r e n t i a t e d w i t h r e s p e c t to 
a ( r e m e m b e r i n g that T2da/dT = -da/d(l/T) a n d that Γ is a f u n c t i o n o f 
a b e c a u s e t h i s m e t h o d is n o n i s o t h e r m a l ) to g i v e (8) 

d_ 

da 

w h i c h s i m p l i f i e s to 

j>2 da 

dT 

Ε Τ2 df(a) da 
= — + 9 T + — 

R f(a) da dT 

d_ 

da 
J»2 

da 

~dT 

£ 
= — 4- 2 Γ (a « 1, β = constant) 

R 
(11) 
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216 P O L Y M E R C H A R A C T E R I Z A T I O N 

S i m i l a r a p p r o x i m a t i o n s o f the i n t e g r a t e d rate e q u a t i o n g i v e , at l o w 
c o n v e r s i o n ( 9 — I I ) , 

l n ( l - a ) / T 2 

or (1 - a)IT2 = -E/RT + c ons tant (a « 1, β = constant ) (12) 

F i g u r e 1 s h o w s t h e r m o g r a v i m e t r i c c u r v e s for —dald(HT) v s . a for 
l i n e a r p o l y e t h y l e n e (8). T h e i n i t i a l a c t i v a t i o n e n e r g y is c a l c u l a t e d 
f r o m the s l o p e , —da/d(l/T), to b e —60 k c a l / m o l for a s a m p l e that w a s 
p r e h e a t e d i n a v a c u u m at 2 0 0 °C for 1 h . A s a m p l e w i t h n o p re t rea t -
m e n t y i e l d e d Ε = 30 k c a l / m o l o v e r the f i rst 2 % c o n v e r s i o n r a n g e . T h i s 
v a l u e c o r r e s p o n d s to t h e l a t e n t heat o f v a p o r i z a t i o n o f h y d r o c a r b o n s 
b u t is a l so n e a r t h e a c t i v a t i o n e n e r g y for o x i d a t i o n o f h y d r o c a r b o n s . 

I n t e g r a l M e t h o d s . W h e n / ( a ) a n d k(T) are c o n s i d e r e d to b e s e p a 
r a b l e a n d k(T) is r e p r e s e n t e d b y the A r r h e n i u s e q u a t i o n , E q u a t i o n 4, 
t h e n E q u a t i o n 1 m a y b e i n t e g r a t e d to o b t a i n 

1 [ 1 1 1 
• 

Δ 
Ο 

Figure 1. An example of initial activation energy determination: —da/ 
άΥΙ/Τ,) vs. a (10 mg of polyethylene at 1.8°/min in vacuum). Key: Δ , 
untreated sample; preheated in vacuum at 200 °C for 1 h; and O, a 

theoretical case. 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 217 

F (α) = f dalf(a) = (Α'β') f T a e x p (-EIRT)dT (13) 
0 0 

T h e p a r a m e t e r Τ α is i n c l u d e d i n t h i s e q u a t i o n to r e p r e s e n t b o t h t h e 
t e m p e r a t u r e d e p e n d e n c e o f the p r e e x p o n e n t i a l factor , A , ( i f t h e 
p r e e x p o n e n t i a l factor is c o n s i d e r e d to b e t e m p e r a t u r e d e p e n d e n t ) a n d 
a n y t e m p e r a t u r e d e p e n d e n c e o f the h e a t i n g rate , β. 

I f a is z e r o , t h e i n t e g r a t i o n o f the r i g h t s i d e o f E q u a t i o n 13 i n 
v o l v e s the e x p o n e n t i a l i n t e g r a l 

j (ex/x)dx, w h e r e χ = -E/RT 
—x 

T h i s i n t e g r a l has b e e n e v a l u a t e d for v a r i o u s v a l u e s o f χ a n d a p p r o x i 
m a t e d i n m a n y w a y s (12-18). I f a i n E q u a t i o n 13 e q u a l s t w o , t h e n t h e 
t e m p e r a t u r e i n t e g r a l i s i n t e g r a t e d e a s i l y i n a c l o s e d f o r m . I f A is sus 
p e c t e d o f b e i n g t e m p e r a t u r e d e p e n d e n t , o r o n e w i s h e s to a v o i d a p 
p r o x i m a t i n g t h e i n t e g r a l , t h e n a t e m p e r a t u r e - d e p e n d e n t h e a t i n g 
r a t e m a y b e u s e d t o p r o v i d e a t o t a l e x p o n e n t o f 2 f o r T . I n 
p r a c t i c e , h o w e v e r , th i s step is no t n e c e s s a r y b e c a u s e the t e r m e x p 
(-E/RT) d o m i n a t e s the r e s u l t s , a n d , b e c a u s e o f e x p e r i m e n t a l u n c e r 
t a i n t i e s i n rate a n d t e m p e r a t u r e m e a s u r e m e n t s , a n y o f the m a n y a p 
p r o x i m a t i o n s O f t h e t e m p e r a t u r e i n t e g r a l w i l l u s u a l l y suf f i ce . 

A large n u m b e r o f m e t h o d s o f k i n e t i c a n a l y s i s w e r e d e v e l o p e d to 
use the i n t e g r a t e d f o r m o f E q u a t i o n 4, i . e . , 

" da (1 - a)1-71 - 1 
F ( « ) = f Γ = - - 1 ( n ^ l o r 0 

v ; i (1 - a)n 1 - η v 

= l n ( l - a ) (n = 1) (14) 

b u t , as w i t h d i f f e r e n t i a l m e t h o d s , the m e t h o d s b a s e d o n t h i s e q u a t i o n 
are g e n e r a l l y i n a p p r o p r i a t e for the c o m p l e x k i n e t i c sys tems f o u n d i n 
p o l y m e r d e g r a d a t i o n . 

T h e i n a b i l i t y o f b o t h d i f f e r e n t i a l m e t h o d s b a s e d o n E q u a t i o n 6 
a n d i n t e g r a l m e t h o d s b a s e d o n E q u a t i o n 14 to d e t e r m i n e r e l i a b l e 
k i n e t i c parameters has b e e n d e m o n s t r a t e d b y m a n y i n v e s t i g a t o r s 
(12-14, 19, 20). S i m p l e o r d e r o f r e a c t i o n t y p e k i n e t i c s c a n n o t r e p r e 
sent a m a x i m u m i n r e a c t i o n rate at o t h e r t h a n 0 % r e a c t i o n , a n d f i t t i n g 
s u c h a process w i t h a c o m b i n a t i o n o f o r d e r o f r e a c t i o n k i n e t i c s a n d 
A r r h e n i u s - t y p e t e m p e r a t u r e d e p e n d e n c e r e q u i r e s a la rge ef fect f r o m 
the A r r h e n i u s e q u a t i o n to force the o r d e r o f r e a c t i o n k i n e t i c b e h a v i o r 
i n t o the r i g h t p a t t e r n . T h e e s s e n t i a l p r o b l e m is i l l u s t r a t e d i n F i g u r e 2 
w h e r e r e s i d u a l f r a c t i o n , 1 — a, i s p l o t t e d aga ins t t e m p e r a t u r e for t h r e e 
c a l c u l a t e d c u r v e s : C u r v e 1 for η = 1 i n E q u a t i o n 7 a n d Ε = 80 ,000 
c a l / m o l , a n d C u r v e s 2 a n d 3 for t y p i c a l p o l y m e r d e g r a d a t i o n r e a c t i o n s 
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218 P O L Y M E R C H A R A C T E R I Z A T I O N 

i n w h i c h the rate goes t h r o u g h a m a x i m u m at 5 0 % c o n v e r s i o n , a n d Ε = 
40 ,000 a n d 35 ,000 c a l / m o l , r e s p e c t i v e l y . T h e c l o s e n e s s o f f i t o f t h e s e 
t h r e e c u r v e s s h o w s w h y i n v e s t i g a t o r s w h o use m e t h o d s b a s e d o n the 
a s s u m p t i o n o f a n o r d e r , n , for a n a l y z i n g p o l y m e r i c sys tems m a y e n d 
u p w i t h a b s u r d l y l a r g e c a l c u l a t e d a c t i v a t i o n e n e r g i e s . 

Efforts have b e e n m a d e to fit more real is t i c m o d e l s for / (a ) to t h e r m o -
g r a v i m e t r i c data for d e g r a d i n g p o l y m e r i c sys tems . O z a w a (21 ) t ook t h e 
c l a s s i c a l r a n d o m d e p o l y m e r i z a t i o n e q u a t i o n o f S i m h a a n d W a l l (22) 
a n d c o n s t r u c t e d f a m i l i e s o f m a s t e r c u r v e s for v a r i o u s v a l u e s o f L , t h e 
l e n g t h o f t h e s m a l l e s t c h a i n o f c a r b o n atoms that d o e s n o t evapora te . A 
w e i g h t - l o s s c u r v e m a y b e c o m p a r e d w i t h s u c h a f a m i l y o f c u r v e s to 
d e t e r m i n e a b e s t v a l u e for L . H o w e v e r , f e w sys tems , i f a n y , f o l l o w 
s i m p l e r a n d o m d e p o l y m e r i z a t i o n k i n e t i c s . A l s o , i t i s d i f f i c u l t to d e c i d e 
o n the a p p r o p r i a t e f o r m off (a). 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 219 

Thermogravimetric Methods for Determining 
Activation Energies 

M e t h o d s w e r e d e v e l o p e d at the N a t i o n a l B u r e a u o f S t a n d a r d s for 
h a n d l i n g t w o p o s s i b l e w a y s o f t a k i n g t e m p e r a t u r e - d e p e n d e n t d a t a : 
e x p e r i m e n t s that c o n s i s t o f a ser ies o f i s o t h e r m a l s , a n d o t h e r e x p e r i 
m e n t s i n w h i c h the t e m p e r a t u r e is i n c r e a s e d c o n t i n u o u s l y . T h e g e n 
e r a l a i m w a s to d e t e r m i n e a c t i v a t i o n e n e r g i e s w i t h o u t the n e e d to 
d e f i n e the f u n c t i o n / ( a ) . A n o t h e r m e t h o d o f p r o c e s s i n g the data g i v e s 
s o m e i n s i g h t i n t o the processes that f(ct) is s u p p o s e d to r e p r e s e n t . 
T h e s e m e t h o d s w i l l n o w b e d e s c r i b e d . 

Factor-Jump Thermogravimetry, a Series of Isothermals 

I n the f a c t o r - j u m p m e t h o d , a p o l y m e r s p e c i m e n is s u b j e c t e d t.o a 
ser ies o f t e m p e r a t u r e i s o t h e r m a l s w h i l e t h e t e m p e r a t u r e a n d its 
w e i g h t are r e c o r d e d c o n t i n u o u s l y . T h e rates o f w e i g h t loss a n d t h e 
t e m p e r a t u r e s for ad jacent i s o t h e r m a l s are e x t r a p o l a t e d to h a l f w a y 
b e t w e e n the i s o t h e r m a l s i n t e r m s o f t i m e or i n t e r m s o f the a s s o c i a t e d 
p a r a m e t e r , e x t e n t o f r e a c t i o n . T h e a c t i v a t i o n e n e r g y t h e n is e s t i m a t e d 
f r o m the A r r h e n i u s e q u a t i o n , E q u a t i o n 4, as 

RTJ2 r2 

Ε = ^ Γ ΐ η ~ (15) 

w h e r e the r a n d Τ v a r i a b l e s are e x t r a p o l a t e d rates a n d t e m p e r a t u r e s 
f r o m t w o ad jacent p l a t e a u s a n d Δ Τ =T2 - Tt. B e c a u s e b o t h rates a n d 
b o t h t e m p e r a t u r e s are e s t i m a t e d at the same e x t e n t o f r e a c t i o n , t h e 
t e r m c o n t a i n i n g the ex tent o f r e a c t i o n a n d o ther t e m p e r a t u r e - i n d e 
p e n d e n t factors c a n c e l ou t (see R e f e r e n c e 23). 

T h e s t r o n g p o i n t s o f t h e m e t h o d are that a c t i v a t i o n e n e r g i e s are 
d e t e r m i n e d u s i n g o n l y o n e s p e c i m e n ( w h e r e a s i n m u l t i s a m p l e t e c h 
n i q u e s one m u s t a s s u m e that t h e r m a l h i s t o r i e s are u n i m p o r t a n t ) , that 
a n a c t i v a t i o n e n e r g y is p r o v i d e d for r o u g h l y e v e r y 5 % o f c o n v e r s i o n , 
that t h e e x p e r i m e n t i s c o n d u c t e d o v e r a n a r r o w r a n g e o f rates o f 
w e i g h t loss so the c o n c e n t r a t i o n s o f reactants w i t h i n t h e s p e c i m e n a n d 
the p r o d u c t s a b o v e the s p e c i m e n are r o u g h l y constant , a n d that the 
q u a n t i t i e s u s e d to c a l c u l a t e the a c t i v a t i o n e n e r g y are o b t a i n e d f r o m a 
s m a l l ( 6 - 1 0 °C) t e m p e r a t u r e range so that the A r r h e n i u s e q u a t i o n is 
p r o b a b l y v a l i d a n d t h e p r e e x p o n e n t i a l factor is u n d o u b t e d l y i n d e p e n 
d e n t o f t e m p e r a t u r e o v e r t h i s s m a l l i n t e r v a l . O n the o ther h a n d , the 
i n i t i a l a c t i v a t i o n e n e r g y c a n n o t b e d e t e r m i n e d b e c a u s e the f i rs t d e 
t e r m i n a t i o n is m a d e b e t w e e n the f i rst a n d s e c o n d i s o t h e r m a l s , u s u a l l y 
at — 5 % w e i g h t loss . A l s o , the m e t h o d i s not c o m p u t a t i o n a l l y r obus t . It 
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220 P O L Y M E R C H A R A C T E R I Z A T I O N 

r e q u i r e s that t h e w e i g h t - t i m e t r e n d b e f i t t e d to a p o l y n o m i a l that 
t h e n is d i f f e r e n t i a t e d a n d e x t r a p o l a t e d — 1 5 % b e y o n d the r a n g e o f 
data . T h e loss o f v o l a t i l e s d u r i n g the d e g r a d a t i o n o f m a n y p o l y m e r s 
r e s u l t s i n the b u r s t i n g o f b u b b l e s i n the s a m p l e . I n a d e r i v a t i v e -
c a l c u l a t i n g m e t h o d s u c h as t h i s o n e , o n l y s l i g h t p e r t u r b a t i o n s i n t h e 
s a m p l e w e i g h t are n e e d e d to m i t i g a t e t h e s u c c e s s f u l c a l c u l a t i o n o f t h e 
d e r i v a t i v e . T h i s p o i n t is m a d e b e c a u s e w i l d v a l u e s c a n h a v e e n o r m o u s 
ef fects ( p r o p o r t i o n a l to t h e square o f t h e i r w i l d n e s s ) o n t h e l eas t -
squares c u r v e f i t t i n g , w h i c h t r ies to m i n i m i z e the s u m o f s q u a r e d 
d e v i a t i o n s . 

T h e f a c t o r - j u m p m e t h o d is a u t o m a t e d (24—28) a n d c o m p u t e r c o n 
t r o l l e d i n our i m p l e m e n t a t i o n at N B S (29). S u c h a u t o m a t i o n is h i g h l y 
d e s i r a b l e i n that c o n d i t i o n s m u s t b e c h a n g e d o f ten ( every 10 m i n ) a n d 
e q u i l i b r a t i o n t i m e s a l l o w e d (—3 m i n ) be fo re the m e a s u r e m e n t s are 
c o n t i n u e d . T h e c o m p u t e r p r o g r a m d e t e r m i n e s the a c t i v a t i o n e n e r g y 
d u r i n g t h e e x p e r i m e n t so that v i s u a l m o n i t o r i n g o f t h e p r o c e s s as w e l l 
as c o m p u t e r i z e d f e e d b a c k is p o s s i b l e . T h e a u t o m a t i o n p r o v i d e s a 
m e t h o d o f m e a s u r i n g the s a m p l e w e i g h t a n d a lso p r o v i d e s c o n t r o l o f 
s a m p l e t e m p e r a t u r e , flow rate o f N 2 a n d 0 2 o v e r t h e s a m p l e , a n d t h e 
p r e s s u r e i n the s a m p l e c h a m b e r . 

T h e g e n e r a l s c h e m e is g i v e n i n F i g u r e s 3 a n d 4. A l l m o d u l e s 
e x c e p t t h e f u r n a c e are c o m m e r c i a l l y a v a i l a b l e . T h e c o m p u t e r s e n d s 

CLOCK 

CRT 
TERMINAL INTERFACE 

COMPUTER 

¥ 

FLEXIBLE 
DISCS 

LINE 
PRINTER 

DIGITAL VOLTMETER 

Τ Π Γ Τ 

EXPERIMENT 

DIGITAL-TO-ANALOG 
CONVERTERS 

Figure 3. A generalized, block-diagram outline of the factor-jump 
thermogravimetry apparatus. 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 221 

COMPUTER 

Figure 4. The linkage between the controller and the experiment. Ab
breviations used: AS, analog scanner, BCD I/O, digital input/output; 
DAC, digital to analog converter; DT, drying tubes; DVM, digital volt
meter; EB, electrobalance; F, furnace; FC, furnace controller; FPS, 
furnace power supply; IPRC, ice point reference cell; MFC, mass flow 
controller; PC, pressure controller; PS, pressure sensor; SC, stopcock; 
SSS, saturated salt solution; SV, servo-driven valve; and TC, 

thermocouple. 

c o m m a n d s to the in ter face that generates vo l tages u s e d to s p e c i f y the 
t e m p e r a t u r e , p r e s s u r e , a n d flow rates a r o u n d the s a m p l e as w e l l as 
r e a d i n g vo l tages g e n e r a t e d b y the apparatus . T h e p r o g r a m s a n d d a t a 
are s to red o n a d i s k a n d t h e progress o f the e x p e r i m e n t is d i s p l a y e d o n 
the ca thode ray t u b e c o m p u t e r t e r m i n a l . 

Furnace 

T h e furnace s u p p l i e d b y the m a n u f a c t u r e r o f the t h e r m o b a l a n c e 
w a s r e p l a c e d b y a r a p i d - r e s p o n s e f u r n a c e ( F i g u r e 5) that uses m a n y 
strands o f bare n i c h r o m e w i r e s t r u n g b e t w e e n c i r c u l a r f o rms to heat 
the e n v i r o n m e n t a r o u n d the s p e c i m e n . F o r appl i cat ions w h e r e a f l o w i n g 
gas stream is u s e d , a n a d d i t i o n a l heater heats the gas stream throughout its 
ent i re cross-sect ion, thus a v o i d i n g the c o m m o n pract ice o f h e a t i n g the 
stream o n l y at its edge . T o i n c l u d e the gas stream heater, w e h a d to reverse 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 223 

the d i r e c t i o n o f gas flow, w h i c h n o w enters o n t h e s i d e o f t h e s a m p l e 
r e m o t e f r o m the b a l a n c e h o u s i n g a n d ex i ts be fo re t h e b a l a n c e h o u s i n g 
t h r o u g h a t u b e i n the b o r o s i l i c a t e r e a c t i o n m a n i f o l d . T h e b a l a n c e i s a 
h o r i z o n t a l b e a m t y p e . 

T h e t h e r m o c o u p l e i n the apparatus is t y p e - Ε , w h i c h g i v e s a l a r g e 
( — 8 0 / A V / ° C ) c h a n g e o f e l e c t r o m o t i v e force (emf) w i t h t e m p e r a t u r e i n 
the range o f i n t e r e s t a n d has a r e a s o n a b l y l i n e a r r e s p o n s e . T y p e - K is 
not p a r t i c u l a r l y s u i t a b l e for o u r a p p l i c a t i o n ; i t has r o u g h l y h a l f t h e 
t e m p e r a t u r e c o e f f i c i e n t o f type -Ε a n d suffers f r o m n o n l i n e a r i t y b e 
cause o f a n o r d e r — d i s o r d e r t r a n s i t i o n (see R e f e r e n c e 3 0 a n d re fe r 
e n c e s t h e r e i n ) . 

I t c a n b e s h o w n (26) that the f a c t o r - j u m p m e t h o d a l l o w s a n a p 
p r e c i a b l e offset b e t w e e n t h e r e a l t e m p e r a t u r e o f t h e s a m p l e a n d t h e 
v a l u e m e a s u r e d b y the t h e r m o c o u p l e . T h e f r a c t i o n a l e r r o r i n t h e a c t i 
v a t i o n e n e r g y d u e to t h i s t h e r m a l offset, T 0 , is g i v e n (26) a p p r o x i 
m a t e l y b y 2To/T, w h i c h for Τ — 5 0 0 Κ a n d a n e r r o r o f 1 % i n Ε a l l o w s a 
t e m p e r a t u r e offset o f 2 . 5 ° C . F o r a m o r e g e n e r o u s e r r o r o f 1 k c a l i n a n 
a c t i v a t i o n e n e r g y o f 3 0 k c a l / m o l , the t o l e r a b l e t e m p e r a t u r e offset at 
5 0 0 Κ is 8 . 3 ° C . 

T h i s s u r p r i s i n g l y large offset m a y b e v i e w e d i n t w o w a y s : ( 1 ) t h e 
t h e r m o c o u p l e n e e d n o t b e i n c o n v e n i e n t l y c l o se to the s a m p l e , a n d (2) 
a p p r e c i a b l e f u r n a c e i n h o m o g e n e i t y c a n b e t o l e r a t e d . W e p l a c e d t h e 
t h e r m o c o u p l e as n e a r to t h e s a m p l e c u p as is c o n v e n i e n t (<2 m m 
a w a y ) , a n d , at o u r m a x i m u m i n h o m o g e n e i t y o f 3 ° c m - 1 , e x p e c t a 
m a x i m u m t e m p e r a t u r e offset o f < 1 . 5 ° b e t w e e n t h e t h e r m o c o u p l e a n d 
the m i d d l e o f the s a m p l e c u p , w h i c h w o u l d i n t r o d u c e m a x i m u m errors 
o f — 0 . 6 % i n t o the c a l c u l a t e d v a l u e s o f E . 

Sample Considerations 
T h e s a m p l e is c o n t a i n e d i n a q u a r t z s p o o n o n the e n d o f a q u a r t z 

r o d , w i t h the t h e r m o c o u p l e c e n t e r e d u n d e r t h e s p o o n . T h e s p o o n 
b o w l is m a d e i n the f o r m o f a r i g h t c y l i n d e r , a b o u t 4 m m i . d . T y p i c a l l y , 
1 5 — 3 0 m g o f s a m p l e are s p r e a d e v e n l y o v e r t h e floor o f t h e s p o o n . 
S a m p l e s u s u a l l y are p r e c o n d i t i o n e d u n d e r p r o g r a m c o n t r o l for 1 0 m i n 
at the t e m p e r a t u r e o f t h e f i rs t i s o t h e r m a l so that t h e t e m p e r a t u r e 
s t a b i l i z e s a n d the s a m p l e attains a m o d e s t rate o f w e i g h t loss v i a t h e 
d e g r a d a t i v e process o f i n t e r e s t . 

Computer Program 
T h e p h i l o s o p h y u s e d i n d e s i g n i n g the c o m p u t e r p r o g r a m to o p e r 

ate the apparatus w a s to use the c o m p u t e r as a source o f a c t i ve c o n t r o l , 
so that i t c a n assess the c o u r s e o f the e x p e r i m e n t d u r i n g the e x p e r i 
m e n t a n d take a p p r o p r i a t e a c t i o n ( F i g u r e 6 ) . T h e c o m p u t e r p r o g r a m is 
w r i t t e n a l m o s t e n t i r e l y i n F O R T R A N , is m o d u l a r , a n d c a n b e a d a p t e d 
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224 P O L Y M E R C H A R A C T E R I Z A T I O N 

INITIALIZE PROGRAM 
VARIABLES 

OPTIONAL CHECK 
OF FACTOR 

RESPONSE TIMES 

OPTIONAL 
MEASUREMENT OF 

BIAS VOLTAGES 

INITIALIZE APPARATUS 

READ INITIAL 
AND FINAL SAMPLE 

WEIGHTS 

OPTIONAL SAMPLE 
BAKEOUT 

COMPUTE FACTOR 
LEVELS 

CALCULATE Ε 
STATISTICS FOR 10 
LATEST Ε VALUES 

COLLECT Ν POINTS 

e.g., w, σ (w) FROM M w READINGS 
Τ, σ (Τ) FROM M T READINGS 
Ρ, a (P) FROM M p READINGS 

F 0 . o ( F 0 ) FROM M F q READINGS 
F N , σ (Fjyj) FROM Mp 2 READINGS 

IWEIG 
l lMPF 

I STOP ) 

WEIGHT TOO 
RECISE 

RELATIVE PRECISION 
ADEQUATE OR DATA 
COLLECTION TIME RAN 
OUT OR WORSENING 
PRECISION 

CALCULATE RELATIVE 
PRECISION Ej/olEi) 

INADEQUATE 
PRECISION AND 
IMPROVING 
PRECISION AND 
TIME LEFT 

RELATIVE 
PRECISION ADEQUATE 
OR DATA COLLECTION 
TIME RAN OUT OR 
WORSENING PRECISION 

FIT FUNCTION. 
EXTRAPOLATE. 

CALCULATE RELATIVE 
PRECISION,F/o(F), 

IN FACTORS, 
AND flATES 

RELATIVE PRECISION 
INADEQUATE 

Figure 6. Flow diagram of program for automated control of factor-
jump thermogravimetry. 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 225 

r e a d i l y to o t h e r c o n f i g u r a t i o n s o f apparatus a n d to o t h e r c o m p u t e r s . I t 
c o n t a i n s r e g r e s s i o n a n d e x t r a p o l a t i o n r o u t i n e s so that i t c a n process 
r a w data to o b t a i n f i n a l d e r i v e d q u a n t i t i e s a n d c a n c a l c u l a t e s t a n d a r d 
d e v i a t i o n s i n the d e r i v e d q u a n t i t i e s to e s t i m a t e the a t t a i n e d p r e c i s i o n . 
T h e c o m p u t e r p r o g r a m a l so sets u p t h e i n i t i a l c o n d i t i o n s , g i v e s the 
operator the o p p o r t u n i t y to m a k e f u r t h e r c h a n g e s after d i s p l a y i n g a l l 
h i s c u r r e n t l y c h o s e n v a l u e s , a n d la ter c h a n g e s s o m e u s e r c h o s e n o p 
t i o n s i f necessary . 

Weight-Loss Polynomial 
E x t e n d e d t e s t s (27) s h o w e d t h a t t h e s m a l l p o r t i o n s o f t h e 

w e i g h t l o s s — t i m e c u r v e u s e d h e r e are b e s t f i t t e d b y a s e c o n d - d e g r e e 
p o l y n o m i a l , a n d that s u c h a p o l y n o m i a l c a n b e e x t r a p o l a t e d success 
f u l l y b e y o n d the range o f its d e t e r m i n a t i o n to g i v e s u f f i c i e n t l y v i a 
b l e es t imates o f its d e r i v a t i v e , t h e rate o f w e i g h t loss w i t h r e s p e c t to 
t i m e . 

Temperature Polynomial 
A l t h o u g h the t e m p e r a t u r e — t i m e b e h a v i o r i s i d e a l l y l i n e a r a n d 

i n d e p e n d e n t o f t i m e , i n p r a c t i c e there is a c o m p l e x d a m p e d o s c i l l a t i o n 
a p p r o a c h to e q u i l i b r i u m . T h e r e f o r e , w e f it its t r e n d w i t h t i m e w i t h a 
f i r s t -degree p o l y n o m i a l . G e n e r a l l y , h i g h e r coe f f i c i ents t h a n f i rs t are 
not s t a t i s t i c a l l y s i g n i f i c a n t a n d c o n f e r i n s t a b i l i t y r a t h e r t h a n i m p r o v e 
the p r e c i s i o n . 

Polynomials for Other Factors 
T h e r e m a i n i n g factors , the p r e s s u r e a n d f l o w rates , u s u a l l y are 

h e l d at constant l e v e l s d u r i n g the e x p e r i m e n t . T h u s , i t is a p p r o p r i a t e 
to f i t t h e m w i t h a z e r o - o r d e r p o l y n o m i a l , that i s , to a cons tant v a l u e . 

Data Collection 
T h e r e q u i r e m e n t s o f d a t a c o l l e c t i o n are that i s o t h e r m a l s s h o u l d 

b e f a i r l y short so that the w e i g h t — t i m e c u r v e c a n b e f i t t e d w e l l w i t h a 
s e c o n d - d e g r e e p o l y n o m i a l , t h e b e h a v i o r o f the s a m p l e s h o u l d b e c o m e 
steady u n d e r a n e w set o f c o n d i t i o n s be fo re data c o l l e c t i o n is s tar ted , 
a n d that the p r o g r a m s h o u l d f i t p o l y n o m i a l s to the w e i g h t a n d factor 
( t e m p e r a t u r e , p r e s s u r e , gas f l ows ) t r e n d s w i t h t i m e d u r i n g the s a m p l e 
e q u i l i b r a t i o n t i m e . A c o m p r o m i s e m u s t b e s t r u c k b e t w e e n m a n y 
c l o s e l y s p a c e d data a n d l o n g c o m p u t a t i o n a l t i m e - o u t s a n d , o n the 
o t h e r h a n d , f e w w i d e l y s p a c e d data w i t h i m p r e c i s e b u t r a p i d p o l y n o 
m i a l f i ts . 

Applications 
T h e m e t h o d p r o v i d e s e s t i m a t e s , Eu o f the a c t i v a t i o n e n e r g y for 

w h a t e v e r c o m b i n a t i o n o f p rocesses is rate l i m i t i n g . T h e d i s t r i b u t i o n o f 
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226 POLYMER C H A R A C T E R I Z A T I O N 

Ει w i t h t i m e a n d e x t e n t o f r e a c t i o n is e x a m i n e d for r e g i o n s i n w h i c h 
the same process is d o m i n a n t . F r o m a p p l y i n g the p r o p a g a t i o n o f e r r o r 
p r o c e d u r e w i t h n o c o r r e l a t i o n s b e t w e e n the errors i n Τ a n d r , t h e 
p r o g r a m a lso p r o v i d e s e s t imates o f of., t h e v a r i a n c e o f E * . T h e s e q u a n 
t i t i e s , Et a n d σΕ., are u s e d i n t h e s ta t i s t i ca l data h a n d l i n g p r o g r a m s to 
c o m p a r e the d i s t r i b u t i o n o f (Ε - Ει)/σΕ. w i t h the n o r m a l d i s t r i b u t i o n 
to seek out a b e r r a n t v a l u e s o f Ef; h e r e Ε i s t h e average v a l u e o f E * . 
Sat i s fac tory v a l u e s o f Et a n d σΕ. are u s e d to p r o v i d e r e l i a b l e e s t imates 
o f the average a c t i v a t i o n e n e r g y a n d its s t a n d a r d d e v i a t i o n for r e g i o n s 
o f c o n v e r s i o n , a , w h e r e the s a m e r a t e - l i m i t i n g process a p p l i e s . T h e 
t e c h n i q u e a n d the m e t h o d s o f s ta t i s t i ca l e v a l u a t i o n w e r e u s e d to s t u d y 
the t h e r m a l d e g r a d a t i o n a n d o x i d a t i o n o f p o l y s t y r e n e (30) a n d i n o t h e r 
i n v e s t i g a t i o n s n o w i n p r e p a r a t i o n for p u b l i c a t i o n . T h e s ta t i s t i ca l t e c h 
n i q u e s i n p a r t i c u l a r are d e s c r i b e d i n d e t a i l w i t h e x a m p l e s i n R e f e r 
e n c e 29 . 

Dynamic Heating Rate Methods 
T h e s e m e t h o d s f a l l i n t o t w o g r o u p s , o n e w h e r e t h e a c t i v a t i o n 

e n e r g y o f the i n i t i a l d e g r a d a t i o n process is e s t i m a t e d f r o m o n e ex 
p e r i m e n t , a n d t h e o t h e r w h e r e c o m p a r i s o n o f a ser ies o f e x p e r i m e n t s 
is n e c e s s a r y be fo re a n a c t i v a t i o n e n e r g y c a n b e e s t i m a t e d . T h e c o n d i 
t i o n s o f a p a r t i c u l a r e x p e r i m e n t are k e p t constant , e x c e p t for t h e t e m 
p e r a t u r e , w h i c h is i n c r e a s e d c o n t i n u o u s l y , a n d the p r o c e s s i n g o f t h e 
data is s t r a i g h t f o r w a r d . T h e r e f o r e , i n contrast to o u r a p p l i c a t i o n o f t h e 
f a c t o r - j u m p m e t h o d , t h e r e is n o n e e d o f a u t o m a t i o n to c o n s t a n t l y 
c h a n g e e x p e r i m e n t a l c o n d i t i o n s a n d l i t t l e n e e d o f f e e d b a c k to c h a n g e 
the c o u r s e o f the e x p e r i m e n t . 

A Thermogravimetric Instrument for Isothermal and Constant 
Heating Rate Experiments 

A t h e r m o g r a v i m e t r i c i n s t r u m e n t for d e t e r m i n i n g w e i g h t c h a n g e 
o f p o l y m e r s h e a t e d at p r o g r a m m e d rates w a s d e s i g n e d a n d b u i l t at t h e 
N a t i o n a l B u r e a u o f S t a n d a r d s a n d u t i l i z e s o v e r 30 years o f e x p e r i e n c e s 
i n t h i s area . I t m a y b e o p e r a t e d u n d e r v a c u u m or m i l d f l o w o f gas a n d 
is e q u i p p e d w i t h ac cessor i es for m e a s u r e m e n t a n d c o n t r o l o f f l o w rate , 
p r e s s u r e , a n d v a c u u m . C o l d traps a n d out le ts for the c o l l e c t i o n o f 
v o l a t i l e s are a v a i l a b l e . W e i g h t is d e t e r m i n e d b y a g l a s s - e n c l o s e d 
e l e c t r o b a l a n c e o f 10~ 6 g s e n s i t i v i t y so that w e i g h t c h a n g e i n a 1 0 - m g 
p o l y m e r s p e c i m e n m a y b e d e t e r m i n e d w i t h g o o d p r e c i s i o n . E x p e r i 
m e n t s i n f l o w i n g gas are c a r r i e d out at s l o w rates o f v o l a t i l i z a t i o n , so 
the rate o f gas f l o w s u f f i c i e n t to r e m o v e v o l a t i l e p r o d u c t s c a n b e k e p t 
s l o w e n o u g h so as not to d i s t u r b t h e w e i g h i n g p r o c e s s . L o n g - t e r m 
b a s e - l i n e s t a b i l i t y o f the e l e c t r o b a l a n c e p e r m i t s e x p e r i m e n t s at v e r y 
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12. D I C K E N S A N D F L Y N N Thermogravimetry 227 

s l o w h e a t i n g rates (97day) so that t h e r a n g e o f t e m p e r a t u r e for t h e 
i n v e s t i g a t i o n o f t h e d e g r a d a t i o n o f a t y p i c a l p o l y m e r is o v e r 200°. 

T h e k e y to the p y r o l y s i s p o t e n t i a l o f t h e apparatus i s its f u r n a c e . I t 
cons i s t s o f t w o c o n c e n t r i c 1 .6 -mm t h i c k s tee l t u b e s , the o u t e r o n e , 38 .0 
m m i n d i a m e t e r , a n d the i n n e r , 31 .5 m m . T h e t u b e s are p o s i t i o n e d 
v e r t i c a l l y b y t w o 1 2 . 7 - m m t h i c k p y r o p h y l l i t e d i s k s at t h e t op a n d bo t 
t o m . N a r r o w v e r t i c a l s l i ts i n the s ta in less s t ee l t u b e s are s t a g g e r e d 
b e t w e e n the i n n e r a n d o u t e r t u b e s so that t h e h e a t i n g w i r e s d o n o t 
t r a n s m i t d i r e c t r a d i a t i o n to the p y r e x e n v e l o p e , w h i c h m a y b e c o o l e d 
w i t h l i q u i d n i t r o g e n . T h e a s s e m b l y is d e s i g n e d to p e r m i t v o l a t i l e s to 
d i f fuse r a p i d l y f r o m the ho t z o n e ; m o s t are e n t r a p p e d o n the s ides o f 
the e n v e l o p e . 

T h e N o . 2 0 n i c h r o m e h e a t i n g w i r e s are w o u n d t i g h t l y b e t w e e n 
the p y r o p h y l l i t e d i s k s , w h i c h are m o u n t e d o n the s t e e l t u b e s w i t h s ix 
1 .6 -mm I n c o n e l s p r i n g s to m a i n t a i n the t e n s i o n o n the h e a t i n g w i r e s 
as t h e y e x p a n d or contract . T h e f u r n a c e atta ins 3 0 0 °C i n < 2 m i n , 
4 0 0 °C i n 3 m i n , 5 0 0 °C i n 5 m i n , a n d 6 0 0 °C i n 12 m i n , s t a r t i n g at 
a m b i e n t t e m p e r a t u r e s . T h u s , t h e s y s t e m c o m b i n e s t h e fast r e s p o n s e 
n e c e s s a r y for q u i c k e s t a b l i s h m e n t o f i s o t h e r m a l t e m p e r a t u r e s w i t h 
s u f f i c i e n t t h e r m a l i n e r t i a for m a i n t e n a n c e o f i s o t h e r m a l t e m p e r a t u r e s 
w i t h i n 1 °C. 

T h e t e m p e r a t u r e o f the t y p e Ε t h e r m o c o u p l e s e a t e d 1 - 2 m m 
b e l o w the s a m p l e b u c k e t w a s c a l i b r a t e d b y c o m p a r i s o n w i t h t h e r 
m o c o u p l e s e m b e d d e d i n s p e c i m e n s o f p o l y e t h y l e n e a n d p o l y t e t r a -
f l u o r o e t h y l e n e o v e r t h e t e m p e r a t u r e range 2 0 0 - 6 0 0 °C at a h e a t i n g 
rate o f 2 7 m i n . A t e m p e r a t u r e c o r r e c t i o n o f a b o u t 3° w a s e s t a b l i s h e d 
to b e n e c e s s a r y for the f i x e d t h e r m o c o u p l e . 

I s o c o n v e r s i o n a l D i a g n o s t i c P l o t s . I n th i s m e t h o d , w e a s s u m e 
that t h e A r r h e n i u s e q u a t i o n is v a l i d a n d that t h e same f o r m , / ( a ) , o f t h e 
d e p e n d e n c e o f rate o n ex tent o f r e a c t i o n , a , i s m a i n t a i n e d t h r o u g h o u t . 
E x p e r i m e n t s are c o n d u c t e d at a ser ies o f h e a t i n g rates , β . G i v e n t h e 
c o n d i t i o n s j u s t m e n t i o n e d , w e c a n f o r m u l a t e (21,31 ) for a g i v e n e x t e n t 
o f r e a c t i o n , a , t h e e q u a t i o n 

ΔΙη β = 1 .05(E/R) Δ(1 /Τ) (16) 

T h e p a r a m e t e r Ε t h e n c a n b e e s t i m a t e d f r o m the s l o p e o f a p l o t o f I n β 
v s . 1/T at a g i v e n ex tent o f r e a c t i o n f r o m r u n s at s e v e r a l d i f f e r e n t 
h e a t i n g rates. T h i s m e t h o d c a n b e e x t e n d e d to g i v e Ε for s e v e r a l 
extents o f r e a c t i o n , t y p i c a l l y e v e r y 1 0 % . A s does the f a c t o r - j u m p 
m e t h o d , t h i s m e t h o d obv ia tes the n e e d to k n o w f(a). A l s o , i t c o v e r s 
a w i d e t e m p e r a t u r e r a n g e a n d is c o m p u t a t i o n a l l y r o b u s t b e c a u s e 
w e i g h t - l o s s c u r v e s are u t i l i z e d d i r e c t l y . T h e c o n s i s t e n c y o f the a c t i v a 
t i o n e n e r g y t h r o u g h o u t t h e r a n g e o f r e a c t i o n a n d t h r o u g h o u t a w i d e 
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228 P O L Y M E R C H A R A C T E R I Z A T I O N 

t e m p e r a t u r e range is s h o w n v i s u a l l y b y p a r a l l e l l i n e s o n the p l o t o f In 
β v s . 1/T. 

T h e m e t h o d has some d i s a d v a n t a g e s i n that t h e effects o f e rrors 
are c u m u l a t i v e , that i s , e a r l y errors are p a s s e d o n to la ter r e s u l t s . A 
serious restr i c t ion is that one m u s t use m o r e t h a n one s p e c i m e n a n d m u s t 
a s s u m e that the w e i g h t - l o s s k i n e t i c s are i n d e p e n d e n t o f the d i f f e r i n g 
t h e r m a l h i s t o r i e s a n d o f a n y d i f f e r e n c e i n t h e p h y s i c a l cha ra c te r o f t h e 
spec imens . T h i s res t r i c t i on means that, regardless o f the t h e r m a l h i s tory 
o f the s p e c i m e n , the t e m p e r a t u r e , a n d the effects o f d e g r a d a t i o n , the 
d e p e n d e n c e o f rate o f w e i g h t loss o n t h e ex tent o f r e a c t i o n is a s s u m e d 
to b e the same i n a l l s p e c i m e n s for a g i v e n extent o f r e a c t i o n . A l s o , as is 
the case w i t h a l l d y n a m i c h e a t i n g e x p e r i m e n t s , t h e p o s s i b i l i t y ex is ts 
that t h e t e m p e r a t u r e w i l l n o t b e a b l e to e q u i l i b r a t e at t h e faster heat 
i n g rates. 

I f the s l opes o f the i s o c o n v e r s i o n a l l i n e s o f a p l o t o f I n β v s . 1/T are 
e q u a l , t h e n a s i n g l e g l o b a l a c t i v a t i o n e n e r g y exists for the ranges o f 
a a n d T c o v e r e d b y the e x p e r i m e n t . H o w e v e r , for p o l y m e r w e i g h t - l o s s 
k i n e t i c s s u c h cases are the e x c e p t i o n . A m o r e t y p i c a l e x a m p l e is i l l u s 
t r a t e d i n F i g u r e 7 i n w h i c h l o g β is p l o t t e d aga inst 1/T for the dégrada-
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FRACTIONAL WT.-LOSS (5) 
Figure 8. Grid of activation energy kilojoules per mole (kjimol) for 
polymethyl methacrylate in nitrogen as a function of temperature (Ύ) 

and conversion (a.) from data in Figure 7. 

t i o n o f p o l y m e t h y l m e t h a c r y l a t e i n n i t r o g e n . T h e range o f h e a t i n g rates 
f r o m 1 0 " 4 to 1 0 _ 1 K / s p e r m i t s a n o b s e r v a t i o n o f the k i n e t i c s o v e r the 
t e m p e r a t u r e range f r o m 2 1 0 to 3 4 0 °C (32). T h e c u r v a t u r e o f the i s o -
c o n v e r s i o n a l s i n d i c a t e s that t h e a c t i v a t i o n e n e r g y is c h a n g i n g c o n t i n u 
o u s l y . H o w e v e r , t h e w i d e r a n g e o f t e m p e r a t u r e s that these r e a c t i o n s 
c o v e r g ives o n e the p r e c i s i o n n e c e s s a r y to d e t e r m i n e the a c t i v a t i o n 
e n e r g i e s f r o m the s l o p e b e t w e e n e a c h s u c c e s s i v e p a i r o f p o i n t s o n 
e a c h i s o c o n v e r s i o n a l . F r o m t h e s e v a l u e s a g r i d is set u p as i n F i g u r e 8, 
w h e r e the a c t i v a t i o n e n e r g i e s ( i n k j / m o l ) are g i v e n as a f u n c t i o n o f a 
a n d a n average t e m p e r a t u r e , T. C o m p a r i s o n o f a c t i v a t i o n e n e r g i e s 
p a r a l l e l to the o r d i n a t e s h o w s that Ε i n c r e a s e s w i t h i n c r e a s i n g t e m 
p e r a t u r e at cons tant c o n v e r s i o n , b u t p a r a l l e l to t h e a b s c i s s a , t h e a c t i 
v a t i o n e n e r g y appears to b e n e a r l y i n d e p e n d e n t o f c o n v e r s i o n at c o n 
stant t e m p e r a t u r e . 

T h i s m e t h o d o f t r e a t m e n t o f w e i g h t - l o s s da ta at c o n s t a n t h e a t i n g 
rate is no t o n l y a g o o d d i a g n o s t i c to see i f the a c t i v a t i o n e n e r g y i s 
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230 P O L Y M E R C H A R A C T E R I Z A T I O N 

cons tant for a c e r t a i n r e g i o n o f c o n v e r s i o n - t e m p e r a t u r e space b u t , i n 
s o m e cases , c a n a l so g i v e s o m e i n s i g h t i n t o the k i n e t i c s f r o m t h e w a y 
that Ε c h a n g e s w i t h a a n d T. 

A c t i v a t i o n E n e r g y o f I n i t i a l Stage o f D e g r a d a t i o n . T h e i n i t i a l 
a c t i v a t i o n e n e r g y is o b t a i n e d , as i n d i c a t e d i n E q u a t i o n 11 , f r o m a p l o t 
o f T2da/dT aga ins t a , w h i c h g i v e s a s l o p e o f E/R + 2 Γ at l o w e x t e n t o f 
r e a c t i o n (a ^ 0.05). T h i s c a l c u l a t i o n c a n b e d o n e s i m p l y f r o m a s i n g l e 
t h e r m o g r a v i m e t r i c t race o f w e i g h t a g a i n s t t i m e or t e m p e r a t u r e (8, 33 ) . 
T h i s m e t h o d is i n d e p e n d e n t o f the f o r m o f f(a) b e c a u s e the e x t e n t o f 
r e a c t i o n is a l w a y s s m a l l . H e n c e , the f o r m o f the d e p e n d e n c e o f t h e 
rate o f r e a c t i o n o n the e x t e n t o f r e a c t i o n m a y b e i g n o r e d sa fe ly . A n 
other advantage is that o n l y one s p e c i m e n is r e q u i r e d , so that p r o b l e m s 
a r i s i n g f r o m d i f f e r i n g s a m p l e h i s t o r i e s are a v o i d e d . W e c a n e s t i m a t e 
o t h e r aspects o f t h e k i n e t i c s f r o m t h e c h a n g e i n s l o p e as a i n c r e a s e s . 
I f the s l o p e i n c r e a s e s w i t h i n c r e a s i n g a, t h e n the d e p e n d e n c e o n 
w e i g h t loss has a n a u t o c a t a l y t i c c h a r a c t e r as i n r a n d o m l y i n i t i a t e d 
d e g r a d a t i o n s o f p o l y m e r s . W h e n the s l o p e dec reases w i t h i n c r e a s i n g 
a , the k i n e t i c s b e h a v e as a p o s i t i v e o r d e r r e a c t i o n s u c h as i n p o l y m e r 
d e g r a d a t i o n s that o c c u r m a i n l y b y u n z i p p i n g . A s l o p e i n d e p e n d e n t o f 
a i m p l i e s z e r o - o r d e r k i n e t i c s , one p o s s i b i l i t y for w h i c h i s e v a p o r a t i o n 
o f p r e f o r m e d m o l e c u l e s . 

O n e p r o b l e m is that the e x t e n t o f c o n v e r s i o n enters i n t o b o t h 
q u a n t i t i e s p l o t t e d , so o n e m u s t b e m o r e t h a n u s u a l l y c o n s i s t e n t i n 
p i c k i n g the b e g i n n i n g o f t h e p o l y m e r d e g r a d a t i o n . T h e i n i t i a l rates o f 
w e i g h t loss are e s p e c i a l l y s e n s i t i v e to v o l a t i l e c o n t a m i n a n t s i n c l u d i n g 
m o n o m e r , s o l v e n t , p l a s t i c i z e r , a n d o t h e r s m a l l m o l e c u l e s that c a n b e 
l os t w i t h o u t d e g r a d i n g t h e p o l y m e r . S o m e p r e t r e a t m e n t t r i a l s w i l l b e 
n e c e s s a r y i f t h e ef fect o f t h e s e m a t e r i a l s is to b e m i n i m i z e d . H o w e v e r , 
i f one w i s h e s to s t u d y t h e k i n e t i c s o f t h e i r loss ( u s u a l l y at s o m e e l e 
v a t e d t e m p e r a t u r e ) t h e n t h i s t e c h n i q u e m a y b e a p p r o p r i a t e . T h e s a m e 
r e a s o n i n g a p p l i e s to c h e m i c a l effects f r o m r e s i d u a l ca ta lys ts , a n t i o x i 
d a n t s , s t a b i l i z e r s , a n d l a b i l e l i n k a g e s i n t r o d u c e d d u r i n g s y n t h e s i s a n d 
storage , a l l o f w h i c h affect t h e i n i t i a l k i n e t i c s . 

W h e n t h e k i n e t i c s o f t h e m a i n - c h a i n s c i s s i o n process are to b e 
i n v e s t i g a t e d , t h e effects j u s t n o t e d m a y m a s k t h e e a r l y p h a s e s o f t h e 
r e a c t i o n b y the e r r a t i c e v o l u t i o n o f l o w m o l e c u l a r w e i g h t s p e c i e s as is 
d e m o n s t r a t e d b y t h e c u r v e for t h e u n t r e a t e d s a m p l e i n F i g u r e 1. S u c h 
c o m p l i c a t i o n s m a y b e a v o i d e d i n t w o w a y s : (1) t h e e x p e r i m e n t s m a y 
b e c o n d u c t e d at v e r y s l o w h e a t i n g rates , w h e n s u c h l o w Ε p r o c e s s e s 
w i l l o f t en u n c o u p l e as separate l o w t e m p e r a t u r e e v e n t s , a n d (2) a n 
i s o t h e r m a l p r e t r e a t m e n t i n v a c u u m at a t e m p e r a t u r e —100 °C b e l o w 
that at w h i c h t h e r e a c t i o n o f i n t e r e s t b e g i n s to take p l a c e at a m e a s u r 
a b l e rate w i l l o f t e n r e m o v e these c o m p l i c a t i o n s . T h e r e m o v a l o f p a r t 
o f t h e s p e c i m e n i n the faster h e a t i n g rate e x p e r i m e n t s i n t h i s case r e -
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12. D I C K E N S A N D F L Y N N Thermogravimetry 231 

q u i r e s the c a l c u l a t i o n o f a n e w f r a c t i o n r e a c t e d , α ' , b a s e d o n a n i n i t i a l 
w e i g h t f r o m w h i c h the w e i g h t lost d u r i n g t h e p r e t r e a t m e n t has b e e n 
s u b t r a c t e d . A n e r r o r i n t h e e s t i m a t e o f t h i s la t ter q u a n t i t y r e s u l t s i n a 
c u r v e w h o s e s l o p e w i l l n e a r l y p a r a l l e l the co r rec t s l o p e b u t w i l l n o t 
extrapo la te t h r o u g h the o r i g i n . 

V a r i e d H e a t i n g R a t e A n a l y s i s . T h i s m e t h o d is d e s i g n e d to s h e d 
l i g h t o n s o m e o f the e l e m e n t a r y reac t i ons m a k i n g u p t h e c o m p o s i t e 
f(a). It cons i s ts o f e x a m i n i n g the sh i f t o f p e a k s i n p l o t s o f daldT vs . Τ as 
the h e a t i n g rate is v a r i e d . T h e o r e t i c a l c o n s i d e r a t i o n s (34) s h o w that 
p e a k s c o r r e s p o n d i n g to i n d e p e n d e n t r eac t i ons w i t h w i d e l y d i f f e r i n g 
a c t i v a t i o n e n e r g i e s c a n b e r e s o l v e d at s o m e a t t a i n a b l e h e a t i n g rate . 
F o r c o m p e t i t i v e r e a c t i o n s , o n e p e a k or t h e o t h e r w i l l d o m i n a t e as t h e 
h e a t i n g rate is c h a n g e d . 

T h e w e i g h t - l o s s process c a n s o m e t i m e s b e r e s o l v e d i n t o s i m p l e or 
c o m p l e x cases , a n d c o m p l i c a t e d cases c a n b e r e s o l v e d i n t o c o m p e t i n g 
a n d i n d e p e n d e n t r e a c t i o n s . T h e n e c e s s a r y c o n d i t i o n s i n c l u d e a w i d e 
range o f t e m p e r a t u r e s a n d h e a t i n g rates , so the c o m p l e t e range o f the 
d e g r a d a t i o n r e a c t i o n is e x a m i n e d . H o w e v e r , the d i f f e r e n c e i n a c t i v a 
t i o n e n e r g i e s m u s t b e r a t h e r l a rge (—20 k c a l / m o l ) to o b t a i n g o o d reso 
l u t i o n b e c a u s e the largest range o b t a i n a b l e i n h e a t i n g rates is —10 4 . 
R e a c t i o n s o c c u r r i n g at r o u g h l y c o m p a r a b l e rates i n the same t e m p e r 
ature range , a n d w h i c h are r e a l i s t i c a l t e r n a t i v e s to o n e a n o t h e r , are 
o f ten not as d i f f e r e n t as 2 0 k c a l / m o l i n a c t i v a t i o n e n e r g y . E x p e r i m e n t s 
at v e r y s l o w h e a t i n g rates m a y p r o v i d e s o m e i n d i c a t i o n o f w h i c h reac 
t i o n w i l l d o m i n a t e at s e r v i c e c o n d i t i o n s , b u t the d u r a t i o n o f t h e i n v e s 
t i g a t i o n b e c o m e s v e r y l o n g . N o n e t h e l e s s , the v a r i e d h e a t i n g rate 
m e t h o d was a p p l i e d o v e r a range o f h e a t i n g rates f r o m 1 0 " 4 K / s (—97 
day) to 1 0 - 1 K / s ( 6 7 m i n ) to s e v e r a l p o l y m e r d e g r a d a t i o n r eac t i ons (32). 
I n s ome cases , d e r i v a t i v e p e a k s w e r e u n c o u p l e d b y r e d u c t i o n o f 
h e a t i n g rate . I n o thers , d i s p e r s i o n effects i n p e a k a m p l i t u d e s o f rate 
c u r v e s w e r e u s e d to d i a g n o s e c h a n g e s i n m e c h a n i s m , a n d the e x p e r i 
m e n t a l t e m p e r a t u r e range w a s e x t e n d e d s i g n i f i c a n t l y to l o w e r t e m 
pera tures ( J , 2 , 3 2 , 3 5 , 36) . 

Conclusions 
T h r e e o f the t e c h n i q u e s d e s c r i b e d i n th i s c h a p t e r h a v e a c o m m o n 

e l e m e n t — t h e d e t e r m i n a t i o n o f a c t i v a t i o n e n e r g y for p o l y m e r d e g r a d a 
t i o n r e a c t i o n s w h i l e a v o i d i n g t h e p i t f a l l o f a p p l y i n g t h e m o r e 
c o m m o n t e c h n i q u e s o f k i n e t i c a n a l y s i s to t h e r m o g r a v i m e t r y — t h a t o f 
h a v i n g to i n v o k e m a t h e m a t i c a l m o d e l s for the e l u s i v e / ( a ) , the f u n c 
t i o n a l i t y o f t h e rate w i t h r e s p e c t to f r a c t i o n a l c o m p l e t i o n . T h e f o u r t h 
t e c h n i q u e sheds some l i g h t o n the c o m p o n e n t r eac t i ons that e n t e r i n t o 

f(ct). T h e t e c h n i q u e s w e r e u s e d s u c c e s s f u l l y i n s e v e r a l i n v e s t i g a t i o n s , 
m o s t o f w h i c h are c i t e d h e r e . 
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13 
Use of the Single Dynamic 
Temperature Scan Method in 
Differential Scanning Calorimetry 
for Quantitative Reaction Kinetics 

THEODORE PROVDER, RICHARD M. HOLSWORTH, 
THOMAS H. GRENTZER, and SALLY A. KLINE 
Glidden Coatings and Resins, Division of SCM Corporation, 
Strongsville, OH 44136 

Various reaction kinetics methodologies for differential 
scanning calorimetry (DSC) are reported and compared 
experimentally, utilizing the thermal decomposition 
of calcium oxalate monohydrate and of 2,2'-azobis-
(isobutyronitrile) (AIBN) as model systems, to demon
strate the reliability, efficiency, analysis speed, and 
simplicity of the single dynamic temperature scan 
method of Borchardt and Daniels. The DSC results for 
the activation energy of decomposition of AIBN by the 
Kissinger, Ozawa, and ASTM-E698 methods (all of which 
utilize numerous thermograms generated at various 
heating rates) were found to be more than 25% lower 
than the kinetic results reported by classical techniques 
(volumetric titration, UV spectroscopy, etc.), yet the 
single dynamic temperature scan method results were 
within 2% of the classical results. A comparison of iso
thermal reaction kinetics with single dynamic tempera
ture scan reaction kinetics for the reaction of phenylgly-
cidyl ether with 2-ethyl-4-methylimidazole indicated 
that the isothermal method grossly underestimated the 
total heat of reaction while providing lower values of 
activation energy and Arrhenius frequency factor than 
the single dynamic temperature scan method. The single 
dynamic temperature scan method also was used to pro
vide quantitative reaction kinetics information for some 
chemical coatings systems (e.g., powder coatings, gel 
coat resins, and casket varnish). 

0065-2393/83/0203-0233$06.25/0 
© 1983 American Chemical Society 
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V A R I O U S M E T H O D S H A V E B E E N R E P O R T E D for d e t e r m i n i n g r e a c t i o n 
k i n e t i c s b y d i f f e r e n t i a l s c a n n i n g c o l o r i m e t r y ( D S C ) . I s o t h e r m a l r e 
a c t i o n k i n e t i c s r e q u i r e n u m e r o u s t h e r m o g r a m s o v e r a r a n g e o f 
r e a c t i o n t e m p e r a t u r e s . T h e O z a w a (J) a n d K i s s i n g e r (2) m e t h o d s 
u t i l i z e a n u m b e r o f t h e r m o g r a m s g e n e r a t e d b y the use o f d i f f e r e n t 
h e a t i n g rates . M e t h o d s for o b t a i n i n g r e a c t i o n k i n e t i c s i n f o r m a t i o n 
f r o m a s i n g l e d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y / d i f f e r e n t i a l t h e r m a l 
a n a l y s i s ( D S C / D T A ) t e m p e r a t u r e s can great ly de c r e as e the t i m e n e c 
essary for a n a l y s i s a n d h a v e b e e n r e p o r t e d p r e v i o u s l y ( 3 - 2 0 ) . I n t h i s 
s t u d y , w e c o m p a r e d s o m e o f these m e t h o d o l o g i e s a n d a p p l i e d o n e o f 
t h e m to the c h a r a c t e r i z a t i o n o f the r e a c t i o n k i n e t i c s o f m o d e l sys tems 
a n d s ome coat ings sys tems . 

Methodologies 
M u l t i p l e D y n a m i c T e m p e r a t u r e S c a n s . A n e q u a t i o n w a s r e 

p o r t e d (2) for o b t a i n i n g r e a c t i o n k i n e t i c s f r o m D T A b y s c a n n i n g a 
c h e m i c a l r e a c t i o n at d i f f e r e n t f i x e d h e a t i n g rates . B y p l o t t i n g 
I n (φ/Τρ

2) v s . ( 1 / T p ) , w h e r e φ i s the h e a t i n g rate (K/s) a n d Tp i s t h e t e m 
p e r a t u r e at the p e a k o f the e x o t h e r m (K) , the a c t i v a t i o n e n e r g y (E) a n d 
A r r h e n i u s f r e q u e n c y factor (A) are d e t e r m i n e d f r o m t h e s l o p e a n d 
i n t e r c e p t , r e s p e c t i v e l y . 

R e e d et a l . (4) c o m p a r e d r e a c t i o n k i n e t i c s r esu l t s for the d e c o m 
p o s i t i o n o f b e n z e n e d i a z o n i u m c h l o r i d e b y c o n v e n t i o n a l m e t h o d s r e 
p o r t e d p r e v i o u s l y [the D T A ( B o r c h a r d t - D a n i e l s ) m e t h o d (3) a n d the 
K i s s i n g e r a p p r o a c h (2)]. T h e resu l t s i n d i c a t e d that the K i s s i n g e r a p 
p r o a c h p r o d u c e d k i n e t i c s r e s u l t s that w e r e 4 2 % l o w e r t h a n those 
o b t a i n e d b y o ther m e t h o d o l o g i e s . T h e u n d e r l y i n g errors that are as
s o c i a t e d w i t h t h e K i s s i n g e r m e t h o d u s i n g D T A a n a l y s i s a l so w e r e 
d e s c r i b e d (4). P r i m e (8) s h o w e d that t h e a p p l i c a t i o n o f K i s s i n g e r ' s 
m e t h o d to t h e D S C c u r e o f e p o x y r e s i n s w a s i n b e t t e r a g r e e m e n t w i t h 
o t h e r resu l t s ( i s o t h e r m a l D S C k i n e t i c s a n d d c c o n d u c t i v i t y ) t h a n the 
D T A a p p l i c a t i o n r e p o r t e d b y R e e d et a l . 

A n o t h e r e q u a t i o n to d e t e r m i n e r e a c t i o n k i n e t i c s p a r a m e t e r s b y 
m u l t i p l e d y n a m i c D S C scans w a s r e p o r t e d b y O z a w a (I) . B y s c a n n i n g 
t h e c h e m i c a l r e a c t i o n at d i f f e r e n t f i x e d h e a t i n g rates a n d p l o t t i n g l o g φ 
vs . (1/TP), the e n e r g y o f a c t i v a t i o n a n d the A r r h e n i u s f r e q u e n c y factor 
c a n b e d e t e r m i n e d f r o m the s l o p e a n d i n t e r c e p t , r e s p e c t i v e l y . C o r r e c 
t i o n s for the m e a s u r e d p e a k t e m p e r a t u r e a n d the c a l c u l a t e d e n e r g y o f 
a c t i v a t i o n h a v e b e e n a p p l i e d to th i s m e t h o d b y the A m e r i c a n S o c i e t y 
for T e s t i n g a n d M a t e r i a l s ( A S T M ) . T h e d e s c r i p t i o n o f th i s m e t h o d a n d 
its use c a n b e f o u n d i n A S T M E 6 9 8 - 7 9 (17). 

S i n g l e D y n a m i c T e m p e r a t u r e S c a n A p p r o a c h I P r i m e ( 7 , 8 ) ] . B e 
cause the f r a c t i o n r e a c t e d [F(t,T)] i s a f u n c t i o n o f t i m e a n d t e m p e r a -
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13. PROVDER E T A L . Quantitative Reaction Kinetics 235 

t u r e i n a d y n a m i c D S C e x p e r i m e n t , the to ta l d e r i v a t i v e dF(t,T) m u s t 
b e e x p r e s s e d as a f u n c t i o n o f t i m e a n d t e m p e r a t u r e . 

dt (1) 

T h e n the rate e x p r e s s i o n dF(t,T)/dt is g i v e n b y 

dF(t,T) (dF(t,T)\ ( dF(t,T)\ m 

w h e r e t = t i m e (s); Τ = a b s o l u t e t e m p e r a t u r e ( K ) ; a n d φ = dT/dt (K /s ) . 
U t i l i z i n g E q u a t i o n 2 a n d t h e A r r h e n i u s r e l a t i o n s h i p for t h e rate 

constant , P r i m e (7, 8) s h o w e d that t h e e n e r g y o f a c t i v a t i o n , t h e A r 
r h e n i u s f r e q u e n c y factor , a n d t h e o r d e r o f t h e r e a c t i o n c a n b e c a l c u 
l a t e d f r o m one d y n a m i c D S C t e m p e r a t u r e s c a n f r o m E q u a t i o n s 3—5. 

= In A + {-1/RT + c l n [ l - F(t,T)]}EC!llc (3) 

(EestAT\ 
\ RT2 I 

I n 
dH(t,T)/dt 

L ( Δ Η 0 ) Ζ 

Ζ = 1 + 

η = C E caie — 

RT2 

[l-F(t,T)] 

( 4 ) 

E cale (5) 
(dH(t,T)/dt) 

w h e r e the s y m b o l s u s e d i n the e q u a t i o n s are d e f i n e d h e r e a n d are 
i l l u s t r a t e d i n F i g u r e 1: dH(t, T)ldt = heat flow v a l u e (cal /g-s) ; Δ Η 0 = 
t o ta l heat o f r e a c t i o n (cal /g) ; A = A r r h e n i u s f r e q u e n c y factor ( s - 1 ) ; R = 

TEMPERATURE 

Figure 1. Schematic of an exothermic peak observed by DSC for 
Prime's calculation. 
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236 POLYMER CHARACTERIZATION 

gas c o n s t a n t ( k c a l / m o l - d e g ) ; F(t,T) = f r a c t i o n a l e x t e n t o f r e a c t i o n 
(H/ΔΗο); ^caic — c a l c u l a t e d e n e r g y of a c t i v a t i o n ( k c a l / m o l ) ; E e s t — e s t i 
m a t e d e n e r g y o f a c t i v a t i o n ( k c a l / m o l ) ; Δ Τ = d i f f e r e n c e b e t w e e n the 
i n s t a n t a n e o u s t e m p e r a t u r e a n d the i n i t i a l t e m p e r a t u r e ; F(t,T)p = f rac 
t i o n a l ex tent o f r e a c t i o n at t h e p e a k ; Tp = t e m p e r a t u r e at the p e a k (K ) ; 
η = r e a c t i o n o r d e r ; a n d (dH(t,T)/dt)p = heat f l o w v a l u e (cal/g-s) at t h e 
p e a k . 

I n P r i m e ' s m e t h o d , a v a l u e o f E e s t i s s e l e c t e d . T h e le f t s i d e o f 
E q u a t i o n 3 i s p l o t t e d vs . { - 1 / R T + c I n [1 - F ( t ,T ) ] } , w h e r e E c a i c i s t h e 
s l o p e a n d In A is the i n t e r c e p t . T h e v a l u e o f E c a i c t h e n is u s e d i n 
E q u a t i o n s 3 a n d 4 for Eest. T h i s p r o c e d u r e is c o n t i n u e d u n t i l n o d i f f e r 
e n c e exists b e t w e e n E c a l c a n d E e s t . T h e n E c a l c i s u s e d to d e t e r m i n e η 
f r o m E q u a t i o n 5. 

P r i m e (8) s h o w e d that t h i s m e t h o d p r o v i d e s c l o s e r a g r e e m e n t 
b e t w e e n i s o t h e r m a l a n d d y n a m i c s can D S C data for e p o x y r e s i n / 
a r o m a t i c a m i n e r e a c t i o n s y s t e m s . 

S i n g l e D y n a m i c T e m p e r a t u r e S c a n A p p r o a c h [ B o r c h a r d t a n d 
D a n i e l s (3)]. K i s s i n g e r (19), H i l l (20), a n d S i m m o n s a n d W e n d l a n d t 
(21 ) s h o w e d that t h e t e r m [dF(t,T)/dT]t i n E q u a t i o n 2 is a l w a y s ze ro . 
K i s s i n g e r argues that " F i x i n g t i m e f ixes the p o s i t i o n o f a l l the p a r t i c l e s 
i n the s y s t e m . " T h u s , i f t i m e is h e l d cons tant t h e n F a l so m u s t b e 
constant . T h e rate e x p r e s s i o n t h e n b e c o m e s 

T h e rate e x p r e s s i o n for the s i n g l e d y n a m i c t e m p e r a t u r e s can a p p r o a c h 
thus is d e s c r i b e d b y the i s o t h e r m a l k i n e t i c s e q u a t i o n s . T h e w o r k i n g 
e q u a t i o n s c o n s i s t o f the g e n e r a l n t h o r d e r rate e q u a t i o n a n d the A r 
r h e n i u s e q u a t i o n a n d are a n a l o g o u s to the e q u a t i o n s p r o p o s e d b y B o r 
c h a r d t a n d D a n i e l s (3) for s t u d y i n g r e a c t i o n k i n e t i c s b y D T A . I n t h e 
p r e s e n t w o r k , a u t o c a t a l y t i c r e a c t i o n k i n e t i c s are n o t c o n s i d e r e d . T h e 
g e n e r a l rate e x p r e s s i o n is 

w h e r e F(t,T) = f rac t i ona l extent o f c o n v e r s i o n ; k(T) = rate constant for 
the r e a c t i o n ( s - 1 ) ; η = r e a c t i o n o r d e r ; a n d Τ = t e m p e r a t u r e (K) . 

T h e f r a c t i o n a l ex tent o f c o n v e r s i o n [F(t,T)] is d e f i n e d as the ra t i o 
o f the p a r t i a l heat o f r e a c t i o n , at a g i v e n t i m e a n d t e m p e r a t u r e , [H(t,T)] 
to the to ta l heat o f r e a c t i o n ( Δ Η 0 ) . 

(6) 

dF(t,T) 
dt 

= Jfe(T) [ l - F(t,T)]n (7) 

F(t,T) = Η ( ί , Τ ) / Δ Η 0 (8) 

T h e f r a c t i o n a l ex tent o f c o n v e r s i o n ranges f r o m 0 to 1.0 a n d is r e p r e 
s e n t e d i n F i g u r e 1. 
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13. PROVDER E T A L . Quantitative Reaction Kinetics 237 

T h e rate cons tant , fc(T), c a n b e e x p r e s s e d i n t e r m s o f o b s e r v a b l e 
p a r a m e t e r s o b t a i n e d f r o m t h e D S C e x p e r i m e n t a n d , s u b s e q u e n t l y , 
c a n b e r e l a t e d to the e n e r g y o f a c t i v a t i o n (E) a n d the f r e q u e n c y factor 
(A) o f the A r r h e n i u s e q u a t i o n . S u b s t i t u t i n g E q u a t i o n 8 i n t o E q u a t i o n 7 
a n d s o l v i n g for the rate c o n s t a n t k(T) i n l o g a r i t h m i c f o r m y i e l d s t h e 
f o l l o w i n g e x p r e s s i o n : 

dH(t,T)\ j [àH0-H(t,T)]n 

In Jfc(T) = In (9) 

I n A = I n 
RT 

( Π ) 

dt / / Δ Η 0
η _ 1 

w h e r e dH (t,T)ldt = heat f l o w i n t o a n d out o f the s a m p l e (cal /g-s) ; 
H(t,T) = p a r t i a l heat o f r e a c t i o n (cal /g) ; Δ Η 0 = t o t a l heat o f r e a c t i o n 
(cal /g) ; a n d η = r e a c t i o n o rder . 

A l l o f the q u a n t i t i e s o n the r i g h t s i d e o f E q u a t i o n 9 are o b s e r v a b l e 
parameters e x c e p t for the r e a c t i o n o r d e r , n . S u b s t i t u t i n g the A r r h e n i u s 
e x p r e s s i o n s h o w n i n E q u a t i o n 10 i n t o E q u a t i o n 9 y i e l d s t h e w o r k i n g 
E q u a t i o n 11. 

hi HT) = In A ~ (10) 

w h e r e A = A r r h e n i u s f r e q u e n c y factor ( s - 1 ) ; Ε = a c t i v a t i o n e n e r g y 
( k c a l / m o l ) ; a n d R = gas c ons tant ( k c a l / m o l - d e g ) . 

7dH(t ,T )\ j [ A H p - H(t,T)]n] 
Λ dt ) I A H 0

W 1 

T h e i s o t h e r m a l f r a c t i o n a l e x t e n t o f c o n v e r s i o n as a f u n c t i o n o f t i m e (t) 
or t e m p e r a t u r e (T) is o b t a i n e d b y i n t e g r a t i n g t h e rate e x p r e s s i o n to 
y i e l d the f o l l o w i n g e x p r e s s i o n s : 

F(t,T) = 1 - [(n - l)k(T)t + l ] 1 ' 1 - " (12) 

F o r the case w h e r e η = 1 

F(t,T) = 1 - e~k(T)t (13) 

I n t h i s c h a p t e r the b a s i c m e t h o d o l o g y o f B o r c h a r d t a n d D a n i e l s , d e 
s c r i b e d e a r l i e r , w i l l b e u s e d . 

Experimental 
The d u Pont 990 thermal analyzer programmer/recorder and the 910 D S C 

c e l l module were used to obtain the experimental results. T h e sample atmo
sphere was either nitrogen or compressed air at a flow rate of 50 m L / m i n . The 
sample weight was restricted to the 0.5-m g range. Hermet ica l ly sealed sample 
pans were used for reactions exhibit ing a weight loss. 

Data Analysis Methods 
T w o data a n a l y s i s m e t h o d s w e r e u s e d i n t h i s w o r k to o b t a i n η , E , 

a n d A . I n the f i rst m e t h o d , the t h e r m o g r a m s w e r e d i g i t i z e d m a n u a l l y 
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238 P O L Y M E R C H A R A C T E R I Z A T I O N 

a n d the data a n a l y s i s m e t h o d o f W i l l a r d (6) w a s u s e d . I n t h i s m e t h o d , a 
ser ies o f A r r h e n i u s p l o t s is g e n e r a t e d b y v a r y i n g the o r d e r o f the 
r e a c t i o n , n , i n E q u a t i o n 9, f r o m 0.2 t h r o u g h 3.0 i n i n c r e m e n t s o f 0 .05. 
T h e b e s t v a l u e o f t h e r e a c t i o n o r d e r is o b t a i n e d b y s e l e c t i n g t h e r e a c 
t i o n o r d e r g i v i n g t h e h i g h e s t c o r r e l a t i o n c o e f f i c i e n t o f the l i n e a r 
l eas t - squares fit o f the In k(T) vs . 1/T c u r v e . T h e v a l u e for the r e a c t i o n 
o r d e r t h e n is s u b s t i t u t e d i n t o E q u a t i o n 11 to o b t a i n t h e a c t i v a t i o n 
e n e r g y a n d t h e A r r h e n i u s f r e q u e n c y factor. D u r i n g the c o u r s e o f t h i s 
w o r k , the data a c q u i s i t i o n o f the D S C w a s a u t o m a t e d b y i n t e r f a c i n g 
the i n s t r u m e n t to a m i c r o c o m p u t e r . D a t a t h e n are t r a n s f e r r e d o v e r a 
s e r i a l l i n e to a m i n i c o m p u t e r s y s t e m for storage, a n a l y s i s , r e p o r t g e n 
e r a t i o n , a n d p l o t t i n g . D e t a i l s o f the m i n i c o m p u t e r - m i c r o c o m p u t e r 
s y s t e m a n d its o r g a n i z a t i o n a n d o p e r a t i o n w e r e r e p o r t e d e l s e w h e r e 
(22, 23 ) . A n a l t e rnate d a t a a n a l y s i s p r o c e d u r e w a s u s e d w i t h t h e a u t o 
m a t e d D S C s y s t e m . R e w r i t i n g E q u a t i o n 11 as 

I n 

w h i c h is o f the f o r m 

1 (dH(t,T)\ 
iH0\ dt J 

= In A --^7- + η 
RT 

I n 
AHp - H(t,T) 

Δ Η 0 

(14) 

Ζ = a + bx + cy (15) 

e n a b l e s the p a r a m e t e r s η , E , a n d A to b e o b t a i n e d s i m u l t a n e o u s l y b y a 
m u l t i p l e r e g r e s s i o n t e c h n i q u e . D e t a i l s o f the a u t o m a t e d t h e r m a l 
a n a l y s i s s y s t e m w e r e r e p o r t e d e l s e w h e r e (24). B o t h o f t h e j u s t d e 
s c r i b e d data a n a l y s i s m e t h o d s p r o d u c e c a l c u l a t e d r e s u l t s w i t h c o m p a 
r a b l e p r e c i s i o n a l l o w i n g for d i f f e r e n c e s i n the n u m b e r o f da ta p o i n t s 
u s e d b e t w e e n the m a n u a l a n d the automated data a c q u i s i t i o n methods . 

Results and Discussion 

M o d e l S y s t e m s . D E C O M P O S I T I O N O F C A L C I U M O X A L A T E M O N O H Y 

D R A T E . F i g u r e 2 s h o w s t h e D S C trace for t h e d e c o m p o s i t i o n o f c a l 
c i u m oxalate m o n o h y d r a t e . T h e e n d o t h e r m i c p e a k , b e t w e e n 125 a n d 
2 2 5 °C , r e p r e s e n t s t h e d e h y d r a t i o n o f c a l c i u m oxalate m o n o h y d r a t e . 
T h e e x o t h e r m i c p e a k , b e t w e e n 4 2 5 a n d 5 2 5 °C , r e p r e s e n t s the d e c o m 
p o s i t i o n o f c a l c i u m oxalate to c a l c i u m c a r b o n a t e . T h e d e c o m p o s i t i o n 
o f c a l c i u m oxalate to c a l c i u m carbonate w a s f o u n d to b e i n d e p e n d e n t 
o f h e a t i n g rate a n d s a m p l e mass b y N a i r a n d N i n a n (25) . T h e r e a c t i o n 
k i n e t i c s da ta for t h e f o r m a t i o n o f c a l c i u m ca r b ona te f r o m t h e s i n g l e 
d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d a l o n g w i t h the k i n e t i c s d a t a 
o b t a i n e d b y t h e r m o g r a v i m e t r i c a n a l y s i s u n d e r the same e x p e r i m e n t a l 
c o n d i t i o n s as that o f N a i r a n d N i n a n (25) are s h o w n i n T a b l e I . T h e r e 
sul ts o b t a i n e d f r o m t h e s e t w o t e c h n i q u e s are i n g o o d a g r e e m e n t . 

D E C O M P O S I T I O N O F A I B N . T h e t h e r m a l d e c o m p o s i t i o n k i n e t i c s o f 
2 , 2 ' - a z o b i s ( i s o b u t y r o n i t r i l e ) ( A I B N ) i n d i - n - b u t y l p h t h a l a t e w e r e d e 
t e r m i n e d b y the s i n g l e d y n a m i c D S C t e m p e r a t u r e s can m e t h o d . T h e 
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ο 
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100 200 300 400 
TEMPERATURE (°C) 

500 

Figure 2. DSC thermogram for the decomposition of calcium oxalate 
monohydrate. Operating conditions: atmosphere, air; flow rate, 50 mLI 

min SCFH; and scan rate, 15 °C/min. 

k i n e t i c p a r a m e t e r s E, A, a n d η are r e p o r t e d i n T a b l e I I at s e v e r a l 
h e a t i n g rates a l o n g w i t h t h e l i t e r a t u r e v a l u e d e t e r m i n e d b y V a n H o o k 
a n d T o b o l s k y (28), w h o u s e d rate c ons tant da ta d e t e r m i n e d b y v o l 
u m e t r i c t i t r a t i o n (29-34), U V s p e c t r o s c o p y (35), a n d o ther c l a s s i c a l 
t e c h n i q u e s to c o n s t r u c t a c o m p o s i t e A r r h e n i u s p l o t . V e r y g o o d agree 
m e n t b e t w e e n the s i n g l e d y n a m i c t e m p e r a t u r e s can D S C resu l t s a n d 
those o b t a i n e d b y c l a s s i c a l m e t h o d s is s h o w n i n T a b l e I I . T a b l e I I I 
s h o w s t h e r m a l d e c o m p o s i t i o n k i n e t i c s p a r a m e t e r s for A I B N c a l c u 
l a t e d b y the m u l t i p l e d y n a m i c scan a p p r o a c h e s o f O z a w a , K i s s i n g e r , 
a n d the m o d i f i e d O z a w a m e t h o d as d e s c r i b e d i n the A S T M m e t h o d 
E — 6 9 8 . F o r c o m p a r i s o n p u r p o s e s , the data o f V a n H o o k a n d T o b o l s k y 
a n d the resu l t s f r o m t h e s i n g l e d y n a m i c t e m p e r a t u r e s can D S C 
m e t h o d a l so are s h o w n i n T a b l e I I I . T h e a c t i v a t i o n e n e r g y v a l u e s 
o b t a i n e d b y the m u l t i p l e d y n a m i c s can m e t h o d s are m o r e t h a n 2 5 % 
l o w e r t h a n that r e p o r t e d b y V a n H o o k a n d T o b o l s k y . O n t h e o t h e r 

T a b l e I . T h e r m a l D e c o m p o s i t i o n K i n e t i c s o f C a l c i u m O x a l a t e 
M o n o h y d r a t e i n a N i t r o g e n A t m o s p h e r e 

TGAa 

Parameter DSC 

E n e r g y o f a c t i v a t i o n 56.6 
(kca l /mo l ) 

A r r h e n i u s f r e q u e n c y factor 1.76 x 1 0 1 4 

O r d e r o f r e a c t i o n 0.60 
C o r r e l a t i o n c o e f f i c i e n t 0 .997 

Equationb 

56.4 

1.68 x 1 0 1 4 

0.50 
0 .996 

Equation0 

57.9 

5.42 x 1 0 1 4 

0.996 
a Ref. 25. 
6 Coats—Redfern equation used to analyze the data, Ref. 26. 
c M a c C a l l u m — T a n n e r equation used to analyze the data, Ref. 27. 
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240 P O L Y M E R C H A R A C T E R I Z A T I O N 

T a b l e I I . T h e r m a l D e c o m p o s i t i o n K i n e t i c s o f A I B N b y the S i n g l e 
D y n a m i c T e m p e r a t u r e S c a n D S C M e t h o d 

Scan rate Ε In A 
("C/min) η (kcal/mol) (s-1) 

50 0.95 32 .3 36 .3 
20 1.05 31 .9 36 .4 
15 1.00 32 .6 35 .0 
10 0.90 29 .5 33 .4 

5 0 .85 31 .1 35 .7 
Average value 0.95 31.4 35 .4 

Tobolsky (Ref. 28) 1.00 30 .8 35 .0 

h a n d , the s i n g l e d y n a m i c t e m p e r a t u r e s can D S C m e t h o d gave a n a c t i 
v a t i o n e n e r g y v a l u e that a g r e e d to w i t h i n 2 % o f t h e c l a s s i c a l d a t a 
r e p o r t e d b y V a n H o o k a n d T o b o l s k y . 

I s o t h e r m a l D S C K i n e t i c s v s . S i n g l e D y n a m i c T e m p e r a t u r e S c a n 
D S C K i n e t i c s . I s o t h e r m a l D S C k i n e t i c s w e r e s t u d i e d for the r e a c t i o n 
o f p h e n y l g l y c i d y l e t h e r a n d 2 - e t h y l - 4 - m e t h y l i m i d a z o l e at a m o l a r ra t i o 
o f 2 : 1 , r e s p e c t i v e l y . F i g u r e s 3 t h r o u g h 5 s h o w the i s o t h e r m a l heat f l o w 
r e s p o n s e o f the e m p t y s a m p l e p a n s a n d the s a m p l e p a n s c o n t a i n i n g 
the r e a c t i o n m i x t u r e at t h r e e d i f f e r e n t i s o t h e r m a l t e m p e r a t u r e set
t i n g s . T h e f o l l o w i n g p r o c e d u r e m u s t b e u s e d for i s o t h e r m a l a n a l y s i s 
o n the d u P o n t 9 9 0 t h e r m a l a n a l y z e r . E m p t y s a m p l e p a n s are p l a c e d i n 
the D S C c e l l ; the heat f l o w r e s p o n s e is r e c o r d e d as a f u n c t i o n o f t i m e . 
A s s h o w n i n F i g u r e s 3 - 5 , t h e s a m p l e p a n s a b s o r b e n e r g y a n d t h e n , 
after a p p r o x i m a t e l y a 1 - m i n t i m e s p a n , e q u i l i b r a t e to a cons tant heat 
flow [dH (t,T)/dT] v a l u e . T h e e m p t y s a m p l e p a n t h e n is r e m o v e d f r o m 
the D S C c e l l a n d the reactants are p l a c e d i n the s a m p l e p a n . T h e D S C 
c e l l i s a l l o w e d to e q u i l i b r a t e to t h e i s o t h e r m a l t e m p e r a t u r e s e t t i n g . 

T a b l e I I I . T h e r m a l D e c o m p o s i t i o n K i n e t i c s o f A I B N : 
C o m p a r i s o n o f D S C M e t h o d s W i t h C l a s s i c a l D a t a 

Ε In A 
Source (kcal/mol) (s'1) 

M u l t i p l e d y n a m i c s c a n D S C m e t h o d s " 
O z a w a 22 .6 28 .6 
K i s s i n g e r 22 .2 27 .9 
A S T M - E 6 9 8 22.2 21 .2 

C l a s s i c a l data 
T o b o l s k y 30.8 35 .0 

S i n g l e d y n a m i c s can D S C m e t h o d 6 

31.4 35.4 
° The reaction order is assumed to be η = 1. 
b The reaction order was found to be η = 0.95. 
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10 15 
TIME (min) 

Figure 3. Isothermal DSC thermogram at 90 °C for the reaction of 
phenyl glycidyl ether with 2-ethyl-4-methylimidazole in a 2:1 molar 
ratio. Operating conditions: y sensitivity, 0.2 mcal/s-in.; hermetically 

sealed pan. 

ο φ co 
CO 
Ο 

Ε 

I 
T3 

RESPONSE OF REACTION 

MIXTURE PLUS PANS 

RESPONSE OF EMPTY PANS 

4- 4 -
5 10 

TIME (min) 
15 20 

Figure 4. Isothermal DSC thermogram at 100 °C for the reaction of 
phenyl glycidyl ether with 2-ethyl-4-methylimidazole in a 2:1 molar 

ratio. Operating conditions: same as in Figure 3. 
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TIME (min) 

Figure 5. Isothermal DSC thermogram at 110 °C for the reaction of 
phenyl glycidyl ether with 2-ethyl-4-methylimidazole in a 2:1 molar 

ratio. Operating conditions: same as in Figure 3. 

T h e s a m p l e pans c o n t a i n i n g the reactants are p l a c e d i n t o t h e D S C 
c e l l . T h e heat flow is m o n i t o r e d as a f u n c t i o n o f t i m e . 

A t the 90 °C i s o t h e r m a l t e m p e r a t u r e s e t t i n g , as s h o w n i n F i g u r e 3, 
the s a m p l e p a n s absorb e n e r g y , e q u i l i b r a t e , the r e a c t i o n goes t h r o u g h 
a n i n d u c t i o n p e r i o d , a n d t h e n the r e a c t i o n b e g i n s . F o r the 100 °C 
i s o t h e r m a l t e m p e r a t u r e s e t t i n g , as s h o w n i n F i g u r e 4, a g a i n the s a m 
p l e p a n s absorb e n e r g y , e q u i l i b r a t e , b u t n o w the r e a c t i o n b e g i n s at the 
same t i m e that the s a m p l e p a n s are e q u i l i b r a t i n g . F o r t h e 110 °C 
i s o t h e r m a l t e m p e r a t u r e s e t t i n g , as s h o w n i n F i g u r e 5, t h e r e a c t i o n is 
t a k i n g p l a c e be fore t h e s a m p l e p a n s h a v e c o m e to t h e r m a l e q u i l i b 
r i u m . T h e s e r esu l t s i n d i c a t e that par t o f the r e a c t i o n e x o t h e r m is no t 
b e i n g m o n i t o r e d at the h i g h e r i s o t h e r m a l t e m p e r a t u r e s e t t i n g . T h i s 
c o n c l u s i o n is c o n f i r m e d b y t h e c a l c u l a t e d heats o f r e a c t i o n at t h r e e 
d i f f e r e n t i s o t h e r m a l t e m p e r a t u r e se t t ings , s h o w n i n T a b l e I V . A s the 
i s o t h e r m a l t e m p e r a t u r e s e t t i n g is i n c r e a s e d f r o m 80 to 120 °C , t h e heat 
o f r e a c t i o n ( Δ Η 0 ) de c reases f r o m 105.5 to 69.4 c a l / g . T h e s a m p l e s that 
w e r e a n a l y z e d i s o t h e r m a l l y o n the D S C t h e n w e r e m o n i t o r e d b y D S C 
at the f i x e d h e a t i n g rate o f 15 °C /min f r o m 2 5 - 2 0 0 °C as s h o w n i n 
F i g u r e 6. N e x t , the s a m p l e s w e r e c o o l e d q u i c k l y to 2 5 °C a n d t h e n 
r e - s c a n n e d at 15 °C /min to 2 0 0 °C as s h o w n i n F i g u r e 7. A n e x o t h e r m i c 
p e a k is o b s e r v e d i n F i g u r e 6 i n the v i c i n i t y o f 150 °C . T h i s p e a k 
b e c o m e s m o r e p r o n o u n c e d as the i s o t h e r m a l t e m p e r a t u r e s e t t i n g is 
l o w e r e d ; i t p r o b a b l y is d u e to the r e m a i n i n g u n r e a c t e d m a t e r i a l f r o m 
the i s o t h e r m a l b a k e s c h e d u l e . F i g u r e 7 i n d i c a t e s that the r e a c t i o n is 
t a k e n to c o m p l e t i o n b y r e - s c a n n i n g the t e m p e r a t u r e range to 2 0 0 °C . 
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13. P R O V D E R E T A L . Quantitative Reaction Kinetics 243 

T a b l e I V . I s o t h e r m a l H e a t s o f R e a c t i o n for t h e R e a c t i o n o f 
P h e n y l G l y c i d y l E t h e r w i t h 2 - E t h y l - 4 - m e t h y l i m i d a z o l e 

i n a 2:1 M o l a r R a t i o 
Temperature Δ Η 0 

(°C) (cal/g) 

80 105.5 
100 99.1 
120 69.4 

T h e s e r e s u l t s i n d i c a t e that i f the i s o t h e r m a l r e a c t i o n t e m p e r a t u r e 
is too l o w , the r e a c t i o n v e r y p o s s i b l y w i l l no t p r o c e e d to c o m p l e t i o n i n 
t h e t i m e f rame o f the e x p e r i m e n t b e c a u s e the r e a c t i n g p o l y m e r w i l l 
v i t r i f y be f o re the r e a c t i o n is c o m p l e t e d at i s o t h e r m a l r e a c t i o n t e m p e r 
atures b e l o w the glass t r a n s i t i o n t e m p e r a t u r e o f the f u l l y c u r e d p o l y 
m e r . T h e r e f o r e , the o b s e r v e d heat o f r e a c t i o n w i l l b e less t h a n that for 
t h e f u l l y c u r e d s y s t e m . I f t h e i s o t h e r m a l r e a c t i o n t e m p e r a t u r e is set 
too h i g h , the r e a c t i o n w i l l b e g i n be fo re the s a m p l e c o m e s to t e m p e r 
ature e q u i l i b r i u m , a l t h o u g h the r e a c t i o n m a y go to c o m p l e t i o n . I n t h i s 
case , the o b s e r v e d heat o f r e a c t i o n w i l l b e u n d e r e s t i m a t e d b e c a u s e 
the i n i t i a l part o f the r e a c t i o n e x o t h e r m is no t b e i n g m o n i t o r e d . W i d -
m a n (36) a n d S o u r o u r a n d K a m a l (37) p r o v i d e m e t h o d s to e s t i m a t e the 
a m o u n t o f heat l i b e r a t e d d u r i n g t h e i n i t i a l h e a t - u p p o r t i o n o f t h e 
i s o t h e r m a l D S C e x p e r i m e n t . H o w e v e r , these c o r r e c t i o n m e t h o d s a d d 
c o m p l e x i t y , a n d c o n s i d e r a b l e a d d i t i o n a l e x p e r i m e n t a l t i m e is r e q u i r e d 
to d e t e r m i n e the t o t a l heat o f r e a c t i o n . T h e s i n g l e d y n a m i c D S C s c a n 

u 1 1 1—ι 
50 100 150 200 

TEMPERATURE (°C) 
Figure 6. DSC thermograms at 15 °C/min scan rate of reaction mix
tures of phenyl glycidyl ether with 2-ethyl-4-methylimidazole after 

isothermal DSC scans. 
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244 P O L Y M E R C H A R A C T E R I Z A T I O N 

Ο 
Ο 
CO 

73 
ο 
Ε 

Χ 
"Ό 

100 150 
TEMPERATURE (°C) 

Figure 7. DSC thermograms of second consecutive dynamic scan at 
15 °C/min of reaction mixtures of phenyl glycidyl ether with 2-ethyl-4-

methylimidazole after isothermal DSC scans. 

m e t h o d p r o v i d e s m o r e accurate v a l u e s o f the t o ta l heat o f r e a c t i o n i n 
m u c h less t i m e t h a n i s o t h e r m a l D S C m e t h o d s . 

T a b l e V c o n t a i n s t h e r e s u l t s o f t h e s i n g l e a n d m u l t i p l e d y n a m i c 
t e m p e r a t u r e s can D S C m e t h o d s , a n d t h e i s o t h e r m a l m e t h o d for o u r 
w o r k a n d is c o m p a r e d to the i s o t h e r m a l a n d s i n g l e d y n a m i c t e m p e r a 
t u r e s c a n D S C m e t h o d s o f B a r t o n a n d S h e p h e r d (13). B a r t o n a n d 
S h e p h e r d a s s u m e d η = 1 t h r o u g h o u t t h e i r w o r k . I n t h i s w o r k for t h e 
i s o t h e r m a l c a l c u l a t i o n s a n d m u l t i p l e d y n a m i c t e m p e r a t u r e s c a n D S C 
m e t h o d s , w e a l so a s s u m e d that η = 1. H o w e v e r , i n t h i s w o r k for t h e 
s i n g l e d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d , η w a s a l l o w e d to v a r y . 

T h e i s o t h e r m a l r e su l t s o n t h i s s y s t e m are i n e x c e l l e n t a g r e e m e n t 
w i t h that o f B a r t o n a n d S h e p h e r d (13). B o t h sets o f d a t a i n d i c a t e that 
h i g h e r a c t i v a t i o n e n e r g i e s a n d h i g h e r A r r h e n i u s f r e q u e n c y factors are 
o b t a i n e d f r o m the s i n g l e d y n a m i c t e m p e r a t u r e s can D S C m e t h o d t h a n 
o b t a i n e d f r o m i s o t h e r m a l or m u l t i p l e d y n a m i c t e m p e r a t u r e s c a n D S C 
m e t h o d s . T h e g o o d n e s s o f f i t o f t h e d a t a for B a r t o n a n d S h e p h e r d a n d 
for o u r data to the r e s p e c t i v e m o d e l s is o n the same o r d e r o f m a g 
n i t u d e , w i t h c o r r e l a t i o n coe f f i c i en ts greater t h a n 0 .998 for t h e i s o 
t h e r m a l a n d s i n g l e d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d s . B a r t o n 
a n d S h e p h e r d a lso r e c o g n i z e d that the r e a c t i o n m a y b e o c c u r r i n g 
be fore t h e s a m p l e c o m e s to t e m p e r a t u r e e q u i l i b r i u m i n t h e i s o t h e r m a l 
m e t h o d . I n the d y n a m i c t e m p e r a t u r e s can m o d e , the s c a n i s s tar ted at 
r e l a t i v e l y l o w t e m p e r a t u r e s , c o m p a r e d to r e a c t i o n t e m p e r a t u r e s , so 
that t h e i n s t r u m e n t i s i n t e m p e r a t u r e e q u i l i b r i u m at t h e start o f t h e 
r e a c t i o n . W i t h i n the t i m e f rame o f the d y n a m i c t e m p e r a t u r e s c a n ex 
p e r i m e n t , the r e a c t i o n w i l l go to c o m p l e t i o n . A s a l r e a d y d i s c u s s e d , 
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13. PROVDER E T A L . Quantitative Reaction Kinetics 245 

t h i s b e h a v i o r is no t the case i n the i s o t h e r m a l m o d e at t e m p e r a t u r e s 
w e l l b e l o w the glass t r a n s i t i o n t e m p e r a t u r e o f the f u l l y c u r e d p o l y m e r 
b e c a u s e o f s a m p l e v i t r i f i c a t i o n . 

B a r t o n a n d S h e p h e r d (13) a t t e m p t e d to r e c o n c i l e the d i s c r e p a n c y 
b e t w e e n the i s o t h e r m a l a n d d y n a m i c data t h r o u g h P r i m e ' s (7, 8) 
m e t h o d o f c o r r e c t i o n . H o w e v e r , P r i m e ' s c o r r e c t i o n p r o c e d u r e is o f 
d o u b t f u l v a l i d i t y b a s e d o n t h e a r g u m e n t s o f K i s s i n g e r (19), H i l l (20) , 
a n d S i m m o n s a n d W e n d l a n t (21). 

T h e d i f f e r e n c e s i n a c t i v a t i o n e n e r g y a n d A r r h e n i u s f r e q u e n c y 
factor o b t a i n e d b y B a r t o n a n d S h e p h e r d a n d b y o u r g r o u p u s i n g t h e 
s i n g l e d y n a m i c t e m p e r a t u r e s can D S C m e t h o d as s h o w n i n T a b l e V at 
f i rs t w a s q u i t e p u z z l i n g . H o w e v e r , D S C r e a c t i o n k i n e t i c s a n a l y s i s o f 
t h e r e a c t i o n m i x t u r e p r e p a r e d a n d r u n w i t h i n 0.5 to 2 h y i e l d e d d i f f e r 
en t v a l u e s o f E, A, a n d η c o m p a r e d to the r e a c t i o n m i x t u r e a g e d at r o o m 
t e m p e r a t u r e for 24 h . O u r r e s u l t s for the r e a c t i o n m i x t u r e a g e d at r o o m 
t e m p e r a t u r e for 24 h a g r e e d q u i t e w e l l w i t h those o f B a r t o n a n d 
S h e p h e r d . W e d o not k n o w h o w s o o n B a r t o n a n d S h e p h e r d r a n t h e i r 
D S C k i n e t i c s a n a l y s i s after the r e a c t i o n m i x t u r e w a s p r e p a r e d . H o w 
e v e r , o u r D S C resu l t s i n d i c a t e that t h e c h e m i c a l r e a c t i o n w a s g r a d u 
a l l y a d v a n c i n g at r o o m t e m p e r a t u r e as a f u n c t i o n o f t i m e . 

T a b l e V . C o m p a r i s o n o f I s o t h e r m a l D S C K i n e t i c s w i t h S i n g l e 
D y n a m i c T e m p e r a t u r e S c a n D S C K i n e t i c s for the R e a c t i o n o f 

P h e n y l G l y c i d y l E t h e r w i t h 2 - E t h y l - 4 - m e t h y l i m i d a z o l e 
Scan Rate Ε In A 
(°C/min) (kcal/mol) (s~*) η 

I s o t h e r m a l " 
T h i s w o r k 20 .0 22 .3 1.0 
Re f . 13 19.6 21 .7 1.0 

M u l t i p l e D y n a m i c T e m p e r a t u r e S c a n D S C M e t h o d (this w o r k ) a 

O z a w a 14.5 22 .1 1.0 
K i s s i n g e r 16.0 20 .8 1.0 
A S T M - E 6 9 8 16.1 20 .9 1.0 

S i n g l e D y n a m i c T e m p e r a t u r e S c a n D S C M e t h o d (this w o r k ) 6 

F r e s h R e a c t i o n M i x t u r e c ( this w o r k ) 6 

10 27 .0 31 .7 0.98 
15 27 .2 31 .9 1.01 
20 28 .7 33 .5 0.98 

R e a c t i o n M i x t u r e A g e d 24 h at R o o m T e m p e r a t u r e (this w o r k ) 6 

15 23 .7 27 .4 1.02 
20 23 .7 27 .3 0.97 

Re f . 13° 
20 23 .8 26 .7 1.0 

a Reaction order η = 1.0 is assumed. 
6 Reaction order η is allowed to vary. 
c Reaction mixture prepared and run on D S C within 0.5 to 2 h. 
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246 P O L Y M E R C H A R A C T E R I Z A T I O N 

T h i s h y p o t h e s i s w a s c o n f i r m e d b y h i g h p e r f o r m a n c e g e l p e r m e 
a t i o n c h r o m a t o g r a p h y ( H P G P C ) a n a l y s i s o f t h e i n d i v i d u a l reac tants , o f 
t h e r e a c t i o n m i x t u r e w i t h i n 0.5 h o f p r e p a r a t i o n , o f the r e a c t i o n m i x 
t u r e a g e d at r o o m t e m p e r a t u r e for 24 h , a n d o f t h e r e a c t i o n m i x t u r e 
a g e d at r o o m t e m p e r a t u r e for 10 d a y s . D e t a i l s o f t h e H P G P C m e t h 
o d o l o g y w e r e d e s c r i b e d e l s e w h e r e (38). F i g u r e 8 c o n f i r m s that t h e 
r e a c t i o n m i x t u r e s l o w l y reacts at r o o m t e m p e r a t u r e as a f u n c t i o n o f 
t i m e b y the b u i l d u p o f h i g h e r m o l e c u l a r w e i g h t c o m p o n e n t s . E v e n for 
the r e a c t i o n m i x t u r e p r e p a r e d a n d a n a l y z e d w i t h i n 0.5 h o f p r e p a r a 
t i o n , the r e a c t i o n m i x t u r e is a l r e a d y a d v a n c i n g , as e v i d e n c e d b y t h e 
s m a l l p e a k at 31 .2 m L . A f t e r 24 h o f a g i n g at r o o m t e m p e r a t u r e , t h e 
i n t e n s i t y o f t h i s p e a k i n c r e a s e d s i g n i f i c a n t l y a n d a n o t h e r p e a k a p 
p e a r e d at 29 .5 m L . A f t e r 10 d a y s o f a g i n g at r o o m t e m p e r a t u r e , a d d i 
t i o n a l h i g h e r m o l e c u l a r w e i g h t p e a k s a p p e a r . T h u s , for the p h e n y l -
g l y c i d y l e t h e r / 2 - e t h y l - 4 - m e t h y l i m i d a z o l e r e a c t i o n , s a m p l e p r e p a r a -

I I I I 
38 34 30 26 

« RETENTION VOLUME (ml) 
MOLECULAR WEIGHT • 

Figure 8. Molecular weight distribution changes occurring at room 
temperature as a function of time for the reaction mixture of phenyl 

glycidyl ether with 2-ethyl-4-meihy Imidazole in a 2:1 molar ratio. 
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13. PROVDER E T A L . Quantitative Reaction Kinetics 247 

110 130 150 170 190 210 
TEMPERATURE (°C) 

Figure 9. Rate constant vs. temperature profile for powder coating 
formulations. 

t i o n t i m e m u s t b e m i n i m i z e d to a v o i d i n a d v e r t e n t l y a d v a n c i n g the r e 
a c t i o n m i x t u r e . I n t h i s w o r k a n d i n that o f B a r t o n a n d S h e p h e r d ( 1 3 ) , 
the a c t i v a t i o n e n e r g i e s a n d A r r h e n i u s f r e q u e n c y factors o b t a i n e d f r o m 
the s i n g l e d y n a m i c t e m p e r a t u r e s can D S C m e t h o d are h i g h e r t h a n 
those o b t a i n e d f r o m the i s o t h e r m a l m e t h o d . T h i s r e s u l t m a y b e d u e to 
a c h a n g e i n r e a c t i o n m e c h a n i s m i n g o i n g f r o m a n i s o t h e r m a l to a d y 
n a m i c h e a t i n g m o d e . 
C o a t i n g s Sys tems . P O W D E R C O A T I N G S . T h e c u r e k i n e t i c s for e p o x y -
p o l y e s t e r p o w d e r c oa t ings w e r e d e s i r e d to m e e t s t r i n g e n t c u s t o m e r 
b a k e - t i m e / t e m p e r a t u r e s p e c i f i c a t i o n s . T h e p o w d e r c o a t i n g is a p p l i e d 
to m e t a l t u b i n g that i s h e a t e d i n d u c t i v e l y . T h e c o a t i n g i s c u r e d at h i g h 
t e m p e r a t u r e s for shor t t i m e p e r i o d s ( < 5 s). F o r m u l a t i o n m o d i f i c a t i o n s 
o f ca ta lys t t y p e a n d l e v e l w e r e r e q u i r e d to m a t c h the r e a c t i v i t y o f a 
s t a n d a r d s a m p l e . T h e r e a c t i v i t y o f the p o w d e r coa t ings c o u l d n o t b e 
d e t e r m i n e d b y the p e l l e t f l o w t e c h n i q u e ( 3 9 ) d u e to the e x t r e m e l y 
fast b a k e s c h e d u l e . T h e s i n g l e d y n a m i c t e m p e r a t u r e s c a n r e a c t i o n 
k i n e t i c s m e t h o d w a s u s e d to d e t e r m i n e c u r e k i n e t i c s for t h e p o w d e r 
c o a t i n g s a m p l e s . T h e rate c ons tant vs . t e m p e r a t u r e p r o f i l e s are s h o w n 
i n F i g u r e 9 . T h e p e r c e n t c o n v e r s i o n p r o f i l e s for a n u m b e r o f p o w d e r 
c o a t i n g f o r m u l a t i o n s w i t h i n the 5-s c u r e s p a n at a 2 2 0 ° C b a k e t e m 
p e r a t u r e are s h o w n i n F i g u r e 1 0 . B y c o m p a r i n g the c o n v e r s i o n c u r v e s , 
cost e f f e c t ive f o r m u l a t i o n s w e r e a c h i e v e d w i t h r e g a r d to t h e t y p e a n d 

ι ^"iCilcnr. Chsrafcal 
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248 P O L Y M E R C H A R A C T E R I Z A T I O N 

100 

l e v e l o f ca ta lys t r e q u i r e d to generate t h e d e s i r e d c u r e rate r e s p o n s e . 
I n the case s h o w n i n F i g u r e 1 0 , S a m p l e 3 c a m e c l o ses t to m a t c h i n g 
t h e s t a n d a r d . 

G E L C O A T S Y S T E M . G e l coats are p r o t e c t i v e / d e c o r a t i v e c o a t i n g s 
u s e d i n sanitary a n d m a r i n e a p p l i c a t i o n s . T h e g e l coat is a n i n - m o l d i n 
t e g r a l par t o f the p r o d u c t . T h e g e l coat s y s t e m a l o n g w i t h ca ta lys t a n d 
p r o m o t e r is s p r a y e d i n t o a m o l d . T h e g e l coat u n d e r g o e s f r e e - r a d i c a l 
cure at a m b i e n t t e m p e r a t u r e u n t i l a tack-free surface is o b t a i n e d . T h e n , 
a f i berg lass m a t is p l a c e d o n the g e l coat a n d the s y s t e m is r e i n f o r c e d 
b y a b a c k - u p r e s i n . I f the fiberglass m a t is a p p l i e d be f o re the g e l coat 
reaches a tack- free state, the g e l coat c o u l d p u l l a w a y f r o m t h e m o l d 
a n d p r o d u c e a n i r r e g u l a r sur face . T h e r e f o r e , i t is d e s i r a b l e to k n o w the 
c u r e k i n e t i c s o f the g e l coat s y s t e m at a v a r i e t y o f a p p l i c a t i o n t e m p e r 
atures . T h e A r r h e n i u s p l o t o b t a i n e d f r o m t h e s i n g l e d y n a m i c t e m p e r 
ature s can m e t h o d for the c u r i n g o f t h e g e l coat s y s t e m is s h o w n i n 
F i g u r e 1 1 . T h e c u r i n g r e a c t i o n is g o v e r n e d b y t h r e e d i f f e r e n t r e g i o n s . 
H o w e v e r , b e c a u s e t h e g e l coat s y s t e m is a p p l i e d a n d c u r e d at r o o m 
t e m p e r a t u r e , the i n i t i a l k i n e t i c s o f the s y s t e m is d e s c r i b e d b y t h e l o w 
t e m p e r a t u r e r e g i o n o f the A r r h e n i u s p l o t . T h e r e f o r e , t h e r a w D S C 
t h e r m o g r a m w a s a n a l y z e d o n l y u p to 6 5 °C b y t h e s i n g l e d y n a m i c 
t e m p e r a t u r e s can r e a c t i o n k i n e t i c s m e t h o d . T h e c o n v e r s i o n c u r v e s at 
f our d i f f e r e n t a p p l i c a t i o n t e m p e r a t u r e s are s h o w n i n F i g u r e 1 2 . T h e 
t i m e r e q u i r e d to p r o d u c e a tack- free g e l coat surface at 2 2 . 5 °C is 
s h o w n i n T a b l e V I . T h e p e r c e n t c u r e c o r r e s p o n d i n g to a tack- f ree g e l 
coat surface w a s i d e n t i f i e d b y r e l a t i n g p h y s i c a l m e a s u r e m e n t s at 2 2 . 5 
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Figure 12. Conversion curves for a gel coat system at a range of appli
cation temperatures. 
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250 P O L Y M E R C H A R A C T E R I Z A T I O N 

T a b l e V I . R e a c t i o n K i n e t i c s for G e l C o a t S y s t e m 
Temperature Time for Tack-free Point 

(°C) Percent Conversion (min) 

F r o m P h y s i c a l M e a s u r e m e n t s 
2 2 . 5 4 5 
2 5 . 0 3 0 

F r o m S i n g l e D y n a m i c T e m p e r a t u r e S c a n D S C M e t h o d 
2 0 . 0 1 9 . 7 6 1 
2 2 . 5 1 9 . 7 4 5 
2 5 . 0 1 9 . 7 3 3 
3 0 . 0 1 9 . 7 1 9 

° C to the 2 2 . 5 ° C D S C c o n v e r s i o n c u r v e i n F i g u r e 1 2 . T h e 2 2 . 5 ° C D S C 
p e r c e n t c o n v e r s i o n is d e f i n e d as the tack- f ree p o i n t for the c u r i n g g e l 
coat s y s t e m . T h e p r e d i c t i o n o f the t i m e n e c e s s a r y to a c h i e v e a tack -
free g e l coat surface at o t h e r a p p l i c a t i o n t e m p e r a t u r e s is o b t a i n e d f r o m 
F i g u r e 1 2 at 1 9 . 7 % c o n v e r s i o n . T h e c o r r e s p o n d i n g t i m e s r e q u i r e d to 
r e a c h a tack- f ree surface at these v a r i o u s a p p l i c a t i o n t e m p e r a t u r e s are 
s h o w n i n T a b l e V I . T h e c a l c u l a t e d tack- f ree t i m e at 2 5 ° C o f 3 3 m i n 
agrees w i t h the e x p e r i m e n t a l l y d e t e r m i n e d tack- f ree t i m e o f 3 0 m i n . 

C A S K E T V A R N I S H E X P L O S I O N . T h e s i n g l e d y n a m i c t e m p e r a t u r e 

s can r e a c t i o n k i n e t i c s m e t h o d o l o g y w a s u s e d to d e t e r m i n e d i f f e r e n c e s 
i n c o m b u s t i b i l i t y b e t w e e n p r o d u c t i o n ba t ches o f a caske t v a r n i s h 
c o a t i n g . T h e c o a t i n g w a s a n a l k y d a m i n o - b a s e d r e s i n . 

A n e x p l o s i o n o c c u r r e d d u r i n g t h e a p p l i c a t i o n o f t h i s c o a t i n g . 
Q u e s t i o n s arose r e g a r d i n g d i f f e r e n c e s i n the r e l a t i v e r e a c t i v i t y t o w a r d 
c o m b u s t i o n b e t w e e n p r o d u c t i o n ba t ches o f d i f f e r e n t f o r m u l a t i o n s . 
T h e d e c o m p o s i t i o n data for the t w o p r o d u c t i o n b a t c h e s are s h o w n i n 
T a b l e V I I . A d e c i s i o n as to w h i c h p r o d u c t i o n b a t c h is m o r e r e a c t i v e is 
o b s c u r e d b y t h e fact that t h e s a m p l e w i t h t h e l o w e r a c t i v a t i o n e n e r g y 
( 6 0 k c a l / m o l ) b e g i n s to react at a h i g h e r t e m p e r a t u r e ( 3 2 5 ° C ) . T h i s 
e n e r g y o f a c t i v a t i o n vs . onse t t e m p e r a t u r e c o n f l i c t is r e s o l v e d b y the 
c a l c u l a t e d i s o t h e r m a l p e r c e n t c o n v e r s i o n p r o f i l e s h o w n i n F i g u r e 1 3 . 
T h e s a m p l e i n v o l v e d i n the e x p l o s i o n reacts faster at the i s o t h e r m a l 
t e m p e r a t u r e o f 3 5 0 ° C . 

T a b l e V I I . K i n e t i c s o f C a s k e t V a r n i s h E x p l o s i o n 
Δ Η 0 Ε Onset Temperature 

Sample (cal/g) (kcal/mol) (°C) 

S a m p l e 1 3 2 9 2 3 1 0 
S a m p l e 2 3 1 6 0 3 2 5 

(exp los ion ) 
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100 
SAMPLE 2 

(EXPLOSION) 

SAMPLE 1 

10 20 30 40 
TIME (sec) 

50 

Figure 13. Conversion curves for two production batches of casket 
varnish coatings at 350 °C bake temperature. 

Conclusions 

T h e s i n g l e d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d o f B o r c h a r d t 
a n d D a n i e l s w a s s h o w n to c h a r a c t e r i z e r e l i a b l y t h e r e a c t i o n k i n e t i c s 
for the t h e r m a l d e c o m p o s i t i o n o f c a l c i u m oxalate m o n o h y d r a t e a n d 
A I B N . F o r the t h e r m a l d e c o m p o s i t i o n o f A I B N , the s i n g l e d y n a m i c 
t e m p e r a t u r e s can D S C m e t h o d is i n m u c h b e t t e r a g r e e m e n t w i t h t h e 
c l a s s i c a l data o f T o b o l s k y t h a n are the m u l t i p l e d y n a m i c t e m p e r a t u r e 
s c a n D S C m e t h o d s . A c o m p a r i s o n o f t h e i s o t h e r m a l D S C k i n e t i c s 
m e t h o d w i t h the s i n g l e d y n a m i c t e m p e r a t u r e s c a n D S C k i n e t i c s m e t h 
o d for the r e a c t i o n o f p h e n y l g l y c i d y l e t h e r a n d 2 - e t h y l - 4 - m e t h y l i m i d -
a z o l e at a 2:1 m o l a r rat io s h o w s that the i s o t h e r m a l m e t h o d does no t 
o b s e r v e the to ta l r e a c t i o n a n d , t h e r e b y , u n d e r e s t i m a t e s the to ta l heat 
o f r e a c t i o n . T h e i s o t h e r m a l m e t h o d does i n d i c a t e the p r e s e n c e o f a 
s m a l l i n d u c t i o n p e r i o d (2.5 m i n ) at 9 0 °C . A t t e m p e r a t u r e s b e l o w t h e 
glass t r a n s i t i o n t e m p e r a t u r e o f t h e f u l l y c u r e d p o l y m e r , t h e i s o t h e r m a l 
m e t h o d s h o w s that the r e a c t i n g p o l y m e r is v i t r i f y i n g . T h e a c t i v a t i o n 
e n e r g y a n d the A r r h e n i u s factor o b t a i n e d b y the s i n g l e d y n a m i c t e m 
p e r a t u r e s can D S C m e t h o d is h i g h e r t h a n that o b t a i n e d f r o m the i s o 
t h e r m a l m e t h o d a n d m a y i n d i c a t e a c h a n g e i n the r e a c t i o n m e c h a n i s m 
i n g o i n g f r o m a n i s o t h e r m a l to a d y n a m i c h e a t i n g m o d e . 

T h e s i n g l e d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d p r o v i d e s 
u s e f u l q u a n t i t a t i v e r e a c t i o n k i n e t i c s i n f o r m a t i o n r e g a r d i n g t h e c u r i n g 
o f coat ings sys tems s u c h as p o w d e r coa t ings , g e l coat sys tems , a n d 
casket v a r n i s h a n d p r o v i d e s i n s i g h t s i n t o the c h e m i c a l a n d p h y s i c a l 
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252 P O L Y M E R C H A R A C T E R I Z A T I O N 

factors a f f e c t ing the c u r i n g p r o c e s s . T h i s m e t h o d is p a r t i c u l a r l y u s e f u l 
for o b s e r v i n g the effects o f ca ta lys t t y p e a n d l e v e l o n r e l a t i v e k i n e t i c s . 
T h e ma jor advantages o f t h i s m e t h o d c o m p a r e d to i s o t h e r m a l or m u l 
t i p l e d y n a m i c t e m p e r a t u r e s c a n D S C m e t h o d s is t h e s p e e d w i t h 
w h i c h k i n e t i c s data c a n b e o b t a i n e d , the n u m b e r o f s a m p l e s that c a n b e 
a n a l y z e d i n a g i v e n t i m e , a n d the e x p e r i m e n t a l s i m p l i c i t y o f the 
m e t h o d . T h e s e advantages m a k e the s i n g l e d y n a m i c t e m p e r a t u r e s can 
D S C m e t h o d a v a l u a b l e t e c h n i q u e for s o l v i n g p r o d u c t i o n p r o b l e m s , 
a i d i n g coat ings c o m p l a i n t s a n a l y s i s , a n d e s t a b l i s h i n g u s e f u l r e l a t i o n 
s h i p s b e t w e e n e n d - u s e a p p l i c a t i o n / p e r f o r m a n c e p r o p e r t i e s a n d f u n 
d a m e n t a l k i n e t i c s p a r a m e t e r s . 
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14 
Field-Flow Fractionation 
Promising Approach for the Separation 
and Characterization of Macromolecules 

J. C A L V I N GIDDINGS, K A T H Y A. G R A F F , KARIN D. C A L D W E L L , and 
MARCUS N. MYERS 
University of Utah, Department of Chemistry, Salt Lake City, U T 84112 

Field-flow fractionation (FFF) technology is applicable 
to the characterization and separation of macromole
cules and particulate species over an effective molecular 
weight range of 103—1018. Separations take place in an 
open flow channel over which a field is applied perpen
dicular to the flow. Thermal FFF, one of the FFF 
subtechniques, has been shown applicable to poly
styrene, polyisoprene, polytetrahydrofuran, polymethyl 
methacrylate, and polyethylene polymers in a variety 
of solvents by utilizing thermal diffusion in a tem
perature gradient field applied perpendicular to flow. 
Other FFF subtechniques use electrical, sedimenta
tion, and cross-flow fields to separate macromolecules 
according to their electrical charges, masses, and Stokes 
diameters, respectively. Advantages of FFF include 
flexibility due to the variety of fields and programming 
techniques, high resolution, minimal adverse effects due 
to surface interactions and shear degradation, and abil
ity in many cases to characterize macromolecules by 
calculation from first principles. 

F I E L D - F L O W F R A C T I O N A T I O N ( F F F ) is the g e n e r a l n a m e o f a f a m i l y o f 
s e p a r a t i o n t e c h n i q u e s that use f i e l d s or g r a d i e n t s that c a n i n t e r a c t 
w i t h so lute m a c r o m o l e c u l e s to force t h e m d i f f e r e n t i a l l y i n t o the s l o w 
s t r e a m l i n e s o f a flowing fluid (I ) . S e p a r a t i o n s take p l a c e i n t h i n , o p e n 
c h a n n e l s o f r e c t a n g u l a r c r o s s - s e c t i o n u n d e r c o n d i t i o n s o f l a m i n a r 
flow. A field i s a p p l i e d p e r p e n d i c u l a r l y to t h e face o f t h e c h a n n e l so 
that so lutes f o r m n a r r o w l a y e r s aga inst the c h a n n e l w a l l b a s e d o n t h e i r 
f i e l d - i n d u c e d v e l o c i t y a n d t h e c o u n t e r a c t i n g a b i l i t y to d i f fuse a w a y 
f r o m the c h a n n e l w a l l (see F i g u r e 1). T h e rate o f e l u t i o n o f the l a y e r s is 

0065-2393/83/0203-0257$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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14. GIDDINGS ET A L . Field-Flow Fractionation 259 

greater for so lutes that , b y v i r t u e o f w e a k i n t e r a c t i o n w i t h t h e f i e l d , 
c a n d i f fuse h i g h e r i n t o the p a r a b o l i c f l o w p r o f i l e . I n m a n y cases , the 
d e g r e e o f i n t e r a c t i o n o f t h e m a c r o m o l e c u l e s c a n b e c a l c u l a t e d p r e 
c i s e l y b y a p p l i c a t i o n o f k n o w n p h y s i c a l l a w s . I n that case , t h e d e g r e e 
o f r e t e n t i o n i n a n F F F c h a n n e l c a n b e u s e d to c h a r a c t e r i z e a so lu te 
b a s e d o n f irst p r i n c i p l e s so that c a l i b r a t i o n s tandards are no t c r i t i c a l , 
as i n m o r e e m p i r i c a l m e t h o d s . 

P a s s i n g the c o n t i n u o u s s t ream o f e l u a t e t h r o u g h a n a p p r o p r i a t e 
de te c to r g ives a f rac togram, a p l o t o f de te c to r r e s p o n s e vs . e l u t i o n 
v o l u m e . T h i s f rac togram c a n b e c o n v e r t e d i n t o a m o l e c u l a r w e i g h t 
d i s t r i b u t i o n (2) for p o l y d i s p e r s e m a t e r i a l s , or c a n b e u s e d to c h a r a c 
t e r i z e m o n o d i s p e r s e c o m p o n e n t s w i t h r e s p e c t to m o l e c u l a r w e i g h t , 
d i f f u s i v i t y , a n d o t h e r p r o p e r t i e s . A l t o g e t h e r , F F F s u b t e c h n i q u e s 
c o v e r a n e f f ec t ive m o l e c u l a r w e i g h t r a n g e o f 1 0 3 - T O 1 8 , w h i c h i n c l u d e s 
m o l e c u l a r s p e c i e s , m a c r o m o l e c u l e s , c o l l o i d s , e m u l s i o n s , l i p o s o m e s , 
a n d p a r t i c l e s u p to 100 / xm i n d i a m e t e r — l a r g e r t h a n t y p i c a l c e l l s . T h i s 
c h a p t e r w i l l focus o n a p p l i c a t i o n s a n d p o t e n t i a l a p p l i c a t i o n s to m a c 
r o m o l e c u l e s o n l y , so s epara t i ons o f t h e l a r g e r p a r t i c l e s , e s p e c i a l l y 
those w i t h i n the r e a l m o f s ter i c F F F (3), w i l l b e o m i t t e d . 

S e v e r a l advantages are u n i q u e to F F F separat i ons . P e r h a p s 
f o remos t is the fact that r e t e n t i o n is c o n t r o l l e d b y e x t e r n a l fields that 
c a n b e v a r i e d a c c u r a t e l y a n d r a p i d l y b e t w e e n r u n s or w i t h i n r u n s 
( p r o g r a m m i n g ) to d e a l b e s t w i t h the m a t e r i a l s e n c o u n t e r e d . F r a c t o -
grams c a n g i v e s i z e d i s t r i b u t i o n s o v e r a v e r y w i d e r a n g e o f m o l e c u l a r 
w e i g h t s , e s p e c i a l l y w h e n p r o g r a m m i n g is u s e d , a s t r e n g t h i n the s t u d y 
o f p o l y d i s p e r s e sys tems . T h e o p e n c o n s t r u c t i o n o f t h e F F F c h a n n e l 
offers the advantages that the d i m e n s i o n s c a n b e u s e d d i r e c t l y i n t h e 
f i r s t - p r i n c i p l e c a l c u l a t i o n s o f s o lu te p r o p e r t i e s b e c a u s e t h e g e o m e t r y 
is w e l l d e f i n e d a n d the t h e o r e t i c a l p e r f o r m a n c e is d e s c r i b e d r i g o r 
o u s l y . I n a d d i t i o n , the l o w surface area e x p o s e d to the so lu te ( i n c o n 
trast to p a c k e d c o l u m n s ) m i n i m i z e s sur face i n t e r a c t i o n s a n d t h e l o w 
p r e s s u r e d r o p across the c h a n n e l a n d l a c k o f e x t e n s i o n a l shear 
m i n i m i z e s shear d e g r a d a t i o n . B e c a u s e F F F is a s e p a r a t i o n t e c h n i q u e 
w i t h h i g h r e s o l u t i o n , t h e apparatus c a n b e u s e d to p r e p a r e s m a l l 
q u a n t i t i e s o f n a r r o w cuts o f p o l y d i s p e r s e m a t e r i a l that m a y b e u s e d for 
s tandards or c h a r a c t e r i z e d b y o t h e r m e t h o d s . A f i n a l a d v a n t a g e is that 
w i t h a n F F F appara tus , b a c k f l u s h i n g to c l e a n the c h a n n e l is s e l d o m 
n e c e s s a r y b e c a u s e a l l s a m p l e c o m p o n e n t s c a n b e e l u t e d i n a v o i d 
v o l u m e i f the e x t e r n a l f i e l d is r e m o v e d . 

Theory of Separation 
T h e t h e o r y o f s e p a r a t i o n c o m m o n to a l l F F F s u b t e c h n i q u e s w i l l b e 

r e v i e w e d b r i e f l y i n t h i s s e c t i o n . M o r e d e t a i l s o n b o t h t h e o r y a n d c o n -
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260 P O L Y M E R C H A R A C T E R I Z A T I O N 

s t r u c t i o n o f apparatus c a n b e f o u n d i n a r e c e n t p u b l i c a t i o n o n F F F 
t e c h n o l o g y (4) a n d r e f e r e n c e s g i v e n for t h e s p e c i f i c s u b t e c h n i q u e s . 

R e t e n t i o n . W h e n a so lu te i s i n j e c t e d i n t o a n F F F c h a n n e l , i t 
starts as a n a r r o w p l u g i n w h i c h t h e c o n c e n t r a t i o n o f m a c r o m o l e c u l e s 
is u n i f o r m o v e r t h e c h a n n e l w i d t h , w. A s a field is a p p l i e d , t h e 
m o l e c u l e s o f the so lu te d r i f t t o w a r d t h e c h a n n e l w a l l to a n e x t e n t that 
is d e t e r m i n e d b y t h e i r d e g r e e o f i n t e r a c t i o n w i t h the field. T h i s e f fect 
is c o u n t e r a c t e d b y the t e n d e n c y to d i f fuse a w a y f r o m t h e a r e a o f 
h i g h e r c o n c e n t r a t i o n . T h i s i n t e r a c t i o n o f t w o o p p o s i n g effects r e s u l t s 
i n the f o r m a t i o n o f a n e x p o n e n t i a l d i s t r i b u t i o n i n c o n c e n t r a t i o n o v e r 
the c h a n n e l w i d t h . T h e p r o c e s s o f f o r m i n g the so lu te l a y e r is t e r m e d 
r e l a x a t i o n . I t u s u a l l y is a c c o m p l i s h e d b y s t o p p i n g the f l o w (the s top -
f l o w p r o c e d u r e ) after i n j e c t i n g t h e s a m p l e a n d a p p l y i n g the f i e l d . T h i s 
so lu te z o n e has a m e a n l a y e r t h i c k n e s s , I, w h i c h is c h a r a c t e r i s t i c for a 
g i v e n p o l y m e r at a g i v e n field s t r e n g t h . 

T h e m a t h e m a t i c a l t r e a t m e n t o f r e t e n t i o n b e h a v i o r is s i m p l e s t i f 
t h e l a y e r t h i c k n e s s is e x p r e s s e d as a f r a c t i o n o f t h e c h a n n e l w i d t h w 

λ = llw (1) 

w h e r e λ is a d i m e n s i o n l e s s r e t e n t i o n p a r a m e t e r . T h e h e i g h t o f t h e 
m e a n l a y e r t h i c k n e s s a n d t h u s the m a g n i t u d e o f λ are d e t e r m i n e d b y 
t w o factors : the d i f f u s i o n c o e f f i c i e n t D , w h i c h is a f u n c t i o n o f m o l e c 
u l a r w e i g h t , a n d the v e l o c i t y o f the so lute i n d u c e d b y the f i e l d , U. 
T h u s 

λ = D/Uw = R'TIFw (2) 

w h e r e R' is the gas cons tant , Τ is the a b s o l u t e t e m p e r a t u r e , a n d F i s 
t h e force a p p l i e d b y t h e f i e l d to A v o g a d r o ' s n u m b e r o f m o l e c u l e s . F o r 
λ to b e s m a l l , t h e a p p l i e d f i e l d m u s t b e s t r o n g e n o u g h that t h e e n e r g y 
o f i n t e r a c t i o n , Fw9 w e l l e x c e e d s t h e t h e r m a l e n e r g y , R T . 

A s i n c h r o m a t o g r a p h y , a r e t e n t i o n rat io R i s d e f i n e d i n F F F as 

R = V°/Vr (3) 

w h e r e V° is the v o i d v o l u m e o f the c h a n n e l , a n d Vr is the r e t e n t i o n 
v o l u m e o f a so lu te . B e c a u s e a n o p e n c h a n n e l is u s e d i n F F F , t h e v o i d 
v o l u m e c a n b e d e t e r m i n e d b y c a l c u l a t i o n f r o m the c h a n n e l d i m e n 
s ions as w e l l as b y the m o r e c o n v e n t i o n a l m e t h o d o f i n j e c t i n g a n o n -
r e t a i n e d v o i d m a r k e r . 

T h e r e t e n t i o n rat io c a n b e c a l c u l a t e d b y the t h e o r e t i c a l e x p r e s 
s i o n 

R = 6X[co th (1/2λ) - 2λ] (4) 

F o r a so lu te that is w e l l r e t a i n e d (λ < 0.1), t h i s e x p r e s s i o n c a n b e 
s i m p l i f i e d to 
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14. GIDDINGS E T A L . Field-Flow Fractionation 261 

R = 6λ (5) 

T h u s i n F F F , r e t e n t i o n v o l u m e Vr is r e l a t e d d i r e c t l y to f i e l d s t r e n g t h , 
c h a n n e l d i m e n s i o n s , a n d p h y s i c a l constants . 

Z o n e S p r e a d i n g . A s i n c h r o m a t o g r a p h y , the d e g r e e o f e f f i c i e n c y 
is m e a s u r e d b y p l a t e h e i g h t . B e c a u s e l o n g i t u d i n a l d i f f u s i o n is u s u a l l y 
i n s i g n i f i c a n t for m a c r o m o l e c u l e s i n t h e l i q u i d s u s e d for c a r r i e r s o l u 
t i o n s i n F F F , p l a t e h e i g h t Η is g i v e n b y 

H = Xw2(v)/D + XHi (6) 

w h e r e (v) is the m e a n v e l o c i t y o f the c a r r i e r s o l u t i o n , H{ is t h e p l a t e 
h e i g h t d u e to n o n i d e a l i t i e s , a n d χ, the n o n e q u i l i b r i u m factor , is a 
c o m p l i c a t e d f u n c t i o n o f λ . F o r w e l l - r e t a i n e d so lu tes , χ c a n b e a p 
p r o x i m a t e d b y 

χ = 2 4 λ 3 (7) 

T h e f i rs t t e r m o f E q u a t i o n 6 g i v e s the p l a t e h e i g h t d u e to n o n e q u i l i b 
r i u m processes . T h e s e c o n d t e r m c o n t a i n s c o n t r i b u t i o n s to p l a t e 
h e i g h t d u e to n o n i d e a l i t i e s s u c h as i n s t r u m e n t i m p e r f e c t i o n s , i n j e c 
t i o n p r o c e d u r e , i n c o m p l e t e r e l a x a t i o n , a n d s o l u t e p o l y d i s p e r s i t y . F o r 
a w e l l - c o n s t r u c t e d apparatus a n d g o o d e x p e r i m e n t a l p r o c e d u r e s , t h e 
s e c o n d t e r m o f E q u a t i o n 6 c a n b e c o m e a d i r e c t m e a s u r e o f s a m p l e 
p o l y d i s p e r s i t y for n a r r o w c u t p o l y m e r s (5). 

S e l e c t i v i t y a n d R e s o l u t i o n . I f r e s o l u t i o n RS is d e f i n e d as 

RS = Wr/4av (8) 
w h e r e àVr i s the r e t e n t i o n v o l u m e d i f f e r e n c e b e t w e e n t w o m o n o d i s -
p e r s e so lute p e a k s a n d σν is the average o f t h e i r s t a n d a r d d e v i a t i o n s , 
s e p a r a t i o n is c o n s i d e r e d c o m p l e t e i f t h e r e s o l u t i o n R s ^=1. F o r u n i t 
r e s o l u t i o n , t h e p e a k s m u s t b e n a r r o w e n o u g h that 

σν = V4 Δ Vr (9) 

T h e n u m b e r o f t h e o r e t i c a l p la tes Ν is g i v e n b y 

Ν = (Vr/crv)2 (10) 

so that t h e m i n i m u m n u m b e r o f p la tes n e c e s s a r y for u n i t r e s o l u t i o n is 
g i v e n b y c o m b i n i n g e q u a t i o n s 9 a n d 10 

Ν = 1 6 ( V r / A V r ) 2 (11) 

B e c a u s e a s p e c i f i c f u n c t i o n a l r e l a t i o n s h i p b e t w e e n Vr a n d m o l e c 
u l a r w e i g h t M ex i s ts , the f o l l o w i n g a p p r o x i m a t i o n for AVr is v a l i d (6) 

A V r = (dVr/dM)AM (12) 
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262 P O L Y M E R C H A R A C T E R I Z A T I O N 

S u b s t i t u t i n g t h i s e x p r e s s i o n i n t o E q u a t i o n 11 a n d r e a r r a n g i n g , w e find 
that t h e r e l a t i o n s h i p for t h e n u m b e r o f p la tes r e q u i r e d for u n i t r e s o l u 
t i o n 

Ν = 16/(d I n Vrld I n Μ ) 2 ( Δ Μ / Μ ) 2 (13) 

d e p e n d s o n the i n v e r s e square o f the s e l e c t i v i t y , S = | d I n Vr/d I n M |, 
a n d o n the f r a c t i o n a l d i f f e r e n c e i n m o l e c u l a r w e i g h t s Δ Μ / Μ . F o r h i g h 
r e t e n t i o n , the m a x i m u m s e l e c t i v i t y S m a x for F F F is g i v e n b y (6) 

S m a x = \d l o g \ld l o g M | (14) 

T h e m a x i m u m s e l e c t i v i t y w a s c a l c u l a t e d to b e u n i t y for s e d i 
m e n t a t i o n F F F , w i t h f l o w a n d t h e r m a l F F F h a v i n g s e l e c t i v i t i e s 
s l i g h t l y m o r e t h a n h a l f the v a l u e for s e d i m e n t a t i o n F F F . I n contrast , 
the m a x i m u m s e l e c t i v i t y o f s i z e e x c l u s i o n c h r o m a t o g r a p h y ( S E C ) w a s 
c a l c u l a t e d to b e less t h a n h a l f that o f t h e r m a l a n d f l o w F F F (6), a n d i t 
u s u a l l y is m u c h less t h a n ha l f . 

Thermal FFF 
T h e r m a l F F F uses a t h e r m a l g r a d i e n t m a i n t a i n e d b y h e a t i n g t h e 

u p p e r p l a t e o f the c h a n n e l a n d c o o l i n g the c h a n n e l ' s l o w e r p l a t e to 
separate m a c r o m o l e c u l e s b y t h e r m a l d i f f u s i o n . H i s t o r i c a l l y , t h e r m a l 
F F F i s i m p o r t a n t b e c a u s e i t w a s the f i rs t d e m o n s t r a t i o n o f s e p a r a t i o n 
i n a n F F F a p p a r a t u s : t w o p o l y s t y r e n e f ract ions w e r e p a r t i a l l y s e p a 
r a t e d i n 1967 (7). S i n c e t h e n , r e s o l u t i o n a n d s p e e d w e r e i m p r o v e d 
c o n s i d e r a b l y so that t h e r m a l F F F n o w is a p o w e r f u l t o o l for t h e sep 
a r a t i o n o f p o l y m e r s . F i g u r e 2 s h o w s the s e p a r a t i o n o f a n i n e -
c o m p o n e n t p o l y s t y r e n e s a m p l e (8) a n d F i g u r e 3 s h o w s a h i g h - s p e e d 
s e p a r a t i o n o f t h r e e p o l y s t y r e n e f ract ions (9). T h e s i m p l i c i t y o f the 
t h e r m a l F F F apparatus ( w h i c h has n o m o v i n g parts) has m a d e i t q u i t e 
r e l i a b l e . T h e c h a n n e l w a l l s c a n b e f o r m e d f r o m c o p p e r bars , w h i c h 
m a y b e p l a t e d i f a d i f f e r e n t surface is d e s i r e d . T h e bars are s e p a r a t e d 
b y a spacer that has the o u t l i n e o f t h e c h a n n e l c u t f r o m i t . A t y p i c a l 
spacer t h i c k n e s s , w, is o f t h e o r d e r o f 0 . 1 - 0 . 5 m m . B e c a u s e o f the 
s i m p l e c o n s t r u c t i o n , a w i d e v a r i e t y o f s o l vents c a n b e u s e d as c a r r i e r 
s o l u t i o n s . 

T h e r e t e n t i o n p a r a m e t e r , λ , for t h e r m a l F F F d e r i v e d f r o m E q u a 
t i o n 2 is (10, 11) 

λ = D/DTw(dT/dx) (15) 

w h e r e DT is the c o e f f i c i e n t o f t h e r m a l d i f f u s i o n a n d dT/dx is the t e m 
p e r a t u r e g r a d i e n t . T h i s r a t h e r s i m p l e e x p r e s s i o n does n o t a c c o u n t for 
d i s t o r t i o n o f the f l o w p r o f i l e c a u s e d b y the v a r i a t i o n o f v i s c o s i t y o f t h e 
c a r r i e r s o l u t i o n o v e r the t e m p e r a t u r e g r a d i e n t . T h i s ef fect p e r t u r b s the 
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14. GIDDINGS E T A L . Field-Flow Fractionation 263 

6 hours 

Figure 2. Separation of nine linear polystyrene fractions of the indi
cated molecular weight by programmed thermal FFF. (Reproduced 

from Ref. 8. Copyright 1976, American Chemical Society.) 

r e t e n t i o n e x p r e s s i o n , E q u a t i o n s 4 a n d 5, s l i g h t l y so that c o r r e c t i o n s for 
the flow p r o f i l e d i s t o r t i o n or c a l i b r a t i o n s tandards m u s t b e u s e d for 
v e r y p r e c i s e w o r k (12). 

I n a d d i t i o n to the w o r k w i t h p o l y s t y r e n e i n a v a r i e t y o f s o l vents 
(13), r e t e n t i o n w a s d e m o n s t r a t e d for o t h e r p o l y m e r s , i n c l u d i n g 
p o l y i s o p y r e n e , p o l y t e t r a h y d r o f u r a n , p o l y m e t h y l m e t h a c r y l a t e (14), 
p o l y e t h y l e n e , a n d p o l y p r o p y l e n e (15) u s i n g a v a r i e t y o f s o l v e n t s . A l 
t h o u g h t h i s p r e l i m i n a r y w o r k w i t h p o l y m e r s o t h e r t h a n p o l y s t y r e n e 
s h o w s c o n s i d e r a b l e p r o m i s e , i t has b e e n h a m p e r e d b y the l a c k o f 
s tandards o f l o w p o l y d i s p e r s i t y a n d d a t a o n t h e r m a l d i f f u s i o n for 
p o l y m e r s . T h e s i t u a t i o n is e n c o u r a g i n g b e c a u s e t h e r m a l F F F is a s ep 
a r a t i o n t e c h n i q u e as w e l l as a c h a r a c t e r i z a t i o n t o o l ; a n i n v e s t i g a t o r c a n 
p e r h a p s p r e p a r e s m a l l q u a n t i t i e s o f n a r r o w cuts o f a p o l y m e r o f i n t e r 
est for use as s tandards . 

T h e l o w e r l i m i t for m o l e c u l a r w e i g h t s r e t a i n e d o n a t h e r m a l F F F 
c h a n n e l is d e t e r m i n e d b y t h e m a g n i t u d e o f the t e m p e r a t u r e d i f f e r 
e n c e that c a n b e m a i n t a i n e d b e t w e e n the hot a n d c o l d w a l l s o f t h e 
c h a n n e l . A n a t u r a l l i m i t a t i o n is i m p o s e d b y the l i q u i d range o f the 
c a r r i e r s o l u t i o n . H o w e v e r , t h i s l i m i t c a n b e e x t e n d e d b y p r e s s u r i z i n g 
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264 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 3. Separation of three linear 
polystyrenes in a high speed ther
mal FFF system. Conditions: V°, 
0.44 mL (w, 51 yum); V , 0.74 mLlmin; 
ΔΤ, 60 °C; and T c , 31 °C. (Repro
duced with permission from Ref. 33.) 

ο ω 

0 I 2 

TIME, min. 

the c h a n n e l so that the b o i l i n g p o i n t is s i g n i f i c a n t l y e l e v a t e d . C o m 
p o u n d s o f m o l e c u l a r w e i g h t s less t h a n 1000 w e r e r e t a i n e d u s i n g t h e s e 
tact ics (16). T h e u p p e r l i m i t i n m o l e c u l a r w e i g h t , i f a n y , has n o t 
b e e n d e t e r m i n e d . P o l y m e r s e x c e e d i n g m o l e c u l a r w e i g h t 10 6 w e r e r e 
t a i n e d a n d e l u t e d w i t h o u t d i f f i c u l t y (see F i g u r e 2). A l t h o u g h r e s u l t s to 
date i n d i c a t e that a w i d e v a r i e t y o f p o l y m e r — s o l v e n t sys tems m a y b e 
a m e n a b l e to s t u d y b y t h e r m a l F F F , o n e o f the m o s t i m p o r t a n t s o l 
v e n t s , w a t e r , does n o t a p p e a r to l e a d to t h e r m a l F F F r e t e n t i o n . 
W a t e r - s o l u b l e m a c r o m o l e c u l e s c a n b e c h a r a c t e r i z e d a n d s e p a r a t e d b y 
t h e r e m a i n i n g t h r e e F F F s u b t e c h n i q u e s , d e s c r i b e d i n the f o l l o w i n g 
sec t i ons . 

Electrical FFF 
A s e c o n d F F F s u b t e c h n i q u e , e l e c t r i c a l F F F , w a s f irst e x p e r i 

m e n t a l l y d e m o n s t r a t e d i n o u r l abora to ry i n 1969 (17). A s e m i p e r m e 
a b l e m e m b r a n e w a s u s e d for the c h a n n e l w a l l s a n d a vo l tage w a s 
a p p l i e d to e l e c t r o d e s p l a c e d i n e l e c t r o l y t e r e s e r v o i r s o n e i t h e r s i d e 
o f t h e c h a n n e l . B y a p p l y i n g t h i s e l e c t r i c a l f i e l d , c h a r g e d m a c r o 
m o l e c u l e s c o u l d i n t e r a c t w i t h the f i e l d a n d b e s e p a r a t e d a c c o r d i n g 
to t h e rat io o f t h e i r e l e c t r o p h o r e t i c m o b i l i t y a n d d i f f u s i o n c oe f f i c i en t . 
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14. GIDDINGS E T A L . Field-Flow Fractionation 265 

A m i x t u r e o f t h r e e p r o t e i n s w a s s e p a r a t e d o n t h i s f i rs t apparatus (18). 
T h i s s u b t e c h n i q u e w a s a n a d v a n c e o n t w o fronts : the u t i l i t y o f a sec
o n d f i e l d i n F F F w a s d e m o n s t r a t e d a n d separat i ons w e r e e x t e n d e d to 
a q u e o u s s o l u t i o n s . 

T h e e x p r e s s i o n for t h e r e t e n t i o n p a r a m e t e r , λ , i n e l e c t r i c a l F F F 
is (19) 

λ = ΌΙμΕνο (16) 

w h e r e μ is the e l e c t r o p h o r e t i c m o b i l i t y a n d Ε i s the e l e c t r i c a l f i e l d 
s t rength . A l t h o u g h e l e c t r i c a l F F F p r o m i s e s to c h a r a c t e r i z e s e p a r a t e d 
c o m p o n e n t s w i t h r e s p e c t to t h e i r μ/D ra t i os , t h i s s u b t e c h n i q u e has n o t 
b e e n d e v e l o p e d to the e x t e n t t h e r m a l F F F has . H o w e v e r , i t has t h e 
p o t e n t i a l for a c h i e v i n g b o t h s e p a r a t i o n a n d c h a r a c t e r i z a t i o n , e s p e 
c i a l l y i n the area o f m a c r o m o l e c u l e s o f b i o l o g i c a l o r i g i n . 

Sedimentation FFF 

A t h i r d F F F s u b t e c h n i q u e is one u s i n g a g r a v i t a t i o n a l o r c e n t r i f u 
g a l f i e l d . T h e r e a l i z a t i o n o f s e d i m e n t a t i o n F F F r e q u i r e d t h e d e v e l 
o p m e n t o f a l o w v o l u m e ro tor sea l so that the c h a n n e l , f i t t e d i n t o a 
c e n t r i f u g e b a s k e t , c o u l d m a i n t a i n i n f l o w a n d o u t f l o w c o n n e c t i o n s to 
the o u t s i d e . 

T h e e q u a t i o n for the r e t e n t i o n p a r a m e t e r i n s e d i m e n t a t i o n F F F 
is (20) 

λ = D/sGw = R'T/GM (1 - vsp)w (17) 

w h e r e s is the s e d i m e n t a t i o n c oe f f i c i en t , G i s the a c c e l e r a t i o n , M i s 
t h e m o l e c u l a r w e i g h t o f t h e s o l u t e , vs i s t h e p a r t i a l s p e c i f i c v o l u m e o f 
t h e so lu te , a n d ρ is the d e n s i t y o f the c a r r i e r s o l u t i o n . I n the l i m i t o f 
h i g h r e t e n t i o n , t h e r e l a t i o n s h i p b e t w e e n r e t e n t i o n v o l u m e , Vr, a n d 
m o l e c u l a r w e i g h t , M , is l i n e a r , as c a n b e s h o w n b y c o m b i n i n g E q u a 
t i o n s 3, 5, a n d 17 a n d r e a r r a n g i n g 

Vr = V 7 6 X = V°G(1 - vsp)Mw/6R'T = c o n s t - M (18) 

B e c a u s e o f t h i s v e r y s t r a i g h t f o r w a r d r e l a t i o n s h i p , i t w a s p o s s i b l e to 
c h a r a c t e r i z e the m o l e c u l a r w e i g h t o f s i n g l e p a r t i c l e s , as w e d i d w i t h 
v i r u s e s (21,22), a n d t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n o f p o l y d i s p e r s e 
m a t e r i a l s . 

T h e s e d i m e n t a t i o n F F F c h a n n e l i s f o r m e d f r o m s ta in less s t e e l , 
w h i c h m a y b e c o a t e d w i t h o t h e r m a t e r i a l ( s u c h as T e f l o n ) for c o m p a t i 
b i l i t y w i t h the so lu te or c a r r i e r s o l u t i o n . A q u e o u s s o l u t i o n s w e r e u s e d 
m o s t f r e q u e n t l y as car r i e r s b e c a u s e o f the l i m i t a t i o n s o f the m a t e r i a l s 
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266 P O L Y M E R C H A R A C T E R I Z A T I O N 

u s e d i n the rotor sea l . H o w e v e r , s e v e r a l n o n a q u e o u s so lvents w e r e 
u s e d w h e n the sea l w a s m o d i f i e d . 

S e d i m e n t a t i o n F F F has b e e n a p p l i e d o n l y to the s e p a r a t i o n o f 
f a i r l y large p a r t i c l e s b e c a u s e o f l i m i t a t i o n s o n rotor s p e e d r e l a t e d to a 
l a c k o f i n t e g r i t y o f the rotor sea l at h i g h r o t a t i o n rates . T h e range o f 
m o l e c u l a r w e i g h t s r e t a i n a b l e o n a s e d i m e n t a t i o n F F F apparatus is 
g i v e n r o u g h l y b y (23) 

M ^ 10 1 0 / g (19) 

w h e r e g is the n u m b e r o f g r a v i t i e s . A l i m i t a t i o n o f ~ 1 0 3 g r a v i t i e s i n 
o u r w o r k has u n t i l r e c e n t l y r e s t r i c t e d the m o l e c u l a r w e i g h t o f r e t a i n 
a b l e so lutes to 1 0 7 a n d greater . H o w e v e r , K i r k l a n d et a l . r e c e n t l y r e 
p o r t e d the use o f a s e d i m e n t a t i o n F F F apparatus c a p a b l e o f m a i n 
t a i n i n g a f i e l d o f 15,000 g r a v i t i e s , r e d u c i n g the l i m i t o n the m o l e c u l a r 
w e i g h t range to ~ 1 0 6 (24). F u r t h e r r e f i n e m e n t s i n i n s t r u m e n t a t i o n 
s h o u l d g rea t ly e n h a n c e t h e a p p l i c a b i l i t y o f s e d i m e n t a t i o n F F F to 
m a c r o m o l e c u l a r s e p a r a t i o n a n d m o l e c u l a r w e i g h t c h a r a c t e r i z a t i o n . 

Flow FFF 

T h e m o s t r e c e n t l y d e v e l o p e d F F F s u b t e c h n i q u e a p p l i c a b l e to 
m a c r o m o l e c u l e c h a r a c t e r i z a t i o n a n d s e p a r a t i o n is flow F F F (25). A n 
apparatus s i m i l a r to that u s e d i n e l e c t r i c a l F F F w a s c o n s t r u c t e d w i t h 
the c h a n n e l w a l l s f o r m e d o f s e m i p e r m e a b l e m e m b r a n e s . A separate 
p u m p w a s u s e d to force c a r r i e r s o l u t i o n across the m e m b r a n e s , f o r m 
i n g a c ross - f l ow f i e l d . T h i s s u b t e c h n i q u e is p e r h a p s the mos t g e n e r 
a l l y a p p l i c a b l e b e c a u s e r e t e n t i o n is b a s e d o n l y o n f r i c t i o n a l d r a g 
r e l a t e d to m o l e c u l a r s i ze or, s t r i c t l y , Stokes d i a m e t e r d, w h i c h is a u n i 
v e r s a l p r o p e r t y . 

T h e e q u a t i o n for the r e t e n t i o n p a r a m e t e r i n flow F F F is 

λ = DV°fVcw2 = R'TV°/f/cw2 (20) 

w h e r e Vc i s the v o l u m e t r i c c r o s s - f l o w rate a n d / i s t h e m o l a r f r i c t i o n 
c o e f f i c i e n t g i v e n b y Stokes e q u a t i o n 

/ =Ν3πηά (21) 

i n w h i c h Ν is A v o g a d r o ' s n u m b e r ; η is t h e c a r r i e r s o l u t i o n v i s c o s i t y ; 
a n d dy the Stokes d i a m e t e r , i s the d i a m e t e r o f a s p h e r e h a v i n g the 
s a m e / v a l u e as t h e p a r t i c l e u n d e r c o n s i d e r a t i o n . 

L i k e e l e c t r i c a l F F F , flow F F F has b e e n u s e d e x c l u s i v e l y for 
w a t e r - s o l u b l e s p e c i e s b e c a u s e o f the l i m i t a t i o n s o f t h e m e m b r a n e s 
e m p l o y e d . H o w e v e r , w i t h a p p r o p r i a t e m a t e r i a l s , flow F F F p r o b a b l y 
c a n b e u s e d w i t h o t h e r s o l v e n t sys tems . I n flow F F F , t h e l o w e r l i m i t 
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14. GIDDINGS E T A L . Field-Flow Fractionation 267 

o f m o l e c u l a r w e i g h t s is d e t e r m i n e d b y the p e r m e a b i l i t y o f t h e m e m 
b r a n e a n d t h e u p p e r l i m i t b y the i n t e r f e r e n c e o f g r a v i t a t i o n a l forces . 
W i t h m a t e r i a l s r e a d i l y a v a i l a b l e , separat ions i n t h e range o f ΙΟ 4 —10 9 

m o l e c u l a r w e i g h t c a n b e a c c o m p l i s h e d . S o m e m a t e r i a l s s t u d i e d w i t h 
the f l o w F F F apparatus h a v e i n c l u d e d p o l y a c r y l i c a c i d , s u l f o n a t e d 
p o l y s t y r e n e , v i r u s e s , p r o t e i n s , c o l l o i d a l s i l i c a , a n d p a i n t p i g m e n t s 
( 2 6 - 2 8 ) . 

A n i n t e r e s t i n g c h a r a c t e r i s t i c o f the f l o w F F F apparatus ar ises 
f r o m the p e r m e a b i l i t y o f the c h a n n e l w a l l s . B e s i d e s the i n l e t a n d 
o u t l e t f l o w streams f r o m t h e c h a n n e l , t h e r e are a n i n l e t a n d o u t l e t f l o w 
f r o m the c r o s s - f l o w f i e l d . T h e s i m p l e s t m o d e o f o p e r a t i o n has the 
i n f l o w a n d o u t f l o w o f the c h a n n e l e q u a l a n d the i n f l o w a n d o u t f l o w o f 
t h e c r o s s - f l o w e q u a l . H o w e v e r , the f our f l o w streams c a n b e b a l a n c e d 
i n a v a r i e t y o f w a y s so that the apparatus c a n b e u s e d to c o n c e n t r a t e or 
d i l u t e a so lute or, w h e n the c h a n n e l o u t f l o w is v e r y l o w , the apparatus 
c a n f u n c t i o n as a p r e s s u r e d i a l y s i s c e l l (29). 

General Experimental Considerations in FFF 
A c o m p l e t e F F F apparatus cons is ts o f a p u m p to d r i v e the c a r r i e r 

s o l u t i o n , the F F F c h a n n e l , the f i e l d or g r a d i e n t g e n e r a t i n g c o m p o 
n e n t s , a n a p p r o p r i a t e de tec tor , c h a r t r e c o r d e r , f l o w m e a s u r i n g d e 
v i c e , a n d , i f d e s i r e d , a f r a c t i o n c o l l e c t o r . S a m p l e s are i n j e c t e d w i t h a 
m i c r o s y r i n g e or i n j e c t i o n v a l v e . R e t e n t i o n ra t i o , ft, i n F F F is n o r m a l l y 
( a l t h o u g h t h e r e are e x c e p t i o n s ) i n d e p e n d e n t o f c a r r i e r s o l u t i o n f l o w 
rate (see E q u a t i o n s 2 a n d 3) so that f l o w rates m a y b e c h o s e n to g i v e a n 
a c c e p t a b l e p e a k w i d t h a n d t h u s r e s o l u t i o n i n t h e shortest p o s s i b l e 
t i m e . B y s y s t e m a t i c a l l y v a r y i n g the f l o w rate , the p l a t e h e i g h t c a n b e 
p l o t t e d vs . the f l o w v e l o c i t y to d e t e r m i n e d i f f u s i o n coe f f i c i ents f r o m 
the p l o t ' s s l o p e . I n s o m e cases , the i n t e r c e p t o f s u c h a p l o t c a n b e u s e d 
to d e t e r m i n e so lute p o l y d i s p e r s i t y (5). 

I f a d i l u t e s a m p l e is to b e a n a l y z e d , F F F t e c h n o l o g y offers s e v e r a l 
m e a n s o f o n - c h a n n e l c o n c e n t r a t i o n . I n s e d i m e n t a t i o n F F F , r i v e r 
w a t e r c o l l o i d s w e r e c o n c e n t r a t e d o n the h e a d o f the c h a n n e l b y 
p u m p i n g the s a m p l e t h r o u g h the c h a n n e l at a l o w f l o w rate w h i l e 
a p p l y i n g a h i g h field. T h e f l o w w a s t h e n r e s u m e d w i t h a c a r r i e r s o l u 
t i o n at a l o w e r field s t r e n g t h a n d h i g h e r f l o w rate to e l u t e t h e c o l l o i d s 
a n d f o r m a f rac togram. B y u s i n g t h i s t e c h n i q u e , a s a m p l e o v e r t e n 
t i m e s the c h a n n e l ' s v o i d v o l u m e c a n b e l o a d e d onto the h e a d o f the 
c h a n n e l (30). R e c e n t w o r k suggests that the same m e t h o d is a p p l i c a b l e 
to f l o w F F F . 

F o r p o l y d i s p e r s e s a m p l e s w i t h a v e r y l a rge m o l e c u l a r w e i g h t 
r a n g e , there are s e v e r a l e x p e r i m e n t a l p a r a m e t e r s that c a n b e p r o 
g r a m m e d e f f e c t i v e l y d u r i n g a n e x p e r i m e n t to b r i n g a l l c o m p o n e n t s 
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o u t i n a r easonab le t i m e . T h e m o s t o b v i o u s is f i e l d s t r e n g t h ; a n e x a m 
p l e is g i v e n i n F i g u r e 2. F i e l d s t r e n g t h is r e a d i l y p r o g r a m m a b l e b e 
c a u s e the f i e l d is a p p l i e d e x t e r n a l l y . F l o w p r o g r a m m i n g is a l so p o s s i 
b l e (31). O t h e r t y p e s o f p r o g r a m m i n g are p o s s i b l e d e p e n d i n g o n the 
s p e c i f i c s u b t e c h n i q u e . F o r e x a m p l e , the c a r r i e r s o l u t i o n d e n s i t y c a n 
b e v a r i e d i n s e d i m e n t a t i o n F F F to r e d u c e t h e t i m e o f s e p a r a t i o n (32). 

I n s u m m a r y , a n u m b e r o f F F F s u b t e c h n i q u e s h a v e b e e n d e v e l 
o p e d that h a v e c o n s i d e r a b l e p o t e n t i a l for the s e p a r a t i o n a n d c h a r a c 
t e r i z a t i o n o f m a n y d i f f e r e n t t y p e s o f m a c r o m o l e c u l e s . F l e x i b i l i t y i s 
g a i n e d b y the v a r i e t y o f f i e l d s that m a y b e u s e d as w e l l as b y p r o 
g r a m m i n g . F F F appears to h a v e a n a l m o s t u n i q u e a b i l i t y to h a n d l e 
v e r y p o l y d i s p e r s e s a m p l e s at h i g h r e s o l u t i o n . 
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15 
Foam Fractionation of Polymer 
Mixtures in a Nonaqueous 
Solvent System 
R. P. CHARTOFF and L. T. CHEN 
University of Dayton, The Center for Basic and Applied Polymer 
Research, Dayton, OH 45469 

R. J. ROE 
University of Cincinnati, Department of Metallurgy and Materials Science, 
Cincinnati, OH 45221 

The selectivity obtained in the foam fractionation of 
polymer mixtures in a nonaqueous solvent system was 
studied and related to a multilayer theory of adsorption 
of polymers. Two mixtures of polymethyl methacrylate 
(PMMA) and polystyrene (PS) in xylene were fraction
ated using a batch foaming technique with and without 
addition of a surfactant. The two mixtures consisted of 
(1) two commercial samples with broad molecular weight 
distributions (MWD) with PS having the higher weight
-average molecular weight (Mw), and (2) two narrow
-distribution polymers differing greatly in Mw with PS 
again having the higher value. In case 1, although little 
separation occurred without surfactant, the trend was 
toward exclusion of high molecular weight PS from the 
foamate. This trend was more pronounced and the amount 
of separation was improved by adding surfactant. In 
case 2, separation was selective to high molecular weight 
PS when fractionation was carried out without surfac
tant. With surfactant added, the foamate was enriched 
in low molecular weight PMMA. No conclusive results 
were obtained on the effect of bubble size on separation 
efficiency, although the data pointed toward an im
provement with decreasing bubble size. These observa
tions were consistent with the trends predicted by a 
multilayer theory of adsorption of polymers from solu
tion. 

0065-2393/83/0203-0271$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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272 P O L Y M E R C H A R A C T E R I Z A T I O N 

F O A M F R A C T I O N A T I O N is a t e c h n i q u e that uses a d s o r p t i o n o f a c o m p o 
n e n t or so lute at b u b b l e surfaces to separate the c o m p o n e n t f r o m a 
s o l u t i o n . B u b b l e s are p r o d u c e d b y s u p p l y i n g gas at t h e b o t t o m o f the 
l i q u i d p o o l . T h e b u b b l e s f o r m a f o a m , r i s e to the t op o f the l i q u i d , a n d 
t h e n o v e r f l o w i n t o a f o a m b r e a k e r . T h e c o n c e n t r a t e d l i q u i d c o l l e c t e d 
i n the f oam b r e a k e r is c a l l e d foamate . B y c a r r y i n g o u t the f o a m i n g 
process i n v e r t i c a l glass t u b e s or c o l u m n s , the d y n a m i c s o f b u b b l e 
f o r m a t i o n , f o a m g e n e r a t i o n , a n d foamate c o l l e c t i o n m a y b e o b s e r v e d 
c o n v e n i e n t l y . 

B e c a u s e t h e so lu te is c o n c e n t r a t e d at the sur face o f t h e b u b b l e s , 
the s i ze a n d d y n a m i c s o f the b u b b l e s are i m p o r t a n t i n f o a m f r a c t i o n 
a t i o n . T h u s , b u b b l e s i z e , gas f l o w rate , a n d c o l u m n d i a m e t e r w e r e 
a m o n g the process p a r a m e t e r s s t u d i e d . I n a d d i t i o n , s o l u t i o n p a r a m e 
ters s u c h as so lu te c o n c e n t r a t i o n a n d m o l e c u l a r s i z e , c h o i c e o f s o l v e n t , 
a n d a d d i t i o n o f a sur factant w e r e c o n s i d e r e d . T h i s c h a p t e r r e v i e w s the 
m o r e s i g n i f i c a n t o f these factors i n t e r m s o f the e x p e r i m e n t a l t r e n d s 
o b s e r v e d a n d t h e i r r e l a t i o n to a m u l t i l a y e r t h e o r y o f a d s o r p t i o n o f 
p o l y m e r s f r o m s o l u t i o n a d v a n c e d b y R o e (1—3). 

Background Information 
F o a m f r a c t i o n a t i o n o f p o l y m e r s has r e c e i v e d r e l a t i v e l y l i t t l e at

t e n t i o n f r o m r e s e a r c h e r s , p r o b a b l y b e c a u s e the p rocess o f f o a m frac
t i o n a t i o n is c o m p l e x , a n d o n l y l i m i t e d success has b e e n a c h i e v e d i n 
the s tud ies p u b l i s h e d p r e v i o u s l y . A s u m m a r y o f r e l e v a n t l i t e r a t u r e is 
p r o v i d e d i n T a b l e I . 

A m o n g the v a r i o u s t y p e s o f separat i ons a t t e m p t e d b y f o a m frac
t i o n a t i o n are those b y m o l e c u l a r s i z e var iants i n c l u d i n g m o l e c u l a r 
w e i g h t , b r a n c h i n g , a n d s t e r e o r e g u l a r i t y as w e l l as those b y c o p o l y m e r 
c o m p o s i t i o n a n d f u n c t i o n a l i t y . T h e w o r k r e p o r t e d h e r e is u n i q u e i n 
that i t c o n s i d e r s the s e l e c t i v i t y i n s e p a r a t i o n o f m i x t u r e s o f a p o l a r 
a n d n o n p o l a r p o l y m e r i n a n o n a q u e o u s s y s t e m . M o s t o f the s t u d i e s 
p u b l i s h e d p r e v i o u s l y w e r e o n a q u e o u s sys tems a n d t h e s e p a r a t i o n o f 
m i x t u r e s o f t w o d i s t i n c t p o l y m e r s b y f o a m f r a c t i o n a t i o n has no t b e e n 
r e p o r t e d p r e v i o u s l y . 

Theoretical 
O n e u s e f u l p r o p e r t y o f p o l y m e r s is that p o l y m e r m o l e c u l e s r e a d 

i l y b e c o m e a d s o r b e d to s o l i d surfaces f r o m s o l u t i o n . T h i s t e n d e n c y for 
a d s o r p t i o n is b o t h m o l e c u l a r w e i g h t d e p e n d e n t a n d c o m p o s i t i o n d e 
p e n d e n t so that u n d e r d i f f e r e n t c o n d i t i o n s d i f f e r e n t t y p e s o f s e l e c t i v 
i t y m a y b e o b s e r v e d . E x a m p l e s o f s e l e c t i v e a d s o r p t i o n o c c u r a m o n g 
p o l y m e r s d i f f e r i n g s i m p l y i n m o l e c u l a r w e i g h t , h a v i n g d i f f e r e n t 
c h e m i c a l c o m p o s i t i o n s , o r a m o n g p o l y m e r s o f the same t y p e b u t d i f -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

15



R
ef

er
en

ce
s 

4 
5,

6 7 8 9 10
 

11
 

12
 

13
 

T
ab

le
 I

. 
R

el
ev

an
t 

Li
te

ra
tu

re
 o

n 
F

oa
m

 F
ra

ct
io

na
ti

on
 o

f 
P

ol
ym

er
s 

Po
ly

m
er

 

D
at

e 

19
58

 
19

61
, 

19
63

 
19

62
 

19
72

 
19

70
 

19
73

 

19
74

 
19

76
 

19
79

 

A
qu

eo
us

 
Fo

am
 

Fr
ac

tio
na

tio
n 

E
ffe

ct
 

St
ud

ie
d 

po
ly

vi
ny

l 
al

co
ho

l 
(P

V
A

) 
P

V
A 

P
V

A 

P
V

A 
po

ly
(m

et
ha

cr
yl

ie
 a

ci
d—

 
co

-m
et

hy
l 

m
et

ha
cr

yl
at

e)
 

po
ly

(m
et

hy
l 

m
et

h
ac

ry
la

te
-

co
-n

,n
 '

-d
im

et
hy

la
m

in
oe

th
yl

 
m

et
ha

cr
yl

at
e)

 
P

V
A 

P
V

A 
al

ky
d 

re
si

n 

m
ol

ec
ul

ar
 

w
ei

gh
t 

st
er

eo
re

gu
la

ri
ty

 
m

ol
ec

ul
ar

 w
ei

gh
t,

 
st

er
eo

re
gu

la
ri

ty
, 

fu
nc

ti
on

al
 

gr
ou

ps
 

st
er

eo
re

gu
la

ri
ty

, 
ch

ai
n 

br
an

ch
in

g 
co

po
ly

m
er

 
co

m
po

si
ti

on
, 

fu
nc

ti
on

al
 

gr
ou

ps
 

co
po

ly
m

er
 

co
m

po
si

ti
on

, 
fu

nc
ti

on
al

 
gr

ou
ps

 

ch
ai

n 
br

an
ch

in
g 

ch
ai

n 
br

an
ch

in
g,

 m
ol

ec
ul

ar
 

w
ei

gh
t 

m
ol

ec
ul

ar
 

w
ei

gh
t 

η X > ο w
 H > ο 2 ο 2".
 

ο 8*
 

14
 

15
 

16
 

17
 

N
on

aq
ue

ou
s 

Fo
am

 
Fr

ac
tio

na
tio

n 

19
68

, 
19

69
 

po
ly

di
m

et
hy

ls
il

ox
an

e 
(b

en
ze

n
e)

 
m

ol
ec

ul
ar

 
w

ei
gh

t 

19
77

 
po

ly
m

et
hy

l m
et

ha
cr

yl
at

e 
(P

M
M

A
) 

st
er

eo
re

gu
la

ri
ty

 
(b

en
ze

n
e)

 
19

81
 

P
M

M
A

, 
po

ly
st

yr
en

e 
(x

yl
en

e)
 

m
ol

ec
ul

ar
 w

ei
gh

t,
 

co
m

po
si

ti
on

 
to

 
00

 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

15



274 P O L Y M E R C H A R A C T E R I Z A T I O N 

f e r i n g i n s t e r e o r e g u l a r i t y . S e l e c t i v e a d s o r p t i o n a l so o c curs a m o n g 
c o p o l y m e r s d i f f e r i n g i n c o m o n o m e r c o m p o s i t i o n . 

I n a l l o f t h e s e cases , a d s o r p t i o n t e n d s to b e h i g h l y c o m p e t i t i v e 
w i t h o n e t y p e o f m o l e c u l e b e i n g a d s o r b e d a l m o s t e x c l u s i v e l y at t h e 
e x p e n s e o f a n o t h e r e v e n t h o u g h o n l y m i n o r d i f f e r e n c e s ex i s t i n t h e 
a d s o r p t i o n a f f i n i t y o f the s p e c i e s . Q u a l i t a t i v e l y , t h e s e l e c t i v i t y ex 
p e c t e d for a d s o r p t i o n o f p o l y m e r m o l e c u l e s f r o m s o l u t i o n onto a s o l i d 
substrate c a n b e d e s c r i b e d b y t h e o r i e s s u c h as the m u l t i l a y e r t h e o r y o f 
a d s o r p t i o n a d v a n c e d b y R o e (I - 3 ) . R o e ' s t h e o r y d e s c r i b e s a d s o r p t i o n 
at surfaces i n t e r m s o f the s o l v e n t p o w e r , the m o l e c u l a r w e i g h t o f t h e 
p o l y m e r so lu te , t h e s o l u t i o n c o m p o s i t i o n , t h e t h i c k n e s s o f t h e a d 
s o r b e d l a y e r , t h e shape o f t h e a d s o r b e d p o l y m e r c h a i n s , etc . T h e 
t h e o r y c o n f i r m s t h e b e l i e f that e v e n s m a l l d i f f e r e n c e s i n s e g m e n t a l 
a d s o r p t i o n a f f in i t i e s are m a g n i f i e d g r e a t l y b e c a u s e o f the s h e e r 
n u m b e r o f a n c h o r i n g s e g m e n t s p e r m o l e c u l e . T h i s factor l e a d s to t h e 
e x t r e m e s e l e c t i v i t y o b s e r v e d d u r i n g a d s o r p t i o n . 

T h e same t h e o r e t i c a l c o n s i d e r a t i o n s s h o u l d a p p l y to a d s o r p t i o n o f 
p o l y m e r m o l e c u l e s at t h e g a s — l i q u i d in te r fa ce f o r m e d b y t h e b u b b l e s 
i n a f o a m . A c c o r d i n g to t h e t h e o r y , the f o l l o w i n g t r e n d s are p r e d i c t e d : 

1. F o r a s i n g l e s o l u t e w i t h a m i x t u r e o f m o l e c u l a r w e i g h t s , 
h i g h e r m o l e c u l a r w e i g h t p o l y m e r w i l l h a v e a greater af
f i n i t y for t h e i n t e r f a c e at l o w - s o l u t e c o n c e n t r a t i o n s . 

2. F o r m u l t i p l e so lu tes , t h e p o l y m e r h a v i n g s t ronger i n 
t e r a c t i o n w i t h t h e i n t e r f a c e w i l l b e a d s o r b e d w h i l e t h e 
o ther w i l l b e e x c l u d e d , e v e n i f i ts a d s o r p t i o n a f f i n i t y i s 
o n l y s l i g h t l y l ess . 

3. A l s o for m u l t i p l e s o lu tes , a p o l y m e r h a v i n g n o or l i t t l e 
i n t e r a c t i o n w i t h t h e i n t e r f a c e w i l l b e e x c l u d e d , t h e 
h i g h e r its m o l e c u l a r w e i g h t the greater the e x c l u s i o n . 

4. P o o r s o l v e n t s p r o m o t e a d s o r p t i o n . 

T h e t h e o r y r e p r e s e n t s t h e e q u i l i b r i u m l i m i t i n g case . I n p r a c t i c e , 
a l t h o u g h these p r e d i c t i o n s s h o u l d i n d i c a t e the t r e n d s to b e e x p e c t e d 
i n t e r m s o f s e l e c t i v i t y , 1 0 0 % e f f i c i e n c y c a n n o t b e a c h i e v e d i n t h e 
l abora tory . T h e p u r p o s e o f t h i s s t u d y , h o w e v e r , w a s to test o u r o r i g i n a l 
h y p o t h e s i s b y d e t e r m i n i n g i f t h e t r e n d s o b s e r v e d i n f o a m f r a c t i o n 
a t i o n e x p e r i m e n t s w e r e c o n s i s t e n t w i t h t h e t h e o r y , a n d w h a t ef fect 
var i ous process parameters h a d o n the separat ion e f f i c i enc i es o b s e r v e d . 

Experimental 
A schematic drawing of the foam fractionation apparatus used is shown i n 

Figure 1. It is a closed-loop system i n w h i c h dry nitrogen is saturated w i t h 
solvent and then circulated. T w o glass columns, one w i t h a 25-mm inside 
diameter (ID) and one w i t h a 20-mm I D are connected to the gas source and a 
single central foamate collector. Both columns are 65—70 cm long. F o a m is 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

15



Fi
gu

re
 

1.
 

Fo
am

 
fr

ac
tio

na
tio

n 
ap

pa
ra

tu
s. 

Ke
y:

 
A,

 N
2 

ga
s; 

B,
 d

es
ic

ca
nt

; 
C,

 m
an

om
et

er
; 

D
, 

pu
m

p;
 

E,
 

sa
tu

ra
to

r; 
F,

 s
at

ur
at

io
n 

m
on

ito
r; 

G
, 

ro
ta

m
et

er
; 

an
d 

H
, f

ra
ct

io
na

tio
n 

co
lu

m
n(

s)
. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

15



276 P O L Y M E R C H A R A C T E R I Z A T I O N 

T a b l e I I . S e p a r a t i o n o f B r o a d - D i s t r i b u t i o n P o l y m e r s 
W i t h o u t Sur fac tant 

Fraction Time (h) M w M z 

O r i g i n a l so lut ion* 1 42 ,500 2 0 3 , 0 0 0 6 6 2 , 0 0 0 
1 2 39 ,900 197 ,000 654 ,000 
2 4 42 ,300 199,000 651 ,000 
3 6 32 ,200 156 ,000 5 7 2 , 0 0 0 

R e s i d u a l s o l u t i o n — 42 ,300 197 ,000 643 ,000 

N O T E : Values given are the average molecular weights of polymer in foamate. 
α Polymer concentration by weight: 2% P S - 1 and 2% P M M A - 1 ; column diameter 

20 mm, orifice size 30 jum. 

generated by bubb l ing the saturated N 2 through i n d i v i d u a l spinarette disks 
containing precisely formed holes of 15, 30, and 50 μιη. Foam fractionation i n 
this type of apparatus is a batch or intermittent process. L i q u i d is charged, 
foam is generated, and fractions are col lected at selected t ime intervals. T h e 
composition of the l i q u i d pool thus changes w i t h t ime. T h e time intervals 
referred to subsequently i n Tables II and III are the times elapsed from the 
beg inning of foaming. T h e successive fractions l isted i n Tables I V and V were 
col lected at 10-min intervals. 

The polymers used were commercial , broad molecular weight d is tr ibu
t ion samples of PS and P M M A w i t h Mw values of 70,000 ( P S - 1 ) and 51,000 
( P M M A - 1 ) and narrow distr ibution samples w i t h Mw values of 670,000 
( P S - 2 ) and 19,400 ( P M M A - 2 ) . T h e solvent selected was xylene. T h e surfac
tant used i n certain foam fractionations was F C — 4 3 1 , a fluorocarbon com
pound manufactured by the 3 M Company. Analyses of the foamates were 
performed by size exclusion chromatography ( S E C ) us ing a Spectra Physics 
8000 h igh pressure l i q u i d chromatography ( H P L C ) system equ ipped w i t h a 
variable U V detector and a d u Pont Zorbax b imodal c o lumn set rated at 1000 
and 60 À. 

The S E C analyses of various fractions col lected dur ing each foaming 
experiment were carried out by isolating the solute i n each sample from the 
xylene solvent and redissolving it i n tetrahydrofuran ( T H F ) for mobi le phase 
compatibi l i ty. Mo lecu lar weights and concentrations were measured by the 
appropriate use of e lut ion volumes, peak heights, and peak areas. F o r the S E C 

T a b l e I I I . S e p a r a t i o n o f B r o a d - D i s t r i b u t i o n P o l y m e r s 
w i t h Sur fac tant 

Fraction Time (min)a M n M w M z 

O r i g i n a l s o l u t i o n 6 — 36 ,700 192,000 655 ,000 
1 10 16,700 43 ,000 92 ,900 
2 2 0 38 ,100 188,000 636 ,000 
3 3 0 32 ,800 167 ,000 587 ,000 

N O T E : Values given are the average molecular weights of polymer in foamate. 
a Fresh surfactant was injected after each fraction was taken at 10-min intervals. 
6 Polymer concentration by weight: 2% P S - 1 and 2% P M M A - 1 with 0.1% F C 

surfactant; column diameter 20 mm, orifice size 30 μτη. 
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15. C H A R T O F F E T A L . Foam Fractionation 277 

T a b l e I V . S e p a r a t i o n o f N a r r o w - D i s t r i b u t i o n P o l y m e r s — 
E f f e c t o f O r i f i c e D i a m e t e r o n F r a c t i o n a t i o n 

Orifice Size (μτη) 

Fraction 15 30 50 

O r i g i n a l s o l u t i o n " 2 9 2 9 3 0 
1 28 2 9 2 9 
2 2 3 2 5 24 
3 29 2 5 2 5 
4 2 7 — — 

N O T E : Values given are percent of P S - 2 in foamate based on total solute. 
α Polymer concentration by weight: 0.6% P S - 2 and 1.4% P M M A - 2 with 0.1% F C 

surfactant; column diameter 20 mm; fractions were collected at 10-min intervals. 

s o l v e n t - p o l y m e r combination, T H F w i t h PS and P M M A , the U V detector 
was set at 235 nm. 

Results and Discussion 
F r a c t i o n a t i o n data w e r e c o l l e c t e d for m i x t u r e s o f P S a n d P M M A 

at v a r i o u s c o n c e n t r a t i o n s a n d for d i f f e r e n t f o a m i n g c o n d i t i o n s . T h e 
resu l t s for s ome o f these tests are p r e s e n t e d i n T a b l e s I I - V a l o n g w i t h 
d e s c r i p t i o n s o f the e x p e r i m e n t a l v a r i a b l e s . T h e data o n t h e m i x t u r e s o f 
the c o m m e r c i a l b r o a d d i s t r i b u t i o n s a m p l e s i n T a b l e s I I a n d I I I w e r e 
a n a l y z e d b y a s s u m i n g a s i n g l e M W D p e a k for t h e to ta l m i x t u r e . T h e 
data for the m i x t u r e s o f n a r r o w M W D s a m p l e s i n T a b l e s I V a n d V 
w e r e a n a l y z e d for c o n c e n t r a t i o n s i n t e r m s o f i n d i v i d u a l p e a k areas a n d 
p e a k i n t e n s i t i e s . 

T h e data o f T a b l e s I I a n d I I I i n d i c a t e that f r a c t i o n a t i o n o c c u r s , 
b u t e f f i c i e n c y is l o w w i t h o u t a d d i n g a surfactant . A d d i t i o n o f a sur fac 
tant ( T a b l e I I I ) i m p r o v e s f r a c t i o n a t i o n at shor ter f o a m i n g i n t e r v a l s . I n 
b o t h cases , t h e h i g h m o l e c u l a r w e i g h t P S t e n d s to b e e x c l u d e d f r o m 
the foamate . T h e i m p r o v e m e n t i n f r a c t i o n a t i o n e f f i c i e n c y w i t h sur 
factant p r o b a b l y ar i ses b e c a u s e o f i n c r e a s e d f o a m s t a b i l i t y . 

F i g u r e 2 c o n t a i n s t y p i c a l p h o t o g r a p h s o f a f oam g e n e r a t e d f r o m a 

T a b l e V . E f f e c t o f Sur fac tant o n S e l e c t i v i t y 

Fraction With Surfactant Without Surfactant 

O r i g i n a l s o l u t i o n " 2 9 28 
1 29 30 
2 2 5 32 
3 2 5 38 

N O T E : Values given are percent of P S - 2 in foamate based on total solute. 
a Solute concentration 2% with surfactant; and 4% without surfactant; column 

diameter 20 mm; orifice size 30 μ,ιη; fractions were collected at 10-min intervals. 
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278 P O L Y M E R C H A R A C T E R I Z A T I O N 

a 

b 

c 

Figure 2. Foam generated during foam 
fractionation of a polymer solution 
without added surfactant: early stage 
of foam buildup (a), steady state foam 
structure (b), and upper surface of 
foam column showing bubble coal

escence (c). 
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15. C H A R T O F F E T A L . Foam Fractionation 279 

p o l y m e r s o l u t i o n c o n t a i n i n g n o surfactant : F i g u r e 2 a d e p i c t s the e a r l y 
stages o f f o a m g e n e r a t i o n ; F i g u r e 2 b d e p i c t s the c e l l u l a r s t r u c t u r e o f a 
f u l l y d e v e l o p e d f o a m ; a n d F i g u r e 2c is the u p p e r sur face o f the f oam. 
T h e u p p e r sur face appears to b e w e t a n d i n p r a c t i c e b r e a k s u p r e a d i l y . 
W h e n the foams are u n s t a b l e i n t h i s f a s h i o n , b u b b l e s c o a l e s c e r a p i d l y 
a n d c o l l a p s e so that e q u i l i b r i u m c a n n o t b e a p p r o a c h e d . T h e l o w ef
f i c i e n c i e s a c h i e v e d i n t h i s m o d e r e s u l t i n l i t t l e s e p a r a t i o n as n o t e d 
e a r l i e r . A d d i t i o n o f sur factant p r o m o t e s f oam s t a b i l i t y a n d resu l t s i n 
d r y e r , m o r e u n i f o r m foams. T h e m o r e s tab le a n d d r y the foams are , the 
c l o s e r w e c a n a p p r o a c h e q u i l i b r i u m . T h i s b e h a v i o r is the r e s u l t o f 
b o t h the m i n i m i z a t i o n o f f o a m c o l l a p s e a n d the a c h i e v e m e n t o f b e t t e r 
e n r i c h m e n t d u e to i m p r o v e d f oam d r a i n a g e . T h e la t ter ef fect is s i m i l a r 
to r e f l u x i n a d i s t i l l a t i o n process . B o t h factors c o n t r i b u t e to the i m 
p r o v e d e f f i c i e n c y o f s e p a r a t i o n o b s e r v e d w h e n sur factant is u s e d . 

T h e data a l so i n d i c a t e a great d i f f e r e n c e i n s e l e c t i v i t y w h e n a 
sur factant is u s e d . W i t h t h e t w o p o l y m e r s , P S - 2 a n d P M M A - 2 , h a v 
i n g e x t r e m e l y d i f f e r e n t m o l e c u l a r w e i g h t s , the h i g h m o l e c u l a r w e i g h t 
P S - 2 n o r m a l l y has the greatest a d s o r p t i v i t y . W h e n sur fac tant is 
a d d e d , h o w e v e r , s e l e c t i v i t y r everses a n d t h e P M M A is a d s o r b e d pre f 
e r e n t i a l l y . 

T h e data o f T a b l e s I I I a n d I V d o n o t i n d i c a t e a n y p a r t i c u l a r a d 
vantage i n f r a c t i o n a t i o n b y c h a n g i n g b u b b l e d i a m e t e r (or i f i ce s i ze ) , 
a l t h o u g h the l o w e s t c o n c e n t r a t i o n o f P S — 2 i n a n y f r a c t i o n w a s o b 
t a i n e d w i t h t h e s m a l l e s t o r i f i c e d i a m e t e r . 

I n s u m m a r y , i n the m i x t u r e that c o n s i s t e d o f t w o c o m m e r c i a l 
s a m p l e s w i t h b r o a d M W D w i t h P S h a v i n g the h i g h e r w e i g h t - a v e r a g e 
m o l e c u l a r w e i g h t , l i t t l e s e p a r a t i o n o c c u r r e d w i t h o u t sur factant a n d 
t h e t r e n d w a s t o w a r d e x c l u s i o n o f h i g h m o l e c u l a r w e i g h t P S f r o m t h e 
foamate . T h i s t r e n d w a s m o r e p r o n o u n c e d b y a d d i n g sur factant , a n d 
t h e a m o u n t o f s e p a r a t i o n i m p r o v e d . I n t h e m i x t u r e that c o n s i s t e d o f 
t w o n a r r o w d i s t r i b u t i o n p o l y m e r s d i f f e r i n g g rea t ly i n Mw w i t h P S 
h a v i n g the h i g h e r v a l u e , s e p a r a t i o n w a s s e l e c t i v e to h i g h m o l e c u l a r 
w e i g h t P S w h e n f r a c t i o n a t i o n w a s c a r r i e d out w i t h o u t sur factant . W i t h 
sur factant a d d e d , the foamate w a s e n r i c h e d i n l o w m o l e c u l a r w e i g h t 
P M M A . N o c o n c l u s i v e r e su l t s w e r e o b t a i n e d o n t h e ef fect o f b u b b l e 
s i z e o n s e p a r a t i o n e f f i c i e n c y , a l t h o u g h o n e w o u l d e x p e c t a n i m p r o v e 
m e n t w i t h d e c r e a s i n g b u b b l e s i z e . 

A l l o f the t r e n d s o b s e r v e d are c o n s i s t e n t w i t h the m u l t i l a y e r a d 
s o r p t i o n t h e o r y d i s c u s s e d e a r l i e r . I n p a r t i c u l a r , t h e r e v e r s a l o f s e l e c 
t i v i t y b e t w e e n P S a n d P M M A w h e n the p e r f l u o r i n a t e d sur factant w a s 
p r e s e n t is a g r a p h i c i l l u s t r a t i o n o f the n o t i o n that t h e p o l y m e r w i t h 
the s trongest i n t e r a c t i o n w i t h the in ter face w i l l b e a d s o r b e d . 
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16 
Orthogonal Chromatography 
Polymer Cross-Fractionation by Coupled Gel 
Permeation Chromatographs 

S. T. B A L K E and R. D. P A T E L 
Xerox Research Centre of Canada, Mississauga, Ontario L 5 L 1J9, Canada 

Orthogonal chromatography (OC) is a new combined 
chromatographic method that can accomplish the high 
performance liquid chromatography (HPLC) of mac
romolecules. The theoretical basis for OC is described as 
the synergistic use of size exclusion with adsorption/ 
partition mechanisms. Fractionation of styrene-n-butyl 
methacrylate copolymers dominated by composition is 
obtained readily. However, chromatogram shape and 
retention time are sensitive to several operating vari
ables, notably the composition of the solvent injected 
into the second gel permeation chromatograph (GPC). A 
dynamic method of calibrating for composition utilizing 
a rapid scanning UV detector is developed and applied to 
obtain quantitative results. The primary uncertainty in 
the copolymer composition distributions obtained is the 
effect of styrene sequence length on the fractionation. 

ο R T H O G O N A L C H R O M A T O G R A P H Y ( O C ) is a n e w c o m b i n e d c h r o m a t o 
g r a p h i c m e t h o d that c a n a c c o m p l i s h the h i g h p e r f o r m a n c e l i q u i d 
c h r o m a t o g r a p h y ( H P L C ) o f m a c r o m o l e c u l e s ( J , 2 ) . I t i n v o l v e s t h e 
c o u p l i n g o f g e l p e r m e a t i o n c h r o m a t o g r a p h s ( G P C s ) a n d the s y n e r g i s t i c 
u t i l i z a t i o n o f s i ze e x c l u s i o n a n d a d s o r p t i o n / p a r t i t i o n m e c h a n i s m s . 

O C is d i r e c t e d p a r t i c u l a r l y at p o l y m e r s that e x h i b i t t w o or m o r e 
s i m u l t a n e o u s p r o p e r t y d i s t r i b u t i o n s . C o p o l y m e r s o f s t y r e n e — n - b u t y l 
m e t h a c r y l a t e are t h e s p e c i f i c e x a m p l e i n t h i s ch a pte r . E v e n s u c h s i m 
p l e c o p o l y m e r s c a n e x h i b i t t h r e e s i m u l t a n e o u s d i s t r i b u t i o n s o f i m 
por tant p r o p e r t i e s : c o m p o s i t i o n , s e q u e n c e l e n g t h , a n d m o l e c u l a r 
w e i g h t . A c o m p o s i t i o n d i s t r i b u t i o n m e a n s that s o m e m o l e c u l e s are 
r i c h e r i n s tyrene t h a n o thers . A s e q u e n c e l e n g t h d i s t r i b u t i o n re fers to 
the p r e s e n c e o f l o n g e r s e g m e n t s o f s ty rene u n i t s i n a r o w (before a n 
η-butyl m e t h a c r y l a t e u n i t is e n c o u n t e r e d ) i n some m o l e c u l e s t h a n i n 

0065-2393/83/0203-0281$08.50/0 
© 1983 Amer i can C h e m i c a l Society 
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282 P O L Y M E R C H A R A C T E R I Z A T I O N 

others. A m o l e c u l a r - w e i g h t d i s t r i b u t i o n for the free r a d i c a l p o l y m e r i z e d 
c o p o l y m e r c a n m e a n a range o f m o l e c u l a r w e i g h t s f r o m ~ 10,000 to 
o v e r 500 ,000 . B e c a u s e t h e s e p r o p e r t y d i s t r i b u t i o n s are p r e s e n t s i m u l 
t a n e o u s l y , i n t e r f e r e n c e o f the r e m a i n i n g t w o d i s t r i b u t i o n s , w h i l e at
t e m p t i n g e l u c i d a t i o n o f one o f t h e m , g rea t ly c o m p l i c a t e s a n a l y s i s 
(3-13) . F o r e x a m p l e , i n a t tempts to a p p l y H P L C d i r e c t l y to the p r o b 
l e m o f c o m p o s i t i o n e l u c i d a t i o n , the s i z e e x c l u s i o n m e c h a n i s m p r e s e n t 
i n t h e p a c k i n g s r e s u l t e d i n a n i n t e r f e r e n c e f r o m t h e m o l e c u l a r - w e i g h t 
d i s t r i b u t i o n (4). R e m o v a l o f t h e s i z e e x c l u s i o n m e c h a n i s m b y u t i l i z i n g 
p a c k i n g o f v e r y s m a l l po res (5) g r e a t l y restr i c ts the p a c k i n g sur face 
area a c c e s s i b l e to m a c r o m o l e c u l e s for a d s o r p t i o n . 

C u r r e n t l y , t h e m o s t c o m m o n m e t h o d o f a n a l y z i n g c o p o l y m e r s is 
to focus o n t h e c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n a n d to a t tach t w o 
spec t rophotometr i c detectors to a c o n v e n t i o n a l G P C (7—9). T h i s s i t u a 
t i o n is s h o w n i n F i g u r e 1, A a n d Β r e f e r r i n g to the d i f f e r e n t m o n o m e r 
u n i t s i n the c o p o l y m e r (s tyrene a n d η-butyl m e t h a c r y l a t e ) . E a c h d e 
tec tor p r o v i d e s o n e e q u a t i o n i n t e r m s o f these t w o c o n c e n t r a t i o n s . T h e 
s o l u t i o n o f t h e e q u a t i o n s o f ten i s p r e s e n t e d as t h e rat io o f t h e t w o 
c o n c e n t r a t i o n s vs . t h e r e t e n t i o n t i m e . T h e t h r e e m a i n p r o b l e m s w i t h 
t h i s a p p r o a c h are d i s c u s s e d n o w . 

SIZE 
SEPARATION 

DETECTOR 
#1 

DETECTOR 
#2 

FOR EACH DETECTOR: 
response 
to cone. + 
of A in 
polymer 

response 
to cone, 
of Bin 
polymer 

total 
detector 
response 

cone, of A 
cone, of Β 

retention time 

Figure 1. Copolymer analysis by dual detector gel permeation chro
matography. 
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Problem Areas with Dual Detector, Conventional GPC Analysis 

C o m p u t a t i o n a l . T h e u s u a l m e t h o d o f p r e s e n t i n g the c o p o l y m e r 
c o m p o s i t i o n d i s t r i b u t i o n , as s h o w n i n F i g u r e 1, has l i m i t e d u t i l i t y 
b e c a u s e r e t e n t i o n t i m e i s a f u n c t i o n o f t h e c h r o m a t o g r a p h i c o p e r a t i n g 
c o n d i t i o n s . A d i f f e r e n t i a l d i s t r i b u t i o n r e p r e s e n t i n g c o p o l y m e r c o m p o 
s i t i o n c a n b e c a l c u l a t e d f r o m p o l y m e r i z a t i o n k i n e t i c m o d e l s a n d so 
has a f u n d a m e n t a l bas i s as w e l l as a m o r e g e n e r a l u t i l i t y ( J , 14). D e 
ta i l s are p r o v i d e d la ter i n t h i s c h a p t e r . H o w e v e r , g e n e r a l l y the 
a b s c i s s a i n t h i s case r e p r e s e n t s w e i g h t f r a c t i o n o f s t y r e n e i n t h e 
c o p o l y m e r a n d the o r d i n a t e r e p r e s e n t s the c o p o l y m e r c o n c e n t r a t i o n . 

P r a c t i c a l . T h e c o u p l e d p r o b l e m s o f a x i a l d i s p e r s i o n w i t h i n e a c h 
d e t e c t o r c e l l , s i g n i f i c a n t t i m e d e l a y b e t w e e n de tec tors , a n d v e r y r a p i d 
a n a l y s e s ( s teep ly r i s i n g c h r o m a t o g r a m s ) c a n cause h i g h u n c e r t a i n t y i n 
p a i r i n g the e q u a t i o n o b t a i n e d f r o m o n e de te c to r w i t h that o b t a i n e d 
f r o m the o ther . 

F u n d a m e n t a l . T w o f u n d a m e n t a l p r o b l e m s a s s o c i a t e d w i t h d u a l 
d e t e c t o r G P C are f r a c t i o n a t i o n a n d d e t e c t i o n . C o n v e n t i o n a l G P C is 
d i r e c t e d at o b t a i n i n g s e p a r a t i o n w i t h r e s p e c t to m o l e c u l a r s i z e i n so
l u t i o n ra ther t h a n w i t h r e s p e c t to c o m p o s i t i o n , s e q u e n c e l e n g t h , or 
m o l e c u l a r w e i g h t ( I I , 15) . T h e r e f o r e , at a n y r e t e n t i o n t i m e , e a c h d e 
tec tor c a n b e v i e w i n g o n e m o l e c u l a r s i z e b u t a w i d e v a r i e t y i n t e r m s o f 
t h e t h r e e p r o p e r t i e s o f i n t e r e s t . I n p a r t i c u l a r , m o l e c u l e s o f m a n y d i f 
f e rent c o m p o s i t i o n s m a y b e p r e s e n t a n d m u s t b e c h a r a c t e r i z e d b y o n e 
average c o m p o s i t i o n v a l u e at e a c h r e t e n t i o n t i m e d e t e r m i n e d b y the 
t w o de tec to r r e s p o n s e s . T h i s has l e d r e c e n t l y to t h e s u g g e s t i o n that 
G P C w a s not a g o o d m e t h o d for d e t e r m i n i n g c o p o l y m e r c o m p o s i t i o n 
d i s t r i b u t i o n (11). A s e c o n d f u n d a m e n t a l d i f f i c u l t y is a s s o c i a t e d w i t h 
de te c to r r e s p o n s e . I n s e v e r a l e x a m p l e s , s p e c t r o p h o t o m e t r i c d e t e c t o r 
r e s p o n s e has b e e n i n f l u e n c e d b y b o t h c o m p o s i t i o n a n d s e q u e n c e 
l e n g t h (12, 16-19). B e c a u s e a v a r i e t y o f s e q u e n c e l e n g t h s as w e l l as 
c o m p o s i t i o n s is e x p e c t e d w i t h i n e a c h de te c to r c e l l , the e q u a t i o n 
s h o w n i n F i g u r e 1 c a n b e i n v a l i d a t e d . 

T h e o b j e c t i v e o f t h i s p a p e r is to s h o w O C d e v e l o p m e n t a i m e d at 
c i r c u m v e n t i n g the p r o b l e m s d e s c r i b e d to e l u c i d a t e c o p o l y m e r p r o p 
er ty d i s t r i b u t i o n s . 

Theory 
F r a c t i o n a t i o n . F i g u r e 2 s h o w s c o p o l y m e r p r o p e r t y d i s t r i b u t i o n s 

i l l u s t r a t e d as a t h r e e - d i m e n s i o n a l s i t u a t i o n . T h e c o p o l y m e r is r e p r e 
s e n t e d as a c o n t o u r m a p i n t h e t e r n a r y d i a g r a m w h e r e e a c h c o n t o u r 
r e p r e s e n t s a d i f f e r e n t c o n c e n t r a t i o n . T h e use o f a t e r n a r y d i a g r a m for 
v i s u a l i z a t i o n o f c o p o l y m e r p r o p e r t y d i s t r i b u t i o n s is u n c o n v e n t i o n a l . 
U s u a l l y t e r n a r y d i a g r a m s are u s e d for s u c h a p p l i c a t i o n s as p h a s e 
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d i a g r a m s , a n d the v a l u e s o f the c o o r d i n a t e s i n s u c h cases a d d to 
u n i t y . T h i s is no t the case h e r e . I n fact, for q u a n t i t a t i v e u s e , the 
sca le for e a c h o f the axes w o u l d l i k e l y b e n o n l i n e a r i n t h i s case , 
a n d / o r q u i t e p o s s i b l y the c o n t o u r s o f r e a l c o p o l y m e r s w o u l d e x c e e d 
the b o u n d a r i e s o f t h e t r i a n g l e . O n e a c h ax i s , c o m p o s i t i o n , s e q u e n c e 
l e n g t h , a n d m o l e c u l a r s i ze i n s o l u t i o n are p l o t t e d . M o l e c u l a r s i z e 
is p l o t t e d r a t h e r t h a n m o l e c u l a r w e i g h t b e c a u s e i t is t h e bas i s 
u p o n w h i c h c o n v e n t i o n a l G P C u s u a l l y f ract ionates (15). E a c h s i d e o f 
t h i s d i a g r a m s h o w s the i n d i v i d u a l p r o p e r t y d i s t r i b u t i o n s . I n d u a l -
d e t e c t o r G P C , f r a c t i o n a t i o n p r o c e e d s v e r t i c a l l y d o w n t h e t e r n a r y d i a 
g r a m b e g i n n i n g at the v e r t e x m a r k e d " M a x i m u m S i z e . " W h e n t h e 
c o p o l y m e r is e n c o u n t e r e d , the detec tors see o n e m o l e c u l a r s i z e b u t a 
v a r i e t y o f c o m p o s i t i o n s . A s s h o w n i n F i g u r e 2, b e c a u s e t h i s v a r i e t y i n 
c o m p o s i t i o n s m u s t b e r e p r e s e n t e d b y a s i n g l e average o b t a i n e d f r o m 
the t w o detectors at e a c h r e t e n t i o n t i m e , a m u c h n a r r o w e r c o p o l y m e r 
c o m p o s i t i o n d i s t r i b u t i o n t h a n is a c t u a l l y p r e s e n t is o b t a i n e d i n t h i s 
case . I n O C , w e a t t e m p t to r e m e d y the s i t u a t i o n b y e m p h a s i z i n g d e 
s i r e d f r a c t i o n a t i o n . A s s h o w n i n F i g u r e 2 a s e g m e n t , or s l i c e o f t h e 
m o l e c u l a r s i z e d i s t r i b u t i o n i s e n v i s i o n e d to b e r e p r e s e n t e d b y a t w o -
d i m e n s i o n a l p l o t o f c o m p o s i t i o n vs . s e q u e n c e l e n g t h . T h e b a s i c i d e a 
u n d e r l y i n g O C t h e n is to a c c o m p l i s h a m o l e c u l a r s i ze s e p a r a t i o n a n d 
to f ract ionate e a c h p o i n t a l o n g the m o l e c u l a r s i z e d i s t r i b u t i o n ac 
c o r d i n g to c o m p o s i t i o n to o b t a i n a t r u e c o p o l y m e r c o m p o s i t i o n d i s 
t r i b u t i o n at the e n d . T w o c o m p l i c a t i o n s are that m o l e c u l a r s i z e ra ther 
t h a n m o l e c u l a r w e i g h t is t h e bas i s for t h e f i rst f r a c t i o n a t i o n a n d the 
p r e s e n c e o f s e q u e n c e l e n g t h m a y i n t e r f e r e w i t h t h e c o m p o s i t i o n f rac 
t i o n a t i o n a n d d e t e c t i o n . 

C O M B I N I N G F R A C T I O N A T I O N M E C H A N I S M S . F i g u r e 3 shows a s cheme 
o f a n O C s y s t e m . T h e e f f l u e n t f r o m t h e f i rst G P C flows t h r o u g h t h e 
i n j e c t i o n v a l v e o f the s e c o n d . A t a n y t i m e , a s l i c e o f the c h r o m a t o g r a m 
o f the f irst G P C c a n b e i n j e c t e d i n t o the s e c o n d . D i f f e r e n t s o l vents are 
r u n i n e a c h i n s t r u m e n t . C o p o l y m e r s a m p l e s a l o n e , or w i t h t h e i r 
m o n o m e r s i n a r e a c t i o n m i x t u r e , a n d / o r w i t h a n i n t e r n a l b r o a d m o l e c 
u l a r w e i g h t d i s t r i b u t i o n p o l y s t y r e n e s t a n d a r d are d i s s o l v e d i n tet -
r a h y d r o f u r a n ( T H F ) a n d i n j e c t e d i n t o t h e f i rst i n s t r u m e n t . T h e ob j e c 
t i v e is to a c c o m p l i s h a m o l e c u l a r s i ze s e p a r a t i o n w i t h G P C 1 a n d a 
c o m p o s i t i o n s e p a r a t i o n w i t h G P C 2. V a r i o u s de tec tors , n o t a b l y a r a p i d 
s c a n n i n g U V detec tor , c a n t h e n b e u s e d to i n t e r p r e t t h e r e s u l t s . 

F i g u r e 4 i l l u s t r a t e s the b a s i s for the O C c r o s s - f r a c t i o n a t i o n . If, i n 
G P C 1, c o n v e n t i o n a l m o l e c u l a r s i z e s e p a r a t i o n a n d a d e q u a t e s i z e 
r e s o l u t i o n is a s s u m e d , t h e n for m o l e c u l e s w i t h i n the s l i c e ( i .e . , i n the 
i n j e c t i o n l o o p o f G P C 2) m a n y m o l e c u l a r w e i g h t s , c o p o l y m e r c o m p o 
s i t i o n s , or s e q u e n c e l e n g t h s m a y b e p r e s e n t , a n d a l l m o l e c u l e s are the 
same m o l e c u l a r s i z e ( h y d r o d y n a m i c v o l u m e ) . I n a d d i t i o n , d i f f e r e n c e s 
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288 P O L Y M E R C H A R A C T E R I Z A T I O N 

i n m o l e c u l a r w e i g h t , i f p r e s e n t , are a l w a y s a s s o c i a t e d w i t h a d i f f e r 
e n c e i n c o m p o s i t i o n a n d / o r s e q u e n c e l e n g t h . 

T h e last p o i n t is a p a r t i c u l a r l y i m p o r t a n t o n e b e c a u s e i t e x p l a i n s 
h o w o n e d i m e n s i o n o f the a n a l y t i c a l p r o b l e m , m o l e c u l a r w e i g h t , c a n 
b e r e m o v e d a l t h o u g h G P C 1 separates o n the bas i s o f m o l e c u l a r s i ze 
a n d n o t m o l e c u l a r w e i g h t . T h i s p o i n t m a y b e e x p l a i n e d m o r e c l e a r l y 
i n t w o w a y s : 

1. I f w e e n v i s i o n a s i n g l e h o m o p o l y m e r (e.g., p o l y s t y r e n e ) 
d i s s o l v e d i n T H F a n d i n j e c t e d i n t o the f i rst G P C , t h e n 
w i t h i n t h e s l i c e o n l y o n e m o l e c u l a r s i z e a n d o n e m o l e c 
u l a r w e i g h t w i l l b e p r e s e n t . I f w e v i s u a l i z e t w o d i f f e r e n t 
h o m o p o l y m e r s [e.g., p o l y s t y r e n e a n d p o l y ( n - b u t y l m e t h 
acrylate) ] b l e n d e d t oge ther , d i s s o l v e d i n T H F a n d s i m 
i l a r l y a n a l y z e d , a g a i n o n l y o n e m o l e c u l a r s i z e , b u t at 
m o s t t w o m o l e c u l a r w e i g h t s , w i l l b e p r e s e n t . F o r t h r e e 
di f ferent h o m o p o l y m e r s , at most three m o l e c u l a r we ights , 
a l l o f the same m o l e c u l a r s i z e , w i l l b e p r e s e n t i n a s l i c e . 
T h u s , for a c o p o l y m e r w e say that m o l e c u l a r w e i g h t is 
a s s o c i a t e d w i t h the d i f f e r e n c e i n c o m p o s i t i o n a n d / o r 
s e q u e n c e l e n g t h . 

2. M o l e c u l a r s i z e u s u a l l y is c o n s i d e r e d to b e s y n o n o m o u s 
w i t h h y d r o d y n a m i c v o l u m e a n d is r e l a t e d to m o l e c u l a r 
w e i g h t b y : 

V = KMa+1 (1) 

w h e r e V i s h y d r o d y n a m i c v o l u m e , M is m o l e c u l a r 
w e i g h t , a n d Κ a n d a are M a r k - H o u w i n k constants . 
C h a n g e s i n c o m p o s i t i o n a n d / o r s e q u e n c e l e n g t h are ex 
p e c t e d to affect t h e M a r k — H o u w i n k constants . B e c a u s e 
h y d r o d y n a m i c v o l u m e is constant w i t h i n the s l i ce , changes 
i n these constants w i l l g e n e r a l l y b e r e f l e c t e d b y a c h a n g e 
i n m o l e c u l a r w e i g h t . 

G P C c o l u m n s s o m e t i m e s e x h i b i t a d s o r p t i o n a n d p a r t i t i o n m e c h a 
n i s m s a l o n g w i t h s i ze e x c l u s i o n (20-23). A d s o r p t i o n a n d p a r t i t i o n are 
g e n e r a l l y u n d e s i r a b l e b e c a u s e t h e y cause v i o l a t i o n s o f u n i v e r s a l 
c a l i b r a t i o n i n G P C . H o w e v e r , t h e s e m e c h a n i s m s w i t h G P C c o l u m n s 
h a v e b e e n u t i l i z e d to ef fect a n a l y s i s o f s m a l l m o l e c u l e s (20). 

If, i n G P C 2, m o l e c u l a r s i ze e x c l u s i o n , a d s o r p t i o n , a n d p a r t i t i o n 
are a s s u m e d to b e p r e s e n t , t h e n , i n G P C 2, for a s p e c i f i e d c o l u m n 
p a c k i n g , (a) the p o r e v o l u m e a v a i l a b l e to a g i v e n p o l y m e r m o l e c u l e 
a n d the surface area that i t sees d e p e n d o n its m o l e c u l a r s i ze i n 
s o l u t i o n ; a n d (b) the s i ze o f the m o l e c u l e i n s o l u t i o n , i ts a d s o r p t i o n 
c oe f f i c i en t , a n d i ts s o l u b i l i t y are f u n c t i o n s o f the m o l e c u l a r w e i g h t , 
c o m p o s i t i o n , a n d s e q u e n c e l e n g t h o f t h e m o l e c u l e as w e l l as t h e c h a r 
ac ter i s t i c s o f the s o l v e n t i n G P C 2. 
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16. B A L K E A N D P A T E L Orthogonal Chromatography 289 

A s a r e s u l t , a l t h o u g h m o l e c u l e s are t h e same s i ze w i t h i n t h e s l i c e 
s a m p l e d o f G P C 1 ( i n p u r e T H F ) , w h e n i n t r o d u c e d i n t o the s o l v e n t 
o f G P C 2, a s i z e d i s t r i b u t i o n is p r o b a b l e a n d w i l l i n f l u e n c e t h e s e p 
a r a t i o n i n G P C 2. F u r t h e r m o r e , b e c a u s e m o l e c u l a r w e i g h t is as
s o c i a t e d w i t h c o m p o s i t i o n a n d / o r s e q u e n c e l e n g t h , d i f f e r e n c e s i n 
m o l e c u l a r w e i g h t w i t h i n t h e s l i c e s a m p l e d c a n a c t u a l l y b e d e s i r a b l e 
b e c a u s e t h e y c a n b e u s e d to e n h a n c e t h e s e p a r a t i o n i n G P C 2. 

F o r e x a m p l e , for the s p e c i f i c case o f s t y r e n e - η - b u t y l m e t h a c r y 
l a t e , the s o l v e n t m i x t u r e i n G P C 2 is a m u c h p o o r e r s o l v e n t for p o l y 
s tyrene t h a n for p o l y ( n - b u t y l m e t h a c r y l a t e ) . T h u s , s t y r e n e - r i c h m o l e 
c u l e s are e x p e c t e d to s h r i n k m o r e t h a n η-butyl m e t h a c r y l a t e - r i c h 
m o l e c u l e s w h e n i n j e c t e d i n t o G P C 2 a n d , t h e r e f o r e , see m o r e a rea o f 
t h e p a c k i n g . A l s o , r e t a r d a t i o n o f p o l y s t y r e n e b y a d s o r p t i o n p a r t i t i o n 
effects has b e e n d e m o n s t r a t e d i n t h i s s o l v e n t . T h u s , t h e r e s u l t i s that 
i n O C the t h r e e m e c h a n i s m s c a n b e m a n i p u l a t e d t h r o u g h s o l v e n t 
c h o i c e to w o r k s y n e r g i s t i c a l l y t o g e t h e r to a c c o m p l i s h t h e H P L C o f 
p o l y m e r s . 

F R A C T I O N A T I O N C O M P L I C A T I O N S . T h e effect o f p o l y m e r c o n c e n 
t r a t i o n i n j e c t e d i n t o G P C 1 a n d the p o s s i b l e i n f l u e n c e o f the s o l v e n t 
f l o w i n g t h r o u g h G P C 1 o n t h e s e p a r a t i o n o b t a i n e d i n G P C 2 m u s t b e 
c o n s i d e r e d i n a p p l y i n g t h i s t y p e o f c o m b i n e d c h r o m a t o g r a p h y t e c h 
n i q u e . T o o h i g h a c o n c e n t r a t i o n o f p o l y m e r i n j e c t e d i n t o G P C 1 c a n 
s e v e r e l y d e g r a d e t h e r e s o l u t i o n i n that i n s t r u m e n t . H o w e v e r , too l o w 
a c o n c e n t r a t i o n c a n m e a n u n d e t e c t a b l e q u a n t i t i e s e x i t i n g f r o m G P C 2. 
T h i s c h a p t e r e x a m i n e s t h e ef fect o f c o n c e n t r a t i o n b y a n a l y z i n g a 
b l e n d o f t w o h o m o p o l y m e r s [ p o l y s t y r e n e a n d p o l y ( n - b u t y l m e t h a c r y 
la te ) ] . I n t h i s case , t h e o u t p u t f r o m G P C 2 w i l l b e t w o p e a k s , o n e for 
e a c h h o m o p o l y m e r . T h e r e s o l u t i o n o f t h e s e p e a k s c a n b e a s s e s s e d b y 
c a l c u l a t i o n o f a m o d i f i e d r e s o l u t i o n i n d e x . T h i s i n d e x is d e f i n e d as: 

hi h 2 

w h e r e (refer to t h e i n s e r t , F i g u r e 10): A f i s p e a k s e p a r a t i o n , Wx a n d W 2 

are p e a k w i d t h s , a n d hx a n d h2 are p e a k h e i g h t s . 
T h e d i f f e r e n c e b e t w e e n t h i s m o d i f i e d i n d e x a n d the c o n v e n t i o n a l 

o n e i s that the p e a k w i d t h s i n e a c h case h a v e b e e n d i v i d e d b y t h e p e a k 
h e i g h t s . T h i s d i v i s i o n w a s d o n e b e c a u s e t h e areas u n d e r t h e s e p e a k s 
are g e n e r a l l y no t t h e same . T h e m o d i f i c a t i o n is a n o r m a l i z a t i o n to u n i t 
h e i g h t for e a c h p e a k b y a s s u m i n g that t h e p e a k h e i g h t s h o u l d b e 
p r o p o r t i o n a l to t h e p e a k w i d t h . 

I n a n a l y s i s o f s m a l l m o l e c u l e s b y c o m b i n e d c h r o m a t o g r a p h i c 
m e t h o d s ( p a r t i c u l a r l y G P C w i t h H P L C ) , c o m p a t i b i l i t y o f the m o b i l e 
p h a s e s r u n n i n g i n e a c h i n s t r u m e n t i s a m a j o r c o n s i d e r a t i o n (24). F o r 
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290 P O L Y M E R C H A R A C T E R I Z A T I O N 

e x a m p l e , use o f a d s o r p t i o n c h r o m a t o g r a p h y i n the H P L C a t t a c h e d to a 
G P C w a s c o n s i d e r e d i m p r a c t i c a l b e c a u s e o f the use o f T H F i n t h e 
G P C (25). U n l i k e o t h e r m e t h o d s o f c o m b i n i n g c h r o m a t o g r a p h y , O C 
u t i l i z e s a s i ze e x c l u s i o n m e c h a n i s m i n G P C 2 a l o n g w i t h a d s o r p t i o n 
a n d p a r t i t i o n . T h e r e f o r e , i t m a y b e p o s s i b l e to separate t h e G P C 1 s o l 
v e n t f r o m the m a c r o m o l e c u l e s . 

Q u a n t i t a t i v e D e t e c t i o n a n d I n t e r p r e t a t i o n . M i x e d m e c h a n i s m s 
i n G P C 2 a n d the c o u p l i n g o f c o m p o s i t i o n w i t h s e q u e n c e l e n g t h ef
fects cause c a l i b r a t i o n r e f e r e n c i n g r e t e n t i o n t i m e to b e v e r y d i f f i c u l t . 
A s m e n t i o n e d p r e v i o u s l y , the use o f s e q u e n c e s o f de tec tors is c o m p l i 
c a t e d b y p r a c t i c a l d i f f i c u l t i e s . Q u a n t i t a t i v e use o f s c a n n i n g detec tors 
c a n p o t e n t i a l l y e l i m i n a t e a l l o f these p r o b l e m s (26). A strategy for a 
d y n a m i c m e t h o d o f c a l i b r a t i o n is as f o l l o w s : 

S P E C T R A A N A L Y S I S . T h i s i n v o l v e s i d e n t i f y i n g s i g n i f i c a n t v a r i a 
t i o n s i n the spec t ra , a t t r i b u t i n g a source to these v a r i a t i o n s , a n d 
s u i t a b l y q u a n t i f y i n g the r e s u l t s . I n s p e c t i o n o f the h o m o p o l y m e r 
s p e c t r a p r o v i d e s a n i n d i c a t i o n o f w h e r e t h e d i f f e r e n t m o n o m e r u n i t s 
w i l l c o n t r i b u t e . H o w e v e r , t h e c o p o l y m e r s p e c t r a c a n s h o w d i f f e r e n c e s 
b e c a u s e o f s e q u e n c e l e n g t h or o t h e r m i c r o s t r u c t u r e ef fects (12 ,16-19) . 
A l s o , b e c a u s e v e r y l o w c o n c e n t r a t i o n s are u s u a l l y e x i t i n g f r o m t h e 
s e c o n d G P C , m a x i m i z i n g p r e c i s i o n a n d d i s t i n g u i s h i n g s i g n a l v a r i a 
t i o n s f r o m n o i s e are i m p o r t a n t c o n s i d e r a t i o n s . U s e o f a b s o r b a n c e v a l 
ues that h a v e b e e n a v e r a g e d o v e r d e f i n e d r e g i o n s o f t h e spec t ra c a n 
s i g n i f i c a n t l y i m p r o v e p r e c i s i o n a n d c a n a l l o w for m i n o r shi fts i n p e a k 
a b s o r b a n c e s . H o w e v e r , u s e o f s u c h averages i m p l i e s k n o w l e d g e o f a l l 
p r o p e r t i e s a f f e c t ing a b s o r b a n c e i n t h e r e g i o n . If, for e x a m p l e , se 
q u e n c e l e n g t h affects the average a b s o r b a n c e o f s o m e s a m p l e s w h e r e 
o n l y a c o m p o s i t i o n ef fect has b e e n a s s u m e d , a s i g n i f i c a n t e r r o r c o u l d 
b e i n t r o d u c e d . F o r m a n y c o m o n o m e r s a w a v e l e n g t h r e g i o n c a n b e 
f o u n d w h e r e s e q u e n c e l e n g t h has n o effect. T h i s r e g i o n c a n b e d e t e r 
m i n e d b y e x a m i n i n g U V scans o b t a i n e d e i t h e r o n - l i n e or o f f - l i n e . I n 
b o t h cases s i g n i f i c a n t s p e c t r a l s h a p e c h a n g e s w i t h i n a r e g i o n a s s u m e d 
to r e f l e c t o n l y the c o n c e n t r a t i o n o f o n e o f the m o n o m e r u n i t s w o u l d 
i n d i c a t e the i n t r u s i o n o f s e q u e n c e l e n g t h effects. S u c h s h a p e c h a n g e s 
c a n b e r e v e a l e d b y e x a m i n i n g the d i f f e r e n c e s i n the n o r m a l i z e d a b 
sorbances w i t h i n the r e g i o n f r o m s a m p l e to s a m p l e . I n p r a c t i c e , t h e 
r e s i d u a l a b s o r b a n c e is e x a m i n e d a n d is d e f i n e d b y : 

D(k) = ΑΝΛ(λ) - ΑΝ(λ) (3) 
w h e r e 

Α#,ί(λ.) — 
Α, (λ) 
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16. B A L K E A N D P A T E L Orthogonal Chromatography 291 

ι=ι η 

a n d D is r e s i d u a l n o r m a l i z e d a b s o r b a n c e , Α ^ λ ) is a b s o r b a n c e at 
w a v e l e n g t h λ , ΑΝΛ(λ) is n o r m a l i z e d a b s o r b a n c e at λ for s p e c t r a i , a n d 
Α#(λ) i s n o r m a l i z e d a b s o r b a n c e at λ a v e r a g e d o v e r η s p e c t r a . A p l o t o f 
t h e r e s i d u a l n o r m a l i z e d a b s o r b a n c e vs . w a v e l e n g t h s h o u l d s h o w a 
r a n d o m p a t t e r n i f n o u n d e s i r a b l e shape c h a n g e s are p r e s e n t . 

C A L I B R A T I O N F O R E A C H P R O P E R T Y . F o r t h e s c a n n i n g U V d e t e c t o r , 
t h e b a s i c c a l i b r a t i o n e q u a t i o n i s B e e r ' s l a w at e a c h w a v e l e n g t h . 

Α ( λ ) = [Kuk Wx + K 2 , x (1 - Wx)]c (4) 

w h e r e Α ( λ ) is t h e a b s o r b a n c e at λ ; KlsK a n d K2,k are p r o p o r t i o n a l i t y 
constants for m o n o m e r s 1 a n d 2 i n the p o l y m e r , r e s p e c t i v e l y ; Wx is t h e 
w e i g h t f r a c t i o n o f m o n o m e r 1 i n the c o p o l y m e r ; a n d c i s the* c o n c e n 
t r a t i o n o f the c o p o l y m e r i n t h e s o l u t i o n . 

U n d e r the f o l l o w i n g c o n d i t i o n s : 

1. N o s e q u e n c e l e n g t h effects o n a b s o r b a n c e s are u s e d . 
2. A b s o r b a n c e s i n t h e w a v e l e n g t h range 2 5 4 - 2 8 0 n m r e 

flect o n l y s tyrene c o n c e n t r a t i o n i n the c o p o l y m e r . 
3. A b s o r b a n c e s i n t h e range 235—245 n m r e f l e c t o n l y 

s t y r e n e a n d η-butyl m e t h a c r y l a t e c o n c e n t r a t i o n s i n t h e 
c o p o l y m e r . 

T h e f o l l o w i n g e q u a t i o n s are o b t a i n e d from E q u a t i o n 4: 

A235-245 _ Ί , ^ 2 /g\ 

A 254-280 

* 254-280 

K-l, 254-280 W i 
(6) 

w h e r e A 2 3 5 - 2 4 5 i s t h e a b s o r b a n c e a v e r a g e d o v e r 2 3 5 — 2 4 5 n m i n c l u 
s i v e , A 2 5 4 - 2 8 o is the a b s o r b a n c e a v e r a g e d o v e r 254—280 n m i n c l u s i v e , 
&! a n d b2 are c a l i b r a t i o n cons tants , a n d Ku 254-280 i s t h e p r o p o r t i o n a l i t y 
c ons tant for s t y r e n e a v e r a g e d o v e r 254—280 n m . 

E q u a t i o n 5 p r o v i d e s a n e x p r e s s i o n for t h e w e i g h t f r a c t i o n s t y r e n e 
i n t h e c o p o l y m e r as a f u n c t i o n o f a b s o r b a n c e rat ios . T h i s q u a n t i t y is 
t h e a b s c i s s a o f t h e c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n . E q u a t i o n 6 is 
a n e x p r e s s i o n for t h e c o n c e n t r a t i o n o f t h e c o p o l y m e r o f e a c h c o m p o s i 
t i o n a n d p r o v i d e s the bas i s for c a l c u l a t i o n o f the o r d i n a t e o f the 
c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n . T h e p r o p o r t i o n a l i t y cons tant i n 
E q u a t i o n 6 does n o t h a v e to b e d e t e r m i n e d e x p l i c i t l y as i t cance l s i n 
t h e f o l l o w i n g e q u a t i o n s . 
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292 P O L Y M E R C H A R A C T E R I Z A T I O N 

C A L C U L A T I O N O F T H E P R O P E R T Y D I S T R I B U T I O N O R D I N A T E F O R T H E 
S L I C E . T h e o r d i n a t e for t h e d i f f e r e n t i a l c o p o l y m e r c o m p o s i t i o n d i s 
t r i b u t i o n is d e f i n e d as f o l l o w s : 

&(W1)dW1 = ^ (7) 

J cdt 
0 

or 
cdt 

ft(W.) = (8) 

S 
0 

cdt 

w h e r e g{ (Wi) i s t h e o r d i n a t e o f t h e d i f f e r e n t i a l c o p o l y m e r c o m p o s i t i o n 
d i s t r i b u t i o n , g{ (Wi) dWt is the w e i g h t f r a c t i o n o f c o p o l y m e r o f s t y r e n e 
w e i g h t f r a c t i o n W x to Wt + dWu t is the r e t e n t i o n t i m e , a n d cdt i s t h e 
c o n c e n t r a t i o n o f c o p o l y m e r f r o m t i m e t to t + dt. 

E q u a t i o n 7 shows the bas is for th is d i s t r i b u t i o n . T h a t i s , the area o f 
a d i f f e r e n t i a l i n c r e m e n t o f t h e d i s t r i b u t i o n (left s i d e o f E q u a t i o n 7) 
m u s t e q u a l the d i f f e r e n t i a l a rea o f a p l o t o f w e i g h t f r a c t i o n o f the 
p o l y m e r vs . t i m e ( r ight s ide o f E q u a t i o n 7). C a l c u l a t i o n o f the o r d i n a t e 
f r o m E q u a t i o n 8 r e q u i r e s e s t i m a t i o n o f a d e r i v a t i v e (dtldWx). T h e d e 
r i v a t i v e was c a l c u l a t e d f r o m a l i n e a r r e g r e s s i o n o f the a b s o r b a n c e ra t i o 
vs . t i m e for e a c h s a m p l e , a n d use o f t h e d e r i v a t i v e o f E q u a t i o n 5. 

C A L C U L A T I O N O F T H E T O T A L C O P O L Y M E R C O M P O S I T I O N D I S T R I B U 
T I O N . T h e c a l c u l a t i o n s o u t l i n e d p r e v i o u s l y are p e r f o r m e d for e a c h 
s l i c e a n a l y z e d b y G P C 2. T o o b t a i n t h e t o ta l p r o p e r t y d i s t r i b u t i o n t h e 
r esu l t s m u s t b e s u m m e d o v e r a l l the s l i c e s . T h a t i s , the o r d i n a t e is 
c a l c u l a t e d f r o m 

Ν 

= Σ aigi(Wt) (9) 

w h e r e gj (Wi) is the o r d i n a t e for the to ta l d i f f e r e n t i a l c o p o l y m e r c o m 
p o s i t i o n d i s t r i b u t i o n 

J c d t 
ο 

« f = (10) 

Σ 7 cdt 

w h e r e Ν is the n u m b e r o f s l i c e s a n a l y z e d b y G P C 2. 
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E q u a t i o n 9 is a w e i g h t e d s u m o f t h e d i f f e r e n t i a l c o p o l y m e r c o m 
p o s i t i o n d i s t r i b u t i o n s o f e a c h o f the s l i c e s . T h e w e i g h t i n g factor i s the 
c o n c e n t r a t i o n o f t h e s l i c e r e l a t i v e to that o f t h e w h o l e p o l y m e r . T h e 
i n d i v i d u a l o r d i n a t e s (g f) m u s t b e at the same w e i g h t f r a c t i o n s ty rene i n 
the c o p o l y m e r (W x ) e a c h t i m e E q u a t i o n 9 is u s e d . T h i s m e a n s that the 
o r d i n a t e s o f t h e i n d i v i d u a l c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n s m u s t 
b e i n t e r p o l a t e d at e a c h v a l u e o f Wt. L a g r a n g i a n i n t e r p o l a t i o n w a s u s e d 
i n t h i s c h a p t e r . 

Experimental 
Both equipment and procedures were similar to that used in previous 

literature (J, 2). In particular, as shown i n Figure 15 of Reference 1: G P C 1 (a 
Waters G P C / A L C 401) was attached to G P C 2 (a Spectra-Physics SP8000) so 
that the eluent from the first G P C ran through the injection valve of the 
second. C o l u m n switching valves were as shown i n that figure and enabled 
G P C 1 to be operated i n a stop-and-go fashion. However , new operating 
conditions enabled m u c h more rapid analysis than these. Specific conditions 
were for G P C 1: ΙΟ 4, ΙΟ 5, 10 3 Â MStyragel, 2 cnrVmin T H F then stepped at 0.5 
cnrVmin for each new slice, 0.2—0.5-cm 3 injection loop, 0.2—0.4% poly n -buty l 
methacrylate and/or polystyrene-η-butyl methacrylate and/or polystyrene; and 
G P C 2: Ε1000, E500 , Ε125 μBondagel, 0.5 cnrVmin Τ Η F/n-heptane, 0.1-cm 3 

injection loop. Three U V detectors were SP8310 (λ = 254 nm), Schoeffel (λ = 235 
nm) and HP8450 U V / V I S diode array scanning spectrophotometer (used w i t h 
out stop flow (10) operation since it provided scans i n ~ 2 s). 

Typ i ca l l y a run w o u l d consist of injection of a 50/50 mixture of 0.4% 
polystyrene-η-butyl methacrylate copolymer and NBS-706 polystyrene dis 
solved i n T H F . G P C 1 was operated at 2 c m 3 / m i n for 9 m i n . A t that t ime, 
valves on that instrument are switched to stop the flow. A n injection is then 
made into G P C 2, w h i c h is running at 0.5 c m 3 / m i n . Just before the sample 
exits, the scanning spectrophotometer begins to scan for approximately 2 s 
every 10 s. Analysis times are approximately 15 m i n i n G P C 2. After the G P C 2 
run is complete the sample i n G P C 1 is advanced by 1 m i n at a flow rate of 0.5 
cnrVmin and the operation is repeated. I f desired, retention t ime i n figures can 
therefore be converted to retention vo lume by m u l t i p l y i n g seconds by 
(2.00/60) for G P C 1 values and seconds by (0.50/60) for G P C 2 values. 

Results and Discussion 
F r a c t i o n a t i o n . F i g u r e 5 s h o w s a ser ies o f G P C 2 c h r o m a t o g r a m s 

o b t a i n e d at 2 3 5 n m . T h e r e s u l t s f r o m i n j e c t i n g i n t o G P C 2 n e i g h b o r 
i n g s l i c e s o f t h e c h r o m a t o g r a m o f the m i x t u r e o f t h r e e p o l y m e r s 
[ p o l y s t y r e n e , p o l y s t y r e n e - η - b u t y l m e t h a c r y l a t e , a n d p o l y ( n - b u t y l 
methacry la te ) ] i n j e c t e d i n t o G P C 1. T h e ef fect o f c h a n g i n g t h e G P C 2 
m o b i l e p h a s e c o n c e n t r a t i o n o f n - h e p t a n e i n T H F f r o m 0 to 7 0 % , i n c l u 
s i v e , is s h o w n . T h e f o l l o w i n g p o i n t s w e r e e v i d e n t : 

1. I n c r e a s i n g η -heptane c o n c e n t r a t i o n l e d to c o m p l e t e res 
o l u t i o n s h o w i n g o n e w h o l e p e a k for e a c h t y p e o f p o l y 
m e r p r e s e n t . 

2. A t 0 % η-heptane , the t h r e e p o l y m e r s e x i t e d as o n l y one 
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294 p o l y m e r c h a r a c t e r i z a t i o n 

oc51 
63.8% 

oc54 
60.0% 

oc55 
57.0% 

oc56 
50.0% 

oc57 
0.0% 

ι I ι I ι l _ 
900 700 500 

t(sec) 
Figure 5a. Series of OC runs showing effect on separation of polysty
rene ( ~ A A ~ ) , polystyrene—n-butyI methacrylate (~AB~), and poly(n-
butyl methacrylate) (~BB~) of η-heptane concentrations ranging from 0 

to 63.8% by volume in the THF/n-heptane mobile phase of GPC 2. 

p e a k as e x p e c t e d i f a m o l e c u l a r s i ze s e p a r a t i o n is o c c u r 
r i n g i n b o t h G P C s . 

3. P e a k shapes a n d r e t e n t i o n t i m e s v a r i e d n o t o n l y w i t h the 
c o m p o s i t i o n o f the s o l v e n t b u t a l so w i t h t h e l o c a t i o n o f 
the s l i c e i n the c h r o m a t o g r a m o f G P C 1. 
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-A A~ 
+ 

~ B B ~ 

oc 31 
70.0% 

oc 30 
68.0% 

oc 26 
65.0% 

oc 29 
64.3% 

oc 28 
63.8% 

oc 27 
62.5% 

oc 25 
60.0% 

L· 1 I i • I 
900 700 500 

t(sec) 

Figure 5b. Series of OC runs showing effect on separation of polysty
rene (~AA~), polystyrene-n-butyI methacrylate (~AB~), and poly(n-
butyl methacrylate) (~BB~) of η-heptane concentrations ranging from 
60.0 to 70.0% by volume in the THF/n-heptane mobile phase of GPC 2. 
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2 9 6 POLYMER CHARACTERIZATION 

4. T h e r e l a t i v e areas u n d e r the p e a k s (that i s , r e l a t i v e c o n 
centrat i ons ) d e p e n d e d u p o n the l o c a t i o n o f the s l i c e i n 
G P C 1. 

5. B e c a u s e o f the n u m b e r o f v a r i a b l e s a f f e c t ing the G P C 2 
c h r o m a t o g r a m s (no tab ly the s e n s i t i v i t y to s o l v e n t c o m 
pos i t i on ) c a l i b r a t i o n r e f e r e n c i n g r e t e n t i o n v o l u m e i s 
d i f f i c u l t (note the d i f f e r e n t r e s o l u t i o n o b t a i n e d for r u n s 
O C - 5 1 a n d O C - 2 8 n o m i n a l l y at t h e same s o l v e n t c o m p o 
s i t ion) . 

6. A s the ra-heptane c o n c e n t r a t i o n w a s i n c r e a s e d 7 0 % , the 
p o l y s t y r e n e p e a k w a s the f i rs t to b e r e s o l v e d f o l l o w e d 
b y the c o p o l y m e r p e a k . T h i s la t ter p e a k ( m a r k e d A B ) 
a c t u a l l y m o v e d i n t o a n d t h r o u g h the p o l y s t y r e n e p e a k 
as the n - h e p t a n e c o n c e n t r a t i o n w a s i n c r e a s e d . T h e p o l y -
( n - b u t y l m e t h a c r y l a t e ) p e a k ( m a r k e d B B ) w a s t h e last to 
b e a f fec ted b u t e v e n t u a l l y m e r g e d w i t h t h e p o l y s t y r e n e 
peak . 

7. H i g h e r η -heptane c o n c e n t r a t i o n s i n c u r r e d s h a r p e r 
peaks . 

8. C l o u d p o i n t e x p e r i m e n t s i n d i c a t e d that s o m e o f t h e 
h i g h e r m o l e c u l a r w e i g h t p o l y s t y r e n e s tandards s h o u l d 
h a v e b e e n p r e c i p i t a t i n g at η -heptane c o n c e n t r a t i o n s b e 
y o n d 6 5 % . 

T o inves t igate f rac t i onat ion further , c o n v e n t i o n a l c a l i b r a t i o n c u r v e s 
w e r e c o n s t r u c t e d for G P C 2 at d i f f e r e n t η-heptane c o m p o s i t i o n s o f 
the m o b i l e p h a s e ( F i g u r e 6). T h e c a l i b r a t i o n c u r v e s i n F i g u r e 6 w e r e 
o b t a i n e d b y d i s s o l v i n g m o n o d i s p e r s e p o l y s t y r e n e s tandards i n T H F 
a n d i n j e c t i n g t h e m d i r e c t l y i n t o G P C 2. T h e c a l i b r a t i o n c u r v e is a 
p l o t o f l o g m o l e c u l a r w e i g h t vs . r e t e n t i o n t i m e . T h e p o i n t s to no te r e 
g a r d i n g th i s f i gure are : 

1. I n c r e a s i n g η -heptane c o n c e n t r a t i o n i n the m o b i l e p h a s e 
f r o m 0 to 7 0 % m a r k e d l y i n c r e a s e s t h e r e t e n t i o n t i m e , p a r 
t i c u l a r l y for h i g h e r m o l e c u l a r w e i g h t p o l y s t y r e n e s . 

2. T h e r e is a n a b r u p t j u m p i n r e t e n t i o n t i m e i n g o i n g f r o m 
57 to 6 0 % η-heptane [a s i m i l a r j u m p w a s o b s e r v e d p r e v i 
o u s l y a n d a t t r i b u t e d to a d s o r p t i o n (27)]. 

3. C a l i b r a t i o n c u r v e s at 6 0 % a n d b e y o n d s h o w r e m a r k a b l y 
l i t t l e s e n s i t i v i t y to m o l e c u l a r w e i g h t for m o l e c u l a r 
w e i g h t s h i g h e r t h a n 10 5 . 

4. A t t e m p t s to o b t a i n c a l i b r a t i o n c u r v e s b e t w e e n 57 a n d 
6 0 % w e r e not s u c c e s s f u l a p p a r e n t l y b e c a u s e t h e s e n 
s i t i v i t y o f the c a l i b r a t i o n e x c e e d e d the c o n t r o l l a b i l i t y o f 
the m o b i l e p h a s e c o m p o s i t i o n . 

5. A l t h o u g h c o l u m n p l u g g i n g w a s n o t e n c o u n t e r e d , o c c a -
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500 600 700 800 900 1000 1100 
t [sec] 

Figure 6. Polystyrene calibration curves for GPC 2: variation with 
percent n-heptane. 

s i o n a l l y d i f f i c u l t i e s w e r e e n c o u n t e r e d b e c a u s e o f a d s o r p 
t i o n effects. F o r e x a m p l e , v e r y h i g h m o l e c u l a r w e i g h t 
s tandards b e y o n d 6 0 % η-heptane s o m e t i m e s s h o w e d b i -
m o d a l p e a k s a n d w e r e c o n s i d e r e d i n v a l i d data . A l s o , i n 
j e c t i o n o f b l a n k T H F s a m p l e s i n t o the c o l u m n s w o u l d 
o c c a s i o n a l l y d e m o n s t r a t e that some p o l y s t y r e n e h a d a d 
s o r b e d a n d c o u l d b e w a s h e d off. S i m i l a r l y , r e s i d u a l p o l y 
styrene c o u l d s o m e t i m e s b e s e e n as part o f the next s a m 
p le ' s chromatogram. T h e s e p r o b l e m s w e r e not e n c o u n t e r e d 
w i t h p u r e p o l y ( n - b u t y l m e t h a c r y l a t e ) or w i t h a n y o f t h e 
c o p o l y m e r s a m p l e s . H o w e v e r , t h e y d e m o n s t r a t e t h a t 
c o n s i d e r a b l e care m u s t b e t a k e n i n i n t e r p r e t i n g s t y r e n e -
r i c h s a m p l e s at h i g h η-heptane c o m p o s i t i o n s . 

6. N o p r e c i p i t a t i o n o f p o l y m e r i n the de te c to r c e l l w a s e v i 
d e n t . D e t e c t o r r e s p o n s e w a s p r o p o r t i o n a l to p o l y s t y r e n e 
c o n c e n t r a t i o n . A l l a n a l y s e s w e r e at 2 5 °C (detectors a n d 
c o l u m n s w e r e at a p p r o x i m a t e l y e q u a l t e m p e r a t u r e s ) . 
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298 P O L Y M E R C H A R A C T E R I Z A T I O N 

I n d e v e l o p i n g t h i s m e t h o d , m a n y d i f f e r e n t c o l u m n c o m b i n a t i o n s 
w e r e t r i e d i n G P C 2. W e r e c e n t l y f o u n d a n i n t e r e s t i n g s e n s i t i v i t y to 
the o r d e r o f the c o l u m n s i n the s e c o n d G P C , w h i c h p o s s i b l y a c c o u n t s 
for some o f the d i f f i c u l t y i n c o l u m n s e l e c t i o n for t h i s m e t h o d . F i g u r e 7 
d e m o n s t r a t e s t h e r esu l t s o f a n a l y z i n g a b l e n d o f t w o h o m o p o l y m e r s 
[ p o l y s t y r e n e a n d p o l y ( n - b u t y l methacry la te ) ] i n j e c t e d i n t o G P C 1 a n d 
a n a l y z e d b y G P C 2 at 6 3 . 8 % η-heptane . W h e n the s m a l l p o r e s i ze 
c o l u m n w a s m o v e d to the f ront o f the c o l u m n l i n e (near the i n j e c t i o n 
v a l v e ) , the p o l y s t y r e n e p e a k m o v e d i n t o the s o l v e n t i m p u r i t y peak . 
T h e p o l y ( n - b u t y l m e t h a c r y l a t e ) p e a k w a s u n a f f e c t e d . F i g u r e 8 s h o w s 
resu l t s that a c c o u n t for b o t h t h e l a c k o f p o l y m e r p r e c i p i t a t i o n i n the 
c o l u m n s a n d the s e n s i t i v i t y to c o l u m n o r d e r i n g . T h i s f i g u r e w a s o b 
t a i n e d b y d i r e c t i n j e c t i o n s o f p o l y s t y r e n e s tandards i n t o G P C 2. T h e s e 
s tandards w e r e d i s s o l v e d i n s o l v e n t o f c o m p o s i t i o n r a n g i n g f r o m 0 to 
5 0 % η-heptane i n T H F . G P C 2 u s e d a m o b i l e p h a s e o f 6 3 . 8 % n-
h e p t a n e . T h e f i g u r e s h o w s a p l o t o f the p o l y s t y r e n e r e t e n t i o n t i m e o n 
the o r d i n a t e vs . the c o m p o s i t i o n o f the s o l v e n t u s e d to d i s s o l v e the 
s a m p l e . A s the s o l v e n t b e c a m e r i c h e r i n η -heptane , t h e p o l y s t y r e n e 

Figure 7. Effect of column reordering on polystyrene (AA) and poly(n-
butyl methacrylate) (BB) retention in GPC 2. Key: top, conventional 

order; and bottom, E125 column first. 
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Figure 8. Effect of sample solvent composition on polystyrene reten
tion in GPC 2. 

r e t e n t i o n t i m e , b e g i n n i n g at a b o u t 4 5 % η-heptane , r a p i d l y i n c r e a s e d 
u n t i l the p o l y s t y r e n e p e a k c o m b i n e d w i t h the s o l v e n t i m p u r i t y p e a k . 
T h i s d e m o n s t r a t e d that t h e s o l v e n t i n G P C 1 ( T H F ) w a s p a r t i c i p a t i n g 
i n the s e p a r a t i o n o b t a i n e d i n G P C 2. T h e l a c k o f p r e c i p i t a t i o n o f 
p o l y s t y r e n e at the h i g h e r η -heptane c o n c e n t r a t i o n s t h e n w a s a t t r i b 
u t e d to the a b i l i t y o f the T H F p u l s e to d i s s o l v e the s a m p l e o f f t h e 
p a c k i n g . T h e s e n s i t i v i t y o f t h e p o l y s t y r e n e r e t e n t i o n t i m e to t h e o r d e r 
o f the c o l u m n s is p r o b a b l y a s s o c i a t e d w i t h the p r e s e n c e o f a n e x c l u 
s i o n m e c h a n i s m . T h a t i s , the p o l y s t y r e n e o n l y m a n a g e s to separate 
f r o m t h e T H F w h e n i t i s a b l e to b y p a s s pores that t h e T H F m u s t e n t e r . 
O n the large p o r e s i z e c o l u m n s , i t is s u f f i c i e n t l y r e t a r d e d b y a d s o r p 
t i o n to b e o v e r t a k e n b y T H F . T h e a b i l i t y o f the p o l y m e r to b e s o l v a t e d 
b y T H F p r o b a b l y d e t e r m i n e s the d e g r e e to w h i c h s e p a r a t i o n c a n b e 
o b t a i n e d . 

T o i n v e s t i g a t e the effect o f c o n c e n t r a t i o n i n j e c t e d i n t o G P C 1 o n a 
r e s o l u t i o n o b t a i n e d i n G P C 2, a 50 /50 b l e n d o f p o l y s t y r e n e - p o l y -
( n - b u t y l m e t h a c r y l a t e ) w a s i n j e c t e d at c o n c e n t r a t i o n s o f 0 .1 , 0.2, a n d 
0 .4% (0 .5 - cm 3 i n j e c t i o n l oop ) . F i g u r e 9 s h o w s the p e a k s e p a r a t i o n 
o b t a i n e d as a f u n c t i o n o f the l o c a t i o n o f the s l i c e o n the c h r o m a t o g r a m 
o f G P C 1. F i g u r e 10 s h o w s the m o d i f i e d r e s o l u t i o n i n d i c e s . T h e s e 
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Figure 9. Effect of polymer concentration and slice location on peak 
separation in OC analysis of a homopolymer blend. 

resu l t s d e m o n s t r a t e that , a l t h o u g h p e a k s e p a r a t i o n d e p e n d s o n l o 
c a t i o n o f the s l i c e o n the c h r o m a t o g r a m o f G P C 1, t h e v a l u e s o f t h e 
m o d i f i e d r e s o l u t i o n i n d e x w e r e h i g h e r at h i g h e r c o n c e n t r a t i o n s . T h i s 
r e s u l t w a s t r a c e d to the o b s e r v a t i o n that , w h i l e p e a k w i d t h s a n d p e a k 
s e p a r a t i o n r e m a i n a p p r o x i m a t e l y cons tant , the h e i g h t s o f t h e p e a k s 
i n c r e a s e d great ly as c o n c e n t r a t i o n w a s i n c r e a s e d . T h u s , i n t h i s case , 
i n c r e a s e d c o n c e n t r a t i o n s h a d o n l y the b e n e f i c i a l ef fect o f i m p r o v e d 
d e t e c t a b i l i t y l i m i t s i n G P C 2. W h e t h e r t h i s r e s u l t is d u e to a c o n c e n -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

16



16. B A L K E A N D P A T E L Orthogonal Chromatography 301 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

16



302 P O L Y M E R C H A R A C T E R I Z A T I O N 

t r a t i o n t o l e r a n c e o f the c o l u m n s i n G P C 1 or to a t o l e r a n c e for p o o r 
r e s o l u t i o n i n G P C 1 b y G P C 2, o r to t h e ef fect o f s o l v e n t i n j e c t e d w i t h 
the s a m p l e is y e t to b e d e t e r m i n e d . 

Quantitative Detection and Interpretation. F i g u r e 11 s h o w s 
t y p i c a l s e p a r a t i o n o f a c o p o l y m e r f r o m a p u r e h o m o p o l y s t y r e n e as i t 
appears f r o m the s c a n n i n g U V d e t e c t o r a n d f r o m a f i x e d w a v e l e n g t h 
2 5 4 - n m detec tor . F i g u r e 12 s h o w s U V scans o f p o l y s t y r e n e a n d p o l y -
( n - b u t y l m e t h a c r y l a t e ) . I n s p e c t i o n o f these scans p r o v i d e s o n l y a n 
i n d i c a t i o n o f w h a t to e x p e c t for the c o p o l y m e r , b e c a u s e its s p e c t r a m a y 
s h o w s e q u e n c e l e n g t h ef fects . T w o r e g i o n s w e r e t e n t a t i v e l y i d e n 
t i f i e d for c o m p o s i t i o n d e t e r m i n a t i o n : 2 5 4 - 2 8 0 n m as r e p r e s e n t a t i v e o f 
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s t y r e n e c o n c e n t r a t i o n i n c o p o l y m e r , a n d 235—245 n m as b e i n g the 
r e s u l t o f b o t h s ty rene a n d η-butyl m e t h a c r y l a t e c o n c e n t r a t i o n i n t h e 
c o p o l y m e r . F i g u r e 13 s h o w s e s t i m a t i o n o f s p e c t r a l s h a p e c h a n g e s for 
the f o rmer r e g i o n b y i n s p e c t i o n o f the r e s i d u a l s o f the n o r m a l i z e d 
spec tra . F r o m 2 8 0 to 300 n m o n l y base l i n e n o i s e is e x p e c t e d . B e c a u s e 
the scatter i n t h i s r e g i o n a p p e a r e d e q u a l to that i n t h e 2 5 4 — 2 8 0 - n m 
r e g i o n , for these s a m p l e s , c h a n g e s d u e to s e q u e n c e l e n g t h i n t h i s 
r e g i o n w e r e no t e v i d e n t . F i g u r e 14 s h o w s a c a l i b r a t i o n c u r v e o b 
t a i n e d for a b s o r b a n c e rat ios . A v e r a g e v a l u e s o f a b s o r b a n c e i n the t w o 
r e g i o n s w e r e u s e d to o b t a i n the rat ios . A s s h o w n i n t h i s f i g u r e , a l 
t h o u g h a p l o t vs . t h e r e c i p r o c a l w e i g h t f r a c t i o n s ty rene i n a c o p o l y m e r 
is l i n e a r , the r e l a t i o n s h i p is r e a l l y a h y p e r b o l a w i t h r e s p e c t to w e i g h t 
f r a c t i o n a l o n e . T h u s , a l t h o u g h a b s o r b a n c e rat ios c a n b e o b t a i n e d 
r e a d i l y i n o n - l i n e a n a l y s i s , t h e i r use for p o l y s t y r e n e - or n - b u t y l 
m e t h a c r y l a t e - r i c h c o p o l y m e r s c a n p r e s e n t h i g h e x p e r i m e n t a l e r ror . 
A l s o , o n - l i n e d e t e r m i n a t i o n o f t h i s c a l i b r a t i o n c u r v e u s i n g c o p o l y m e r 
s tandards o f k n o w n c o m p o s i t i o n w a s a s s o c i a t e d w i t h s o m e s i g n i f i c a n t 
e x p e r i m e n t a l d i f f i c u l t i e s . T h e m o s t d e s i r a b l e w a y o f o b t a i n i n g t h e 
c a l i b r a t i o n c u r v e w a s b y d i r e c t i n j e c t i o n o f these s tandards i n t o t h e 
s e c o n d G P C a n d a v e r a g i n g o f t h e a b s o r b a n c e rat ios o b t a i n e d across 
the c h r o m a t o g r a m s . H o w e v e r , u p o n d i r e c t i n j e c t i o n , the s a m p l e s p r o 
v i d e d b r o a d c h r o m a t o g r a m s that w e r e u s u a l l y i n t e r f e r e d w i t h b y t h e 
s o l v e n t i m p u r i t y p e a k . T h e c a l i b r a t i o n c u r v e w a s f i n a l l y o b t a i n e d b y 
a v e r a g i n g resu l t s o f O C r u n s . 

F i g u r e 15 s h o w s the c a l c u l a t i o n o f a p o l y m e r c o m p o s i t i o n d i s 
t r i b u t i o n for a s l i c e d e r i v e d f r o m a n a l y s i s o f a b l e n d o f a 2 3 . 5 % 
s t y r e n e - η - b u t y l m e t h a c r y l a t e c o p o l y m e r a n d p o l y s t y r e n e . E a c h p a i r 
o f p o i n t s i n the c h r o m a t o g r a m s h o w n o n t h i s f i gure w a s o b t a i n e d f r o m 
a v e r a g i n g the t w o r e s p e c t i v e r e g i o n s o n a U V scan . T h e a b s o r b a n c e 
rat ios c h a n g e d o n l y s l i g h t l y for the c o p o l y m e r a n d n o t at a l l for t h e 
h o m o p o l y m e r . T h e r e s u l t i n g c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n s 
s h o w a f a i r l y s y m m e t r i c a l p e a k c e n t e r i n g a b o u t the average c o m p o s i 
t i o n for the c o p o l y m e r a n d a sharp p u l s e for t h e p o l y s t y r e n e . F i g u r e 16 
s h o w s the r e s u l t o f s u m m i n g the c o n t r i b u t i o n s o f m a n y i n d i v i d u a l 
s l i c e s to o b t a i n the to ta l c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n for the 
2 3 . 5 % polystyrene—η-butyl m e t h a c r y l a t e c o p o l y m e r . A l t h o u g h t h e 
d i s t r i b u t i o n is l o c a t e d n e a r the average c o m p o s i t i o n a n d the o r d e r o f 
the i n d i v i d u a l c o m p o n e n t s is r e a s o n a b l e ( h i g h m o l e c u l a r w e i g h t 
c o m p o n e n t s w e r e r i c h e r i n η-butyl m e t h a c r y l a t e as w o u l d b e e x p e c t e d 
b e c a u s e t h e y w e r e p r o d u c e d n e a r the e n d o f the p o l y m e r i z a t i o n ) , the 
d i s t r i b u t i o n does n o t agree w i t h the p r e d i c t i o n s o f c l a s s i c a l c o p o l y -
m e r i z a t i o n k i n e t i c s . T h e s e k i n e t i c s p r e d i c t a m u c h m o r e s k e w e d d i s 
t r i b u t i o n b e g i n n i n g at 3 0 % s t y r e n e a n d e x t e n d i n g d o w n t o w a r d 0 % 
s t y r e n e . A t t h i s t i m e , u n c e r t a i n t i e s ex i s t i n b o t h t h e k i n e t i c p r e d i c -
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Figure 14. Calibration utilizing absorbance ratios. 

t i o n s a n d i n t h e a n a l y t i c a l t e c h n i q u e . T h e k i n e t i c s h a v e no t b e e n w e l l 
t e s t e d aga inst c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n s b e c a u s e o f the 
v e r y l i m i t e d a b i l i t y to m e a s u r e s u c h d i s t r i b u t i o n s . E v e n for average 
c o m p o s i t i o n v a l u e s , s i g n i f i c a n t u n c e r t a i n t i e s h a v e b e e n r e v e a l e d ( J , 
28, 29 ) . W i t h r e s p e c t to t h e a n a l y t i c a l t e c h n i q u e , t h e r o l e o f s e q u e n c e 
l e n g t h i n the f r a c t i o n a t i o n is the m a i n u n c e r t a i n t y . 

Conclusions 

A s d e t a i l e d i n t w o r e v i e w ar t i c l e s (30, 31), O C is r e a l l y a n a s s o c i 
a t i o n o f m a n y p r e v i o u s a d v a n c e s i n s e p a r a t i o n s c i e n c e . W o r k i n m i x e d 
chromatographic m e c h a n i s m s , m u l t i d i m e n s i o n a l chromatography , cross-
f r a c t i o n a t i o n , a n d s c a n n i n g detec tors h a v e a l l b e e n c o m b i n e d to s y n 
t h e s i z e t h i s m e t h o d . T h e r e s u l t i s a n a p p r o a c h that s y n e r g i s t i c a l l y 
u n i t e s s ter i c e x c l u s i o n m e c h a n i s m s w i t h those o f H P L C to o b t a i n the 
H P L C o f m a c r o m o l e c u l e s . 
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/Ν 

Figure 16. Calculation of copolymer composition distribution for the 
whole copolymer by summing the slice contributions. 

S p e c i f i c c o n c l u s i o n s r e g a r d i n g O C d e t e r m i n e d i n t h i s c h a p t e r are 
as f o l l o w s : 

1. S e p a r a t i o n o f styrene—η-butyl m e t h a c r y l a t e c o p o l y m e r s 
o f d i f f e r e n t c h e m i c a l c o m p o s i t i o n s a n d s e p a r a t i o n o f 
these f r o m t h e i r r e s p e c t i v e h o m o p o l y m e r s c a n b e ef
f e c t e d r a p i d l y b y O C . T h e s e v a r i o u s c o n s t i t u e n t s w o u l d 
n o r m a l l y b e w e l l - c o n c e a l e d b e n e a t h the d e t e c t o r r e 
sponse o f c o n v e n t i o n a l G P C . 

2. T h e s o l v e n t i n j e c t e d i n t o G P C 2 a l o n g w i t h t h e p o l y m e r 
s a m p l e f o rms a g r a d i e n t that p a r t i c i p a t e s i n s e p a r a t i o n . 
E v i d e n c e for t h i s ef fect w a s u s e d to e x p l a i n the l a c k o f 
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p r e c i p i t a t i o n o f p o l y s t y r e n e at h i g h n o n s o l v e n t c o m p o 
s i t i ons i n G P C 2 a n d t h e d e m o n s t r a t e d s e n s i t i v i t y o f t h e 
p o l y s t y r e n e s e p a r a t i o n to c o l u m n o r d e r i n g . 

3. A n i n v e s t i g a t i o n o f the effect o f c o n c e n t r a t i o n o n the O C 
s e p a r a t i o n o f t h e t w o h o m o p o l y m e r s s h o w e d that r e l a 
t i v e l y h i g h c o n c e n t r a t i o n s c o u l d b e u s e d to i m p r o v e d e -
t e c t a b i l i t y l i m i t s w i t h o u t n o t i c e a b l y a f f e c t ing r e s o l u t i o n . 

4. A d y n a m i c m e t h o d o f c a l i b r a t i n g G P C 2 for c o p o l y m e r 
c o m p o s i t i o n that does no t d e p e n d o n e s t a b l i s h e d c a l i b r a 
t i ons w i t h r e t e n t i o n t i m e s is s h o w n b a s e d o n the use o f 
s c a n n i n g de tec tors . A n H P 8 4 5 0 U V / V I S s c a n n i n g d e 
tec tor w a s u s e d to de te c t a n d c a l c u l a t e c o p o l y m e r c o m p o 
s i t i o n d i s t r i b u t i o n . 

5. N o d e t e c t o r r e s p o n s e a t t r i b u t a b l e to s e q u e n c e l e n g t h 
w a s d e t e r m i n e d w i t h t h e d e t e c t o r a n d o p e r a t i n g c o n d i 
t i ons u s e d . S e q u e n c e l e n g t h r e p r e s e n t s the m a i n u n c e r 
t a i n t y w i t h r e s p e c t to the a c c u r a c y o f the d e t e r m i n e d 
c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n s . 
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Size Exclusion Chromatography 
of Copolymers 
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McMaster University, Department of Chemical Engineering, Hamilton, 
Ontario L8S 4L7 Canada 

Size exclusion chromatography (SEC) of copolymers has 
two basic requirements: the capability to detect selec
tively the concentration of the copolymer components in 
the eluting solution, and to obtain suitable calibration 
and interpretation for both size and composition frac
tionation. To calibrate and interpret copolymer frac
tionation results by using the existing theory, it is neces
sary to determine the experimental conditions that 
guarantee either size or composition fractionation. Suf
ficient knowledge of the hydrodynamic properties of the 
copolymer molecules in solution is also required to re
late copolymer size to molecular weight. This chapter 
reviews the SEC fractionation of copolymers and out
lines techniques used to ensure size separation for 
styrene—acrylonitrile copolymers. To test the separation 
mechanism, a number of solvents and column configu
rations were investigated. Conditions that give mainly 
size or mainly composition fractionation are discussed, 
as well as guidelines for the selection of solvent and 
column configuration. Extensive characterization of sty
rene-acrylonitrile copolymers, based on size fraction
ation and careful selection of the detection system, is 
reported. 

S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( S E C ) o f c o p o l y m e r s has t w o b a s i c 
r e q u i r e m e n t s : the c a p a b i l i t y o f s e l e c t i v e l y d e t e c t i n g the c o n c e n t r a 
t i o n o f t h e c o p o l y m e r c o m p o n e n t s f r o m t h e e l u t i n g s o l u t i o n , a n d t h e 
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312 POLYMER C H A R A C T E R I Z A T I O N 

a b i l i t y to o b t a i n s u i t a b l e c a l i b r a t i o n a n d i n t e r p r e t a t i o n for b o t h s i z e 
a n d c o m p o s i t i o n f r a c t i o n a t i o n . T h e p r o b l e m s o f c o n c e n t r a t i o n d e t e c 
t i o n , de tec tor s e l e c t i o n , a n d the use o f U V s p e c t r o p h o t o m e t e r s for 
s e q u e n c e l e n g t h d e t e r m i n a t i o n are d i s c u s s e d e l s e w h e r e (I ) . T o c a l i 
brate a n d i n t e r p r e t c o p o l y m e r f r a c t i o n a t i o n resu l t s b y u s i n g e x i s t i n g 
t h e o r y , i t is n e c e s s a r y to d e t e r m i n e the e x p e r i m e n t a l c o n d i t i o n s that 
e n s u r e e i t h e r s i ze or c o m p o s i t i o n f r a c t i o n a t i o n . S u f f i c i e n t k n o w l e d g e 
o f the h y d r o d y n a m i c p r o p e r t i e s o f the m o l e c u l e s i n s o l u t i o n is a l so 
r e q u i r e d to re la te m o l e c u l a r s i ze to m o l e c u l a r w e i g h t . B e c a u s e 
c h a n g e s i n m i c r o s t r u c t u r e are k n o w n to i n f l u e n c e s o l u b i l i t y s t r o n g l y , 
a n d p r e s u m a b l y a d s o r p t i o n , as w e l l as t h e s i ze o f the m o l e c u l e s i n 
s o l u t i o n , s e q u e n c e l e n g t h effects m a y a d d to these c o m p l i c a t i o n s . 
E x t e n s i v e r e s e a r c h (2—5) o n p o l y m e r — s o l v e n t — p a c k i n g i n t e r a c t i o n s , 
w i t h p u r e a n d m i x e d s o l v e n t s , has s h o w n that s i g n i f i c a n t a d s o r p t i o n 
effects m a y b e p r e s e n t i n c o l u m n f r a c t i o n a t i o n . F u r t h e r m o r e , s o m e 
r e m a r k a b l e c o p o l y m e r f ract ionat ions i n t e rms o f c o m p o s i t i o n have b e e n 
r e p o r t e d for l i q u i d a n d t h i n l a y e r c h r o m a t o g r a p h y (6, 46). H o w e v e r , n o 
m e t h o d o l o g y has b e e n p r o p o s e d to test for a d s o r p t i o n a n d i n t e r a c t i o n 
effects a n d to e n s u r e s i z e s e p a r a t i o n for c o p o l y m e r m o l e c u l a r w e i g h t 
a n a l y s i s . T h i s c h a p t e r r e v i e w s the S E C f r a c t i o n a t i o n m e c h a n i s m a n d 
the l i m i t a t i o n s o f e x i s t i n g c a l i b r a t i o n a n d i n t e r p r e t a t i o n t e c h n i q u e s , 
a n d o u t l i n e s t h e t e c h n i q u e u s e d to e n s u r e s i ze f r a c t i o n a t i o n for 
s t y r e n e — a c r y l o n i t r i l e ( S A N ) c o p o l y m e r s . 

SEC Separation Mechanism 
U n d e r i d e a l c o n d i t i o n s i n S E C ( u n i f o r m s o l v e n t - p o l y m e r - p a c k 

i n g i n t e r a c t i o n s ) p o l y m e r m o l e c u l e s are f r a c t i o n a t e d a c c o r d i n g to 
t h e i r s i ze i n s o l u t i o n . S o m e c o m p l i c a t i o n s m a y a r i s e , h o w e v e r , d u e to 
the i n t e r a c t i o n s b e t w e e n t h e p a c k i n g m a t e r i a l , the p o l y m e r , a n d t h e 
s o l v e n t . T h e s e i n t e r a c t i o n s w i l l t e n d to i n c r e a s e t h e d i s p e r s i o n a n d 
dec rease the r e s o l u t i o n . I n c o p o l y m e r s , w h e r e t h e r e is a s i g n i f i c a n t 
d i f f e r e n c e i n the c h e m i c a l n a t u r e o f the c o m o n o m e r s (e.g., S A N co 
p o l y m e r s ) , i n t e r a c t i o n s are e x p e c t e d to b e i m p o r t a n t , a n d a f r a c t i o n 
a t i o n s t r i c t l y o n s i z e or c o m p o s i t i o n c a n n o t b e a s s u m e d . A n o m a l o u s 
m o l e c u l a r w e i g h t - r e t e n t i o n v o l u m e b e h a v i o r has b e e n o b s e r v e d o v e r 
the years for p o l y m e r s o f v a r y i n g p o l a r i t y i n a n u m b e r o f m o b i l e 
phase—subst ra te sys tems . S y s t e m a t i c s t u d i e s o n t h e ef fect o f s u c h 
i n t e r a c t i o n s o n t h e m o l e c u l a r w e i g h t i n t e r p r e t a t i o n h a v e b e e n r e 
p o r t e d . T h e e l u t i o n b e h a v i o r o f p o l y m e r s w i t h w i d e ranges o f p o 
l a r i t i e s w a s s t u d i e d i n d i m e t h y l f o r m a m i d e / l i t h i u m b r o m i d e a n d a 
v a r i e t y o f substrates . S t y r a g e l a n d s i l a n i z e d glass w e r e r e p o r t e d as 
h a v i n g a f f in i ty for p o l a r p o l y m e r s . C o n s e q u e n t l y , a p p l i c a t i o n o f u n i 
v e r s a l c a l i b r a t i o n c u r v e s (based o n p o l y s t y r e n e ) to S E C a n a l y s i s o f 
m o r e p o l a r p o l y m e r s w i t h t h e s e substrates l e d to u n d e r e s t i m a t i o n o f 
t h e m o l e c u l a r w e i g h t s . I d e a l S E C b e h a v i o r w a s f o u n d for a n u m b e r o f 
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17. RUBIO E T A L . Size Exclusion Chromatography 313 

p o l y m e r s o n u n t r e a t e d glass sur faces ; h o w e v e r , p o l y m e r s w i t h s t rong 
h y d r o g e n b o n d i n g f u n c t i o n a l i t y a p p e a r to b e s u s c e p t i b l e to m a r k e d 
a d s o r p t i o n i n d i m e t h y l f o r m a m i d e / g l a s s sys tems (5). P o l y s t y r e n e s tan 
dards i n a v a r i e t y o f s o l vents o f d i f f e r e n t t h e r m o d y n a m i c q u a l i t y w e r e 
s t u d i e d (2, 3 , 7) w i t h P o r a s i l as s ta t i onary p h a s e . A n u m b e r o f i n 
t e r e s t i n g o b s e r v a t i o n s that h a v e d i r e c t b e a r i n g o n c o p o l y m e r a n a l y s i s 
w e r e d r a w n f r o m those r e s u l t s : 

1. A d s o r p t i o n is a f u n c t i o n o f t h e t h e r m o d y n a m i c q u a l i t y 
a n d the s e l e c t i v i t y o f the so lvent . 

2. P a r t i t i o n o f the p o l y m e r so lu te b e t w e e n the m o b i l e a n d 
s tat ionary phases i s a f u n c t i o n o f the m o l e c u l a r w e i g h t . 

3. T h e u n i v e r s a l c a l i b r a t i o n p r o c e d u r e b a s e d o n the h y 
d r o d y n a m i c v o l u m e o f the p o l y m e r m o l e c u l e s is d i r e c t l y 
a p p l i c a b l e o n l y for sys tems for w h i c h a d s o r p t i o n / p a r t i 
t i o n d e p e n d e n c e is a p p r o x i m a t e l y the same as m o l e c u l a r 
s i ze d e p e n d e n c e . 

T h e p o l y m e r r e t e n t i o n m e c h a n i s m i n g e l p e r m e a t i o n c h r o m a t o g 
r a p h y ( G P C ) o n ac t i ve ge ls was s t u d i e d b y u s i n g p u r e a n d m i x e d 
e l u e n t s a n d n a r r o w P S s tandards (4). T h e effect o f d i f f e r e n t e l u e n t s o n 
the e x c l u s i o n v o l u m e , t o ta l p e r m e a t i o n v o l u m e , a n d shifts o f t h e u n i 
v e r s a l c a l i b r a t i o n c u r v e (M[n] vs . R V ) w e r e a n a l y z e d as a f u n c t i o n o f 
the t h e r m o d y n a m i c q u a l i t y o f t h e e l u e n t a n d t h e s o l v e n t s t r e n g t h . T h e 
e f f e c t ive r a d i u s o f t h e g e l pores (or c o n v e r s e l y t h e h y d r o d y n a m i c v o l 
u m e ) was f o u n d to b e a j o i n t f u n c t i o n o f the s o l v e n t s t r e n g t h a n d its 
t h e r m o d y n a m i c q u a l i t y . T h i s f i n d i n g w a s e x p l a i n e d i n t e r m s o f t h e 
f o r m a t i o n o f a l a y e r o f a q u a s i - s t a t i o n a r y p h a s e o f e l u e n t that in terac t s 
w i t h the substrate . T h e s o l v e n t w i t h greater a f f i n i t y for the substrate 
w i l l b e m o r e c o n c e n t r a t e d i n the n e i g h b o r h o o d o f the g e l . D e p e n d i n g 
o n the t h e r m o d y n a m i c q u a l i t y o f t h e s o l v e n t a n d t h e c o m p a t i b i l i t y o f 
the so lute w i t h the p a c k i n g m a t e r i a l , the p a r t i t i o n c o e f f i c i e n t w i l l 
i n c r e a s e to the p o i n t o f c o m p l e t e a d s o r p t i o n , or dec rease to t o t a l ex 
c l u s i o n . F r a c t i o n a t i o n o f s t y r e n e - n - b u t y l m e t h a c r y l a t e c o p o l y m e r s w a s 
a c c o m p l i s h e d for c o m p o s i t i o n f r om m i x t u r e s o f t e t r a h y d r o f u r a n ( T H F ) / 
n - h e p t a n e (8). T h e s e r e m a r k a b l e r e s u l t s , a l t h o u g h n o t y e t q u a n t i t a 
t i v e , i n d i c a t e no t o n l y a n a l t e r n a t i v e to c o m p o s i t i o n a n a l y s i s , b u t a l so , 
the m a g n i t u d e o f the effects that c o u l d b e p r e s e n t d u e to p o l y 
m e r - s o l v e n t - g e l i n t e r a c t i o n s . O b v i o u s l y , i f r e l i a b l e c o p o l y m e r m o 
l e c u l a r w e i g h t resu l t s are to b e o b t a i n e d b y S E C , t h e c o n d i t i o n s that 
guarantee e x c l u s i v e s i ze s e p a r a t i o n m u s t b e m e t . 

Review of Size Exclusion Chromatography Applications to 
Copolymer Analysis 

U n d e r the a s s u m p t i o n o f s i ze s e p a r a t i o n the m o l e c u l a r w e i g h t 
d i s t r i b u t i o n ( M W D ) for a n y p o l y m e r c a n b e c a l c u l a t e d f r o m a m o l e c -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

17



314 P O L Y M E R C H A R A C T E R I Z A T I O N 

u l a r w e i g h t c a l i b r a t i o n c u r v e that is b a s e d o n u n i v e r s a l c a l i b r a t i o n , t h e 
c h r o m a t o g r a m , a n d t h e s p r e a d i n g c o r r e c t i o n . 

I n the case o f c o p o l y m e r s , the h y d r o d y n a m i c v o l u m e d e p e n d s not 
o n l y o n the m o l e c u l a r w e i g h t , b u t a lso o n the c o m o n o m e r c o n t e n t . 
T h u s , as i l l u s t r a t e d i n F i g u r e 1, a m i x t u r e o f p o l y m e r s p e c i e s w i t h 
a v a r i e t y o f m o l e c u l a r s i zes (V + —V°) a n d c o m o n o m e r c o n t e n t s 
(Pl-P\) a re e l u t e d at a n y g i v e n t i m e . I n t h i s case , the c a l i b r a t i o n c u r v e 
c a n n o t b e f i x e d b e c a u s e i t m u s t b e d r a w n i n a c c o r d a n c e w i t h e a c h 

F 

Figure 1. Schematic of the SEC fractionation of copolymers. Key: 
top, actual bivariate molecular size-composition distribution; and 
bottom, a possible trajectory of the fractionation (--) illustrating the 

mixture of sizes and compositions eluted at any one time. 
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p o l y m e r spec i e s . T h e o r e t i c a l l y , b y m e a s u r i n g t w o p r o p e r t i e s o f t h e 
c o p o l y m e r at a g i v e n r e t e n t i o n t i m e , the p r o b l e m o f m o l e c u l a r w e i g h t 
a n d c o m p o s i t i o n c o u l d b e s o l v e d . 

A v a r i e t y o f detec tors a n d c a l i b r a t i o n t e c h n i q u e s for c o p o l y m e r 
a n a l y s i s h a v e b e e n r e p o r t e d . S o m e o f the d i f f i c u l t i e s o f o b t a i n i n g 
g o o d q u a n t i t a t i v e d a t a for c o p o l y m e r sys tems h a v e b e e n d i s c u s s e d , 
a n d i t w a s s u g g e s t e d that m u l t i p l e r u n s w i t h d i f f e r e n t s o l v e n t s , or t h e 
use o f m u l t i p l e de tec tors , m i g h t b e h e l p f u l (9). A n I R d e t e c t o r 
w a s u s e d o n - l i n e w i t h t h e G P C to de te c t c o p o l y m e r c o m p o s i 
t i o n s (10). T h i s p r o c e d u r e r e c o m m e n d e d the use o f i n t e r n a l s tan 
d a r d s to a v o i d t h e errors a r i s i n g i n t h e i n j e c t i o n l o o p s a n d p r e p 
a r a t i o n o f s o l u t i o n s . A U V de te c to r a n d a r e f r a c t o m e t e r w e r e u s e d 
i n the a n a l y s i s o f s t y r e n e — b u t a d i e n e b l o c k c o p o l y m e r s ( I I ) . A 
l i n e a r r e s p o n s e for b o t h detec tors w a s a s s u m e d . T h e rat io o f the r e 
sponses o f the h o m o p o l y m e r s i n e a c h d e t e c t o r w a s u s e d to c o r r e l a t e 
t h e c o m p o s i t i o n r e s u l t s . T h e m o l e c u l a r w e i g h t s w e r e e s t i m a t e d u n d e r 
the a s s u m p t i o n that the s i z e o f the c o p o l y m e r m o l e c u l e is e q u a l to the 
s i z e o f t w o i n d i v i d u a l p o r t i o n s (as t h o u g h e a c h o n e w a s a h o m o p o l y -
mer ) a n d t h e n i n t e r p o l a t e d o n a l o g sca le . A d a m s (12) u s e d the same 
c o n f i g u r a t i o n as R u n y o n to a n a l y z e s t y r e n e — b u t a d i e n e c o p o l y m e r s . A 
l i n e a r r e s p o n s e w a s a s s u m e d a g a i n for the detec tors . T h e use o f t w o 
detec tors was p r o p o s e d (13) [ U V a n d d i f f e r e n t i a l r e f r a c t o m e t e r ( D R ) ] 
i n c o n j u n c t i o n w i t h a n o n - l i n e v i s c o m e t e r . T h e U V a n d the re f rac 
t o m e t e r w e r e u s e d to d e t e r m i n e the c o m p o s i t i o n a n d c o n c e n t r a t i o n o f 
the f ract ions w h i l e the v i s c o m e t e r w a s u s e d to o b t a i n the m o l e c u l a r 
w e i g h t o f the f ract ions f r o m t h e v i s c o s i t y a n d the u n i v e r s a l c a l i b r a t i o n 
c u r v e . A l i n e a r c o r r e c t i o n factor was u s e d o n the r e f rac tometer r e 
sponse to a c c o u n t for d e v i a t i o n s f r o m the o v e r a l l c o p o l y m e r c o m p o s i 
t i o n . T h e s e resu l t s w e r e f o u n d to b e i n a g r e e m e n t w i t h m o l e c u l a r 
w e i g h t averages d e t e r m i n e d b y o s m o m e t r y a n d l i g h t s ca t te r ing . H o w 
e v e r , the h e t e r o g e n e i t y p a r a m e t e r s d e t e r m i n e d f r o m c h r o m a t o g r a p h y 
w e r e u n r e a l i s t i c . 

M i r a b e l l a a n d B a r r a i (14,15,47) u s e d I R d e t e c t i o n a n d a " s t o p a n d 
g o " t e c h n i q u e i n the a n a l y s i s o f s t y r e n e - m a l e i c a n h y d r i d e c o p o l y 
mers . A f u l l I R spec t rum was o b t a i n e d e v e r y t i m e the flow was s topped ; 
t h e r e f o r e , the m a x i m u m i n f o r m a t i o n for e v e r y f r a c t i o n across t h e 
c h r o m a t o g r a m w a s o b t a i n e d . T h e M W D w a s r e p o r t e d as " p o l y s t y r e n e 
e q u i v a l e n t " ^ A d u a l c a l i b r a t i o n ( i .e . , a c a l i b r a t i o n c u r v e for Mn a n d 
a n o t h e r for Mw) w a s p r o p o s e d (16) for t h e a n a l y s i s o f s t y r e n e - m a l e i c 
a n h y d r i d e c o p o l y m e r s o f h o m o g e n e o u s c o m p o s i t i o n [5—50 m o l % 
m a l e i c a n h y d r i d e ( M A ) ] . T h e u n i v e r s a l c a l i b r a t i o n a n d the d u a l c a l i 
b r a t i o n y i e l d e d t h e same r e s u l t s . N o ef fect o f the c o p o l y m e r s c o m p o 
s i t i o n o n the s e p a r a t i o n m e c h a n i s m or the m o l e c u l a r w e i g h t w a s r e 
p o r t e d . 
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V i n y l c h l o r i d e — v i n y l acetate c o p o l y m e r s h a v e b e e n s t u d i e d ex 
t e n s i v e l y (17 ,18 ,48 ,49 ) . T h e v a l i d i t y o f the u n i v e r s a l c a l i b r a t i o n was es
t a b l i s h e d for th is system i n T H F for the c o m p o s i t i o n range 1 0 - 5 0 % o f 
v i n y l acetate . T w o p a c k i n g m a t e r i a l s w e r e u s e d ( s i l i c a a n d Styrage l ) to 
test for p o l y m e r — s o l v e n t — p a c k i n g i n t e r a c t i o n s . T h e ef fect o f t h e 
c o p o l y m e r c o m p o s i t i o n o n the s i ze e x c l u s i o n m e c h a n i s m for these 
p a c k i n g m a t e r i a l s w a s f o u n d n e g l i g i b l e . T h e u n i v e r s a l c a l i b r a t i o n w a s 
a l so f o u n d to b e v a l i d for s t y r e n e — b u t a d i e n e b l o c k c o p o l y m e r s (6,19). 
T u n g a l so c o m p a r e d the u n i v e r s a l c a l i b r a t i o n w i t h t h e i n t e r p o l a t i o n 
t e c h n i q u e s u g g e s t e d b y R u n y o n (11 ). T h e a g r e e m e n t o n t h e m o l e c u l a r 
w e i g h t s is w i t h i n 6%. 

T h e ef fect o f t h e c o m p o s i t i o n d i s t r i b u t i o n o n t h e e l u t i o n b e h a v i o r 
o f e t h y l e n e — p r o p y l e n e c o p o l y m e r s w a s i n v e s t i g a t e d (20, 21). C o m 
p u t e r s i m u l a t i o n s w e r e c a r r i e d out a s s u m i n g a b i v a r i a t e n o r m a l co 
p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n ( C C D ) a n d l o g - n o r m a l M W D . R e 
su l ts s h o w that e v e n for t h i s s y s t e m w h e r e the t w o h o m o p o l y m e r s 
b e h a v e s i m i l a r l y i n s o l u t i o n , a n d for w h i c h the c o p o l y m e r s g i v e t h e 
same c h a n g e i n r e f rac t i ve i n d e x , m o l e c u l e s o f d i f f e r e n t m o l e c u l a r 
w e i g h t s a n d c o m p o s i t i o n s e l u t e at the same t i m e . T h i s s i m u l t a n e o u s 
e l u t i o n causes errors i n t h e e s t i m a t i o n o f m o l e c u l a r w e i g h t averages , 
p a r t i c u l a r l y Mw, o f u p to 2 0 % . T h e s e errors are a f u n c t i o n o f t h e 
b r e a d t h o f the C C D . 

T h e m o l e c u l a r w e i g h t d i s t r i b u t i o n a n d the c o r r e l a t i o n b e t w e e n 
c h e m i c a l c o m p o s i t i o n a n d m o l e c u l a r w e i g h t o f s t y r e n e — m e t h y l a c r y 
late c o p o l y m e r s w a s s t u d i e d (22). T h e c o m p o s i t i o n v a r i e s w i t h m o l e c 
u l a r w e i g h t b y a p p r o x i m a t e l y 2 0 % i n h i g h c o n v e r s i o n c o p o l y m e r s . 
H o w e v e r , for the c o m p o s i t i o n range i n v e s t i g a t e d (45—80 m o l % M A ) , 
n o ef fect o f t h e c o m p o s i t i o n o n the s e p a r a t i o n m e c h a n i s m w a s o b 
s e r v e d . 

T h e e l u t i o n b e h a v i o r o f s t y r e n e — a c r y l o n i t r i l e c o p o l y m e r s i n d i -
m e t h y l f o r m a m i d e ( D M F ) a n d C H C 1 3 w i t h S t y r a g e l c o l u m n s has b e e n 
i n v e s t i g a t e d (23). T h e u n i v e r s a l c a l i b r a t i o n w a s f o u n d to b e v a l i d for 
C H C 1 3 s o l u t i o n s b u t not for D M F a n d S t y r a g e l c o l u m n s . T h e l o n g 
r e t e n t i o n t i m e s o b s e r v e d for p o l y s t y r e n e s i n D M F w e r e a t t r i b u t e d to 
s o l v e n t — p o l y m e r i n t e r a c t i o n s . 

Calibration and Interpretation Techniques 
C o l u m n c a l i b r a t i o n ( i .e . , m o l e c u l a r w e i g h t c a l i b r a t i o n a n d e s t i 

m a t i o n o f c o l u m n d i s p e r s i o n ) is a n i m p o r t a n t step i n t h e S E C a n a l y s i s 
o f p o l y m e r i c m a t e r i a l s . T r a d i t i o n a l l y , s tandards o f k n o w n m o l e c u l a r 
w e i g h t s h a v e b e e n u s e d to c a l i b r a t e the c o l u m n s . T h e c a l i b r a t i o n 
c u r v e as a f u n c t i o n o f the r e t e n t i o n v o l u m e c a n b e r e p r e s e n t e d as: 

M(v) = Q(v) (1) 
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17. RUBIO E T A L . Size Exclusion Chromatography 317 

T h e c h r o m a t o g r a m [F(υ)] , i n t u r n , is r e p r e s e n t e d as t h e c o n v o l u t i o n o f 
t h e t rue d i s t r i b u t i o n [W(t/)] a n d the s p r e a d i n g f u n c t i o n G(v,y) ( T u n g ' s 
e q u a t i o n ) 

00 

F(v) = J * W(y) G(v,y) dy (2) 
0 

T h e s o l u t i o n o f E q u a t i o n 2 i n t e r m s o f W(y), j o i n t l y w i t h E q u a t i o n 1, 
a l l o w s for t h e r e c o v e r y o f t h e t rue M W D . 

T h e d e v e l o p m e n t o f n e w l o w a n g l e l a s e r l i g h t s c a t t e r i n g p h o t o m 
eters ( L A L L S ) as S E C detec tors s i m p l i f i e s the c a l i b r a t i o n o f t h e c o l 
u m n s a n d t h e i n t e r p r e t a t i o n o f t h e r e s u l t s b e c a u s e t h e a c t u a l w e i g h t 
average m o l e c u l a r w e i g h t o f e a c h f r a c t i o n i n the e l u t i n g s t ream c a n b e 
o b t a i n e d r e a d i l y . T h e c a l i b r a t i o n a n d i n t e r p r e t a t i o n o f the S E C ex
p e r i m e n t s for c o p o l y m e r a p p l i c a t i o n s h a v e d i f f e r e n t i n i t i a l r e q u i r e 
m e n t s o n the f r a c t i o n a t i o n m e c h a n i s m , d e p e n d i n g o n w h e t h e r L A L L S 
detec tors or t h e t r a d i t i o n a l c a l i b r a t i o n a n d i n t e r p r e t a t i o n t e c h n i q u e s 
are u s e d . T h e s e r e q u i r e m e n t s d e p e n d o n the s e n s i t i v i t y o f t h e t e c h 
n i q u e to the m o l e c u l a r s i z e , r e l a t i v e to the s e n s i t i v i t y o f the t e c h n i q u e 
to the c o p o l y m e r c o m p o s i t i o n . 

C a l i b r a t i o n M e t h o d s . G i v e n t h e l a c k o f w e l l - c h a r a c t e r i z e d co 
p o l y m e r s tandards o f v a r y i n g m o l e c u l a r w e i g h t , c o m p o s i t i o n , a n d 
m i c r o s t r u c t u r e , t h r e e d i f f e r e n t a p p r o a c h e s h a v e b e e n s u g g e s t e d for 
t h e c a l i b r a t i o n o f S E C c o l u m n s : 

1. P o l y s t y r e n e e q u i v a l e n t c a l i b r a t i o n a n d i n t e r p r e t a t i o n . 
2. D u a l c a l i b r a t i o n . 
3. U n i v e r s a l c a l i b r a t i o n . 

G e n e r a l l y , the f i rst a p p r o a c h , a l t h o u g h u s e f u l for c o m p a r a t i v e 
p u r p o s e s , does no t y i e l d t h e t r u e m o l e c u l a r w e i g h t o f the c o p o l y m e r . 
D u a l c a l i b r a t i o n s (11) r e q u i r e s tandards for b o t h h o m o p o l y m e r s a n d 
some i n t e r p o l a t i o n . I n t e r p o l a t i o n d e p e n d s o n the c o m p o s i t i o n . T h e 
c o p o l y m e r m o l e c u l a r w e i g h t is d e f i n e d at the i t h r e t e n t i o n v o l u m e as: 

l o g M c . = P1 l o g Mk + (1 - Pt) l o g Mh (3) 

w h e r e Px is t h e f r a c t i o n o f m o n o m e r 1 i n t h e c o p o l y m e r . 
T h e u n i v e r s a l c a l i b r a t i o n s r e q u i r e o n l y s tandards for o n e h o m o -

p o l y m e r a n d t h e c a l i b r a t i o n is b a s e d o n the a s s u m p t i o n that t h e 
s e p a r a t i o n m e c h a n i s m is s t r i c t l y b y m o l e c u l a r s i z e . A n u m b e r o f s i z e 
p a r a m e t e r s h a v e b e e n p r o p o s e d as b e i n g a p p r o p r i a t e for u n i v e r s a l 
c a l i b r a t i o n 

[η]·M h y d r o d y n a m i c v o l u m e (24) 
Vh e f f e c t ive h y d r o d y n a m i c v o l u m e (25) 
(<Lo2>)112 e n d - t o - e n d root m e a n s q u a r e d d i s t a n c e (24) 
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318 P O L Y M E R C H A R A C T E R I Z A T I O N 

o f w h i c h t h e h y d r o d y n a m i c v o l u m e s are the m o s t w i d e l y u s e d . B y 
r e p l a c i n g the M a r k - H o u w i n k e x p r e s s i o n for the i n t r i n s i c v i s c o s i t y as 
a f u n c t i o n o f t h e m o l e c u l a r w e i g h t ( E q u a t i o n 4) i n the d e f i n i t i o n o f t h e 
h y d r o d y n a m i c v o l u m e ( E q u a t i o n 5), i t c a n b e s h o w n that 

[η] = KMa (4) 
Vh = [η]Μ (5) 

the d u a l c a l i b r a t i o n a n d t h e u n i v e r s a l c a l i b r a t i o n are e q u i v a l e n t , a n d 
s h o u l d y i e l d s i m i l a r r e s u l t s p r o v i d e d t h e r e are n o i n t e r a c t i o n s b e 
t w e e n t h e p a c k i n g m a t e r i a l a n d the f u n c t i o n a l g r o u p s p r e s e n t i n t h e 
c o p o l y m e r m o l e c u l e . T h i s h y p o t h e s i s has b e e n v e r i f i e d e x p e r i m e n 
t a l l y for a v a r i e t y o f c o p o l y m e r s (19, 26, 27). 

S e v e r a l t h e o r i e s c a n b e u s e d to c a l c u l a t e t h e e f f e c t ive h y d r o -
d y n a m i c v o l u m e s as a f u n c t i o n o f t h e p o l y m e r m o l e c u l a r w e i g h t , 
s o l v e n t q u a l i t y , a n d c o n c e n t r a t i o n . A m o n g t h e s e , t w o h a v e b e e n u s e d 
for c o p o l y m e r m e a s u r e m e n t s : t h e m o d e l o f P t i t s y n a n d E i z e n e r f i rs t 
a p p l i e d to S E C b y C o l l a n d P r o s i n o w s k i (28), a n d t h e m o d e l o f R u d i n 
a n d W a g n e r (25). I n t h e f i rs t case , the e f f e c t i ve h y d r o d y n a m i c v o l u m e 
is g i v e n b y the e q u a t i o n 

[η ] ·Μ 

Φ(<0 

w h e r e φ(β) = 1 - 2 .63 e + 2.86 e 2 , a n d 

- i ( . - i ) 3 V 2 
φ(β) is a f u n c t i o n that re f l ec ts t h e e x c l u d e d v o l u m e effects i n t e r m s o f 
the M a r k - H o u w i n k p a r a m e t e r a ( E q u a t i o n 4). T h i s a p p r o a c h has 
b e e n a p p l i e d to s t y r e n e — a c r y l o n i t r i l e c o p o l y m e r s i n C H C 1 3 a n d 
D M F . I t r e q u i r e s n o a d d i t i o n a l p a r a m e t e r s , b u t i t does no t a c c o u n t for 
c o n c e n t r a t i o n effects o n t h e h y d r o d y n a m i c v o l u m e . T h e m o d e l d e v e l 
o p e d b y R u d i n a n d W a g n e r (25) a c counts for b o t h c o n c e n t r a t i o n a n d 
p o l y m e r s o l v e n t i n t e r a c t i o n s . T h e h y d r o d y n a m i c v o l u m e is g i v e n b y : 

4π [η]Μ 
Vh = (7) 

9.3 x Ι Ο 2 4 + 4 π Ν 0 · φ ] - fa],) 

w h e r e N0 is A v o g a d r o ' s n u m b e r , c is the c o n c e n t r a t i o n o f p o l y m e r , a n d 
[ιη]θ is t h e i n t r i n s i c v i s c o s i t y at θ c o n d i t i o n s . T h i s m o d e l has b e e n 
a p p l i e d to styrene—α-methyl s tyrene c o p o l y m e r s (29). I t has t h e d i s 
a d v a n t a g e , h o w e v e r , o f r e q u i r i n g k n o w l e d g e o f [η]θ as a f u n c t i o n o f t h e 
c o p o l y m e r c o m p o s i t i o n . 

T h e u n i v e r s a l c a l i b r a t i o n s g i v e n b y E q u a t i o n s 5 a n d 6 are e f fec 
t i v e for a v a r i e t y o f p o l y m e r s p r o v i d e d t h e r e are n o s i g n i f i c a n t i n -
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17. RUBIO ET A L . Size Exclusion Chromatography 319 

te rac t i ons w i t h the p a c k i n g m a t e r i a l . T h u s far, the l i m i t a t i o n for the 
a n a l y s i s o f h o m o g e n e o u s c o p o l y m e r s has b e e n the l a c k o f k n o w l e d g e 
o f M a r k — H o u w i n k p a r a m e t e r s as f u n c t i o n s o f the c o p o l y m e r c o m p o 
s i t i o n (30), that w o u l d a l l o w for b o t h e f f e c t ive t e s t i n g o f t h e d i s p e r 
s i o n p a r a m e t e r s , a n d a n e v a l u a t i o n o f the i n t e r a c t i o n effects b e t w e e n 
m o l e c u l e s o f d i f f e r e n t c o m p o s i t i o n . 

L o w A n g l e L a s e r L i g h t S c a t t e r i n g D e t e c t o r s ( L A L L S ) . L i g h t 
s c a t t e r i n g p r o v i d e s one o f the m o s t i m p o r t a n t m e t h o d s for the d e t e r 
m i n a t i o n o f the m o l e c u l a r w e i g h t s a n d d i m e n s i o n s o f p o l y m e r m o l e 
c u l e s . U n f o r t u n a t e l y , its a p p l i c a t i o n to c o p o l y m e r s is n o t s t ra ight for 
w a r d (31 —33). T h e b a s i c e q u a t i o n for t h e e s t i m a t i o n o f m o l e c u l a r 
w e i g h t at l o w ang les is g i v e n b y : 

= I F — + 2 Α 2 ( Ρ ^ (8) 
Κ θ Mwapp 

w h e r e 

K - f f i * (A±f1JL) (9) 

2 

M w a p p = M w + 2 p ( ^ - ^ ) +Q{J^fi) (10) 
( dn \ 

VA = \-d^)A 

= l **Λ 
I dc /, 

= ( — ) 
Vb \ dc Ι Β 

V° » dc , 
Wis ' cop 

W h e r e the a p p a r e n t m o l e c u l a r w e i g h t (Mwapp) is a f u n c t i o n o f t h e 
a v e r a g e c o m p o s i t i o n , t h e s p r e a d o f t h e c o m p o s i t i o n d i s t r i b u t i o n 
t h r o u g h the re f rac t i ve i n d e x i n c r e m e n t s (vQ, vA, vB), a n d the h e t e r o 
g e n e i t y p a r a m e t e r s Ρ a n d Q that are c h a r a c t e r i s t i c o f e a c h p a r t i c u l a r 
p o l y m e r s a m p l e . T h e s e c o n d v i r i a l c o e f f i c i e n t A 2 is a l so a f u n c t i o n o f 
the m o l e c u l a r w e i g h t a n d the c o m p o s i t i o n ; h o w e v e r , th i s d e p e n d e n c e 
is s o m e t i m e s s m a l l a n d i t is su f f i c i ent to a p p r o x i m a t e i t w i t h the v a l u e 
for the to ta l p o l y m e r . T h e h e t e r o g e n e i t y p a r a m e t e r s Ρ a n d Q i n E q u a 
t i o n 10 are e s t i m a t e d i n t h e s t a n d a r d l i g h t s c a t t e r i n g e x p e r i m e n t s , b y 
v a r y i n g the s o l v e n t a n d , t h e r e f o r e , the re f rac t i ve i n d e x i n c r e m e n t s . 
G i v e n t h e d i f f i c u l t i e s i n q u a n t i f y i n g the effect o f d i f f e r e n t s o l vents o n 
t h e f r a c t i o n a t i n g m e c h a n i s m , v a r y i n g t h e r e f r a c t i v e i n d e x i n c r e m e n t s 
is not a p r a c t i c a l a p p r o a c h for the e s t i m a t i o n o f the m o l e c u l a r w e i g h t 
a n d the h e t e r o g e n e i t y p a r a m e t e r s i n a c o u p l e d S E C / L A L L S e x p e r i -
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320 P O L Y M E R C H A R A C T E R I Z A T I O N 

m e n t . I t is m o r e c o n v e n i e n t to f ract ionate the c o p o l y m e r i n t e r m s o f 
c o m p o s i t i o n (i .e. , o b t a i n f ract ions w i t h u n i f o r m c o m p o s i t i o n for w h i c h 
P=Q=0) p r i o r to the l i g h t s cat ter ing m e a s u r e m e n t s . T h e a p p l i c a t i o n o f 
l i g h t scat ter ing to c o p o l y m e r s o f h o m o g e n e o u s c o m p o s i t i o n is s tra ight 
f o r w a r d , a n d s h o u l d p r o v i d e s u f f i c i e n t i n f o r m a t i o n for t h e e s t i m a t i o n 
o f the M a r k - H o u w i n k p a r a m e t e r s a n d t h e e v a l u a t i o n o f c o l u m n d i s 
p e r s i o n as a f u n c t i o n o f the c o p o l y m e r c o m p o s i t i o n . 

C o l u m n D i s p e r s i o n a n d C h r o m a t o g r a m I n t e r p r e t a t i o n . T o s o l v e 
T u n g ' s d i s p e r s i o n e q u a t i o n , i t is n e c e s s a r y to e s t i m a t e t h e u n k n o w n 
s p r e a d i n g f u n c t i o n [G(v,y)] a n d its c o r r e s p o n d i n g p a r a m e t e r s . T h e p a 
r a m e t e r e s t imates are c o n d i t i o n a l u p o n the d e f i n i t i o n o f t h e c a l i b r a 
t i o n c u r v e w h e n m o l e c u l a r w e i g h t i n f o r m a t i o n is u s e d i n the e s t i m a 
t i o n . A l t e r n a t i v e l y t h e G(v,y) c a n b e e s t i m a t e d b y e x p e r i m e n t a l l y 
e l i m i n a t i n g t h e b r o a d e n i n g c a u s e d b y the p o l y d i s p e r s i t y o f t h e s a m 
p l e (e.g., b y u s i n g r e v e r s e flow t e c h n i q u e s w h e n s k e w i n g is n e g l i g i 
b l e ) . T h e e s t i m a t i o n o f the G(v,y) p a r a m e t e r s as a f u n c t i o n o f the 
r e t e n t i o n v o l u m e is d e p e n d e n t o n the a d e q u a c y a n d the s t ruc ture o f 
the m o d e l u s e d . A w i d e v a r i e t y o f m o d e l s for the s p r e a d i n g f u n c t i o n , 
as w e l l as s o l u t i o n s to E q u a t i o n 2 h a v e b e e n p r o p o s e d a n d are r e 
v i e w e d e l s e w h e r e (34, 35) . 

P r o p e r e v a l u a t i o n o f t h e s p r e a d i n g f u n c t i o n a n d s p r e a d i n g p a 
rameters is i m p o r t a n t i n S E C o f c o p o l y m e r s b e c a u s e m o l e c u l e s w i t h 
the same s i z e , b u t d i f f e r e n t c o m p o s i t i o n or m i c r o s t r u c t u r e , m a y e x p e 
r i e n c e d i f f e r e n t i n t e r a c t i o n ef fects , a n d t h e r e f o r e , d i f f e r e n t s p r e a d i n g 
t h r o u g h t h e c o l u m n s ( F i g u r e 1). T h e s e s p r e a d i n g fluctuations m a y 
l e a d to s i g n i f i c a n t e r rors i n t h e e s t i m a t i o n o f t h e m o l e c u l a r w e i g h t s o r 
h e t e r o g e n e i t y o f the c o p o l y m e r s a m p l e . 

A m o n g the c h r o m a t o g r a m r e c o v e r y t e c h n i q u e s a n d s o l u t i o n s to 
T u n g ' s i n t e g r a l e q u a t i o n r e p o r t e d i n the l i t e r a t u r e , the t e c h n i q u e p r o 
p o s e d b y Y a u , S t o c k l o s a , a n d B l y ( G P C V m e t h o d s ) (24) i s p a r t i c u l a r l y 
u s e f u l b e c a u s e i t a l l o w s for t h e d i r e c t c a l c u l a t i o n o f t h e average m o 
l e c u l a r w e i g h t s i n t h e de tec tor ' s c e l l . T h i s a p p r o a c h is b a s e d o n t h e 
a s s u m p t i o n that the c o n t r i b u t i o n f r o m n e i g h b o r i n g s p e c i e s to t h e m o 
l e c u l a r w e i g h t fa l l s o f f r a p i d l y w h e n i n t e g r a t i n g the c on tents o f the 
de te c to r c e l l . U n d e r t h i s a s s u m p t i o n , the l o c a l v a l u e s o f the c a l i b r a 
t i o n c u r v e a n d d i s p e r s i o n p a r a m e t e r s c a n b e u s e d w i t h n e g l i g i b l e 
e r r o r (37). T h e e q u a t i o n s a p p l y to the g e n e r a l s i t u a t i o n w h e r e the 
m o l e c u l a r w e i g h t c a l i b r a t i o n c u r v e is n o n l i n e a r a n d t h e b r o a d e n i n g 
p a r a m e t e r s c h a n g e w i t h m o l e c u l a r w e i g h t or r e t e n t i o n v o l u m e . 

M i !K(V,UC) F[V - (Κ -1)Ό2(υ)σ(ν)2] 

M(v) " F[v - (Κ -2)Ό2σ(ν)2] 
e x p { (2K - 3 ) [D2(v)a(v)]2/2} 

(11) 
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17. RUBIO E T A L . Size Exclusion Chromatography 321 

[η] (v,uc) F[v - αΌ2(ν)σ(υ)2] 
exp{[aD2(v)a(v)]2/2} (12) 

M (ν) F(v) 

w h e r e MK(v,uc) i s the fcth average m o l e c u l a r w e i g h t o f t h e contents o f 
t h e de te c to r c e l l at r e t e n t i o n v o l u m e υ a n d r)(v,uc) is the i n t r i n s i c 
v i s c o s i t y . M(v) a n d rj(v) are g i v e n b y : 

w h e r e D^v) a n d D2(v) are the l o c a l s l o p e a n d i n t e r c e p t o f the c a l i b r a 
t i o n c u r v e , r e s p e c t i v e l y , a n d σ(υ)2 is the v a r i a n c e o f the G a u s s i a n 
s p r e a d i n g f u n c t i o n . U n d e r the a s s u m p t i o n o f the v a l i d i t y o f the u n i 
v e r s a l c a l i b r a t i o n c u r v e , E q u a t i o n s 11 a n d 12, t o g e t h e r w i t h o n - l i n e 
i n t r i n s i c v i s c o s i t y m e a s u r e m e n t s , c a n b e u s e d to d e t e r m i n e t h e 
M a r k - H o u w i n k p a r a m e t e r s for c o p o l y m e r s o f h o m o g e n e o u s c o m p o 
s i t i o n . T h i s o f c o u r s e , r e q u i r e s that the v a r i a n c e o f t h e s p r e a d i n g 
f u n c t i o n b e i n d e p e n d e n t o f t h e c h e m i c a l n a t u r e o f t h e c o p o l y m e r . 
E x p e r i m e n t a l r e su l t s b y o t h e r r e searchers (35, 38) o n a v a r i e t y o f 
p o l y m e r s a n d c o p o l y m e r s i n d i c a t e that for those cases w h e r e t h e 
u n i v e r s a l c a l i b r a t i o n is v a l i d , t h e s p r e a d i n g p a r a m e t e r is i n d e p e n d e n t 
o f t h e c h e m i c a l n a t u r e o f t h e p o l y m e r s . 

U n i v e r s a l C a l i b r a t i o n a n d E v a l u a t i o n o f t h e F r a c t i o n a t i o n . G i v 
e n the e x p e r i m e n t a l o b s e r v a t i o n that t h e M a r k - H o u w i n k e q u a t i o n 
( E q u a t i o n 4) is v a l i d for c o p o l y m e r s o f h o m o g e n e o u s c o m p o s i t i o n , 
as d i s c u s s e d p r e v i o u s l y , the i n t r i n s i c v i s c o s i t y - m o l e c u l a r w e i g h t r e 
l a t i o n s h i p c a n b e u s e d as a n i n d i c a t i o n o f t h e p r e s e n c e o f p o l y m e r -
s o l v e n t - p a c k i n g i n t e r a c t i o n s . A p l o t o f [η] v s . M for t h e h o m o 
p o l y m e r s d e f i n e s a r e g i o n a b o u t w h i c h the c o p o l y m e r s are e x p e c t e d 
to f a l l . S t r o n g d e v i a t i o n s f r o m t h i s r e g i o n , for m o l e c u l a r w e i g h t s 
c a l c u l a t e d b a s e d o n the u n i v e r s a l c a l i b r a t i o n , w o u l d b e a n i n d i c a t i o n 
o f p o l y m e r - s o l v e n t - p a c k i n g i n t e r a c t i o n s . F i g u r e 2 s h o w s the a p p l i 
c a t i o n o f t h i s c r i t e r i o n to s t y r e n e — i s o p r e n e c o p o l y m e r s a n a l y z e d i n 
i n d e p e n d e n t l a b o r a t o r i e s (13, 19). B o t h sets o f data are c o n s i s t e n t 
for u n f r a c t i o n a t e d a n i o n i c c o p o l y m e r s o f v a r y i n g c o m p o s i t i o n s ( 1 1 -
9 3 % styrene) . T h e u n f r a c t i o n a t e d c o p o l y m e r s f a l l w i t h i n t h e l i n e s for 
p o l y s t y r e n e a n d p o l y i s o p r e n e , w h e r e a s t h e S E C f r a c t i o n a t i o n d a t a 
(13) d e v i a t e s i g n i f i c a n t l y as the c o n t e n t o f i s o p r e n e i n t h e c o p o l y m e r 
i n c r e a s e s , t h e r e b y i n d i c a t i n g t h e p r e s e n c e o f i n t e r a c t i o n s . T h i s d e v i 
a t i o n m a y e x p l a i n t h e d i f f e r e n c e s r e p o r t e d b e t w e e n t h e h e t e r o g e n e i t y 
p a r a m e t e r s Ρ a n d Q o b t a i n e d f r o m l i g h t s c a t t e r i n g ( E q u a t i o n 5), a n d 
those o b t a i n e d f r o m S E C a n a l y s i s . T h i s c o n s i s t e n c y test i s p a r t i c u l a r l y 
u s e f u l w h e n t h e c o p o l y m e r s a n d the h o m o p o l y m e r s are s o l u b l e i n 

M(v) = D^v) exp [-D2(v)-v] 

[φ)] =KM(v)a 

(13) 

(14) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

17



322 P O L Y M E R C H A R A C T E R I Z A T I O N 

10 
8 

6 

5 1 

=5 0.8 

0.6 

0.4 

0.2 

.27 .31 

. 5 3 / 0 / 

.41 y χ 
/ V 

s 6 * y 

Γ / · 
Θ Mn unfractionated 
A Mw 

• A Grubîsic 
ο Tung 
• SEC fractions 

(Grubîsic) 

0.1I » f I I I 
6 8 10 5 

J I i I I I I I 
4 6 8 10' 

M 

-L J L 
4 5 

Figure 2. Effect of the fractionation on the intrinsic viscosity—mo
lecular weight relationship for styrene—isoprene copolymers in the 
composition of the fraction in brackets (13, 19). Key: PI, polyisoprene; 

and PS, polystyrene. 

t h e same s o l v e n t s y s t e m . W h e n o n e o f t h e h o m o p o l y m e r s or s o m e o f 
the c o p o l y m e r s are i n s o l u b l e i n the d e s i r e d s o l v e n t t w o a p p r o a c h e s 
c a n b e u s e d to e v a l u a t e the f r a c t i o n a t i o n m e c h a n i s m : 

1. P l o t s o f [ύ)]—Μ c a n b e u s e d as a c o n s i s t e n c y test i f i t is 
f u r t h e r a s s u m e d that t h e Κ a n d a p a r a m e t e r s for the i n 
s o l u b l e p o l y m e r s are those c o r r e s p o n d i n g to the u n p e r 
t u r b e d d i m e n s i o n s o f t h e p o l y m e r c o i l s ( i . e . , a = 
0.5, Κ = Κθ). 

2. T h e s o l u b i l i t y a n d p o l a r charac te r i s t i c s o f t h e g r o u p s 
p r e s e n t i n t h e p o l y m e r m o l e c u l e c a n b e u s e d to e n h a n c e 
i n t e r a c t i o n s w i t h t h e p a c k i n g m a t e r i a l s , s u c h that c o m 
p o s i t i o n f rac t i onat i ons are o b t a i n e d . C r o s s - s i z e f r a c t i o n 
a t i o n s h o u l d t h e n i n d i c a t e s i g n i f i c a n t c o m p o s i t i o n a l ef
fects . 

T h e d i f f i c u l t i e s i n a p p l y i n g the f i rst a p p r o a c h are e x e m p l i f i e d i n 
F i g u r e s 3—5 w h e r e t h e c o m p l e x n a t u r e o f t h e M a r k - H o u w i n k p a r a m -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

17



17. R U B i o E T A L . Size Exclusion Chromatography 323 
Pu

bl
is

he
d 

on
 J

un
e 

1,
 1

98
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

3-
02

03
.c

h0
17



324 P O L Y M E R C H A R A C T E R I Z A T I O N 
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Figure 4. The Mark-Houwink parameter Κ for SAN copolymers as a 
function of the solvent and the copolymer composition. Key to con
ditions: O, DMF 20 °C; ·, DMF 30 °C; A, MEK 20 °C; O, CHCl3 20 °C; 

and^, THF 25 °C. 

eters is s h o w n for S A N c o p o l y m e r s i n s e v e r a l s o l v e n t s . C l e a r l y , θ 
c o n d i t i o n s c a n b e r e a c h e d at s i g n i f i c a n t l y h i g h s ty rene c o m p o s i t i o n s . 
S u p e r i m p o s e d o n t h i s are the effects o f the m i c r o s t r u c t u r e a n d t h e 
m o l e c u l a r w e i g h t o n the s o l u b i l i t y o f the p o l y m e r . T h e s e effects 
g r e a t l y i n f l u e n c e the v a l u e o f Κ i n E q u a t i o n 4 ( F i g u r e 4). C o n s i s t e n c y 
tests w i t h E q u a t i o n 4 u n d e r these c o n d i t i o n s are d i f f i c u l t u n l e s s t h e 
b e h a v i o r o f t h e i n t r i n s i c v i s c o s i t y — m o l e c u l a r w e i g h t r e l a t i o n s h i p as a 
f u n c t i o n o f the c o m p o s i t i o n is k n o w n for the s o l v e n t o f i n t e r e s t . T h e 
a p p l i c a t i o n o f t h e c r o s s - f r a c t i o n a t i o n a p p r o a c h o n the o t h e r h a n d r e 
q u i r e s c a r e f u l s e l e c t i o n o f t h e s o l v e n t a n d the p a c k i n g m a t e r i a l s . 

C o l u m n a n d S o l v e n t S e l e c t i o n . T h e s e l e c t i o n o f s o l v e n t sys tems 
for c o p o l y m e r a n a l y s i s is d i c t a t e d p r i m a r i l y b y t w o factors : s o l v e n t 
t r a n s p a r e n c y i n the r e g i o n s o f p o l y m e r a b s o r p t i o n , a n d s o l u b i l i t y c o n 
s i d e r a t i o n s that d e t e r m i n e t h e c o i l s i z e a n d the d i r e c t i o n o f t h e i n 
terac t i ons w i t h the p a c k i n g m a t e r i a l . 

T h e c h o i c e or a v a i l a b i l i t y o f a d e t e c t i o n s y s t e m g r e a t l y l i m i t s t h e 
n u m b e r o f s o lvents that c a n b e u s e d . I n the case o f s ty rene c o p o l y 
m e r s , so lvents t r a n s p a r e n t i n the r e g i o n f r o m 2 3 0 to 2 7 0 n m are h i g h l y 
d e s i r a b l e ( s trong a b s o r p t i o n o f the s t y r y l g roup) . U n f o r t u n a t e l y , for 
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17. RUBIO ET A L . Size Exclusion Chromatography 325 

S A N c o p o l y m e r s most transparent so lvents are nonso lvents for p o l y a c r y l -
on i t r i l e ( P A N ) or a c r y l o n i t r i l e rich c opo lymers . S o l u b i l i t y parameters a n d 
cons iderat ions o f i n t e r m o l e c u l a r forces c a n b e u s e d to est imate the s o l u 
b i l i t y characterist ics o f the c o p o l y m e r s a n d to ind i ca te the d i r e c t i o n o f the 
i n t e r a c t i o n s , i . e . , p o l y m e r - s o l v e n t o r p o l y m e r - p a c k i n g . F o r e x a m p l e , 
c o m p a r i s o n o f the t h r e e - d i m e n s i o n a l s o l u b i l i t y p a r a m e t e r s for t h e 
c o p o l y m e r s a n d for T H F a n d D M F ( T a b l e I) i n d i c a t e s that t h e p o l a r 
forces ( δ ρ ) p l a y a s i g n i f i c a n t r o l e i n the d i s s o l u t i o n o f a c r y l o n i t r i l e r i c h 
c o p o l y m e r s . T h e r e f o r e , s m a l l a d d i t i o n s o f a t r a n s p a r e n t p o l a r s o l v e n t , 
l i k e m e t h a n o l , are e x p e c t e d to e n h a n c e s o l u b i l i t y for a c r y l o n i t r i l e r i c h 
c o p o l y m e r s a n d d e c r e a s e the i n t e r a c t i o n s b e t w e e n a c r y l o n i t r i l e a n d 
the p o l a r p a c k i n g s , as s h o w n i n F i g u r e 6 for u n f r a c t i o n a t e d S A N 
c o p o l y m e r s a n d s i l i c a c o l u m n s . E x c e s s i v e a d d i t i o n o f m e t h a n o l i n 
creases t h e h y d r o g e n b o n d i n g ( δ Η ) s i g n i f i c a n t l y w h i c h causes t h e 
m i x t u r e to b e c o m e a n o n s o l v e n t for b o t h h o m o p o l y m e r s a n d c o p o l y 
m e r s . 

T h e q u a s i - s t a t i o n a r y p h a s e c o n c e p t s d i s c u s s e d p r e v i o u s l y (2—4) 
c a n a lso b e u s e d to g u i d e t h e s o l v e n t s e l e c t i o n . I f p o l y m e r — p a c k i n g 
i n t e r a c t i o n s are to b e d i m i n i s h e d (s ize separat ion) a n o n s o l v e n t that 

1. -

. 9 . 

Figure 5. The Mark-Houwink exponent a for SAN copolymer as a 
function of the solvent and the copolymer composition P W j weight 
fraction of styrene in the copolymer. Key to conditions: O, DMF 20 °C; 

·, DMF 30 °C; Δ, MEK 30 °C; O, ChCl3 20 °C; and&, THF 25 °C. 
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Table I. Solubility Parameters (δ) for S A N Copolymers 
in Various Solvents 

Mole Fraction 
of Styrene Solvent δ 0 δ„ δ Ρ δ Η 

Reference 

1. 9.1 0.3 0.10 3 9 
0.74 — — 9.1 1.4 1.0 3 9 
0.62 — — 9.1 2.1 1.2 3 9 
0.48 — — 9.1 3.0 1.5 3 9 
0.0 — — 9.0 8.4 3.1 3 9 

— T H F 9.52 8.22 2.8 3.9 4 0 
— D M F 12.14 8.52 6.7 5.5 4 0 
— M e O H 14.28 7.42 6.0 10.9 4 0 

Note : Subscripts are as fol lows: o, overal l ; d, d ispers ion; p, polar; a n d H , hydrogen 
bonding . T h e units for δ are (cal /cm 3 ) 1 / 2 . 

p r e f e r e n t i a l l y w e t s the p a c k i n g is to b e s e l e c t e d . I f i n t e r a c t i o n s are to 
b e e n h a n c e d ( c o m p o s i t i o n f rac t i onat ion ) a n o n s o l v e n t h i g h l y m i s c i b l e 
i n t h e s o l v e n t i s to b e p r e f e r r e d . T h e s e g u i d e l i n e s are o f c o u r s e 
q u a l i t a t i v e , a n d i t is i m p o r t a n t to d e t e r m i n e the s o l u b i l i t y l i m i t s a n d 
i n t r i n s i c v i s c o s i t i e s for e a c h s o l v e n t c o m b i n a t i o n to d e f i n e b o t h the 
o p e r a t i n g range a n d t h e ef fect o f the n o n s o l v e n t o n t h e c o i l s i z e . 

A w i d e v a r i e t y o f p o r o u s p a c k i n g m a t e r i a l s i s a v a i l a b l e f or S E C o f 
p o l y m e r s (40), m o s t o f w h i c h h a v e b e e n t e s t e d for s o l v e n t c o m p a t i b i l 
i t y f r o m the v i e w p o i n t o f t h e s t a b i l i t y o f t h e p a c k i n g m a t e r i a l . V e r y 
f e w at tempts h a v e b e e n m a d e to se l e c t a p a c k i n g m a t e r i a l o n t h e bas i s 
o f its i n t e r a c t i o n s w i t h t h e p o l y m e r m o l e c u l e s (6, 8 ) . A s d i s c u s s e d 
p r e v i o u s l y , p o l y m e r p a c k i n g i n t e r a c t i o n s c a n b e e n h a n c e d (for p o l y 
s t y r e n e a n d p o s s i b l y for s t y r e n e c o p o l y m e r s ) o n s i l i c a a n d S t y r a g e l 
p a c k i n g s b y p r o p e r c h o i c e o f the s o l v e n t s y s t e m . S i l i c a substrates 
h o w e v e r , s h o w the s t rongest i n t e r a c t i o n s a n d there f o re are t h e m o s t 
l i k e l y c a n d i d a t e s for c o m p o s i t i o n f rac t i onat i ons . 

Experimental Methods 
Styrene -acry lon i t r i l e copolymers were synthesized by bu lk free-radical 

polymerization at 60 and 40 °C over a w ide range of in i t ia l monomer composi 
tions (I). Copo lymer compositions were determined by gas chromatography 
and veri f ied by Ή - N M R spectroscopy. T h e copolymers were pur i f ied prior 
to the analysis by precipitation from absolute methanol (Table II). 

The S E C is a modif ied room temperature Waters G P C equipped w i t h a 
differential refractometer and a Waters 440 dual U V detector. T h e injection 
valve, detectors, and volume counter were interfaced w i t h a Data Genera l 
N o v a minicomputer that was used pr imari ly for data logging, base l ine cor
rections, and data synchronization. The first detector downstream from the 
columns was used as reference. The refractometer and U V spectrophotometers 
were calibrated to absolute units using benzene—carbon tetrachloride (CC1 4) 
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17. RUBio E T A L . Size Exclusion Chromatography 327 

solutions. Four types of columns were investigated: Waters microBondagel 
(E-Lincar ) , d u Pont S .E . s i l ica columns (60, 100, 500, 1000, and 4000 A°), 
Porasi l (69 A 0 ) , and Styragel (500, 10 3 , 10 4 , 10 5 , and 10 6 A°). 

Intrinsic viscosities were measured w i t h Cannon Ubbelohde viscometers 
at 20 and 25 °C. 

Results and Discussion 
C o l u m n C a l i b r a t i o n . T h e c o l u m n s w e r e c a l i b r a t e d u s i n g 18 n a r 

r o w p o l y s t y r e n e s tandards ( P r e s s u r e C h e m i c a l s ) as r e f e r e n c e m a t e r i 
a l s . T h e v a r i a n c e o f the i n s t r u m e n t a l s p r e a d i n g f u n c t i o n σ2 (υ) i n 
E q u a t i o n 11 w a s r e p r e s e n t e d as a t h i r d - o r d e r p o l y n o m i a l i n υ a n d the 
p a r a m e t e r s o f the p o l y n o m i a l w e r e e s t i m a t e d b y m i n i m i z i n g the d e -

0.21 ι I I I I ι 
22 23 24 25 

RV 

Figure 6. Adsorption effects on SE silica columns for unfractionated 
SAN copolymers. Key: RV, retention volume (cm3); Fl9 mole fraction of 
styrene in the copolymer; ·, M0; O, Mt; and •, M2. Conditions: M0, 
THF; M1? THFIMeOH (90:10) (vlv); and M2, THF/MeOH (80:20) (vlv). 
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330 P O L Y M E R C H A R A C T E R I Z A T I O N 

v i a t i o n s b e t w e e n the c a l c u l a t e d averages ( M n , Mw) a n d the m o l e c u l a r 
w e i g h t s g i v e n b y t h e m a n u f a c t u r e r . T h a t i s , b y : 

^ Ι ί ^ φ Λ ' Α ^ φ Λ ' as) 
ί = 1 \ Mn. I \ Mw. I 

w h e r e Ns is the n u m b e r o f s tandards u s e d . 
F i g u r e 7 s h o w s the c a l i b r a t i o n c u r v e a n d the c h r o m a t o g r a m s o f 

s ome o f the P S s tandards u s e d . F i g u r e s 8 a n d 9 s h o w the c o r r e s p o n d 
i n g v a r i a n c e o f t h e c h r o m a t o g r a m s a n d s p r e a d i n g f u n c t i o n as a f u n c 
t i o n o f the r e t e n t i o n v o l u m e . B e c a u s e o f the i n t e r p o l a t i o n s r e q u i r e d 
b y E q u a t i o n 11, s o m e o s c i l l a t i o n s c a n b e e x p e c t e d w h e n c a l c u l a t i n g 
the m o l e c u l a r w e i g h t s at the ta i l s o f the c h r o m a t o g r a m s w h e r e the 
s i g n a l - t o - n o i s e rat io is l o w . T h i s p r o b l e m c a n b e r e m o v e d e a s i l y b y 
s m o o t h i n g the data . S m o o t h i n g is a c c o m p l i s h e d b y f i t t i n g the c h r o -

Ί ι 1 I I I I 1 M ι ι—I I I I I I I I I I 

RETENTION VOLUME C COUNTS ) 

Figure 7. Fractionation of PS standards in THF Styragel columns. 
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,2 

331 

Figure 8. Variance of the raw chromatograms for PS standards as a 
function of the polymer concentration (THF). Key to concentration 

(g/mL): O, 0.00100; ·, 0.00050; and 3 , 0.00025. 

m a t o g r a m s to a s u m o f G a u s s i a n f u n c t i o n s (41). N o r m a l l y o n e to f our 
f u n c t i o n s w e r e r e q u i r e d . F i g u r e s 10 a n d 11 s h o w the n u m b e r a n d 
w e i g h t average m o l e c u l a r w e i g h t s c a l c u l a t e d as a f u n c t i o n o f the r e 
t e n t i o n v o l u m e for t w o n a r r o w s tandards . 

S i z e a n d C o m p o s i t i o n F r a c t i o n a t i o n s . T h e i n i t i a l c o l u m n s e l e c 
t i o n w a s d o n e o n the bas i s o f a d s o r p t i o n effects o b s e r v e d o n s i l i c a 
c o l u m n s for S A N c o p o l y m e r s h a v i n g a c r y l o n i t r i l e c on tents greater 
t h a n 4 0 m o l % . F i g u r e 6 s h o w s t h e p e a k r e t e n t i o n v o l u m e for u n 
f r a c t i o n a t e d S A N c o p o l y m e r s o f h o m o g e n e o u s c o m p o s i t i o n i n T H F — 
m e t h a n o l m i x t u r e s . C l e a r l y , a d d i t i o n o f m e t h a n o l r e d u c e s the p o l y 
m e r p a c k i n g i n t e r a c t i o n for r i c h a c r y l o n i t r i l e c o p o l y m e r s , as w e l l as 
the s i ze o f the p o l y s t y r e n e m o l e c u l e s . S u p e r i m p o s e d o n the c o m p o 
s i t i o n a l effects s h o w n i n F i g u r e 6 are the h y d r o d y n a m i c s i ze effects. 
T o s t u d y t h e s e , t h r e e f rac t ions w e r e c o l l e c t e d ( F i g u r e 12) a n d r e i n 
j e c t e d i n t o a s y s t e m o f f i ve S E C c o l u m n s , p l u s t w o 69-Â P o r a s i l c o l 
u m n s . T h e c o m p o s i t i o n c a l i b r a t i o n c u r v e s o b t a i n e d are s h o w n i n F i g 
u r e 13. I n j e c t i o n o f these f rac t ions i n t o the S t y r a g e l c o l u m n s i n d i c a t e s 
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332 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 9. Estimated spreading parameter for PS standards in THF as a 
function of the polymer concentration. Key to concentration (g/mL): 

·, 0.00050; and 3 , 0.00025. 

a r e d u c t i o n o f the h y d r o d y n a m i c v o l u m e o n l y w i t h i n c r e a s i n g m e t h a 
n o l c o n t e n t ( F i g u r e 14). N o s i g n i f i c a n t c o m p o s i t i o n effects c a n b e 
o b s e r v e d o n the S t y r a g e l f r a c t i o n a t i o n . T h e c a l i b r a t i o n c u r v e s s h o w n 
i n F i g u r e 13 i n d i c a t e that m a g n i t u d e o f the c o m p o s i t i o n effects s h o u l d 
no t b e u n d e r e s t i m a t e d i n c o p o l y m e r f rac t i onat i ons . A l t h o u g h t h e res 
o l u t i o n o f the c o m p o s i t i o n f r a c t i o n a t i o n is not e n o u g h for e v a l u a t i o n o f 
the c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n , i t is s u f f i c i e n t to d e m o n s t r a t e 
that t h e m a i n s e p a r a t i o n m e c h a n i s m for S A N c o p o l y m e r s i n S t y r a g e l 
c o l u m n s , u s i n g T H F or T H F - m e t h a n o l m i x t u r e s , is m a i n l y s i z e ex
c l u s i o n . T h e r e f o r e , t h e u s e o f t h e u n i v e r s a l c a l i b r a t i o n c u r v e appears 
to b e j u s t i f i e d for the e s t i m a t i o n o f m o l e c u l a r w e i g h t s . 

E s t i m a t i o n o f t h e M a r k - H o u w i n k P a r a m e t e r s . T h e w e i g h t av 
erage m o l e c u l a r w e i g h t s for S A N c o p o l y m e r s o f h o m o g e n e o u s c o m p o 
s i t i ons w e r e e s t i m a t e d f r o m i n t r i n s i c v i s c o s i t y m e a s u r e m e n t s i n D M F 
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17. RUBIO ET A L . Size Exclusion Chromatography 333 

at 2 0 °C a n d the c o r r e l a t i o n s o b t a i n e d b y B a u m a n a n d L a n g e (42). T h e 
m o l e c u l a r w e i g h t s o b t a i n e d b y t h i s m e t h o d ( T a b l e I I ) , a n d the c o r r e 
s p o n d i n g i n t r i n s i c v i s c o s i t i e s i n T H F at 2 5 °C w e r e u s e d to e s t i m a t e Κ 
a n d α as a f u n c t i o n o f the c o p o l y m e r c o m p o s i t i o n for S E C a n a l y s i s 
( T a b l e I I I ) . T h e e s t i m a t i o n o f t h e w e i g h t average m o l e c u l a r w e i g h t s 
f r o m v i s c o s i t y data is s u p p o r t e d b y a n i n v e s t i g a t i o n o n t h e ef fect o f t h e 
p o l y d i s p e r s i t y o n the m o l e c u l a r w e i g h t - i n t r i n s i c v i s c o s i t y r e l a t i o n 
s h i p (43). T h i s s t u d y i n d i c a t e d that the w e i g h t average m o l e c u l a r 
w e i g h t s c a l c u l a t e d f r o m [y]]IMW c o r r e l a t i o n s p r o v i d e a g o o d a p p r o x i 
m a t i o n to the a c t u a l m o l e c u l a r w e i g h t s , or a l t e r n a t i v e l y , that g o o d 
es t imates o f Κ a n d a c a n b e o b t a i n e d i f t h e p o l y d i s p e r s i t y o f t h e p o l y 
m e r is m o d e r a t e l y l o w . T a b l e I I I a n d F i g u r e s 4 a n d 5 s u m m a r i z e t h e 
b e h a v i o r o f Κ a n d α as a f u n c t i o n o f the s o l v e n t a n d the c o p o l y m e r 
c o m p o s i t i o n . A s the a c r y l o n i t r i l e c o n t e n t i n c r e a s e s , the e x p o n e n t a 
r a p i d l y a p p r o a c h e s a v a l u e o f 0.5 for C H C 1 3 , T H F , a n d m e t h y l e t h y l 

RETENTION VOLUME ( COUNTS ) 

Figure 10. Average molecular weights as a function of the retention 
volume standard PS4 in THF ( M w = 10,300). Key: - , M w (v); and 

- M n ( v J . 
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334 P O L Y M E R C H A R A C T E R I Z A T I O N 

k e t o n e ( M E K ) , w h i c h are n o n s o l v e n t s for p o l y a c r y l o n i t r i l e . T h e v a l u e 
o f K, o n t h e o ther h a n d , r i ses s h a r p l y a p p r o a c h i n g t h e v a l u e o f 
Κθ = 25.0 x 10~ 4 r epor ted for p o l y a c r y l o n i t r i l e (30). T h e va lues o f Κ a n d 
a are a d e q u a t e l y c o r r e l a t e d w i t h the w e i g h t f r a c t i o n o f s ty rene i n t h e 
c o p o l y m e r b y E q u a t i o n s 16 a n d 17. 

a(Plw) = - 0 . 6 1 0 9 + 3.2274 (PJ - 1.9037 (PJ2 (16) 

Κ ( ρ ^ ) = 5.082 χ 1 0 " 3 - 1.1488 χ 10~ 2(Ρ, ) + 6 .5612 x 1 0 - 3 ( P l u , ) 2 

(17) 

E q u a t i o n s 16 a n d 17 c a n b e u s e d w i t h E q u a t i o n s 1 1 - 1 4 to e s t i 
mate t h e m o l e c u l a r w e i g h t s as a f u n c t i o n o f t h e c o p o l y m e r c o m p o s i 
t i o n across the c h r o m a t o g r a m . 

C o n c e n t r a t i o n , C o m p o s i t i o n , a n d S e q u e n c e L e n g t h D e t e c t i o n . 
T r a d i t i o n a l l y , c o p o l y m e r c o n c e n t r a t i o n s a n d c o m p o s i t i o n s h a v e b e e n 
t h e o n l y v a r i a b l e s that w e r e m e a s u r e d i n S E C e x p e r i m e n t s i n a d d i -
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17. RUBIO ET A L . Size Exclusion Chromatography 335 

t i o n to the m o l e c u l a r w e i g h t d e t e r m i n a t i o n s . T h a t i s , t w o mass d e 
tectors p l u s the m o l e c u l a r w e i g h t m e a s u r e m e n t s h a v e b e e n c o n s i d 
e r e d s u f f i c i e n t to c h a r a c t e r i z e the c o p o l y m e r m o l e c u l e s . H o w e v e r , 
t w o aspects o f t h e mass d e t e c t i o n s y s t e m r e q u i r e s p e c i a l c o n s i d e r 
a t i o n (J) . 

1. I n the case o f s i ze f r a c t i o n a t i o n , t h e contents o f t h e d e 
tec tor c e l l w i l l b e f o r m e d b y m o l e c u l e s o f t h e same s i ze 
b u t not n e c e s s a r i l y the same c o m p o s i t i o n or m i c r o -
s t ruc ture . 

2. S p e c t r o p h o t o m e t e r s a n d re f rac tometers that are u s e d 
t r a d i t i o n a l l y as mass detec tors are s e n s i t i v e to the m i 
c r o s t r u c t u r e . 

T h e r e f o r e , d e p e n d i n g o n the s e l e c t i v i t y o f t h e d e t e c t i o n s y s t e m to o n e 
or m o r e c o p o l y m e r p r o p e r t i e s , a d d i t i o n a l m e a s u r e m e n t s m a y b e r e 
q u i r e d to c h a r a c t e r i z e the m a t e r i a l p r o p e r l y . I n the case o f S A N 
c o p o l y m e r s ( I ) , t h e re f rac t i ve i n d i c e s i n T H F f o l l o w the i d e a l b e 
h a v i o r ( i .e . , l i n e a r a n d a d d i t i v e ) w i t h r e s p e c t to the s t y r e n e c o n t e n t i n 
the c o p o l y m e r . T h e r e f o r e , 

An=vc (18) 

v=vx -N(l-Plw) (19) 

w h e r e vx is 0 .1928, a n d Ν is 0 .1235. 

A - ^ f l 1 

/ / \\ f 1 3 

1 . ι I ι · 1 1 I 1 1 « 1 I 1 f ι ι I ( I t i l l 
17 2 0 25 3 0 3 5 4 0 

RV 
Figure 12. Fractions collected to analyze the effect of molecular size 
on the composition fractionation. Conditions: sample, National Bureau 
of Standards polystyrene 706; solvent, 90:10 THF/MeOH; and RV, 

in milliliters. 
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336 P O L Y M E R C H A R A C T E R I Z A T I O N 

0.2 

62 63 64 65 
RV 

Figure 13. Calibration curves for fractionated SAN copolymers on sil
ica columns (4SE plus 2 (4-ft) 60-A4 Porasil columns). Conditions: sol

vent, 90:10 THF/MeOH, RV in milliliters. 

T h e U V a b s o r p t i o n i n T H F , h o w e v e r , is s e n s i t i v e to t h e average 
l e n g t h o f the s ty rene s e q u e n c e s , i . e . , 

Α λ = € λ Ζ P^ c (20) 

w h e r e Ζ is the p a t h l e n g t h , a n d w h e r e the e x t i n c t i o n c o e f f i c i e n t at 
s e v e r a l w a v e l e n g t h s (e x) i s g i v e n b y (J ) 

254 
1.0 - 0 .1831 (WS) 

= 1.0 - 0 .3081 (1 /N g ) 

(21) 

(22) 
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17. RUBIO E T A L . Size Exclusion Chromatography 337 

= 1.0 - 0 .4075 (1 /N S ) (23) 

C o m b i n i n g E q u a t i o n s 1 8 - 2 3 , e x p l i c i t e x p r e s s i o n s for t h e a v e r a g e se 
q u e n c e l e n g t h , the c o m p o s i t i o n , a n d t h e c o p o l y m e r c o n c e n t r a t i o n i n 
the s o l u t i o n c a n b e o b t a i n e d as f u n c t i o n o f the re f rac t ive i n d e x a n d 
t w o a b s o r p t i o n m e a s u r e m e n t s . 

N. = 
0.4075 ( Α 2 5 4 / Α 2 8 9 ) - 0 .1831 2 5 Λ , 8 2 8 9 ) 

(A 254 /A 269/) ~ (Cp 2hJtps 26θ) 

Δη € 2 5 4 I - N A2 

(24) 

(25) 

Pn 0.6 

Figure 14. Effect of the copolymer composition on the fractionation of 
SAN copolymers on Styragel columns. Conditions: M0, THF; and Ml9 

90:10 (vlv) THFIMeOH. 
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17. RUBIO ET A L . Size Exclusion Chromatography 339 

c = _A^_ ( 2 6 ) 

E 269 * *lw 

I f s e q u e n c e l e n g t h s are n o t i m p o r t a n t the t r a d i t i o n a l a n a l y s i s c a n 
b e d o n e b y u s i n g E q u a t i o n s 1 8 - 2 0 . T h e c o m p l e t e a l g o r i t h m for the 
S E C c h a r a c t e r i z a t i o n o f S A N c o p o l y m e r s is s h o w n i n F i g u r e 15. 

S A N m o l e c u l a r w e i g h t c h a r a c t e r i z a t i o n 

ι 
R e a d i n c h r o m a t o g r a m s for R I , U V 2 5 4 , U V 2 6 9 ι 

S y n c h r o n i z e c h r o m a t o g r a m s 
( I m p o r t a n t for h i g h r e s o l u t i o n c o l u m n s ) 

ι 
C a l c u l a t e c o p o l y m e r average s e q u e n c e 
l e n g t h , c o m p o s i t i o n a n d c o n c e n t r a t i o n 

f r o m E q u a t i o n s 24 to 26 ι 
N o r m a l i z e c o n c e n t r a t i o n v e c t o r 

to o b t a i n w e i g h t f rac t ions 

i 
C a l c u l a t e M a r k - H o u w i n k p a r a m e t e r s 

at e a c h r e t e n t i o n v o l u m e 
f r o m the c o m p o s i t i o n a n d E q u a t i o n s 16 a n d 17 ι 

C o r r e c t i n t r i n s i c v i s c o s i t y v a l u e s 
( E q u a t i o n 12) 

i 
C a l c u l a t e m o l e c u l a r w e i g h t averages at 

e a c h r e t e n t i o n v o l u m e ( E q u a t i o n 11) ι 
Integrate p r o p e r t i e s c a l c u l a t e d at e a c h 

r e t e n t i o n v o l u m e to c a l c u l a t e t o ta l p r o p e r t i e s 

Figure 15. Algorithm for the SEC characterization of SAN copolymers. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

17



340 P O L Y M E R C H A R A C T E R I Z A T I O N 

S E C o f L o w C o n v e r s i o n C o p o l y m e r s . T o v e r i f y t h e f r a c t i o n a t i o n 
m e c h a n i s m , the c o p o l y m e r c o m p o s i t i o n a n d the s tyrene average se
q u e n c e l e n g t h m e a s u r e m e n t s , l o w c o n v e r s i o n S A N c o p o l y m e r s w e r e 
f ra c t i onated . F r a c t i o n s w e r e c o l l e c t e d e v e r y d u m p (5 m l ) . T h e i n t r i n 
s i c v i s c o s i t i e s a n d a b s o r b a n c e s at 269 n m w e r e m e a s u r e d o f f - l i n e (the 
W a t e r s 4 4 0 s p e c t r o p h o t o m e t e r has n o f i l t e rs for w a v e l e n g t h s b e t w e e n 
254 a n d 280 n m ) . S o m e r e s u l t s are s h o w n i n F i g u r e s 16 a n d 17. G e n 
e r a l l y , the a g r e e m e n t w i t h t h e o v e r a l l m o l e c u l a r w e i g h t , v i s c o s i t y , a n d 
c o m p o s i t i o n is q u i t e g o o d . T h e average s e q u e n c e l e n g t h s m e a s u r e d 
across t h e c h r o m a t o g r a m d o no t d e v i a t e s i g n i f i c a n t l y f r o m t h e m e a n 
v a l u e for the t o ta l p o l y m e r . T h e d e v i a t i o n s o b s e r v e d at t h e t a i l s c a n b e 
a t t r i b u t e d to the p r o p a g a t i o n o f errors i n E q u a t i o n s 2 4 - 2 6 . 

1U m 

9 . 

1 ! 1 1 1 ! 1 1 1 

8. - -
7 . -
G . 

u v 2 

5 . - -
4 . -
3 . DR 

2 . 

J\ Ns ^ 
1 . ν χ 

• ^, ^ ^ — — . y -
0 . 1 1 1 1 1 i I 1 I 

15ÛÛ. 1 8 0 0 . 2 1 0 0 . 2 4 0 0 . 2 7 0 0 . 

ELUTION TIME IN SECONDS 

Figure 16. SEC characterization of copolymer sample R04-01. 
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Summary and Conclusions 
T h e d i f f e r e n c e i n the c h e m i c a l n a t u r e o f the c o m o n o m e r s c a n 

cause s i g n i f i c a n t p o l y m e r — s o l v e n t — p a c k i n g i n t e r a c t i o n s a n d t h e r e 
fore , c a n l e a d to s i g n i f i c a n t errors i n the e s t i m a t i o n o f m o l e c u l a r 
w e i g h t s b y S E C . I t is n e c e s s a r y to d e t e r m i n e t h e e x p e r i m e n t a l c o n d i 
t i o n s that w o u l d y i e l d m a i n l y s i ze or m a i n l y c o m p o s i t i o n f r a c t i o n 
a t i ons . T h e s e l e c t i o n o f s u c h c o n d i t i o n s is l a r g e l y d e t e r m i n e d b y t h e 
d e t e c t i o n s y s t e m u s e d for t h e m e a s u r e m e n t o f m o l e c u l a r w e i g h t s , 
c o m p o s i t i o n , c o n c e n t r a t i o n , a n d s e q u e n c e l e n g t h s . T w o m e t h o d s h a v e 
b e e n p r o p o s e d for the v e r i f i c a t i o n o f s i ze f r a c t i o n a t i o n , a n d the s e l e c -
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342 P O L Y M E R C H A R A C T E R I Z A T I O N 

t i o n o f the s o l v e n t s y s t e m to a c h i e v e s i z e or c o m p o s i t i o n f r a c t i o n a t i o n . 
L o w c o n v e r s i o n S A N c o p o l y m e r s h a v e b e e n f r a c t i o n a t e d a c c o r d i n g to 
c o m p o s i t i o n o n s i l i c a c o l u m n s , a n d a c c o r d i n g to s i z e o n S t y r a g e l c o l 
u m n s u s i n g T H F — m e t h a n o l m i x t u r e s . T h e s e r e s u l t s o p e n s e v e r a l 
p o s s i b i l i t i e s for t h e a n a l y s i s o f c o p o l y m e r s : 

1. C o u p l e d s i ze e x c l u s i o n - c o m p o s i t i o n c h r o m a t o g r a p h y 
i n the f o r m s u g g e s t e d b y B a l k e a n d P a t e l (8) c a n b e u s e d 
w i t h a s i n g l e s o l v e n t (90 :10 T H F : M e O H ) for b o t h s i z e 
a n d c o m p o s i t i o n f r a c t i o n a t i o n . 

2. T h e use o f L A L L S m o l e c u l a r w e i g h t detec tors is s i m p l i 
f i e d i f c o m p o s i t i o n f r a c t i o n a t i o n is a c h i e v e d p r i o r to s i z e 
f r a c t i o n a t i o n b e c a u s e the s t a n d a r d t h e o r y for l i g h t scat
t e r i n g c a n t h e n b e a p p l i e d . 

3. O n c e s i z e f r a c t i o n a t i o n is o b t a i n e d , t h e m o l e c u l a r 
w e i g h t s c a n b e c a l c u l a t e d u s i n g the u n i v e r s a l c a l i b r a t i o n 
c u r v e . 

T h e f i rs t t w o a l t e r n a t i v e s r e q u i r e g o o d r e s o l u t i o n o n the c o m p o 
s i t i o n f r a c t i o n a t i o n . E x t e n s i v e e x p e r i m e n t a t i o n o n p a c k i n g m a t e r i a l s 
a n d s o l v e n t sys tems is s t i l l r e q u i r e d to i m p r o v e the r e s o l u t i o n . T h e 
t h i r d p o s s i b i l i t y h o w e v e r , c a n b e a p p l i e d r e a d i l y , o n c e s i z e f r a c t i o n 
a t i o n has b e e n d e m o n s t r a t e d . T h e M a r k - H o u w i n k p a r a m e t e r s for 
S A N c o p o l y m e r s i n T H F h a v e b e e n e s t i m a t e d as a f u n c t i o n o f the 
c o m p o s i t i o n . T h e s e c o r r e l a t i o n s , a l o n g w i t h o t h e r e q u a t i o n s d e v e l 
o p e d i n th i s c h a p t e r , h a v e b e e n u s e d for the e s t i m a t i o n o f m o l e c u l a r 
w e i g h t s , average s e q u e n c e l e n g t h , c o m p o s i t i o n , a n d c o n c e n t r a t i o n o f 
the c o p o l y m e r s i n t h e d e t e c t o r c e l l (J) . A l t h o u g h S E C r e s u l t s agree 
w e l l w i t h the o v e r a l l c o p o l y m e r p r o p e r t i e s , the p r o c e d u r e d e v e l o p e d 
m u s t b e a p p l i e d w i t h c a u t i o n for the f o l l o w i n g reasons : 

1. T h e p r o p a g a t i o n o f e x p e r i m e n t a l errors t h r o u g h the c a l 
c u l a t i o n s has y e t to b e i n v e s t i g a t e d ; t h e r e f o r e , v e r y l i t t l e 
c a n b e s a i d r e g a r d i n g t h e s e n s i t i v i t y o f t h e m e t h o d to 
e x p e r i m e n t a l errors s t e m m i n g f r o m the s p e c t r o p h o t o m 
eters a n d t h e u n i v e r s a l c a l i b r a t i o n . 

2. T h e p a r a m e t e r s c o n t a i n e d i n t h e e q u a t i o n s h a v e b e e n 
e s t i m a t e d w i t h a l i m i t e d set o f s tandards , e s p e c i a l l y w i t h 
r e g a r d to m o l e c u l a r w e i g h t . C l e a r l y i m p r o v e d a c c u r a c y 
c a n b e a c h i e v e d as m o r e data b e c o m e a v a i l a b l e . 

H o w e v e r , the r esu l t s o b t a i n e d are v e r y e n c o u r a g i n g . R a t h e r c o m p l e t e 
c o p o l y m e r c h a r a c t e r i z a t i o n s c a n b e o b t a i n e d f r o m S E C e x p e r i m e n t s 
b y c a r e f u l l y s e l e c t i n g t h e f r a c t i o n a t i o n a n d d e t e c t i o n s y s t e m i n ac cor 
d a n c e w i t h the c h a r a c t e r i s t i c s o f the c o p o l y m e r i n v e s t i g a t e d . 
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18 
Aqueous Size 
Exclusion Chromatography 

J. E. ROLLINGS—Worcester Polytechnic Institute, Department of Chemical 
Engineering, Worcester, M A 01609 

A. BOSE—Battelle Columbus Laboratories, Columbus, OH 43201 

J. M . C A R U T H E R S and G. T . TSAO—Purdue University, School of 
Chemical Engineering, West Lafayette, IN 47907 

M. R. OKOS—Purdue University, Department of Agricultural Engineering, 
West Lafayette, IN 47907 

The important aspects of aqueous size exclusion chro
matography are reviewed. The molecular size of poly-
electrolytes in dilute solutions depends on the molecu
lar weight and the ionic strength of the solution. Size 
exclusion chromatography calibration procedures based 
on the dilute solution conformation statistics of poly
mers have been proposed previously. The applicability 
of these calibration procedures to aqueous size exclusion 
chromatography is examined critically. In aqueous size 
exclusion chromatography secondary separation mech
anisms such as adsorption, ion exclusion, and ion inclu
sion can also be important. The criteria to be considered 
in the design of an efficient size exclusion chromato
graphic system are discussed. 

SIZE EXCLUSION CHROMATOGRAPHY ( S E C ) is a n i m p o r t a n t t e c h n i q u e 
for d e t e r m i n i n g t h e m o l e c u l a r w e i g h t a n d the m o l e c u l a r w e i g h t d i s 
t r i b u t i o n o f p o l y m e r s i n d i l u t e s o l u t i o n (1, 2). O f p a r t i c u l a r i n t e r e s t is 
the d e v e l o p m e n t o f a q u e o u s S E C to b e u s e d i n the c h a r a c t e r i z a t i o n o f 
w a t e r - s o l u b l e n a t u r a l p o l y m e r s a n d s y n t h e t i c p o l y e l e c t r o l y t e s . M a n y 
p o l y m e r s o f b i o l o g i c a l i n t e r e s t , s u c h as p r o t e i n s , p o l y s a c c h a r i d e s , a n d 
n u c l e i c a c i d s , are w a t e r s o l u b l e (3, 4); t h u s , t h e d e v e l o p m e n t o f a q u e 
ous S E C as a n a n a l y t i c a l t o o l is o f c o n s i d e r a b l e i m p o r t a n c e for b o t h 
b i o c h e m i c a l a n d m e d i c a l r e s e a r c h . T h i s c h a p t e r r e v i e w s the i m p o r 
tant aspects o f a q u e o u s S E C . 

0065-2393/83/0203-0345$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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F o r p o l y m e r s s o l u b l e i n o r g a n i c s o l v e n t s , S E C is a c o m m o n a n a 
l y t i c a l t e c h n i q u e ( I ) ; h o w e v e r , S E C m e t h o d s for w a t e r - s o l u b l e p o l y 
m e r s h a v e not y e t r e a c h e d the same l e v e l o f d e v e l o p m e n t as S E C 
t e c h n i q u e s for p o l y m e r s s o l u b l e i n o r g a n i c s o lvents . S o m e o f t h e r e a 
sons for the less a d v a n c e d state o f a q u e o u s S E C are (1) a l a c k o f 
r e a d i l y a v a i l a b l e , m o n o d i s p e r s e , w a t e r - s o l u b l e p o l y m e r s tandards ; (2) 
d i f f i c u l t i e s i n o b t a i n i n g c h r o m a t o g r a p h i c suppor t s for a q u e o u s sys 
t e m s that possess the n e c e s s a r y s e p a r a t i o n c h a r a c t e r i s t i c s ; (3) i n h e r e n t 
d i f f i c u l t i e s i n the d e s c r i p t i o n o f t h e d i l u t e s o l u t i o n c o n f o r m a t i o n 
stat ist ics o f p o l y e l e c t r o l y t e s ; a n d (4) the p r e s e n c e o f a d d i t i o n a l s e p 
a r a t i o n m e c h a n i s m s , s u c h as i o n i n c l u s i o n a n d i o n e x c l u s i o n , that are 
u s u a l l y u n i m p o r t a n t i n o r g a n i c S E C . H i g h p e r f o r m a n c e c o l u m n s u p 
ports that are s u i t a b l e for a q u e o u s S E C , s u c h as A q u a p o r e a n d T S K -
G E L (5, 6) h a v e r e c e n t l y b e c o m e a v a i l a b l e , as w e l l as m o n o d i s p e r s e 
p o l y e l e c t r o l y t e s (7) a n d dex t rans (8) w i t h r e l a t i v e l y n a r r o w m o l e c u l a r 
w e i g h t d i s t r i b u t i o n s . A s a r e s u l t o f t h e s e t w o k e y d e v e l o p m e n t s , 
a q u e o u s S E C s h o u l d n o w b e a b l e to r e a l i z e its f u l l p o t e n t i a l as a n 
a n a l y t i c a l t e c h n i q u e . 

I n the nex t s e c t i o n w e w i l l d i s c u s s the f u n d a m e n t a l s e p a r a t i o n 
m e c h a n i s m s i n a q u e o u s S E C . F i r s t w e w i l l c o n s i d e r s e p a r a t i o n b y 
m o l e c u l a r s i z e , e x a m i n i n g t h e effects o f m o l e c u l a r w e i g h t a n d i o n i c 
s t r e n g t h o n the s i z e o f t h e m a c r o m o l e c u l e f o l l o w e d b y d i s c u s s i o n s o f 
v a r i o u s p o l y m e r — s o l v e n t — s u p p o r t i n t e r a c t i o n s that c a n o c c u r i n a d 
d i t i o n to the s e p a r a t i o n b y m o l e c u l a r s i z e . S u b s e q u e n t l y , t e c h n i q u e s 
for c a l i b r a t i o n o f a q u e o u s S E C u s i n g s e c o n d a r y s tandards w i l l b e p r e 
s e n t e d ; a n d f i n a l l y , the e x p e r i m e n t a l m e t h o d s r e q u i r e d to i m p l e m e n t 
a q u e o u s S E C e f f e c t i v e l y w i l l b e r e v i e w e d . 

Separation in Aqueous SEC 
S e p a r a t i o n b y M o l e c u l a r S i z e . T h e p r i n c i p a l s e p a r a t i o n m e c h 

a n i s m i n S E C is d i f f e r e n t i a l m i g r a t i o n o f m o l e c u l e s b e t w e e n t h e flow
i n g s o l v e n t a n d t h e s o l v e n t w i t h i n t h e p o r o u s m a t r i x o f a n S E C c o l 
u m n p a c k i n g (1, 2 ) . S e p a r a t i o n occurs b e c a u s e t h e t o ta l a c c e s s i b l e 
v o l u m e o f t h e c o l u m n (i .e. , i n s i d e a n d o u t s i d e the p o r e matr ix ) v a r i e s 
w i t h the s i ze o f the p o l y m e r m o l e c u l e s i n s o l u t i o n . S m a l l e r m a c 
r o m o l e c u l e s w i l l , o n the average , see m o r e p o r e v o l u m e a n d s p e n d a 
l o n g e r p e r i o d o f t i m e i n t h e r e l a t i v e l y s tat ionary s o l v e n t i n s i d e the 
p o r o u s m a t r i x t h a n l a r g e r m a c r o m o l e c u l e s . T h e l a r g e r m a c 
r o m o l e c u l e s h a v e a s m a l l e r p o r e v o l u m e a v a i l a b l e to t h e m a n d t h u s 
e l u t e f r o m the c o l u m n e a r l i e r t h a n the s m a l l e r m a c r o m o l e c u l e s . B e 
cause the p r i n c i p a l s e p a r a t i o n m e c h a n i s m is g o v e r n e d b y the s i z e o f 
the m a c r o m o l e c u l e s — s i z e b e i n g c o r r e l a t e d w i t h m o l e c u l a r c o n f o r m a 
t i o n — d i l u t e s o l u t i o n c o n f o r m a t i o n s tat is t i cs o f p o l y e l e c t r o l y t e s is o f 
p a r a m o u n t i m p o r t a n c e . 
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T h e p r i n c i p a l o b j e c t i v e o f S E C is to d e t e r m i n e the m o l e c u l a r 
w e i g h t a n d / o r m o l e c u l a r w e i g h t d i s t r i b u t i o n o f m a c r o m o l e c u l e s . 
H o w e v e r , the s e p a r a t i o n process i n S E C d e p e n d s p r i m a r i l y o n the 
s i z e o f t h e p o l y m e r . T o i n t e r p r e t S E C e l u t i o n d a t a e f f e c t i v e l y , the 
r e l a t i o n s h i p b e t w e e n the s i ze o f the m a c r o m o l e c u l e i n s o l u t i o n a n d 
the m o l e c u l a r w e i g h t m u s t b e a v a i l a b l e . F l o r y has p r o p o s e d that t h e 
m o l e c u l a r w e i g h t M is r e l a t e d to the m o l e c u l a r v o l u m e ( r 2 ) 3 / 2 as f o l 
l o w s (9) 

[η] = Φ 0 ( r 2 ) 3 / 2 / M = Φ 0 a 3 ( r § ) 3 / 2 / M (1) 

w h e r e [η] is t h e i n t r i n s i c v i s c o s i t y , (r 2 ) is the m e a n - s q u a r e e n d - t o - e n d 
d i s t a n c e , (r2,) i s t h e u n p e r t u r b e d m e a n s q u a r e e n d - t o - e n d d i s 
t a n c e , a is the e x p a n s i o n factor , a n d Φ 0 is a c ons tant e q u a l to 3.6 x 1 0 2 1 

d L / c m 3 . B e c a u s e the i n t r i n s i c v i s c o s i t y c a n b e m e a s u r e d i n d e p e n 
d e n t l y for a g i v e n p o l y m e r s a m p l e , E q u a t i o n 1 is the d e s i r e d r e l a t i o n 
s h i p b e t w e e n m o l e c u l a r w e i g h t a n d the s i z e o f the m a c r o m o l e c u l e i n 
s o l u t i o n . 

I n the d e r i v a t i o n o f E q u a t i o n 1, e x c l u d e d v o l u m e effects w e r e n o t 
c o n s i d e r e d i n the c a l c u l a t i o n o f t h e f ront factor , Φ 0 . O t h e r t r e a t m e n t s 
o f the i n t r i n s i c v i s c o s i t y that i n c l u d e the c o n t r i b u t i o n s o f e x c l u d e d 
v o l u m e h a v e b e e n s u m m a r i z e d b y Y a m a k a w a (10). R e p r e s e n t a t i v e o f 
these t h e o r i e s is t h e o n e d e v e l o p e d b y P t i t s y n a n d E i z n e r (11) 

[η] · Μ = Φ ( r 2 ) 3 / 2 = Φ 0 / ( € ) ( r 2 ) 3 / 2 (2) 

w h e r e f(e) = 1 - 2 .63 e + 2 .86 e2, e = (2a - l ) / 3 , w h e r e a is t h e 
M a r k - H o u w i n k e x p o n e n t . T h e M a r k - H o u w i n k e x p o n e n t q u a l i t a 
t i v e l y i n d i c a t e s t h e t h e r m o d y n a m i c i n t e r a c t i o n b e t w e e n t h e p o l y m e r 
a n d t h e s o l v e n t (12). T h e e x p o n e n t a i n c r e a s e s as the q u a l i t y o f t h e 
s o l v e n t i n c r e a s e s , r e f l e c t i n g t h e i n c r e a s e i n h y d r o d y n a m i c v o l u m e , 
a n d a as the p o l y m e r — s o l v e n t i n t e r a c t i o n i n c r e a s e s (12). T h e p r o 
p o s e d t h e o r i e s that a c c o u n t for e x c l u d e d v o l u m e i n c o m p u t i n g t h e 
i n t r i n s i c v i s c o s i t y f ront factor p r e d i c t that Φ is a m o n o t o n i c a l l y d e 
c r e a s i n g f u n c t i o n o f the e x p a n s i o n factor a. 

T h e s i z e o f a n u n c h a r g e d , i s o l a t e d m a c r o m o l e c u l e i n s o l u t i o n as 
s p e c i f i e d b y the m e a n - s q u a r e e n d - t o - e n d d i s t a n c e d e p e n d s o n the 
m o l e c u l a r w e i g h t , t h e i n t e r a c t i o n b e t w e e n t h e p o l y m e r a n d t h e s o l 
v e n t , a n d i n t r a m o l e c u l a r p o l y m e r — p o l y m e r i n t e r a c t i o n s . T h e c on fo r 
m a t i o n stat ist ics o f n e u t r a l p o l y m e r s i n n o n p o l a r s o l v e n t s are w e l l 
u n d e r s t o o d (12); h o w e v e r , t h i s i s not t h e case for p o l y i o n s i n p o l a r 
so lvents (13). F o r p o l y e l e c t r o l y t e s the m o l e c u l a r c o n f o r m a t i o n d e 
p e n d s o n the a m o u n t a n d t y p e o f c h a r g e d s p e c i e s , t h e i o n i c s t r e n g t h 
o f the s o l v e n t , a n d the m o l e c u l a r w e i g h t . T h u s , the s e p a r a t i o n o f 
p o l y e l e c t r o l y t e s b y S E C d e p e n d s o n t h e i o n i c s t r e n g t h o f the s o l v e n t . 

1155 16th It N. W. 
Washington. D. C. 200S9 
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348 P O L Y M E R C H A R A C T E R I Z A T I O N 

F o r p o l y e l e c t r o l y t e s i n s o l u t i o n , e l e c t ros ta t i c r e p u l s i o n b e t w e e n 
the c h a r g e d m o i e t i e s o n the m a i n c h a i n b a c k b o n e w i l l cause a n e x p a n 
s i o n o f t h e m a c r o m o l e c u l e a n d i n c r e a s e t h e l o c a l c h a i n st i f fness (13). 
T h i s c h a i n e x p a n s i o n c a n b e c o n s i d e r e d to b e l i k e a n i n c r e a s e i n t h e 
e x c l u d e d v o l u m e . N u m e r o u s t h e o r e t i c a l d e v e l o p m e n t s h a v e b e e n 
p r o p o s e d to d e s c r i b e the c o n f o r m a t i o n s o f p o l y i o n s i n s o l u t i o n a n d 
h a v e b e e n s u m m a r i z e d e l s e w h e r e (23). T h e s e t h e o r e t i c a l t r e a t m e n t s 
are o f t w o major t y p e s : o n e g r o u p e m p l o y s a r a n d o m - c o i l c h a i n o n 
w h i c h d i s c r e t e charges are l o c a t e d , w h i l e the o t h e r g r o u p m o d e l s the 
m a c r o m o l e c u l e as a s p h e r e i n w h i c h the charges are u n i f o r m l y d i s 
t r i b u t e d . M o s t o f the t h e o r e t i c a l d e s c r i p t i o n s o f the c o n f o r m a t i o n o f 
p o l y e l e c t r o l y t e s c a n b e cast i n t o a f o r m that re lates t h e e x p a n s i o n 
factor to the e x c l u d e d v o l u m e . A t y p i c a l r e l a t i o n s h i p o f t h i s k i n d is 
t h a t o f F l o r y (14) 

a5 - a 3 = 2.60 Zel (3) 

w h e r e Zel c o n t a i n s the effects o f i n t r a m o l e c u l a r e l e c t ros ta t i c i n t e r a c 
t i o n s . 

T o d e t e r m i n e the m o l e c u l a r w e i g h t o f p o l y e l e c t r o l y t e s b y S E C , 
w e a g a i n n e e d to re la te the m o l e c u l a r w e i g h t to t h e m o l e c u l a r s i z e o f 
the m a c r o m o l e c u l e . E l e c t r o s t a t i c i n t e r a c t i o n s w e r e no t c o n s i d e r e d ex 
p l i c i t l y i n the d e r i v a t i o n s o f E q u a t i o n s 1 a n d 2. If, h o w e v e r , the e x p a n 
s i o n o f p o l y e l e c t r o l y t e s c a n b e d e s c r i b e d b y the e x c l u d e d v o l u m e , a n d 
the ef fect o f e x c l u d e d v o l u m e o n the i n t r i n s i c v i s c o s i t y is the same for 
n e u t r a l p o l y m e r s a n d p o l y e l e c t r o l y t e s , the r e l a t i o n s h i p s b e t w e e n 
m o l e c u l a r w e i g h t a n d m o l e c u l a r s i ze g i v e n i n E q u a t i o n s 1 a n d 2 
s h o u l d a lso b e v a l i d for p o l y e l e c t r o l y t e s . T h e p r o p o s a l o f P t i t s y n a n d 
E i z n e r (11) as g i v e n i n E q u a t i o n 2 a s s u m e s that the factor Φ c h a n g e s 
w i t h e x p a n s i o n o f the m a c r o m o l e c u l e . T h e p r e d i c t i o n s o f P t i t s y n a n d 
E i z n e r a l o n g w i t h e x p e r i m e n t a l data for b o t h n e u t r a l p o l y m e r s a n d 
p o l y e l e c t r o l y t e s are s h o w n i n F i g u r e 1 (15). F o r n e u t r a l p o l y m e r s t h e 
v a l u e o f Φ/Φ 0 i n i t i a l l y decreases as the m a c r o m o l e c u l e s b e g i n to ex
p a n d , t h e n Φ/Φ 0 g r a d u a l l y in c reases a g a i n w i t h a d d i t i o n a l c h a i n ex
p a n s i o n . H o w e v e r , the c h a n g e s i n Φ/Φ 0 are s m a l l o v e r the l i m i t e d 
range o f c h a i n e x p a n s i o n s a c c e s s i b l e to o r g a n i c p o l y m e r s . B e c a u s e 
Φ/Φ 0 is n e a r l y cons tant for o r g a n i c p o l y m e r s , the r e l a t i o n s h i p b e t w e e n 
m o l e c u l a r w e i g h t a n d the m o l e c u l a r s i z e g i v e n i n E q u a t i o n 1 is p r o b 
a b l y su f f i c i en t to d e s c r i b e t h e S E C o f p o l y m e r s s o l u b l e i n o r g a n i c 
s o lvents . F o r p o l y e l e c t r o l y t e s the rat io Φ/Φ 0 c h a n g e s s i g n i f i c a n t l y as 
t h e m a c r o m o l e c u l e s e x p a n d . E x p e r i m e n t a l d a t a for s o d i u m p o l y 
s tyrene su l fonate ( N a P S S ) is d e s c r i b e d r e a s o n a b l y w e l l b y the P t i t s y n -
E i z n e r t h e o r y (11); h o w e v e r , the rat io Φ/Φ 0 for o t h e r p o l y e l e c t r o l y t e s 
is no t a l w a y s d e s c r i b e d a c c u r a t e l y b y t h e P t i t s y n — E i z n e r t h e o r y . F o r 
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18. ROLLINGS E T A L . Aqueous Size Exclusion Chromatography 349 

Figure 1. Intrinsic viscosity constant, Φ/Φ0 vs. α η . Theoretical predic
tions of Flory (F) and Ptitsyn-Eizner (PE). Experimental data for 
sodium polystyrene sulfonate (NaPSS), sodium poly(3-methacrylogloxy-
propane-l-sulfonate) (NaPMOS), and nonionic polymer-solvent sys
tems (O). (Reproduced with permission from Ref. 15. Copyright 1975, 

John Wiley ir Sons, Inc.) 

N a P S S i t is a n t i c i p a t e d that the S E C data w o u l d b e m o r e e f f e c t i v e l y 
d e s c r i b e d b y E q u a t i o n 2 t h a n b y E q u a t i o n 1. 

I n a d d i t i o n to m o l e c u l a r s i z e , s e p a r a t i o n b y s i ze e x c l u s i o n is a lso 
s t r o n g l y d e p e n d e n t o n the m o l e c u l a r s h a p e . T h e m o r e e x t e n d e d the 
c o n f o r m a t i o n o f a m a c r o m o l e c u l e , the m o r e i t w i l l b e e x c l u d e d f r o m 
the pores o f S E C p a c k i n g s ( F i g u r e 2) (16). F o r a g i v e n m o l e c u l a r 
w e i g h t , a r o d s h a p e d m o l e c u l e e l u t e s e a r l i e r t h a n a r a n d o m c o i l p o l y 
m e r o f the same m o l e c u l a r w e i g h t . T h e m o r e c o m p a c t h a r d s p h e r e 
e l u t e s e v e n l a t e r t h a n a r a n d o m c o i l p o l y m e r . P o l y e l e c t r o l y t e s i n so
l u t i o n s o f l o w i o n i c s t r e n g t h h a v e b e e n p r e d i c t e d to a t t a i n a n a s y m 
m e t r i c a l shape (17,18), a n d these shape effects m u s t b e c o n s i d e r e d i n 
d e s c r i b i n g the S E C r e s p o n s e o f p o l y i o n s (19). 

S o l u t e - S u p p o r t I n t e r a c t i o n s . I n a d d i t i o n to t h e ef fect o f m o l e c 
u l a r s i ze o n the s e p a r a t i o n m e c h a n i s m , o t h e r effects c a n i n f l u e n c e the 
s e p a r a t i o n process . M a n y o f these are i m p o r t a n t for p o l y e l e c t r o l y t e s , 
w h e r e i o n i c i n t e r a c t i o n s b e t w e e n the p o l y m e r , s o l v e n t , a n d s u p p o r t 
c a n b e s i g n i f i c a n t . T h i s s e c t i o n addresses these s e c o n d a r y s e p a r a t i o n 
m e c h a n i s m s a n d d i s c u s s e s t h e i r r e l a t i v e s i g n i f i c a n c e . 

A d s o r p t i o n o f a p o l y m e r o n the c h r o m a t o g r a p h i c r e s i n m a y affect 
the s e p a r a t i o n . N o n p o l a r p o l y m e r s , s u c h as p o l y s t y r e n e , c a n a d s o r b o n 
a p o l y s t y r e n e s u p p o r t (20, 21 ) as w e l l as o n i n o r g a n i c s u p p o r t s (20,22, 
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1 

Rg (sphere) oc M 1 / 3 

7 

Sphere 

Coil \ 

Rg(coi l )0CM a a* 1/2 

Rg(rod)0CM 

6 

Rod ^ 

5 

4 
I 

Vo 
ELUTION VOLUME 

Figure 2. Effect of molecular geometry on SEC calibration curves. 
(Reproduced from Ref. 16. Copyright 1980, American Chemical Society.) 

23). S p e c i f i c a d s o r p t i o n effects o f t h i s t y p e d e p e n d o n the s o l v e n t u s e d 
a n d / o r the a d d i t i o n o f c o so lu tes (21 —25). I n sys tems w h e r e the p o l y 
m e r a n d t h e s u p p o r t are o p p o s i t e l y c h a r g e d , the p o l y m e r e l u t e s l a t e r 
as the e l e c t ros ta t i c at tract ions r e t a r d m o v e m e n t o f the p o l y i o n t h r o u g h 
the p o r o u s m a t r i x (26). I n a d d i t i o n to a f f e c t i n g the average e l u t i o n 
v o l u m e f r o m the c o l u m n , s o r p t i o n p h e n o m e n a m a y a lso cause the 
e l u t i o n p r o f i l e to e x h i b i t m u l t i p l e p e a k s for p o l y m e r s w i t h a 
m o n o m o d a l m o l e c u l a r w e i g h t d i s t r i b u t i o n (25, 27). I n e x t r e m e cases , 
the p o l y m e r m a y b e i r r e v e r s i b l y a d s o r b e d to the sur face o f the s u p 
p o r t (25). 

F o r p o l y m e r s a n d c h r o m a t o g r a p h i c s u p p o r t s that d o no t i n t e r a c t 
e l e c t r o s t a t i c a l l y , t h e p e n e t r a t i o n o f the p o l y m e r i n t o t h e pores is r e 
s t r i c t e d o n l y b y t h e m o l e c u l a r s i z e . H o w e v e r , i f c h a r g e d g r o u p s are 
p r e s e n t o n the surface o f the r e s i n , e l e c t ros ta t i c r e p u l s i o n p r e v e n t s t h e 
d i f f u s i o n o f p o l y e l e c t r o l y t e s o f l i k e c h a r g e i n t o the p o r e (28-30). T h i s 
w o u l d d i m i n i s h the e f f e c t ive p o r e v o l u m e , a n d h e n c e , the p o l y m e r 
w o u l d e l u t e f r o m t h e c o l u m n e a r l i e r t h a n a n e u t r a l p o l y m e r o f t h e 
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18. R O L L I N G S E T A L . Aqueous Size Exclusion Chromatography 351 

same s i ze . T h i s p h e n o m e n o n is c a l l e d i o n e x c l u s i o n , a n d has b e e n 
d i s c u s s e d i n c o n n e c t i o n w i t h i o n - e x c h a n g e c h r o m a t o g r a p h y (31). 
I o n e x c l u s i o n i s a t t r i b u t e d to t h e e a r l y e l u t i o n f r o m c o n t r o l p o r e glass 
p a c k i n g o f N a P S S i n l o w i o n i c s t r e n g t h a q u e o u s p h o s p h a t e s o l u t i o n s 
(32) . A d d i t i o n o f s m a l l a m o u n t s o f c o so lu t e s ( ~ 1 0 - 2 M ) to the e l u e n t 
w i l l s u p p r e s s i o n e x c l u s i o n (28). 

W h e n a s o l u t i o n c o n t a i n s t w o or m o r e i o n i c so lutes a n d o n e o f the 
i o n i c spec i e s is e x c l u d e d f r o m some r e g i o n o f t h e g e l or m e m b r a n e 
that c a n b e p e n e t r a t e d b y t h e o t h e r i o n i c s p e c i e s , a D o n n o n e q u i l i b 
r i u m is e s t a b l i s h e d (3, 2 9 , 33-35). I n t h e c h r o m a t o g r a p h y o f t h e 
p o l y e l e c t r o l y t e s , t h e s i z e o f the p o r e o p e n i n g c a n p r o h i b i t free p a s 
sage o f the p o l y i o n ; h o w e v e r , the p o r e is c o m p l e t e l y p e r m e a b l e to 
s i m p l e e l e c t r o l y t e s . T h u s , the l a r g e r i o n s e x t e r i o r to the p o r e w i l l 
cause the s m a l l e r i o n s o f l i k e charge to m i g r a t e i n t o the p o r e to 
m i n i m i z e e l e c t ros ta t i c r e p u l s i o n . T h i s p h e n o m e n o n is c a l l e d i o n i n 
c l u s i o n (29). U s i n g a c o n d u c t o m e t r i c detector c o u p l e d w i t h a refract ive 
i n d e x de tec tor , D o m a r d et a l . o b s e r v e d a salt p e a k for p o l y e l e c t r o l y t e s 
i n D M F a n d D M F w i t h a d d e d e l e c t r o l y t e . T h e y a t t r i b u t e d the ob 
s e r v e d resu l t s to i o n i n c l u s i o n a n d d e t e r m i n e d that the p h e n o m e n a 
c o u l d b e s u p p r e s s e d i f the e l u e n t c o n t a i n e d 5 x 10~ 2 M o f a d d e d 
e l e c t r o l y t e (36). 

I n a n y p a r t i c u l a r a q u e o u s S E C s y s t e m , these n o n s i z e r e l a t e d s e p 
a r a t i o n m e c h a n i s m s m a y ex is t . A d s o r p t i o n a n d a s s o c i a t i o n effects are a 
c o n s e q u e n c e o f the s p e c i f i c c h o i c e o f p o l y m e r , s o l v e n t , a n d s u p p o r t 
e m p l o y e d . It m a y not b e p o s s i b l e to s u p p r e s s these ef fects ; t h e r e f o r e , 
one m u s t c r i t i c a l l y e x a m i n e the data to a c c o u n t for a d s o r p t i o n a n d 
a s s o c i a t i o n . I o n i n c l u s i o n a n d i o n e x c l u s i o n c a n i n g e n e r a l b e e l i m i 
n a t e d b y a p p r o p r i a t e a d d i t i o n o f s i m p l e e l e c t r o l y t e s to t h e e l u t i n g 
m e d i a . 

Calibration Procedures 

S E C c a n b e u s e d for the r o u t i n e c h a r a c t e r i z a t i o n o f p o l y m e r s , 
p r o v i d e d t h e r e l a t i o n s h i p b e t w e e n p o l y m e r m o l e c u l a r w e i g h t a n d 
r e t e n t i o n v o l u m e c a n b e e s t a b l i s h e d . D i r e c t c a l i b r a t i o n c a n b e 
e m p l o y e d i n t h e a n a l y s i s o f those p o l y m e r s for w h i c h w e l l -
c h a r a c t e r i z e d s tandards are a v a i l a b l e . S u c h c a l i b r a t i o n s c h e m e s h a v e 
b e e n e m p l o y e d for the a n a l y s i s o f g l o b u l a r p r o t e i n s (37, 38) a n d l o w 
m o l e c u l a r w e i g h t p o l y s a c c h a r i d e s (39). U n f o r t u n a t e l y , for m o s t w a t e r 
s o l u b l e p o l y m e r s o f i n t e r e s t , w e l l - c h a r a c t e r i z e d s tandards are n o t 
a v a i l a b l e . H e n c e c a l i b r a t i o n c u r v e s u s u a l l y m u s t b e c o n s t r u c t e d w i t h 
c o m m e r c i a l l y a v a i l a b l e s tandards that are d i f f e r e n t t h a n the p o l y m e r 
o f in teres t . T h e m o l e c u l a r w e i g h t a n d m o l e c u l a r w e i g h t d i s t r i b u t i o n 
c a n b e c a l c u l a t e d f r o m the s e c o n d a r y c a l i b r a t i o n c u r v e i f t h e r e l a t i o n -
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352 P O L Y M E R C H A R A C T E R I Z A T I O N 

s h i p b e t w e e n m o l e c u l a r w e i g h t a n d m o l e c u l a r s i ze is k n o w n for b o t h 
the p o l y m e r s . 

V a r i o u s s e c o n d a r y c a l i b r a t i o n s c h e m e s h a v e b e e n p r o p o s e d for 
r e l a t i n g S E C e l u t i o n data to m o l e c u l a r charac te r i s t i c s o f the p o l y m e r . 
T h e u n i v e r s a l c a l i b r a t i o n p r o c e d u r e p r o p o s e d b y Grub îs i c et a l . (40) 
has f o u n d the w i d e s t a p p l i c a b i l i t y . T h i s t e c h n i q u e is b a s e d o n t h e 
p r e d i c t i o n s o f E q u a t i o n 1. T h e p r o d u c t M [ n ] is p r o p o r t i o n a l to the 
h y d r o d y n a m i c v o l u m e ; there f o re , a p l o t o f l o g M[rj] vs . the S E C e l u 
t i o n v o l u m e s h o u l d y i e l d a c o m m o n c u r v e for a g i v e n c h r o m a t o g r a p h i c 
c o l u m n i r r e s p e c t i v e o f the c h e m i c a l s t ruc ture o f the p o l y m e r . T h e 
c a l i b r a t i o n c u r v e c a n b e c o n s t r u c t e d f r o m S E C a n d i n t r i n s i c v i s c o s i t y 
data o f p o l y m e r s tandards w i t h k n o w n m o l e c u l a r w e i g h t s , t y p i c a l l y 
m o n o d i s p e r s e p o l y s t y r e n e . B e c a u s e t h e i n t r i n s i c v i s c o s i t y c a n b e 
m e a s u r e d i n d e p e n d e n t l y for a n y p o l y m e r , t h e m o l e c u l a r w e i g h t o f a n 
u n k n o w n p o l y m e r c a n b e d e t e r m i n e d f r o m the e l u t i o n v o l u m e a n d the 
S E C c a l i b r a t i o n c u r v e . T h e v a l i d i t y o f t h i s c a l i b r a t i o n m e t h o d has 
b e e n d e m o n s t r a t e d e x t e n s i v e l y for n e u t r a l p o l y m e r s i n n o n p o l a r s o l 
vents (41, 42). L i t t l e w o r k has b e e n d o n e to e x t e n d G r u b i s i c ' s t e c h 
n i q u e to S E C i n p o l a r s o l v e n t s . S p a t o r i c o a n d B e y e r (43) h a v e s h o w n 
that [η]Μ c o u l d d e s c r i b e t h e e l u t i o n d a t a for N a P S S a n d dex t rans i n 
a q u e o u s s o l u t i o n s o f 0.2 M a n d 0.8 M N a 2 S 0 4 as s h o w n i n F i g u r e 3. 
F u r t h e r s u p p o r t for t h i s c o n c e p t has b e e n p r o v i d e d b y R o c h a s et a l . 
(33) for dex t rans , p o l y ( s o d i u m g lu tamate ) , a n d N a P S S i n 0.1 M N a N 0 3 . 
H o w e v e r , as s h o w n i n F i g u r e 4 th i s m e t h o d p r o v e s i n v a l i d for N a P S S 
a n d dextrans i n 0 . 0 0 5 - 0 . 8 7 7 Ν N a O H s o l u t i o n s a n d 0 . 0 0 5 - 1 . 0 M 
N a C l s o l u t i o n s (19). 

A n a l ternate c a l i b r a t i o n s c h e m e for S E C has b e e n p r o p o s e d b y 
C o l l a n d P r u s i n o w s k i (44). I t i s b a s e d o n P t i t s y n — E i z n e r ' s t h e o r e t i c a l 
d e v e l o p m e n t ( E q u a t i o n 2), w h i c h accounts for e x c l u d e d v o l u m e ef
fects. I n th i s m e t h o d , l o g {M[7]]/f(e)} i s p l o t t e d aga inst e l u t i o n v o l u m e . 
T h i s p r o c e d u r e is v a l i d for n e u t r a l p o l y m e r s i n n o n p o l a r s o l vents (45> 

46) a n d has a lso b e e n s h o w n to b e a p p l i c a b l e for N a P S S i n 0 . 0 9 7 - 0 . 8 7 7 
Ν N a O H s o l u t i o n s ( F i g u r e 5). 

S e v e r a l r e searchers h a v e a n a l y z e d S E C data b y b o t h t h e p r o c e 
d u r e p r o p o s e d b y Grubîs i c a n d the C o l l - P r u s i n o w s k i m e t h o d (19,45, 
46). N o d i f f e r e n c e w a s f o u n d b e t w e e n the t w o m e t h o d s for n e u t r a l 
p o l y m e r s i n o r g a n i c s o l v e n t s . I f the M a r k - H o u w i n k e x p o n e n t s are 
s i m i l a r for the v a r i o u s p o l y m e r - s o l v e n t sys tems e x a m i n e d b y S E C , 
E q u a t i o n s 1 a n d 2 are i d e n t i c a l u p to a m u l t i p l i c a t i v e c ons tant a n d the 
t w o p r o p o s e d c a l i b r a t i o n t e c h n i q u e s w i l l b e i n d i s t i n g u i s h a b l e . M o 
l e c u l a r c o n f o r m a t i o n o f p o l y e l e c t r o l y t e s i n p o l a r s o l vents is s t r o n g l y 
d e p e n d e n t o n t h e salt c o n c e n t r a t i o n a n d , t h u s , t h e M a r k - H o u w i n k 
e x p o n e n t s for p o l y e l e c t r o l y t e s e x h i b i t s i g n i f i c a n t c h a n g e s w i t h the 
i o n i c s t rength o f the s o l v e n t . C o m p a r i n g the c a l i b r a t i o n c u r v e s s h o w n 
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Figure 3. Plot of log [η] · M vs. elution volume for NaPSS and dextrans. 
Key: Π, NaPSS in 0.2 M sodium sulfate; A, dextrans in 0.2 M sodium 
sulfate; •, NaPSS in 0.8 M sodium sulfate; and A, dextrans in 0.8 M 
sodium sulfate. (Reproduced with permission from Ref. 43. Copyright 

1975, John Wiley ù Sons, Inc.) 

i n F i g u r e s 4 a n d 5, w e o b s e r v e that for N a P S S a n d dextrans i n N a O H 
s o l u t i o n s o f v a r y i n g i o n i c s t r e n g t h the C o l l - P r u s i n o w s k i p r o c e d u r e 
d e s c r i b e s the S E C d a t a b e t t e r t h a n the u n i v e r s a l c a l i b r a t i o n t e c h n i q u e 
p r o p o s e d b y Grubîs i c et a l . T h e C o l l — P r u s i n o w s k i p r o c e d u r e is u n 
a b l e to d e s c r i b e the S E C d a t a o f N a P S S i n v e r y l o w i o n i c s t r e n g t h 
s o l u t i o n s o f N a O H , a n d t h i s d i f f i c u l t y is p r o b a b l y r e l a t e d to c h a n g e s i n 
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354 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 4. Plot of log [η] M vs. K A V for NaPSS and dextrans. NaOH 
concentrations of0.005 N, 0.0185 N , 0.075 N , 0.287 N , 0.501 N , 0.671 N, 
and 0.877 Ν are indicated by pips starting upward and moving 

clockwise at 45° angles, respectively (19). 

the s h a p e o f the m a c r o m o l e c u l e i n l o w i o n i c s t r e n g t h s o l u t i o n s or 
s o l u t e - s u p p o r t i n t e r a c t i o n s . T h e C o l l - P r u s i n o w s k i t e c h n i q u e w a s 
n o t c o m p l e t e l y s u c c e s s f u l i n d e s c r i b i n g t h e S E C d a t a for N a P S S a n d 
dex t rans i n N a C l s o l u t i o n s , a l t h o u g h the t e c h n i q u e w a s b e t t e r t h a n 
the u n i v e r s a l c a l i b r a t i o n p r o c e d u r e (19). 
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18. R O L L I N G S E T A L . Aqueous Size Exclusion Chromatography 355 

Figure 5. Coll-Prusinowski calibration curve for NaPSS and dextrans. 
NaOH concentrations are the same as indicated in Figure 4 (19). 

Experimental 
T h e efficiency of separation i n a S E C system depends on the prop

erties of the packing material and the flow rate. The co lumn efficiency is 
related to plate height w i t h lower plate heights corresponding to a more effi
cient co lumn. The plate height H depends on the properties of the packing 
materials as follows 
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356 P O L Y M E R C H A R A C T E R I Z A T I O N 

vdp 1 
(4) 

l/adp + DMICMvd% 

where CM and a are constants for a given S E C system, dp is particle packing 
diameter, CSL is a constant associated w i t h the stationary l i q u i d phase mass 
transfer, DSL is solute diffusion coefficient i n stationary l i q u i d phase, DM is 
solute diffusion coefficient i n mobi le phase, and ν is eluent l inear velocity (I ). 
Equat ion 4 shows that the most efficient co lumn operation is real ized w h e n 
the eluent velocity is low and the packing is composed of small particles. A 
narrow distr ibution of particle sizes is also required for efficient co lumn oper
ation (47). T h e operation of any real S E C system is l i m i t e d by numerous 
practical considerations. T h e use of small particles for the co lumn packing 
causes a high pressure drop across the co lumn, w h i c h the packing material 
may not be able to tolerate or the pump may be unable to attain. Extremely 
slow flow rates lengthen analysis t ime; hence, some loss of separation effi
c iency is generally sacrificed for experimental convenience. 

The development of aqueous S E C has been l imi ted by a lack of h igh 
performance chromatographic supports. As discussed previously, it is desir
able that the co lumn have sufficient mechanical strength to withstand a large 
pressure drop across the co lumn becaμse the t ime required to obtain a chro
matogram can be decreased significantly by h igh pressure operation. T r a d i 
t ional aqueous S E C packing materials have only been able to separate poly
mers over a relatively narrow molecular weight range, and these columns 
have not possessed the necessary mechanical integrity (I). T h e composit ion 
and properties of these traditional aqueous S E C packing materials have a l 
ready been discussed i n detai l (48, 49). Recently, h igh performance, aqueous 
chromatographic supports have become available (5, 6): T S K - G E L (Biorad) 
and Aquapore (Chromatix). Bo th co lumn packings are s i l i ca based, have ex
cel lent mechanical strength, and are available i n small particle sizes. Separa
t ion efficiency is reported to be four to five times better than w i t h conven
tional supports (5). The T S K - G E L has been used successfully for fractionation 
of proteins, polysaccharides, and water-soluble synthetic polymers (26, 50). 
However , polymers such as polyacrylamide, sodium polystyrene sulfonate, 
and polyethyleneimine showed delayed responses, w h i c h were presumably 
due to selective adsorption on the support (26). These packing materials have 
a l imi ted range of p H stability and are available only i n a few pore sizes. 
Al though these new columns have not been characterized completely, they 
represent a significant improvement over the traditional aqueous S E C pack
ing materials. 

C o l u m n selection for S E C depends on the range of molecular sizes to 
be separated, subject to the restrictions imposed by chemical properties of the 
solvent. The traditional approach for extending the fractionation range of a 
S E C system has been to combine several columns i n series, each of w h i c h 
separates a small range of molecular weights. We have combined two 
Sepharose columns w i t h different molecular weight ranges of separation (47). 
U s i n g the composite co lumn, S E C data for N a P S S and dextrans i n various 
ionic strength N a O H solutions were obtained and are plotted according to the 
C o l l - P r u s i n o w s k i procedure i n Figure 6. The range of molecular weights that 
can be resolved has increased considerably w i t h this composite co lumn. As an 
added advantage, the lengths of the ind iv idua l columns can be adjusted so 
that the calibration curve is a l inear function of the e lut ion volume. 

The traditional procedure of combin ing i n series many small columns of 
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τ 1 1 1 Γ 

0.2 0.4 0.6 0.8 1.0 

Καν 
Figure 6. Coll-Prusinowski calibration curve for NaPSS and dextrans 
on Sepharose CL-6B and Sepharose CL-2B series column. NaOH con
centrations are 0.185 Ν (pip directed upward) and 0.501 Ν (pip di

rected downward) (52). 

various pore sizes into a single S E C system is not the best means for analyz ing 
a polymer sample w i t h a broad molecular weight distr ibution (51). These 
composite columns often result i n longer analysis times and lower separation 
efficiency. T h e most efficient separation w i l l result i f narrow pore size dis
tr ibution support particles are used and their molecular weight separation 
ranges do not overlap (51). T h e effectiveness of the b imoda l pore-size d is 
tr ibution concept has been demonstrated i n the fractionation of polystyrenes 
on a pair of porous s i l i ca microsphere columns (51). 

W e have employed aqueous S E C i n the study of polysaccharide hydroly
sis (52). Analysis of the hydrolysis products by aqueous S E C is more accu
rate, can be used to resolve a wider range of molecular weights, and is i m 
plemented more easily than traditional bu lk chemical assays. B u l k assays are 
insensitive above a degree of polymerizat ion of20—25, whereas aqueous S E C 
can easily ascertain quantitative differences between the hydrolysis products 
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358 P O L Y M E R C H A R A C T E R I Z A T I O N 

with a degree of polymerizat ion of 5 x 10 4. The analytical capabilit ies of 
aqueous S E C were an integral part of this overall investigation, and i n the 
future should be app l i ed effectively to other b iochemical problems. 

Conclusions 

A q u e o u s S E C is a v a l u a b l e t o o l for t h e r o u t i n e c h a r a c t e r i z a t i o n o f 
b i o p o l y m e r s a n d p o l y e l e c t r o l y t e s . T h e m o l e c u l a r c o n f o r m a t i o n o f 
p o l y e l e c t r o l y t e s d e p e n d s o n t h e i o n i c s t r e n g t h o f t h e s o l v e n t . B e 
cause the p r i n c i p a l s e p a r a t i o n m e c h a n i s m i n S E C is d i f f e r e n t i a l m i 
g r a t i o n , g o v e r n e d b y t h e s i z e o f t h e m a c r o m o l e c u l e s , t h e i o n i c 
s t r e n g t h o f the s o l v e n t c a n i n f l u e n c e m a r k e d l y the e l u t i o n b e h a v i o r o f 
p o l y e l e c t r o l y t e s . T h e ef fect o f t h e i o n i c s t r e n g t h o f the s o l v e n t o n the 
S E C o f p o l y i o n s c a n b e t rea ted as e x c l u d e d v o l u m e . A S E C c a l i b r a t i o n 
p r o c e d u r e that a c k n o w l e d g e s e x c l u d e d v o l u m e effects has b e e n p r o 
p o s e d (44). T h e use o f p o l a r s o l vents or i o n i c s o l u t i o n s i n a q u e o u s 
S E C r e q u i r e s that s o l u t e — s u p p o r t i n t e r a c t i o n s s u c h as a d s o r p t i o n , 
i o n e x c l u s i o n , a n d i o n i n c l u s i o n b e c o n s i d e r e d . I n m o s t sys tems t h e s e 
s e c o n d a r y effects c a n b e s u p p r e s s e d b y c o n t r o l l i n g the i o n i c s t r e n g t h 
o f t h e s o l v e n t . 

A d v a n c e s h a v e b e e n m a d e i n o u r u n d e r s t a n d i n g a n d u s e o f a q u e 
ous S E C . H o w e v e r , t h e r e is s t i l l the n e e d for f u r t h e r i m p r o v e m e n t s , 
e s p e c i a l l y i n t h e d e v e l o p m e n t o f c h r o m a t o g r a p h i c s u p p o r t s a n d t h e 
s y n t h e s i s o f n e w , w e l l - c h a r a c t e r i z e d , w a t e r - s o l u b l e , p o l y m e r s t a n 
d a r d s . D e s i r a b l e c h a r a c t e r i s t i c s i n s u p p o r t m a t e r i a l s i n c l u d e h i g h e r 
m e c h a n i c a l s t r e n g t h , c o m p a t i b i l i t y w i t h a w i d e v a r i e t y o f s o l v e n t s , 
n a r r o w p o r e - s i z e d i s t r i b u t i o n s , a n d s m a l l e r p a r t i c l e s i z e s . T h e f u l l 
p o t e n t i a l o f a q u e o u s S E C w i l l o n l y b e r e a l i z e d t h r o u g h f u r t h e r a d 
v a n c e s i n b o t h the t h e o r e t i c a l u n d e r s t a n d i n g , a n d the e x p e r i m e n t a l 
i m p l e m e n t a t i o n o f t h e t e c h n i q u e . 
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19 
Organic Coatings Analysis by 
Scanning Electron Microscopy and 
Energy Dispersive x-Ray Analysis 

RICHARD M. H O L S W O R T H 
Glidden Coatings and Resins, Strongsville, OH 44136 

The use of the scanning electron microscope and the 
energy dispersive x-ray analyzer in the study of coat
ings/substrate defects and problems is demonstrated. 
Examples discussed include the morphology and ele
mental analysis of metal pretreatments and substrates, 
both unexposed and exposed to various environments 
and chemical tests. Miscellaneous coatings/substrate 
problems such as mildew growth on an exterior expo
sure panel, interior can corrosion, and defects in clear 
coatings on metal substrates are shown. 

S C A N N I N G E L E C T R O N M I C R O S C O P Y ( S E M ) w a s f i rst u s e d b y us to s t u d y 
the surface o f p a i n t f i l m s a n d substrates i n 1962. T h i s w o r k w a s p e r 
f o r m e d at t h e P u l p a n d P a p e r R e s e a r c h I n s t i t u t e o f C a n a d a , at that 
t i m e , one o f the f e w l o c a t i o n s w h e r e S E M e q u i p m e n t w a s a v a i l a b l e . 
P i g m e n t v o l u m e c o n c e n t r a t i o n l a d d e r s a n d p i g m e n t a t i o n w e r e s t u d i e d . 
L a t e r , u n t r e a t e d a n d b o n d e r i z e d s tee l p a n e l s a n d e l e c t rocoated p a n e l s 
w e r e s t u d i e d . O n e o f the f i rst p u b l i c a t i o n s c o n c e r n i n g S E M i n v e s t i g a 
t i o n o f c oa t ings a p p e a r e d i n 1967 (I) . T h i s e x c e l l e n t w o r k d e m o n 
strated the use fu lness o f S E M i n coat ings a n a l y s i s a n d c h a r a c t e r i z a t i o n . 
A s y m p o s i u m o n " S c a n n i n g E l e c t r o n M i c r o s c o p y o f P o l y m e r s a n d 
C o a t i n g s " (2) w a s h e l d i n T o r o n t o , O n t a r i o , i n 1970 u n d e r s p o n s o r s h i p 
o f the C h e m i c a l Inst i tute o f C a n a d a a n d the A m e r i c a n C h e m i c a l Soc iety . 
S i n c e that t i m e , m a n y ar t i c l e s h a v e b e e n p u b l i s h e d c o n c e r n i n g e i t h e r 
i n w h o l e or i n part S E M a n a l y s i s o f coat ings (3,4). T h e coat ings s e c t i o n 
o f Analytical Chemistry's " A p p l i c a t i o n R e v i e w s 1 9 7 9 " (5) l i s t e d 4 3 
re f e rences to the u s e o f m i c r o s c o p y , 2 7 re f e rences to t h e u s e o f sur face 
a n a l y s i s , a n d 18 r e f e r e n c e s to the use o f x -rays i n t h e a n a l y s i s a n d 
c h a r a c t e r i z a t i o n o f c oa t ings . T h e r e h a v e , o f c o u r s e , b e e n m a n y a d d i 
t i o n a l p u b l i c a t i o n s i n t h i s a rea i n r e c e n t years . 

0065-2393/83/0203-0363$06.00/0 
© 1983 American Chemica l Society 
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364 P O L Y M E R C H A R A C T E R I Z A T I O N 

T h e use o f S E M has i n c r e a s e d d r a m a t i c a l l y i n the past s e v e r a l 
y e a r s , n o t o n l y i n t h e c o a t i n g s i n d u s t r y , b u t o t h e r s u r f a c e - o r i e n t e d 
d i s c i p l i n e s as w e l l . P r o b a b l y the mos t s i g n i f i c a n t r e a s o n for t h i s i s the 
r e l a t i v e l y l o w p r i c e o f S E M today , c o m p a r e d to the cost s e v e r a l years 
ago. S p e c i a l t y S E M s that g i v e g o o d r e s o l u t i o n at l o w a n d i n t e r m e d i a t e 
m a g n i f i c a t i o n ranges h a v e b e e n c o m m e r c i a l i z e d a n d , t h e r e b y , p u t 
S E M w i t h i n t h e r e a c h o f m a n y i n d u s t r i a l l a b s . S u c h a s p e c i a l t y S E M is 
t h e M I N I - S E M - I I (6); i t has m a d e the S E M not o n l y a r e s e a r c h t o o l at 
t h e D w i g h t P . J o y c e R e s e a r c h C e n t e r , b u t a t o o l for r o u t i n e a n a l y s i s 
a n d p r o b l e m s o l v i n g . 

Experimental 
The S E M used i n our lab is a M I N I - S E M M o d e l II (International Sc ien

tific Instruments, Inc.) w i t h a 16-step magnification range of 3 0 x - 4 0 , 0 0 0 x 
and resolution of 250 A . The accelerating voltage is fixed at 15 k V . T h e sam
ples are coated i n an Akash i vacuum evaporator w i t h p a l l a d i u m - g o l d (40—60) 
or carbon. A K E V E X 5100 x-ray energy spectrometer is used for the analysis of 
heavy elements found on surfaces, substrates, and i n organic coatings. 

Results and Discussion 
P i g m e n t V o l u m e C o n c e n t r a t i o n ( P V C ) L a d d e r s . O n e o f t h e 

e a r l y s t u d i e s u t i l i z i n g S E M w a s to o b s e r v e the m o r p h o l o g i c a l c h a n g e s 
that o c c u r i n a p a i n t f i l m as the p i g m e n t v o l u m e c o n c e n t r a t i o n ( P V C ) 
is i n c r e a s e d t h r o u g h t h e c r i t i c a l p i g m e n t v o l u m e c o n c e n t r a t i o n 
( C P V C ) . M a n y o f t h e p h y s i c a l a n d m e c h a n i c a l p r o p e r t i e s o f p a i n t 
f i l m s s u c h as t e n s i l e s t r e n g t h , e l o n g a t i o n , a n d m o i s t u r e p e r m e a b i l i t y 
c h a n g e d r a m a t i c a l l y at the C P V C . T h e C P V C w a s d e f i n e d (7) as the 
P V C at w h i c h the b i n d e r or r e s i n j u s t f i l l s the v o i d s b e t w e e n the 
p a c k e d p i g m e n t p a r t i c l e s . W h e n the P V C l i e s b e l o w t h e C P V C , t h e 
f i l m is c o m p o s e d o f p i g m e n t d i s p e r s e d i n a c o n t i n u o u s r e s i n p h a s e . 
A b o v e t h e C P V C t h e r e is i n s u f f i c i e n t b i n d e r to f i l l t h e spaces b e t w e e n 
the p a c k e d p i g m e n t p a r t i c l e s . T h e r e s u l t is a v o i d - f i l l e d f i l m . It w a s 
a n t i c i p a t e d that t h i s p h e n o m e n o n c o u l d b e s t u d i e d b y S E M . S o m e 
resu l t s o f t h i s s t u d y are s h o w n i n F i g u r e s 1 - 4 . F i g u r e 1 at 7 7 0 x 
m a g n i f i c a t i o n s h o w s the surface o f a 30 P V C latex p a i n t . T h e surface 
appears to b e b i n d e r r i c h i n t h i s case . F i g u r e 2 at 7 5 0 x m a g n i f i c a t i o n 
s h o w s the surface o f a 60 P V C latex p a i n t . T h e surface appears to b e 
v e r y p o r o u s a n d b i n d e r d e f i c i e n t i n t h i s case . T h e la tex p a i n t is m o s t 
l i k e l y above the C P V C or t h e p o i n t o f o p t i m u m p i g m e n t l o a d i n g to 
m a i n t a i n a n o p t i m u m b a l a n c e o f p r o p e r t i e s . F i g u r e 3 s h o w s the sur 
face o f a 50 P V C latex p a i n t at 5 0 0 x m a g n i f i c a t i o n . T h e surface l o o k s 
v e r y s i m i l a r to that o f F i g u r e 2. F i g u r e 4 s h o w s th i s p a i n t surface at 
2 5 , 0 0 0 x m a g n i f i c a t i o n . T h e s m o o t h b i n d e r m a t r i x c a n b e s e e n a l o n g 
w i t h s e v e r a l v o i d s . T h e p i g m e n t p a r t i c l e s that are s e e n r e a d i l y are 
m o s t l i k e l y s i n g l e a n d a g g l o m e r a t e d p a r t i c l e s o f T i 0 2 . 
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19. H O L S W O R T H Organic Coating Analysis 365 

Figure 1. 30 PVC Latex paint (770 x). 

Figure 2. 60 PVC Latex paint (750x). 
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366 POLYMER CHARACTERIZATION 

Figure 3. 50 PVC Latex paint (500 x). 

Figure 4. 50 PVC Latex paint (25,000 x). 
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19. H O L S W O R T H Organic Coating Analysis 367 

M i l d e w D e f a c e m e n t . D u r i n g a r o u t i n e e v a l u a t i o n o f e x p o s u r e 
p a n e l s , a p a n e l f r o m the e x p o s u r e f ence a p p e a r e d to h a v e a v e r y h e a v y 
d i r t p i c k u p . T h e r e w e r e t i n y b l a c k spots o n t h e surface that a p p a r e n t l y 
d i d no t w a s h off. T h e b l a c k spots d i d a n d d i d n o t b e h a v e l i k e d i r t , a n d 
u p o n v i s u a l o b s e r v a t i o n , t h e y d i d n o t l o o k l i k e m i l d e w . T h e S E M 
p h o t o m i c r o g r a p h at 4 0 0 X m a g n i f i c a t i o n , F i g u r e 5, s h o w s the sur face 
o f t h e f i l m to b e b r o k e n , a n d m i l d e w g r o w i n g out onto t h e sur face o f 
t h e c o a t i n g . F i g u r e 6, at 7 0 0 X m a g n i f i c a t i o n , s h o w s t h i s e v e n be t te r . 
T h e c o a t i n g is b e i n g p u s h e d o f f o r b r o k e n b y the e r u p t i o n a n d g r o w t h 
o f the m i l d e w f r o m b e n e a t h the t op coat. F i g u r e 7 is a 1300 X m a g n i f i 
c a t i o n o f the same p a n e l . T h e c o a t i n g c a n b e s e e n to b e f r a c t u r e d b y 
the e r u p t i o n o f the m i l d e w g r o w t h . F i g u r e 8, at 700 X m a g n i f i c a t i o n , i s 
o f a s i m i l a r spot that has b e e n w a s h e d free o f the m i l d e w . F i g u r e 9 at 
3 0 0 0 X m a g n i f i c a t i o n , s h o w s r e s i d u a l m i l d e w w i t h i n the de fe c t i n t h e 
p a i n t film. W h e t h e r t h e spore got i n t o t h e p r i m e r b y w a y o f s m a l l f o a m 
or a i r v o i d s t h r o u g h the t op coat to the substrate , or w a s o n the p l y w o o d 
substrate be fore i t w a s p a i n t e d is no t k n o w n . T h e m i l d e w does n o t 
s e e m to b e s t a r t i n g i ts g r o w t h o n the sur face b u t r a t h e r f r o m u n d e r 
n e a t h t h e t op coat o f la tex p a i n t . 

A l u m i n u m S i d i n g C o m p l a i n t . F i g u r e 10 is a m i c r o g r a p h at a 
m a g n i f i c a t i o n o f 100 x o f a l u m i n u m s i d i n g that w a s i n v e s t i g a t e d as the 
r e s u l t o f a c o m p l a i n t . T h e s i d i n g h a d b e c o m e v e r y d i r t y . H e a v y d i r t 

Figure 5. Mildew growth on panel surface (400x). 
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P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 6. Mildew growth on panel surface (700x). 

Figure 7. Mildew growth on panel surface (1300 x). 
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H O L S W O R T H Organic Coating Analysis 

Figure 8. Scrubbed mildew covered panel (700x). 

Figure 9. Scrubbed mildew covered panel (3000 x). 
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370 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 10. Aluminum siding complaint (lOOx). 

p i c k u p a n d s m a l l p i m p l e s o r b u m p s h a d d e v e l o p e d across the sur face 
o f the p a n e l . T h i s m i c r o g r a p h s h o w s s e v e r a l o f these l i t t l e b u m p s . 
A r o u n d the b u m p s c a n b e s e e n a p p a r e n t b o u n d a r y l i n e s that are r e a l l y 
de fects i n the film r e s u l t i n g f r o m s o l v e n t e v a p o r a t i o n a n d the f o r m a 
t i o n o f B e n a r d c e l l s . T h i s l e a v e s a f a i r l y r e g u l a r p a t t e r n o f r e s i n - r i c h 
areas o n the sur face that d e g r a d e at a r a p i d rate . I t i s a s s u m e d that t h e 
b o u n d a r y l i n e s that c a n b e s e e n are , i n s o m e areas, o p e n t h r o u g h to 
t h e m e t a l or are v e r y t h i n spots i n t h e c o a t i n g that a l l o w e a s i e r p e n e 
t r a t i o n o f m o i s t u r e or o t h e r c o n t a m i n a n t s that c a n l e a d to c o r r o s i o n o f 
the a l u m i n u m substrate . F i g u r e 11 i s a c l o s e - u p o f a c r o s s - s e c t i o n o f 
the b u m p s o n the p a n e l at 3 5 0 x m a g n i f i c a t i o n . It s h o w s that u n d e r 
n e a t h t h e r a i s e d p o r t i o n o f t h e c o a t i n g , a c r y s t a l o r sa l t g r o w t h f o r m a 
t i o n has d e v e l o p e d b e t w e e n the a l u m i n u m substrate a n d the c o a t i n g . 
T h i s a rea w a s s t u d i e d b y e n e r g y d i s p e r s i v e x - ray a n a l y s i s ( E D X R A ) , 
a n d t h e crysta ls p r o v e d to b e a l u m i n u m salts i n c l u d i n g s u l f u r a n d 
c h l o r i n e . 

C l e a r C o a t i n g s o n R e f l e c t i v e M e t a l Subs t ra tes . T h e i n s p e c t i o n 
o f c l e a r coat ings o n h i g h l y r e f l e c t i v e m e t a l substrates is a n a n n o y i n g 
p r o b l e m i n o p t i c a l m i c r o s c o p y . T h e r e f l e c t i o n o f t h e i n c i d e n t l i g h t 
f r o m t h e m e t a l o b s c u r e s the f i n e d e t a i l o f the surface m o r p h o l o g y that 
n e e d s to b e s e e n . A s t y r e n e - a c r y l i c basecoa t for a q u a l i t y as r e c e i v e d 
p l a t e w a s o b s e r v e d u n d e r t h e o p t i c a l l i g h t m i c r o s c o p e f r o m 10 x to 
2 0 0 X m a g n i f i c a t i o n . T h e o n l y de fec ts that c o u l d b e s e e n w e r e o c c a 
s i o n a l gas b u b b l e s that h a d b e e n t r a p p e d i n the f i l m . T h e r e w a s n o 
v i s i b l e s i g n o f the 2 % w a x that h a d b e e n a d d e d to the c o a t i n g as a l u b r i 
cant u n d e r the o p t i c a l m i c r o s c o p e . A l t h o u g h the c o a t i n g p a s s e d v i s u a l 
i n s p e c t i o n , w h e n t h e m a t e r i a l w a s p l a c e d i n a c o p p e r sul fate b a t h , 
m e t a l l i c c o p p e r w a s f o r m e d o n t h e i r o n substrate b y a d i s p l a c e m e n t 
r e a c t i o n , i n d i c a t i n g that the de fec ts i n the c o a t i n g are o p e n to the i r o n 
substrate . F l o w e r - l i k e c o p p e r d e p o s i t s c o u l d b e s e e n o v e r a w i d e a rea 
o f t h e p a n e l . F i g u r e 12 s h o w s o n e o f the c o p p e r d e p o s i t s o n the p a n e l 
surface at 50 X m a g n i f i c a t i o n . M a n y o ther defects o n the surface o f t h e 
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19. H O L S W O R T H Organic Coating Analysis 371 

Figure 11. Cross-section of aluminum siding defect (350 x). 

p a n e l c a n b e s e e n i n the m i c r o g r a p h . A r e a A o f F i g u r e 12 is s h o w n at 
600 X m a g n i f i c a t i o n i n F i g u r e 13. T h r e e types o f defects c a n b e s e e n i n 
F i g u r e 13; o p e n b u b b l e s f r o m e n t r a p p e d gas b u b b l e s (B) , craters p r o b 
a b l y r e s u l t i n g f r o m t h e w a x l u b r i c a n t o n t h e surface ( C ) , a n d craters 
f r o m i n s u f f i c i e n t f l o w o f a b r o k e n b u b b l e ( F ) . T h e l a r g e c ra ter i n t h e 
c e n t e r o f F i g u r e 13 is s h o w n at 3 0 0 0 X m a g n i f i c a t i o n i n F i g u r e 14. T h e 
defects are l a b e l e d the same as i n F i g u r e 13. T h e m a t e r i a l i n the b o t t o m 
o f the large c rater is p r o b a b l y r e s i d u a l w a x or o ther r e s i d u e f r o m t h e 
b a t h . A n a l y s i s o f a s i m i l a r t y p e o f s t ruc ture b y E D X R A s h o w e d t h e 
m a t e r i a l to b e i r o n salts . A v e r y s m a l l c o p p e r c r y s t a l f o r m a t i o n is s e e n 
i n F i g u r e 15 at 3 0 0 0 x m a g n i f i c a t i o n . 

T o d e t e r m i n e w h i c h t y p e o f de f e c t w a s o p e n to the substrate a n d 
a l l o w e d the c o p p e r crysta ls to g r o w , the c o p p e r d e p o s i t w a s d i s s o l v e d 
w i t h n i t r i c a c i d a n d the r e s u l t i n g c l e a r a r e a s t u d i e d i n the S E M . F i g 
u r e 16 at 560 X m a g n i f i c a t i o n s h o w s the d a r k i r r e g u l a r area that w a s 

Figure 12. Metallic copper deposit on panel surface (50 x). 
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372 POLYMER C H A R A C T E R I Z A T I O N 

Figure 13. Surface defects in clear coating (600 x). 

Figure 14. Surface defects in clear coating (3000x). 
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19. H O L S W O R T H Organic Coating Analysis 373 

Figure 15. Copper deposit on panel surface (3000x). 

Figure 16. Area of copper deposit after acid treatment (560 x). 
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374 POLYMER C H A R A C T E R I Z A T I O N 

Figure 17. Area of copper deposit after acid treatment (2400 x). 

c o v e r e d b y the c o p p e r , r e s i d u e f r o m t h e a c i d d i s s o l u t i o n o f t h e c o p 
p e r , a n d a gas b u b b l e de fe c t i n the c e n t e r o f w h a t w a s the c o p p e r . 
F i g u r e 17 at 2 4 0 0 x m a g n i f i c a t i o n s h o w s the gas b u b b l e de fec t a n d 
w h a t l o o k s l i k e a c r a c k or s p l i t i n the b o t t o m o f the crater . T h i s c o u l d 
b e the o p e n i n g to the substrate . 

M e t a l Subs t ra te P r e t r e a t m e n t . W h e n r u n n i n g a c c e l e r a t e d or nat 
u r a l i n - u s e tests o n a c o a t i n g , i t is i m p o r t a n t to k n o w the substrate 
b e i n g u s e d . T h e f o l l o w i n g are s e v e r a l e x a m p l e s w h e r e c o n f u s i o n d e 
v e l o p e d s o m e w h e r e b e t w e e n t h e i n i t i a l p r e t r e a t m e n t o f t h e p a n e l s 
a n d t h e a n a l y s i s o f the sur face . F i g u r e s 18 a n d 19 s h o w t h e t w o 

Figure 18. Zinc phosphate with calcium rinse pretreatment (700 x). 
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19. H O L S W O R T H Organic Coating Analysis 375 

Figure 19. Zinc phosphate without calcium rinse pretreatment (700 x). 

p h o s p h a t e - t r e a t e d p a n e l s i n q u e s t i o n . P h y s i c a l l y t h e y a p p e a r s i m i l a r . 
T h e z i n c p h o s p h a t e appears as s m a l l a l m o s t m i c r o c r y s t a l s a n d as l a r g e 
p l a t e - l i k e c rys ta l s , m o s t l y w i t h a v e r t i c a l o r i e n t a t i o n . T h e s a m p l e i n 
F i g u r e 18 w a s to h a v e r e c e i v e d a c a l c i u m r i n s e , w h i l e t h e s a m p l e i n 
F i g u r e 19 d i d not . T h e E D X R A s p e c t r a i n F i g u r e s 2 0 a n d 21 s h o w t h e 
p a n e l s to b e s i m i l a r i n sur face t r e a t m e n t . I n fact, b o t h s a m p l e s s h o w 
the p r e s e n c e o f c a l c i u m . I n F i g u r e s 22 a n d 2 3 are t h e f a m i l i a r c rys ta l s 
o f z i n c p h o s p h a t e p r e t r e a t m e n t . T h e s a m p l e i n F i g u r e 2 2 w a s to h a v e 
r e c e i v e d a c h r o m e r i n s e , w h i l e the s a m p l e i n F i g u r e 2 3 r e c e i v e d n o 
r i n s e . T h e spec t ra o f these t w o s a m p l e s , s h o w n i n F i g u r e s 24 a n d 2 5 , 
e x h i b i t n o c h r o m i u m . O n l y z i n c , p h o s p h o r u s , i r o n , a n d n i c k e l f r o m a 
n i c k e l f l u o r i d e r i n s e are p r e s e n t . 

Figure 20. EDXRA spectrum of Figure 18. 
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376 POLYMER CHARACTERIZATION 

Figure 21. EDXRA spectrum of Figure 19. 

Figure 22. Zinc phosphate pretreatment with chrome rinse (700 x). 

Figure 23. Zinc phosphate pretreatment without chrome rinse (700x). 
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19. H O L S W O R T H Organic Coating Analysis 377 

Figure 24. EDXRA spectrum of Figure 22. 

F i g u r e s 2 6 a n d 2 7 s h o w the sur face o f t w o s a m p l e s w i t h a c a l c i u m 
z i n c p h o s p h a t e surface t r e a t m e n t . T h e E D X R A spec t ra i n F i g u r e s 28 
a n d 29 s h o w the o v e r a l l surfaces to b e c h e m i c a l l y s i m i l a r . H o w e v e r , 
w h e n the surfaces o f t h e t w o s a m p l e s are c o m p a r e d , t h e test p a n e l i n 
F i g u r e 2 6 s h o w s s m a l l c rys ta l s t i g h t l y p a c k e d o n t h e sur face , w h i l e the 
p l a n t m e t a l substrate i n F i g u r e 2 7 s h o w s crysta ls l a r g e r t h a n i n F i g u r e 
26 , p l u s s ome p l a t e - l i k e c rysta ls w i t h m o s t l y v e r t i c a l o r i e n t a t i o n . O f 
m o r e i m p o r t a n c e is the o b v i o u s fact that t h e c rys ta l s are so l o o s e l y 
p a c k e d o n the sur face that the m e t a l substrate is e x p o s e d . T h i s is 
c o n f i r m e d b y E D X R A w h i c h s h o w s o n l y i r o n to b e p r e s e n t i n the 
e x p o s e d areas ( F i g u r e s 2 8 a n d 29) . 

Figure 25. EDXRA spectrum of Figure 23. 
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378 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 26. Calcium zinc phosphate pretreatment (700x). 

Figure 27. Calcium zinc phosphate pretreatment (700x). 

Figure 28. EDXRA spectrum of Figure 26. 
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19. H O L S W O R T H Organic Coating Analysis 379 

Figure 29. EDXRA spectrum of Figure 27, 

C a n Coating Substrate Corrosion. T h e u s e o f w a t e r b o r n e coat 
i n g s for m e t a l substrates , s u c h as c a n c o a t i n g s , has i n c r e a s e d t h e oc 
c u r r e n c e o f a p r o b l e m , n o t u n i q u e to w a t e r b o r n e sys tems . T h i s p r o b 
l e m oc curs as a r e s u l t o f e n t r a p p e d f oam or p o o r f l o w out o f f o a m o r 
b u b b l e i n d u c e d de fec ts a n d is c h a r a c t e r i z e d b y b l i s t e r i n g a n d c o r r o 
s i o n . A film de f e c t s u c h as s e e n p r e v i o u s l y i n F i g u r e 17 c a n , u p o n 
a c c e l e r a t e d l a b t e s t i n g , p r o d u c e a n area s u c h as that s e e n i n F i g u r e 30 . 
T h i s S E M p h o t o m i c r o g r a p h at 2 0 0 x m a g n i f i c a t i o n s h o w s a s m a l l 
c r a t e r - l i k e de fe c t i n t h e c e n t e r o f w h a t a p p e a r s to b e a b l i s t e r . U n d e r 
the o p t i c a l m i c r o s c o p e t h e b l i s t e r a p p e a r e d to b e filled, i n par t , w i t h a 

Figure 30. Coating defect and blister over tin-plated steel (200 x). 
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380 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 31. Corroded area under blister in Figure 30 (400 x). 

rus t b r o w n l i q u i d o v e r t h e s t i l l s h i n y t i n p l a t e sur face . A f t e r b e i n g 
e x p o s e d to r o o m c o n d i t i o n s for s e v e r a l d a y s , the b l i s t e r w a s t a p e d off, 
i . e . , r e m o v e d b y a d h e s i v e tape . T h e resu l t s are s h o w n i n F i g u r e s 31 
a n d 32 at 4 0 0 X m a g n i f i c a t i o n . F i g u r e 31 is the a r e a i m m e d i a t e l y u n 
d e r l y i n g the b l i s t e r . T h e m e t a l substrate is c o r r o d e d t h r o u g h a l m o s t 
c o m p l e t e l y . E D X R A i n d i c a t e s i r o n t h r o u g h o u t t h e c o r r o d e d area a n d 
h i g h l e v e l s o f p h o s p h o r u s a n d c h l o r i n e . F i g u r e 3 2 i s the t a p e d of f 
m a t e r i a l that cons i s t s o f the i r o n c o r r o s i o n p r o d u c t s , t h e t i n p l a t e , a n d 
t h e o r g a n i c t o p coat . A m e c h a n i s m for c o r r o s i o n o f t h i s t y p e has b e e n 
d e s c r i b e d e l s e w h e r e (8). 

F i g u r e 33 s h o w s a l i n e o f e n t r a p p e d b l i s t e r s or b u b b l e s i n a c l e a r 
c o a t i n g o n t i n p l a t e d s t e e l substrate . T h e c l o s e d a n d p a r t i a l l y o p e n 
b l i s t e r s s h o w e d n o c o r r o s i o n w i t h i n the b l i s t e r , a l t h o u g h m o i s t u r e h a d 
p e r m e a t e d t h e film a n d w a s t r a p p e d i n s i d e the b u b b l e s . T h e e x p o s e d 
a r e a i n the c e n t e r w a s f i l l e d w i t h a r u s t y l i q u i d . T h e t o p w a s c a r e f u l l y 
r e m o v e d , i n c l u d i n g c o r r o s i o n p r o d u c t s f r o m the c e n t e r , e x p o s i n g the 
p i t a n d a c o v e r i n g o f the c l e a r c o a t i n g o v e r m o s t o f t h e sur face . F i g u r e 
34 s h o w s a s i m i l a r b u b b l e w i t h the t o p r e m o v e d , e x p o s i n g the c o r r o 
s i o n p l u g i n the c e n t e r o f t h e b u b b l e , p l u s c o r r o s i o n p r o d u c t s o n the 
i n t e r i o r w a l l . A p p a r e n t l y , a de fe c t l i k e that i n F i g u r e 3 0 w a s p r e s e n t 
i n s i d e t h e b u b b l e a n d c o r r o s i o n s tar ted after p e r m e a t i o n o f l i q u i d 
t h r o u g h the b u b b l e w a l l . 
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H O L S W O R T H Organic Coating Analysis 381 

Figure 32. Backside of taped off blister in Figure 30 (400 x). 

Figure 33. Corrosion area within blister, corrosion removed (50 x). 
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382 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 34. Corrosion area within blister (200x). 

Conclusions 

S E M a n d S E M / E D X R A h a v e b e e n d e m o n s t r a t e d to b e e x t r e m e l y 
u s e f u l too ls for c h a r a c t e r i z i n g c o a t i n g s , substrates , a n d in te r faces a n d 
for o r g a n i c c oa t ings f a i l u r e a n a l y s i s . S a m p l e p r e p a r a t i o n is m i n i m a l 
c o m p a r e d w i t h t h e w e a l t h o f i n f o r m a t i o n that c a n b e o b t a i n e d b y 
these m e t h o d s . T h e S E M is a l o g i c a l e x t e n s i o n o f t h e l o w p o w e r 
s t e r e o m i c r o s c o p e for coa t ings a n a l y s i s , a n d the great d e p t h o f f i e l d 
a v a i l a b l e is i n v a l u a b l e for coa t ings p r o b l e m a n a l y s i s . T h e S E M / 
E D X R A s y s t e m is a fast, easy m e t h o d for r a p i d i d e n t i f i c a t i o n o f s m a l l 
i n c l u s i o n s o r de fec t s , a n d for t h e q u i c k c o m p a r i s o n o f c oa t ings f o r m u 
l a t i o n s . 
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20 
Molecular Optical Laser Examiner (MOLE) 
Application to Problems Encountered 
by Electron Microscopists 
in the Analysis of Polymers 

MARK E. ANDERSEN 
Walter C. McCrone Associates, Inc., Chicago, IL 60616 

Individual polymer fibers, layers in laminates, inclusions, 
and contaminants have been studied with the Raman 
microprobe, MOLE. The layers of a 14-μm thick five
-layer laminated film were identified and molecular maps 
were obtained. The central polyester layer was deter
mined to be of low crystallinity. Polarized Raman spectra 
were recorded from a 16-μm nylon 6/6 fiber. The calcium 
stearate reaction product of a pharmaceutical solution 
with a rubber stopper coating was identified using the 
energy dispersive x-ray analysis system of a scanning 
electron microscope (SEM) and the Raman spectrum. A 
40-μm inclusion of polystyrene in a high-impact polysty
rene copolymer was identified. The cause of a plating 
defect in a circuit board connector was traced to polysty
rene packing material. 

JL H E M O L E C U L A R O P T I C A L L A S E R E X A M I N E R ( M O L E ) i s a R a m a n m i c r o -
p r o b e that w a s d e v e l o p e d i n F r a n c e ( J , 2) a n d is n o w a v a i l a b l e c o m 
m e r c i a l l y . C o n t e m p o r a n e o u s w i t h th i s d e v e l o p m e n t , a s i m i l a r i n s t r u 
m e n t w a s d e s i g n e d a n d b u i l t at the U . S . N a t i o n a l B u r e a u o f S t a n d a r d s 
(3). B o t h o f the i n s t r u m e n t s y i e l d m o l e c u l a r i n f o r m a t i o n , n o n d e s t r u c -
t i v e l y , f r o m b o t h o r g a n i c a n d i n o r g a n i c s a m p l e s or r e g i o n s o f s a m p l e s 
as s m a l l as 1 μπι i n d i a m e t e r . T h e M O L E is d e s i g n e d a r o u n d a r e s e a r c h 
q u a l i t y o p t i c a l m i c r o s c o p e a l l o w i n g t h e a n a l y s t to u t i l i z e m i c r o s c o p i c a l 
t e c h n i q u e s t o o r i e n t a n d c h a r a c t e r i z e t h e p a r t i c u l a r s a m p l e b e i n g 
a n a l y z e d (4). T h e M O L E has t h e a d d i t i o n a l c a p a b i l i t y to f o r m i m a g e s 
o f a s a m p l e a n d d e f i n e t h e l o c a t i o n s o f v a r i o u s m o l e c u l a r s p e c i e s . 
B o t h the h i g h s p a t i a l r e s o l u t i o n a n d the m o l e c u l a r m a p p i n g c a p a b i l i t y 
(analogous to x - ray e l e m e n t a l maps ) are o f i n t e r e s t to e l e c t r o n m i c r o s 
cop i s t s . 

M a c r o - R a m a n s p e c t r o s c o p y has p r o v e d to b e a u s e f u l t e c h n i q u e 

0065-2393/83/0203-0383$06.00/0 
© 1983 Amer i can C h e m i c a l Society 
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384 P O L Y M E R C H A R A C T E R I Z A T I O N 

i n r e l a t i n g the p h y s i c a l p r o p e r t i e s o f p o l y m e r s to t h e i r m o l e c u l a r 
s t r u c t u r e s (5—12). T h e m e c h a n i c a l p r o p e r t i e s o f p o l y m e r s , o f t e n 
s t u d i e d b y e l e c t r o n m i c r o s c o p y , are a lso r e l a t e d to t h e i r m o l e c u l a r 
p r o p e r t i e s . W i t h t h e R a m a n m i c r o p r o b e , m u c h s m a l l e r s a m p l e s izes 
c a n n o w be s t u d i e d , a n d the i n t e r a c t i o n o f e l e c t r o n m i c r o s c o p y w i t h 
R a m a n s p e c t r o s c o p y c a n o n l y b e e x p e c t e d to g r o w . 

I n d u s t r i a l p r o d u c t i o n o f p o l y m e r p r o d u c t s u s u a l l y i n v o l v e s m i x i n g 
so lvents , f i l l e r s , p i g m e n t s , a n t i o x i d a n t s , a n d o ther c o m p o u n d s w i t h 
the p o l y m e r . P r o d u c t f a i l u r e s m a y ar i se f r o m i n a d e q u a t e m i x i n g o r 
d i s s o l u t i o n o f these a d d i t i v e s , i m p r o p e r t e m p e r a t u r e c o n t r o l d u r i n g 
p r o d u c t f o r m a t i o n , o r i n t r o d u c t i o n o r i m p r o p e r r e m o v a l o f c o n 
t a m i n a n t s a n d b y - p r o d u c t s . T r a c k i n g d o w n t h e s o u r c e o f a f a i l u r e 
is o f ten a d i f f i c u l t a n a l y t i c a l p r o b l e m , f r e q u e n t l y r e q u i r i n g the a p 
p l i c a t i o n o f a v a r i e t y o f a n a l y t i c a l too ls i n c l u d i n g R a m a n m i c r o p r o b e 
a n d e l e c t r o n m i c r o s c o p y . 

T h e p u r p o s e o f t h i s c h a p t e r is to s h o w the u n i q u e c a p a b i l i t i e s 
o f the M O L E as a p p l i e d to p o l y m e r a n a l y s i s , e s p e c i a l l y i n c o n j u n c 
t i o n w i t h e l e c t r o n m i c r o s c o p y . 

Experimental 
The 514.5-nm l ine of a Spectra Physics M o d e l 164 argon ion laser served 

as the i l luminat ion source. Plasma l ines were removed w i t h a 10-Â H B W 
interference filter. A mica halfwave plate was incorporated i n the l ight path 
to control the polarization orientation of the laser i l luminat ion source. Both 
50 x (0.85 N.A.) and 100 x (0.90 Ν .A.) L e i t z objectives have been used to focus 
the laser beam and to collect the scattered radiation. 

A scheme of a portion of the l ight path is shown i n Figure 1. A n axis is 
designated to define the polarization directions. A field diaphragm or p i n 
hole i n a sample image plane serves as a spatial filter, w h i l e an aperture 
diaphragm i n an image of the back focal plane of the objective can be used 
to l imi t the sol id col lect ion angle, or numerical aperture of the objective. 
F o r polarization studies an analyzer and polarization scrambler are inserted i n 
the l ight path. 

The l ight passing through the monochromator is detected w i t h a Type 
R 374 Hamamatsu photomult ip l ier cooled to - 3 0 °C w i t h a Products for 
Research thermoelectric housing (Mode l T E - 1 7 5 R F ) . Measurements were 
made w i t h a M o d e l 1140A quantum photometer from Princeton A p p l i e d 
Research. 

N o n c o n d u c t i v e samples for e lectron microscopy were m o u n t e d on 
a luminum stubs w i t h double-s ided tape. These samples were shadowed 
w i t h carbon and gold. T h e metal l ic sample was adhered to a stub us ing 
si lver paint. Micrographs were recorded w i t h a Cambridge Mark I I A scanning 
electron microscope ( S E M ) . 

Laminated Polymer Study 
A p o l y m e r i c f i l m w a s c r o s s - s e c t i o n e d w i t h a r a z o r b l a d e a n d 

e x a m i n e d b y S E M ( F i g u r e 2). T h e 14-μ,πι t h i c k f i l m w a s c o m p o s e d 
o f f i ve l a m i n a t e d l a y e r s . T h e o t h e r h a l f o f the c r o s s - s e c t i o n w a s ex-
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386 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 2. SEM micrograph of 14-μχη thick, five-layer polymer laminate. 

a m i n e d b y M O L E . A p i n h o l e l i m i t e d t h e s p e c t r a l c o l l e c t i o n a r e a o f 
t h e s a m p l e to a p p r o x i m a t e l y a 5-μιτι d i a m e t e r . T h e m o s t i n t e n s e l y 
i l l u m i n a t e d r e g i o n o f the s a m p l e ( a p p r o x i m a t e l y l - / x m d i a m e t e r ) g i v e s 
r i s e to the m a j o r i t y o f the c o l l e c t e d R a m a n scatter r a d i a t i o n . T h e o u t e r 
l a y e r s w e r e a b o u t 3 μ,πι t h i c k a n d w e r e i d e n t i c a l i n c o m p o s i t i o n 
( F i g u r e 3). T h i s m a t e r i a l w a s i d e n t i f i e d as p r e d o m i n a n t l y p o l y p r o p y l 
e n e . T h e c e n t r a l l a y e r w a s less t h a n 2 μιη t h i c k a n d w a s i d e n t i f i e d 
as a p o l y e s t e r s i m i l a r to p o l y e t h y l e n e t e r e p h t h a l a t e ( F i g u r e 4) . T h e 
last t w o l ayers w e r e i d e n t i c a l a n d w e r e i d e n t i f i e d as p o l y e t h y l e n e 
or a s i m i l a r m a t e r i a l ( F i g u r e 5). S o m e s p e c t r a l l e a k a g e f r o m t h e s u r 
r o u n d i n g l a y e r s o c c u r r e d a n d a n u n a m b i g u o u s r e s u l t c o u l d no t b e 
o b t a i n e d . 

A m o l e c u l a r m a p o f the s a m p l e w a s p r o d u c e d w i t h the r a d i a t i o n 
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I 

v u 

τ 1 ι 1 1 1 1 
1500 1000 

Wave Numbers 

Figure 5. Raman spectra of high density polyethylene (Scientific Poly
mer Products, Inc.) (top) and the intermediate layer of a 14-^m thick 
five-layer polymer laminate. Conditions for polyethylene: laser, 514.5 
nm, 5 mW at sample; beam diameter, 1 μχη; spectral slitwidth, 4 cm'1; 
time constant, 1 s; scan rate, 42 cm'1 Imin; full scale, 1000 counts; and 
Leitz 100 x (0.90 N.A.) objective. Conditions for polymer laminate: laser, 
514.5 nm, 15 mW at sample; beam diameter, 1 μm; spectral slitwidth, 6 
cm'1; time constant, 3 s; scan rate, 17 cm'1 Imin; full scale, 1000 counts; 

and Leitz 100 x (0.90 N.A.) objective. 

e m i t t e d b y the s a m p l e at 1615 c m - 1 ( F i g u r e 6). T h e p o l y e s t e r l a y e r 
is c l e a r l y d e l i n e a t e d . A t 2884 c m - 1 t h e o u t e r l ayers e m i t R a m a n scat
t e r e d r a d i a t i o n m o r e i n t e n s e l y t h a n does t h e c e n t r a l p o l y e s t e r l a y e r , 
w h i c h is d a r k c o m p a r e d to t h e o u t e r l a y e r s ( F i g u r e 7). 

T h e c r y s t a l l i n i t y o f t h e p o l y e s t e r l a y e r is d e t e r m i n e d b y m e a s u r 
i n g t h e b a n d w i d t h o f t h e 1 7 3 0 - c m - 1 R a m a n b a n d (6, 8 ) . T h i s p o l y e s t e r 
l a y e r has a v e r y l o w d e g r e e o f c r y s t a l l i n i t y , i n d i c a t e d b y the b r o a d n e s s 
o f t h i s b a n d ( h a l f b a n d w i d t h = 2 7 c m " 1 ) . 
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390 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 6. MOLE molecular map of five-layer polymer laminate at 1615 
cm'1 showing 2-pm polyester middle layer. 

Polarization Study 
T h e p r o p e r t i e s o f a p o l y m e r d e p e n d i n p a r t u p o n t h e o r i e n t a t i o n 

o f its m o l e c u l e s , w h i c h c h a n g e s as a p o l y m e r is s t r e t c h e d or e x t r u d e d 
as f i b e r s or sheets . I n f o r m a t i o n a b o u t t h e m o l e c u l a r o r i e n t a t i o n is 
d e t e r m i n e d b y m e a s u r i n g t h e p o l a r i z a t i o n p r o p e r t i e s o f t h e v a r i o u s 
R a m a n b a n d s . A l t h o u g h s u c h s t u d i e s m a y b e p e r f o r m e d o n r e l a t i v e l y 
l a rge s a m p l e s w i t h s t a n d a r d R a m a n i n s t r u m e n t s ( 9 — I I ) , t h e R a m a n 
m i c r o p r o b e has o n l y r e c e n t l y b e e n a p p l i e d (4). T h e d i e l e c t r i c b e a m 
s p l i t t e r i n the M O L E ( F i g u r e 1) i n e v i t a b l y a l ters t h e p o l a r i z a t i o n state 
o f l i g h t i m p i n g i n g o n its sur face . I f s u c h effects c a n b e m e a s u r e d a n d 
t h e d e r i v e d d a t a c a n b e c o r r e c t e d for t h e ef fects , u s e f u l i n f o r m a t i o n 
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20. A N D E R S E N Molecular Optical Laser Examiner 391 

c a n b e o b t a i n e d a b o u t t h e m o l e c u l a r o r i e n t a t i o n o f m u c h s m a l l e r s a m 
p l e s t h a n h a v e b e e n s t u d i e d p r e v i o u s l y . 

C a r b o n t e t r a c h l o r i d e i s u s e d w i d e l y as a r e f e r e n c e m a t e r i a l for 
s t u d y i n g the p o l a r i z a t i o n c a p a b i l i t i e s o f a R a m a n s y s t e m (13,14). C a r 
b o n t e t r a c h l o r i d e w a s p l a c e d i n a glass c a p i l l a r y a n d e x a m i n e d u s i n g 
the 50 x o b j e c t i v e . T h e d e p o l a r i z a t i o n rat ios o f the a s y m m e t r i c v i b r a 
t i o n a l m o d e s at 218 a n d 314 c m " 1 are e x p e c t e d to b e 0 .75, w h i l e t h e 
t o t a l l y s y m m e t r i c v i b r a t i o n a l m o d e at 4 5 9 c m - 1 is e x p e c t e d to h a v e a 
d e p o l a r i z a t i o n rat io n e a r z e r o (14). T h e m e a s u r e d spec t ra for the t w o 
p o s i t i o n s o f the a n a l y z e r d e s i g n a t e d b y t h e P o r t o c o n v e n t i o n (15) 
are s h o w n i n F i g u r e 8. B o t h the r a w data a n d the v a l u e s c o r r e c t e d for 
the p o l a r i z i n g c o m p o n e n t s i n the M O L E are l i s t e d i n T a b l e I , a l o n g 
w i t h a r e c e n t d e t e r m i n a t i o n . E r r o r s q u o t e d ar i se f r o m s i g n a l n o i s e 
o n l y . I n t h i s i n s t a n c e t h e c o r r e c t i o n fac tor m e a s u r e d h a p p e n e d to 
b e n e a r u n i t y o v e r the 2 0 0 - 5 0 0 - c m " 1 s p e c t r a l r e g i o n . 

Figure 7. MOLE molecular map of five-layer polymer laminate at 
2884 cm'1. 
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Γ " 
550 

I I 
350 

WAVE NUMBERS 

150 

Figure 8. Polarized Raman spectra of CCl4 in a glass capillary. Condi
tions: laser, 514.5 nm, 10 mW at sample; beam diameter, 1 μητ; spectral 
slitwidth, 8 cm'1; time constant, 1 s; scan rate, 42 cm'1 Imin; full scale, 

10,000 counts; and Leitz 50 x (0.85 N.A.) objective. 
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T a b l e L D e p o l a r i z a t i o n R a t i o s o f C C 1 4 

U s i n g a 5 0 x (0.85 N . A . ) O b j e c t i v e 

Raman Band p( ±2σ) ρ(±2σ) 
(cm"1) meas. corrected Pa 

218 0.72 ( ± 0 . 0 3 ) 0.74 ( ± 0 . 0 3 ) 0 .75 
314 0.76 ( ± 0 . 0 3 ) 0.77 ( ± 0 . 0 3 ) 0 .75 
4 5 9 0 .006 ( ± 0 . 0 0 2 ) 0 .006 ( ± 0 . 0 0 2 ) 0 .003 

a Reference 13. 

A p l e o c h r o i c , b iréfr ingent , 16-μ,ιτι fiber o f n y l o n 6/6 w a s o r i e n t e d 
p a r a l l e l to the ( / - d i r e c t i on as d e f i n e d i n F i g u r e 1. P o l a r i z e d R a m a n 
s p e c t r a o f t h i s fiber are s h o w n i n F i g u r e 9 a n d d i s p l a y d i s t i n c t i n 
t e n s i t y d i f f e r e n c e s i n the v a r i o u s R a m a n b a n d s . P e a k h e i g h t s rat ios , 
Z ( Y Y ) Z / Z ( Y X ) Z , are sub je c t to a c o r r e c t i o n factor v a r y i n g s m o o t h l y 
b e t w e e n 1.4 at 9 0 0 c m " 1 a n d 2.8 at 1800 c m " 1 , a n d b e t w e e n 1.4 at 2 7 0 0 
c m - 1 a n d 1.0 at 3 0 0 0 c m - 1 . E r r o r s i n rat ios a r i s i n g f r o m s a m p l e b i r e 
f r i n g e n c e are r e d u c e d w h e n u s i n g a h i g h n u m e r i c a l a p e r t u r e ob j e c 
t i v e , b e c a u s e the s a m p l e d d e p t h is m i n i m i z e d to a f e w m i c r o m e t e r s 
( 2 , 16 ) . A m o r e c o m p l e t e s t u d y o f t h i s f i b e r w o u l d a l l o w o n e to d e t e r 
m i n e the s y m m e t r y o f t h e R a m a n b a n d s a n d t h e o r i e n t a t i o n o f t h e 
m o l e c u l e s i n the f i ber . P o t e n t i a l l y t h i s t e c h n i q u e m a y a l l o w a m o r e 
c o m p l e t e u n d e r s t a n d i n g o f the s k i n s o f s o m e t y p e s o f p o l y m e r f i b e r s . 

Analytical Problem Solving 
A t r a n s l u c e n t 200 - /xm t h i c k s h e e t o f h i g h - i m p a c t p o l y s t y r e n e / 

p o l y b u t a d i e n e c o p o l y m e r w a s m a r r e d b y a b u l g e or f i s h e y e . W h e n the 
sheet w a s s e c t i o n e d t h r o u g h t h e d e f e c t r e g i o n w i t h a r a z o r b l a d e , a 
t ransparent , 40-μιη i n c l u s i o n w a s r e v e a l e d ( F i g u r e 10). T h e R a m a n 
spec t ra o f t h e t w o m a t e r i a l s w e r e n e a r l y i d e n t i c a l e x c e p t i n t h e r e g i o n 
n e a r 1650 c m - 1 . T h e m a t r i x m a t e r i a l h a d t w o p o l y s t y r e n e b a n d s n e a r 
1600 c m " 1 ( F i g u r e 11 A ) a n d a s m a l l p e a k n e a r 1650 c m - 1 , w h i c h is 
i n d i c a t i v e o f c i s - p o l y b u t a d i e n e (7). T h e i n c l u s i o n l a c k s t h i s p e a k 
( F i g u r e 11B) a n d is n e a r l y p u r e p o l y s t y r e n e . I n c l u s i o n s s u c h as u n 
d i s s o l v e d a n t i o x i d a n t o r ex t raneous p o l y m e r s as s m a l l as 2 μτη i n s i z e 
a n d b u r i e d as m u c h as 10 μτη b e n e a t h the surface o f t r a n s p a r e n t p o l y 
m e r sect ions h a v e b e e n i d e n t i f i e d i n s i t u w i t h M O L E . 

S o l u t i o n s c o n t a m i n a t e d w i t h p a r t i c l e s are f o u n d o c c a s i o n a l l y i n 
p h a r m a c e u t i c a l samples . O f t e n these par t i c l e s are c r e a t e d b y a r e a c t i o n 
b e t w e e n t h e s o l u t i o n a n d a b o t t l e s t o p p e r that i s u s u a l l y c o m p o s e d 
o f r u b b e r c o n t a i n i n g z i n c a n d s u l f u r c o m p o u n d s u s e d as c u r i n g ac
c e l e r a n t s a n d f i l l e d w i t h c a r b o n b l a c k , anatase , c a l c i t e , q u a r t z , a n d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

20



Z
(Y

Y
)Z

 

Ζ(
Υ

Χ
)Ζ

 

M
i

l 
3

0
0

0 
2

8
0

0 
18

00
 

15
00

 
W

av
e 

Nu
m

be
r 

10
00

 

Fi
gu

re
 

9.
 P

ol
ar

iz
ed

 
Ra

m
an

 
sp

ec
tr

a 
of

 1
6-

di
am

et
er

 
ny

lo
n 

61
6 

fib
er

 
or

ie
nt

ed
 

w
ith

 i
ts

 le
ng

th
 

pa
ra

lle
l 

to
 t

he
 l

as
er

 
be

am
 

el
ec

tr
ic

 
ve

ct
or

. 
Co

nd
iti

on
s: 

la
se

r,
 

51
4.

5 
nm

, 
15

 m
W

 a
t 

sa
m

pl
e;

 
be

am
 

di
am

et
er

, 
1 

μχ
η;

 s
pe

ct
ra

l 
sli

tw
id

th
, 

8 
cm

'1; 
tim

e 
co

ns
ta

nt
, 

3 
s;

 s
ca

n 
ra

te
, 

17
 cm

'1/
m

in
; 

fu
ll 

sc
al

e,
 

10
00

 co
un

ts
; 

an
d 

Le
itz

 
50

 x
 (

0.
85

 N
.A

.) 
ob

je
ct

iv
e.

 

Ο
 

g M
 π Χ > 3 M
 S Ν
 

δ 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

20



20. A N D E R S E N Molecular Optical Laser Examiner 395 

Figure 10. Photomicrograph of a 40-μm inclusion in high-impact 
polystyrene. 

o t h e r m i n e r a l s . T h e s toppers are f o r m e d i n m o l d s o f t en c o a t e d w i t h 
a w a x y m a t e r i a l that serves as a m o l d r e l e a s e agent . 

O n e c o m m o n e x a m p l e o f s u c h a c o n t a m i n a t i o n p r o b l e m is s h o w n 
i n F i g u r e 12, w h i c h is a m i c r o g r a p h o f a s t o p p e r sur face c o v e r e d 
w i t h crystals that h a v e a p p a r e n t l y g r o w n f r o m s o l u t i o n . E n e r g y d i s p e r 
s i v e x - r a y a n a l y s i s o f t h e s e c r y s t a l s a n d o f p a r t i c l e s s u s p e n d e d i n 
t h e s o l u t i o n i n d i c a t e d that t h e c rys ta l s c o n t a i n e d a s m a l l a m o u n t o f c a l 
c i u m b u t w e r e m o s t l y o r g a n i c . M O L E a n a l y s i s o f these p a r t i c l e s i d e n t i 
f i e d t h e m as c a l c i u m stéarate ( F i g u r e 13). T h e c r y s t a l s p r o b a b l y 
f o r m e d b y a r e a c t i o n b e t w e e n c a l c i u m ions i n the s o l u t i o n a n d r e s i d u a l 
s tear i c a c i d m o l d r e l e a s e agent o n the s t o p p e r sur face . 

A t oo th from a de f e c t i ve c i r c u i t b o a r d c o n n e c t o r is s h o w n i n F i g u r e 
14 w h e r e g o l d p l a t i n g has i n c o m p l e t e l y c o v e r e d t h e t o o t h ( F i g u r e 
15). T h i s de fect r e g i o n h a d a t h i n t ransparent l a y e r o f m a t e r i a l a d h e r i n g 
to i t , i d e n t i f i e d b y M O L E as p o l y s t y r e n e . T h e c o n n e c t o r s , w h i c h h a d 
b e e n s h i p p e d i n boxes w i t h p o l y s t y r e n e " n o o d l e s " u s e d as a p a c k i n g 
m a t e r i a l , w e r e d e g r e a s e d be f o re g o l d p l a t i n g . A p p a r e n t l y r e s i d u a l 
p a r t i c l e s o f p o l y s t y r e n e r e m a i n e d o n t h e c o n n e c t o r s d u r i n g t h e d e -
g r e a s i n g o p e r a t i o n a n d p a r t i a l l y d i s s o l v e d f o r m i n g a t h i n l a y e r o n t h e 
m e t a l sur face w h i c h h i n d e r e d t h e g o l d p l a t i n g . 
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CO 
e 

1 7 0 0 1 6 0 0 1 7 0 0 
W a v e N u m b e r 

1 6 0 0 

Figure 11. Raman spectrum of high-impact polystyrene (A) and in
clusion in high-impact polystyrene (B). Conditions: laser, 514.5 nm, 
10 mW at sample; beam diameter, 1 μm; spectral slit width, 4 cm'1; 
time constant, 3 s; scan rate, 17 cm'1 /min; full scale, 3000 counts; and 

Leitz 100 x (0.90 N.A.) objective. 
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Figure 12. SEM micrograph of crystals (2-20 μπι in size) on surface 
of rubber stopper. 

Conclusion 
W i t h its h i g h s p a t i a l r e s o l u t i o n a n d m o l e c u l a r m a p p i n g c a p a b i l 

i t i e s , M O L E is a u n i q u e t o o l for a n a l y z i n g p o l y m e r s a n d p r o b l e m s 
c r e a t e d i n t h e i r p r o d u c t i o n a n d use . A s w i t h a l l a n a l y t i c a l t oo l s , i t 
c a n b e s t b e u t i l i z e d i n c o n j u n c t i o n w i t h o t h e r i n s t r u m e n t s s u c h as 
the e l e c t r o n m i c r o s c o p e . 

Acknowledgments 
T h e a u t h o r t h a n k s P a u l D h a m e l i n c o u r t for h i s ass is tance i n d e 

s i g n i n g t h e p o l a r i z a t i o n e x p e r i m e n t s ; a n d F r a n A d a r , L e r o y P i k e , 
W a l t e r K r a m e r , a n d R o b e r t M u g g l i for p r o v i d i n g h e l p f u l d i s c u s s i o n s . 
S p e c i a l t h a n k s are e x t e n d e d to F r a n E i n b i n d e r a n d J i m G e r a k a r i s 
for t h e i r p a t i e n c e a n d h e l p i n p r e p a r i n g t h i s m a n u s c r i p t . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

20



398 P O L Y M E R C H A R A C T E R I Z A T I O N 

WAVE NUMBERS 

Figure 13. Raman spectra of calcium stéarate (top) and a crystal re
moved from the stopper (bottom). Conditions for calcium stéarate: laser, 
514.5 nm, 20 mW at sample; beam diameter, 1 pm; spectral slitwidth, 3 
cm'1; time constant, 1 s; scan rate, 42 cm'1 /min; full scale, 1000 counts; 
and Leitz 100 x (0.90 N.A.) objective. Conditions for crystal from 
stopper: laser, 514.5 nm, 10 mW at sample; beam diameter, 1 pm; 
spectral slitwidth, 5 cm'1; time constant, 1 s; scan rate, 42 cm'^min; 

full scale, 1000 counts; and Leitz 100 x (0.90 N.A.) objective. 
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Figure 15. Elemental map showing gold plating distribution on con
nector tooth. 
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21 
Micromechanical Measurements of 
Polymers by Transmission 
Electron Microscopy 

E D W A R D J. K R A M E R 
Cornell University, Department of Materials Science and Engineering and 
the Materials Science Center, Ithaca, NY 14853 

A method for measuring the micromechanical properties 
of crazes and plane stress plastic zones in thin polymer 
films has been developed. Cast films about 1-μm thick 
are bonded to annealed copper grids and are crazed by 
plastically deforming the grid in tension, either in air or 
in a gaseous or liquid environment. A series of transmis
sion electron micrographs is exposed along the length of 
the craze or zone. The local extension ratio λ is then 
determined from the optical densities (on the plate) of 
the craze or zone, the solid film, and a hole through the 
film. Because the local craze thickness (in the film plane) 
can be measured accurately from the plate, the total craze 
opening displacement 2 w = τ(1 - 1/λ) can also be deter
mined to within ±20 nm at intervals as small as 100 nm 
along the craze. These surface displacements are con
verted into craze surface stresses using the Fourier 
transform method and these surface stresses are multi
plied by λ to determine the true stresses in the craze fi
brils or the web of the plastic zone. 

^JLASSY P O L Y M E R S exhibit a number of local ized mechanisms of 
plastic deformation. Particularly important for subsequent fracture 
behavior is craze formation. Crazes are planar, crack-like features that 
consist of two surfaces of undeformed polymer w i th small (< 10 nm 
diameter) polymer f ibri ls connecting them at normal incidence as 
shown i n the transmission electron micrograph ( T E M ) i n F igure 1. 
T h e fibrils cause the craze to be load bearing, unl ike a true crack. 
However , when cracks initiate, they invariably start w i t h i n existing 
crazes by breakdown of the fibril structure and grow slowly u n t i l they 
reach critical size for catastrophic propagation. Crazes also play an 

0065-2393/83/0203-0401$06.00/0 
© 1983 American Chemical Society 
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402 POLYMER CHARACTERIZATION 

Figure 1. The microstructure of 
an air craze in a thin film of 

polystyrene. 

important role i n the environmental stress cracking of polymers be
cause they can grow and break down to form cracks under greatly 
reduced stresses i n the presence of many environments. To achieve 
an understanding of crazing it is necessary to be able to measure the 
stresses along the craze surface S(x) as a function of position χ along its 
length, the volume fraction of craze fibrils vf(x) or, because the f ibr i l 
formation process is one of plastic deformation at constant volume, the 
f ibri l extension ratio λ(χ) where λ(χ) = l/vf(x). The value of S(x) can be 
computed by the Four ier transform method of Sneddon (J) i f the craze 
surface displacement profile w(x) is known, i.e., 

S(x) =AS(x) +σ„ (1) 

where àS(x) is the self stress of the craze and aœ is the appl ied tensile 
stress normal to the craze. The self stress is given by 

AS(x) = - §/ ρ(ξ) cos (χξ)άξ (2) 
0 

where 
a 

ρ(ξ) = (|£*/2)/ w(x) cos (x£)dx 
ο 
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21. K R A M E R Transmission Electron Microscopy 403 

£ * is an effective Young's modulus of the polymer, and a is the craze 
half length. Because w(x) is g iven by [1 - U/(JC)]T(X)/£, measurements 
of the craze thickness τ(χ) and f ibr i l volume fraction profiles w i l l suf
fice to determine a l l other profiles. Once S(x) and Vf(x) are known, the 
true tensile stress i n the fibrils can be determined by at = S(x)/ 
Vf(x). A l l these measurements can be made on crazes i n polymer th in 
films by using transmission electron microscopy. 

Experimental 
Films of the glassy polymer, between 0.5 and 1 μιη thick, are bonded to 

ductile copper grids. The film is then subjected to a tensile stress by straining 
the copper grid. If large strains are used, air crazes nucleate and grow in each 
grid square. At strains below the critical strain for crazing in air, crazing occurs 
only on exposure to a gaseous or liquid environment. The copper grid deforms 
plastically and holds the polymer film under tension even when the applied 
force on the grid is removed. A typical grid square can be selected using the 
optical microscope and cut from the grid using a razor blade without disturb
ing the applied strain in the film over that grid square. This grid square can be 
examined subsequently in the transmission electron microscope. Crazes may 
also be grown from cracks introduced by either indenting the film with a 
diamond pyramid hardness indentor while the film is still on the glass slide or 
by burning a slot in the film using the electron beam of an electron micro-
probe. A series of T E M micrographs is taken such that a composite micrograph, 
spanning the entire craze, can be pieced together and r(x) can be measured 
from this composite. Local values of vf are determined from measurements of 
the optical density φ of the electron image plates using the following equation 

_ In (<frcraze/<frfilm) , . 
" 1 " In (φ^φηώ { ό ) 

The derivation of this equation, as well as considerations of the effects of 
multiple scattering, is given elsewhere (2). 

Results 
The craze thickness profile for a craze that nucleated at a dust 

particle i n a polystyrene (PS) f i lm and grew to a total length of 189 μιη 
is shown i n F igure 2. Representative micrographs from selected re
gions along the craze are also shown. The dense interconnected net
work of fibrils typical of air crazes is seen, as is the so-called midr ib , as 
a region of lower f ibr i l density running along the central plane of the 
craze. 

F igure 3 shows the f ibr i l extension ratio profile of the craze as 
derived from the calculated values of vf. These values of λ also can be 
determined by restricting the densitometer probe to a small portion of 
the craze image. Values of λ i n the midr ib , measured i n this way, are 
shown i n F igure 3. The craze opening displacements are shown i n 
Figure 4, w h i c h shows the excellent resolution possible w i th this 
technique. Near the base (center) of the craze the resolution i n w(x) is 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

21



404 POLYMER CHARACTERIZATION 

Figure 2. The thickness profile for an isolated air craze in polystyrene. 
(Reproduced with permission from Ref. 2. Copyright 1979, Taylor <b 

Francis, Ltd.) 

± 10 nm. Closer to the tip the displacement resolution is even better 
and the spatial frequency of the data is sufficient to al low the determi
nation of the surface stresses on a scale of ~ 1 μηι. 

The surface stress profile is shown i n Figure 5. In the base region 
the surface stress l ies below the appl ied stress leve l but then rises to a 
small stress concentration at the craze t ip. T h e small amount of stress 
rel ie f i n the base, and the correspondingly small stress concentration 
at the t ip , support the observation that air crazes are quite strong, 
exhibit ing h igh fracture stresses relative to environmental crazes (3). 
Indeed the surface stress and extension ratio data at various points 
along the craze may be combined to produce the f ibr i l true stress-
extension ratio curve. Ev ident ly fibrils i n a l l regions of the craze have 
experienced severe strain hardening wi th the greatest extension ratio 
and greatest strain hardening occurring i n the region of highest sur
face stress just beh ind the craze tip. 

The technique has been appl ied to crazes at crack tips (4, 5), 
environmental crazes (6), and intersecting crazes (7). T h e technique 
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Figure 3. Measured values of the craze fibril extension ratio as a func
tion of the distance along the craze shown in Figure 2. (Reproduced 
with permission from Ref. 2. Copyright 1979, Taylor ù Francis, Ltd.) 
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Figure 4. Craze opening displacement profile. (Reproduced with per
mission from Ref. 2. Copyright 1979, Taylor 6- Francis, Ltd.) 
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20 
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Figure 5. Craze surface stress profile computed from Equations 1 and 
2. (Reproduced with permission from Ref. 2. Copyright 1979, Taylor & 

Francis, Ltd.) 

Figure 6. A comparison of the microstructure of air crazes in oriented 
polystyrene films grown by stressing the film parallel to (left) and per
pendicular to (right) the orientation direction. (Reproduced with per

mission from Ref. 10. Copyright 1981, Butterworth's b- Co.) 
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21. K R A M E R Transmission Electron Microscopy 407 

can be combined w i t h optical microscopy to measure stress d istr ibu
tions i n more ducti le polymers, such as polycarbonate, i n w h i c h plane 
stress plastic zones grow from crack tips (8, 9). A particularly interest
ing application is to oriented polystyrene (10). H e r e crazes grown 
under a tensile stress directed paral lel to the orientation direction 
have a higher vf (vf = 0.45, λ •= 2.2) than those grown under a tensile 
stress perpendicular to the orientation direction (vf = 0.05, λ = 20). 
The craze microstructure is shown for each case i n F igure 6 (10). As 
expected the surface stress profile for a perpendicular craze appears 
crack-like wi th a h igh stress concentration at the tip and a large stress 
re l ie f at the craze base. These crazes also break down readily to pro
duce cracks. O n the other hand, the surface stress profile for a paral le l 
craze shows it to be strongly load bearing, w i th only a small stress 
concentration. We bel ieve that this marked anisotropy of craze m i 
crostructure and mechanical properties underlies the corresponding 
strong anisotropy of the fracture properties i n oriented glassy poly
mers. 
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Electron Crystal Structure Analysis 
of Linear Polymers—An Appraisal 
D O U G L A S L . D O R S E T and BARBARA MOSS 
Medical Foundation of Buffalo, Inc., Electron Diffraction Department, Buf
falo, NY 14203 

Many microcrystalline linear polymers have been found 
to give good single crystal electron diffraction patterns; 
yet such intensity data are used only rarely for crystal 
structure analysis. Although the earliest assumptions 
made for such data are not rigorously true, the 
kinematical diffraction approach used in x-ray crystal
lography often will yield correct structural results. 
Thus, standard phasing methodologies—for example, 
use of Patterson maps, direct phasing,—can be quite 
satisfactory. Two important perturbations to diffracted 
intensities, resulting from n-beam dynamical scattering 
and elastic crystal bending, must be recognized and 
minimized to guarantee the derivation of real crystal 
structures. The first-named perturbation is minimized 
by restricting crystal thickness and/or selecting an 
appropriate electron wavelength. Because elastic bends 
of a few degrees are always present in thin molecular 
crystals, the latter perturbation is most noted when the 
unit cell length in the direction of the incident beam is 
large. Fortunately, a short unit cell repeat in this (fiber 
axis) direction is often found for polymer crystals. The 
influence of n-beam dynamical scattering and elastic 
crystal bending is demonstrated by model calculations 
on cytosine and representative polymer structures. 

JELECTRON D I F F R A C T I O N is used frequently i n polymer physics to de
termine the unit ce l l dimensions and symmetry for molecular packing 
i n single microcrystals. As frequently pointed out (J), the enhanced 
scattering cross-section of matter for electrons (compared to x-rays or 
neutrons) allows the acquisit ion of information unobscured by the 
overlap of reflections wi th near-reciprocal spacing found i n powder 
diffraction patterns. 

0065 - 2393/83/0203-0409$06.00/0 
© 1983 American Chemical Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

22



410 POLYMER CHARACTERIZATION 

Despite its popularity, electron diffraction is underut i l i zed by 
polymer scientists. Quantitative use of intensity data for crystal struc
ture analysis is attempted only rarely and then by only a very small 
number of research groups i n the wor ld . This situation is difficult to 
comprehend given the potential for a crystal structure analysis. Po ly 
mer crystals, after a l l , are not often grown to sizes large enough for 
single-crystal x-ray experiments. 

Reluctance to use such intensity data reflects a basic misunder
standing of their domain of val idity . E a r l y use of such data for 
organic crystal structure analysis (2), w h i c h demonstrated the promise 
of the technique, adopted too many assumptions used for x-ray crys
tallography. Resultant analytical procedures seemed to vary from 
compound to compound. Despite this situation, the agreement be
tween observed and calculated structure factor modul i often remained 
poor. Furthermore, most crystal structures reported had been deter
mined previously using x-ray data. These factors a l l contributed to 
widespread mistrust of the technique. 

Over the past few years, we have sought a realistic understanding 
of the perturbations that l i m i t the use of such data for ab init io crystal 
structure determination. Although this work continues, a self-consis
tent overview emerges that shows why some of the conceptual models 
used i n x-ray crystallography are not appropriate for electron crystallog
raphy. O n the other hand, minimization of data perturbations allows the 
use of electron diffraction intensities for crystal structure analysis, as 
is also demonstrated by the increasing number of polymer crystal 
structures derived from such data (3—11). 

η-Beam Dynamical Scattering 
High-energy electron beams have small wavelengths compared to 

x-ray$ (at 100 kV, 0.037 Â vs. 1.54 A for C u K a x-rays), resulting i n a 
E w a l d sampling sphere that is approximately a plane (i.e., many dif
fracted beams are excited simultaneously instead of one). G i v e n the 
larger scattering cross-section of matter for electrons (2) (fei/fx-ray = 

10 3), a dynamical description of many beam interactions should be 
more appropriate than the kinematical one, w h i c h assumes the inde 
pendence of a l l diffracted beams (12). Unfortunately, adherence to the 
kinematical approximation allows the most direct determination of a 
crystal structure from diffraction data. Exper imental conditions must 
be established to approach this ideal to ensure the success of the 
analysis. 

Originally , researchers thought that thin microcrystals used for 
electron diffraction w o u l d conform to the mosaic model used i n x-ray 
crystallography. E a c h microblock i n a mosaic was imagined to be so 
oriented that only one strong reflection was excited from it (13) and 
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22. DORSET AND MOSS Electron Crystal Structure Analysis 411 

was used as a justification for the kinematical scattering approxima
tion. I f mosaic block sizes were large enough to cause interaction 
between the ind iv idua l diffracted beams and the inc ident beam, then 
a two-beam dynamical correction was made (i.e., a primary extinction 
correction). However , experimental application of this correction was 
inconsistent and showed a wide variabil ity i n the relation between 
corrected structure factor magnitudes and the measured diffraction 
intensities. Sometimes mosaic block shapes were incorporated as an 
additional variable (14). Certainly , organic microcrystals contain de
fects that wou ld account for a mosaic of domains w i t h i n them, but 
their concentration does not appear large enough to justify this model 
(J5). The crystals used for electron diffraction experiments are largely 
perfect; the mosaic block size is generally larger than the coherence 
width of the inc ident beam (12). 

Consistent w i th the notion of crystal perfection, η-beam interac
tions may be demonstrated i n th in molecular crystals, for example, i n 
experiments w i th monomolecular layers of orthorhombic n-paraffins, 
w h i c h may be regarded as an oligomeric form of polyethylene. Use of 
such crystals has established the presence of η-beam effects i n four 
ways (to be discussed ind iv idua l ly i n the fo l lowing sections). 

F i t of Observed Data wi th Calculat ion. η-Beam dynamical cal 
culations of the mult is l ice type (12) or using the phase grating ap
proximation (12) give the best explanation of specific diffraction i n 
tensities that differ from their kinematical values. This has been shown 
for paraffins as w e l l as short- and long-chain polyethylenes (16, 17). 

Intensity Change w i t h Increasing Electron Accelerating Voltage. 
Electron diffraction intensities from paraffin taken w i t h beam acceler
ating voltages up to 1000 k V are accordant w i t h the η-beam dynamical 
theory (18). There is no actual realization of kinematical diffraction 
at h igh voltage as w o u l d be predicted by the two-beam diffraction 
theory. 

Behavior of Continuously Exc i ted Diffracted Beams wi th Change 
of Crystal Orientation. I f a row of diffraction beams coincides wi th a 
t i l t axis for the crystal, then the continuously excited intensities w i l l 
change during ti lt only i f η-beam dynamical interactions are present. 
This behavior was shown for th in crystals of a wax (17). 

The demonstration of η-beam interactions has been important for 
the conception of a realistic crystal model . However , their influence 
on ab init io crystal structure analyses also is important. Rigorous n-
beam dynamical calculations were carried out for a representative 
molecular crystal structure, cytosine, considering a projection down 
the shortest unit ce l l axis at two accelerating voltages. Such data were 
sampled at increasing crystal thicknesses and used naively as input 
diffraction data for an automated direct phasing computer program. At 
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412 POLYMER CHARACTERIZATION 

100 k V , these diffraction data y ie lded false crystal structures for 
thicknesses above 75 Â; at 1000 k V the maximum acceptable crystal 
thickness is around 300 Â (J 9). 

The importance of η-beam dynamical scattering also can be as
sessed for polymer structures solved from electron diffraction data. 
F o u r such structures are summarized i n Table I . Mul t i s l i c e n-beam 
calculations generally do not change the agreement between ob
served and calculated structure factors appreciably. T h e polymers 
l isted have far fewer repeats w i t h i n the reported crystal thicknesses 
than polyethylene (40 repeats for a 100-Â thickness). Therefore, the 
diffraction data are not changed appreciably by dynamical scattering, 
even though this description of the scattering process is the most r ig 
orous. A n exception is found for poly(e-caprolactone) for w h i c h best 
agreement w i th experiment was obtained at a thickness of 156 Â or 
nine unit ce l l repeats. However , for the hkO zone, there is effectively a 
subcel l of length 2.47 Â i n the beam direction, so that the structure 
factors at 156 Â thickness are indicative of 63 repeat units. This f ind
ing explains the great difference between the dynamical (R = 0.16) 
and kinematic (R = 0.27) results. 

Elastic Crystal Bending 
Although th in crystals used for electron diffraction experiments 

are often nearly perfect i n terms of defect concentration, they are also 
commonly deformed by the substrate surface. Elast ic bending of such 
crystals is observed easily i n low-magnification diffraction contrast 
electron micrographs taken at low-beam doses. Because such bends are 
only over a few degrees, this property can cause a severe change i n the 
diffracted intensities, particularly i f the unit ce l l repeat along the i n c i 
dent beam direction is large (20). 

U s i n g an analytical procedure proposed by Cowley (20), w h i c h 
considers a Patterson function altered by a Gaussian term dependent 
on the crystal curvature and the unit ce l l length along the incident 
beam, bending was shown to explain apparent diffraction coherence 
restrictions from various paraffinic crystals for w h i c h the true unit ce l l 
is much longer than the chain zig-zag repeat (17, 21). These calcula
tions show that solution growth of molecular crystals gives the least 
favorable projection for an electron diffraction experiment because 
the longest unit ce l l axis is commonly normal to the best-developed 
crystal face. Epi tax ia l crystal growth, w h i c h forces a shorter axis i n this 
direct ion, allows the col lection of diffraction data that are more repre
sentative of the total unit ce l l (17). M a x i m u m Patterson vector compo
nents i n the beam direction, and thus the attenuation of them caused 
by the crystal bending , are smaller. Consequently, bends have less 
impact on the diffracted intensity for these zones. 
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414 POLYMER CHARACTERIZATION 

Fortunately, the fiber repeat of many polymer structures is small 
enough to al low collection of useful diffraction-intensity data. H o w 
ever, for the three structures i n Table I w i th longest fiber repeats, a 
correction for elastic bending produced a significantly improved fit of 
observed and calculated data. 

Crystal Structure Analysis 
I f the caveats mentioned earlier are observed, the electron dif

fraction intensity data from th in organic crystals are useful for struc
ture analysis. In fact, the tendency of polymers to form extremely th in 
microcrystals of the order of 100 Â makes them particularly suitable. 
The experiment also implies a minimizat ion of radiation damage by 
use of fast photographic fi lms and low electron beam doses, as is dis
cussed often. 

Prel iminary "Lorentz factor" corrections were not found useful 
(16). Intensities are taken directly from integration of densitometer 
scans across a diffraction film w i t h due attention paid to the possible 
errors caused by nonlinearities, as described by Wooster (22). 

Phasing of diffraction data can be approached i n as many ways as 
used i n x-ray crystallography. Both Patterson techniques and trial and 
error have been successful. I f there are an adequate number of large 
normalized structure factors i n the experimental diffraction data for 
each atom i n the asymmetric unit , direct phasing methods can be used 
(19, 23). 

Zonal diffraction data from l inear polymer crystals, however, 
often represent a small number of reflections per atom. To create a 
realistic number of variable parameters for such l imi ted diffraction 
data, known skeletal structures of monomers or oligomers are assumed 
to be unchanged i n the polymer, but their mutual conformations are 
varied by rotations about l inkage bonds. In such a phasing procedure, 
a match of packing energy m i n i m u m wi th R-value m i n i m u m is used to 
specify the best structural model (9). 

Refinement of the structures must incorporate corrections for 
either η-beam scattering or crystal bending , depending on w h i c h 
perturbation w i l l have the most effect on the experimental intensities. 
Such corrections al low construction of structural models wi th phys i 
cally realistic thermal parameters (see Table I), a feature disal lowed i n 
earlier kinematical treatment of such data (7—11, 16), and stress the 
importance of their inc lus ion i n a crystallographic analysis. For this 
refinement, however, additional information should be known about 
the crystals, i.e., there must be some estimate of crystal thickness and 
also diffraction contract micrographs to estimate crystal curvature. 
Both corrections imp ly that the structure is known i n three d imen
sions. Currently , this third dimension is inferred from a structural 
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22. DORSET AND MOSS Electron Crystal Structure Analysis 415 

model but should be directly obtainable from three-dimensional dif
fraction data resulting from a ti lt experiment. 

Future Investigations 
Several directions for future work are clearly indicated. One of 

these areas is a combined treatment of bending and dynamical dif
fraction to assess how these perturbations to intensity data may inter
act. Calculat ion of the η-beam dynamical interactions from a curved 
paraffin crystal and representative l inear polymers, now i n progress, 
may give insight into these interactions. 

Another very important consideration is the opt imized col lection 
of three-dimensional electron diffraction intensities. This gathering 
wou ld , of course, al low a much more accurate determination of a 
crystal structure and, wi th an increased number of data, may al low the 
general use of direct phasing methods for organic crystals, inc lud ing 
l inear polymers. A short unit ce l l axis i n the beam direction, posited 
by epitaxial growth for molecular organic crystals, or provided already 
by the fiber repeat of many polymers, gives more confidence i n the 
intensity data from slightly curved crystals. T i l t of a crystal up to the 
commonly found 60° goniometer l imi t could double the crystal repeat 
along the beam. I f this value remains tolerably small , then a three-
dimensional data set could be used. The uti l i ty of such three-
dimensional data has been demonstrated already for th in protein crys
tals (24). 
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N M R Spectroscopy in the 
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Ε. I. du Pont de Nemours & Co., Inc., 
Experimental Station Laboratory, Wilmington, DE 19898 

AMONG T H E EARLIEST APPLICATIONS OF NMR spectroscopy was the 
highly successful structure determination of polymers, including both 
homopolymers and copolymers. Many examples can be cited from the 
early literature including those attributed to Bovey and his colleagues. 
Bovey found the use of 1H NMR to be a fertile field to characterize 
the microstructure of hydrocarbon polymers. He used 19F NMR for 
characterization of fluoropolymers. In addition, Bovey pioneered the 
use of statistics to explain the numbers and relative abundances of 
lines in spectra. From those early days to the present, NMR continues 
to be one of the most important instrumental methods for characteriz
ing the microstructures of polymers. Currently, 13C NMR, because 
of its larger dispersiveness, has mostly taken over this task from 

1H NMR. 
In addition to the usual examination of polymers in solution and 

in the molten state, we are seeing a new surge of interest in the applica
tion of 13C NMR to the examination of polymers in the solid state by 
magic angle spinning (MAS). This technique is providing new and 
sometimes different structural information about polymers because it 
is examining them in their natural states. Thus, with the use of MAS, 
along with the more common methods of examination, NMR has taken 
on an even more important role in its application to the determination 
of polymer structure. 

The chapters in this section cover the latest applications of NMR to 
polymer analyses. In addition, they show and even stress the impor
tance of 1 3 C NMR in polymer studies. Each chapter covers one or more 
aspects of 1 3 C NMR in its application to polymers. Bovey shows how 
1 3 C NMR can be used to determine the structure of a commonly known 
material, polyethylene, as well as a less well-known material, Hytrel 
polyester elastomer. Polyethylene is examined in solution and Hytrel 
is examined in the solid state by MAS. Tonelli reports on the applica-
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4 2 0 POLYMER CHARACTERIZATION 

t ion of 1 3 C N M R i n the analysis of fluoropolymers. H e discusses the 
use of simultaneous decoupl ing of Ή and 1 9 F from 1 3 C to obtain very 
useful structural information about fluoropolymers. F l e m i n g shows 
that a variable temperature system can be useful i n examining poly
mers i n the sol id state by M A S . Mandelkern describes the use of 1 3 C 
N M R relaxation parameters to determine nonordered regions i n 
semicrystalline polymers. F i n a l l y , Ford states that 1 3 C N M R spin lat
tice relaxation times along w i t h l ine widths, nuclear Overhauser ef
fects, and relative signal areas can be used to monitor cross-l inking i n 
copolymers of styrene. 

ACCEPTED October 1 4 , 1 9 8 1 
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24 
Structural and Dynamic 
Characterization of Polymers 
by 13C and 19F N M R 

F. A. BOVEY, R. E. CAIS, L. W. JELINSKI, F. C. SCHILLING, 
W. H. STARNES, JR., and A. E. TONELLI 
Bell Laboratories, Murray Hill, NJ 07974 

1H and 19F NMR spectroscopy can provide significant 
structural and motional information for synthetic poly
mers. More recently, Fourier transform (FT) instrumen
tation has permitted natural abundance 13C NMR spec
troscopy, giving great sensitivity to tacticity, comonomer 
sequence, regiospecificity, branching, and other struc
tural features. 19F NMR also shows high sensitivity, 
particularly to tacticity and regiospecificity. High reso
lution 13C NMR spectroscopy in the solid state, achieved 
using proton dipolar decoupling, magic angle spinning, 
and 1H—13C cross-polarization, is also of great interest 
with respect to both chain structure and dynamics. Ex
amples of tacticity studies by NMR include 13C NMR 
spectroscopy of polypropylene (and the prediction of 
spectral fine structure using the "γ-effect" model), poly
vinyl chloride, polyvinyl bromide, and (by 19F NMR) 
polyfluoromethylene (—CFH—)n. The detailed branch 
structures of polyethylene and polyvinyl chloride are 
discussed, together with their interpretation in terms of 
polymerization mechanisms. The solid state 13C NMR 
spectroscopy of Hytrel polyester thermoplastic elas
tomers is described and discussed with regard to domain 
structure and chain motion. The chain mobilities in 
these segmented copolymers appear to range over sev
eral orders of magnitude. 

FOR O V E R 20 YEARS Ή ( J - 3 ) and 1 9 F (4) N M R spectroscopy has sup
p l i e d important information concerning polymer structure, particu
larly stereochemical configuration (2—4) and copolymer sequences 
(2), as w e l l as dynamic information concerning polymers i n solution 
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422 POLYMER CHARACTERIZATION 

(2). More recently, 1 3 C N M R spectroscopy has assumed increasing 
importance as the development of Four ier transform (FT) instru
mentation w i th spectrum accumulation has permitted the practical 
observation of carbon-13 i n natural abundance. Carbon spectros
copy has now developed into a method of fairly h igh sensitivity that 
can be used to detect and measure very minor but significant features 
of polymer structure such as end-groups, branches, and head-to-head 
monomer sequences. It has now largely displaced 1 H spectroscopy 
because of the much greater range of carbon chemical shifts and the 
consequent greater sensitivity to details of structure. 

H i g h resolution 1 3 C spectroscopy i n the sol id state, achieved 
using h igh power proton decoupling, 1 H — 1 3 C cross-polarization, and 
magic angle sp inning (MAS) also has generated much interest and 
excitement. (Reference 5 is a useful review.) 

1 9 F N M R is also highly sensitive to details of microstructure, i n 
c lud ing head-to-head:head-to-tail isomerism and tacticity, and is very 
valuable where applicable. 

We shall illustrate briefly a l l these applications of N M R by i l lus 
trations drawn from our work. 

The Dependence of 13C and 19F Shifts on Stereochemical 
Configuration and Its Conformational Dependence 

In the observation of configurational sequences, pentads usually 
can be resolved by 1 3 C N M R , particularly at superconducting frequen
cies, and the discrimination of heptad sequences is not uncommon. A n 
example is shown i n Figure 1, w h i c h exhibits the methyl spectrum of 
an atactic polypropylene observed i n three solvents at varying tem
peratures (6). The spectrum shows l itt le solvent dependence but a 
fairly marked temperature dependence. 

The configurational fine structure i n this spectrum, and the 
spectra of the a - and /3-carbons of the main chain, can be predicted 
very accurately by a simple "γ-effect" model (7-10), w h i c h postulates 
that w h e n two carbon atoms separated by three bonds are i n a gauche 
conformation, they shie ld each other by —5.2 ppm compared to their 
resonance frequencies i n the trans conformation. The C H 3 chemical 
shift then is determined by the gauche content of the main chain 
bonds flanking the α-carbon to w h i c h the C H 3 group is attached. Th i s 
effect is i l lustrated i n Scheme I. W h e n the main chain bonds are 
trans, the methyl carbons experience gauche interactions, but w h e n 
the main chain bonds are gauche +, they experience no gauche i n 
teractions (gauche— is populated very sparsely). The chirality of 
neighboring α-carbons, even w h e n removed by as many as seven i n 
tervening bonds, influences the C H 3 resonance position by affecting 
this local gauche content, w h i c h can be accurately calculated using 
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24. BOVEY ET AL. 13C and19FNMR 423 

1. mmmmmm 
2. mmmmm r 
3. r mmmm r 
4. mmmm r r 
5. mmmm r m 
6. r mmm r r 
7. m r m m m r 
8. r rmmr r 
9. m r mm r r 

10. m r mm r m 
11. mmmr rm 
12. mmmr r r 
13. r mmr r m 
14. r r rmmr 
15. mmm r mr 
16. mmm r mm 
17. r m r mm r 
18. mm r mm r 
19. r r m r r m 
20. r r r m r r 
21. mrm r r m 
22. r r r m r m 

23. r r 
24. mm 
25. mr 
26. mm 
27. mr 
28. r r 
29. r r 
30. r m 
31. r r 
32. mm 
33. r r 
34. r m 
35. r m 
36. mm 

m r mr 
r m r r 
m rmr 
r m rm 
r r rm 

r rm 
r r r 
r rm 
rmr 
r rm 
rmm 
r m r 
rmm 
rmm 

ppm VS TMS 

Figure 1. The 90-MHz 13C NMR spectra of atactic polypropylene: a, 
observed in heptane at 67 °C; b, in l,2,4-trichlorobenzene—dioxane-à8 at 
82 °C; and c, in 1,2,4-trichlorobenzene —dioxane-d8 at 20 °C. Calculated 
"stick" spectra (of arbitrarily equal line intensity) are shown below 

each spectrum. 
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24. BOVEY ET AL. 13C and 19F NMR 425 

the rotational isomeric state model for polypropylene developed by 
Suter and F lory (II) . Thus , there is no need to invoke any mysterious 
long-range influences i n the polymer molecule. 

1 3 C N M R is effective i n determining the stereochemistry of 
po lyv iny l chloride (δ, 12—14) and po lyv iny l bromide (14) and their 
dependence on polymerization temperature and the presence of a l 
dehydes, two much disputed questions. Figure 2 (14) shows the 22.6-
M H z 1 3 C spectra of po lyv iny l chloride (a) and po lyv iny l bromide (b). 
In spectrum a, the α-carbon (left) and β-carbon (right) resonances are 
w e l l separated and the spectrum can be interpreted i n a straightfor
ward manner; spectrum b is more complex and requires observation of 
the meso and racemic 2,4-dibromopentane models for a satisfactory 
interpretation. 

S ppm (Me4Si =0.00) 

Figure 2. The 22.6-MHz 13C NMR spectra of polyvinyl chloride (a) and 
polyvinyl bromide (b) in 1,2,4-trichlorobenzene at 100 °C. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

24



426 POLYMER CHARACTERIZATION 

Figure 3. Arrhenius plot of P m / P r [=Pm/(I - Pm)] for polyvinyl chloride 
(PVC) (Π) and polyvinyl bromide (PVB) (O). Points corresponding to 
polymers prepared in n-butyraldehyde are shown as CAl(PVC) and 

BAl(PVB). 

The temperature dependence of the stereochemical configuration 
can be expressed as AH$meso - A H Î r a c e m i C , w h i c h has the value 260 
cal /mol for po lyv iny l chloride and 300 cal /mol for po lyv iny l bromide. 
Polymerization i n n-butyraldehyde increases the probabil ity of syn-
diotactic propagation to a perceptible degree (15). Th i s point is dem
onstrated i n Figure 3 (14), w h i c h shows an Arrhenius plot of the con
figuration of po lyv iny l chloride and po lyv iny l bromide. T h e points for 
the aldehyde-modif ied polymers fal l w e l l below the plots for the 
others. For v i n y l chloride propagation, the presence of n-butyral
dehyde is equivalent to l ower ing the polymerization temperature 
by about 120 °C. 

1 3 C N M R is not always the best means for measuring stereo
chemical configuration. F o r example, the 1 H and 1 3 C spectra are 
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24. BOVEY ET AL. 13C and 19F NMR 427 

quite ineffective i n resolving steric sequences i n poryfluorometh-
ylene, ( - C F H - ) n , but the 1 9 F spectrum (Figure 4) exhibits quite 
r i ch detail to the pentad leve l spread over the unusually large range 
of nearly 20 ppm (16). T h e computer simulation i n Figure 4 is based 
on Bernoul l ian propagation w i t h a Pm of 0.42. In this system, asym
metric centers are be ing added two at a time to the growing chain, 
so a Bernoul l ian model does not have to be obeyed even though this 
mode is nearly universally found for free-radical propagation. H o w 
ever, this f inding seems to ho ld w i t h i n experimental error. 

Ε 

Ε 

200 210 220 

Φ ppm 

Figure 4. Observed (....) and computer-simulated (—) 84.67-MHz 19F 
spectra of polyfluoromethylene. The experimental spectrum was ob
served in acetone solution. In the simulated spectrum, a P m of 0.42 was 

assumed. 
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428 POLYMER CHARACTERIZATION 

The cis- and trans- 1,2-difluoroethylene monomers y i e l d identicalr 
polymers. The 1 9 F chemical shifts, l ike those of 1 3 C , can be 
rationalized on the basis of a gauche γ-effect model (17). 

Branching in Polyethylene and Polyvinyl Chloride 
Branching can be observed i n detail i n polyethylenes by 1 3 C N M R 

and, under proper conditions, can be measured quantitatively (18). 
Figure 5 shows the 5 0 - M H z 1 3 C spectrum of a typical high-pressure 
polyethylene (19). The observed composition is shown i n Table I. The 
dominant butyl and amyl branches presumably are formed by intra
molecular chain transfer or backbiting. The origin of ethyl branches is 
uncertain. Spectral complications not observed i n ethylene—butene-1 
copolymers clearly occur (20, 21). The resonance at 39.5 ppm for the 
branch carbons of isolated ethyl branches is much smaller than the 
corresponding methyl intensity near 11 ppm. A dozen or so small , 
unassigned resonances i n the 3 7 - 3 9 - p p m branch carbon region are 
seen, and the ethyl branch methyl carbon resonance is composed 
of numerous overlapping peaks. The Roedel (22) mechanism for 
short-branch formation was extended by Wi l l bourn (23) to account 
for the formation of ethyl branches and could at least partially account 
for the complexity of their N M R spectrum, although not so intended. 
These reactions are summarized i n Scheme II . The presence of iso
lated ethyl branches, the content of w h i c h is evidently variable but 
not zero, is not accounted for by these mechanisms but may simply 

Et, Bu, Am, L - / - C 
Bu, Am, L-a-C 

Am-5-C 

Bu-Am.L-br-C 

Et-br-C 

J J l W 

BU-4-C 
"Et-a-C 

Am-3-C 

Φ 

Et, Bu, Am, 
L-/3-C 

Pu-C-31 

y β a br α β γ 
— C - C - C - C - C - C - C -

ι 4 C 
ι 

3 C 
ι 

2 C 
1 CH 3 

ν β a br α β γ 
• - C - C - C - C - C - C - C -

i 
a C 

y ç 
3 c 
2 Ç 
1 CH 3 

BU.Am,L-CH3 

Bu-2-C 

Am-4-C Am, L-2C 
Et-2-C J 1 " 

J I ] L_J L _L_L I ι ι ι ι 1 ι ι ι ι 1 ι 
40 35 30 25 20 

ppm vs TMS 
15 10 

Figure 5. A 50-MHz 13C NMR spectrum of high-pressure polyethylene, 
observed in 1,2,4-trichlorobenzene at 110 °C (F. C. Schilling). 
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24. BOVEY ET AL. 13C and 19F NMR 429 

Table I. Branch Composition of High-Pressure Polyethylene 

NOTE: Mn = 18,400; a n d Mw = 129,000, w h e r e Mn a n d Mw refer to the n u m b e r -
average molecular weight and the weight-average molecular weight , respectively . 

result from backbit ing v ia a four-membered cycl ic transition state. The 
absence of propyl branches, however, is entirely puzz l ing . 

Branching i n po lyv iny l chloride can be determined by 1 3 C N M R , 
but so far not on the polymer itself, the spectrum of w h i c h is very 
much complicated by configurational sequences, as already shown. It 
is advantageous to abolish these complexities by reductively de-
halogenating the polymer w i t h l i th ium a luminum hydride (24—26) or 
preferably w i th the more convenient and effective reagent t r i -n -
butylt in hydride (27). The resulting hydrocarbon then is examined i n 
the same manner as polyethylene. Figure 6a shows the 2 5 - M H z spec
trum of reduced p o l y v i n y l chloride prepared at 100 °C; for the re
duced polymer, Mn = 5600 and Mw = 11,900. The pr inc ipal short 
branch (2—3 per 1000 main chain carbons) is C H 3 , w i th a smaller fre
quency of ethyl , buty l , and long branches. By reduction w i th (n-
buty l ) 3 SnD, each chlorine atom is replaced by deuterium instead of 
hydrogen. The positions of the chlorine atoms i n the original structure 
can be established because each deuterium splits the resonance of the 
directly bonded carbon into a 1:1:1 triplet (JCD = 19.0 Hz) . A shie lding 
effect of about 0.5 ppm is noted also. (Very small resonances essen
tial ly disappear, another useful clue.) These features can be observed 
i n the spectrum shown i n Figure 6b, w h i c h represents the same 
po lyv iny l chloride as i n 6a. The bottom (low gain) spectrum shows the 
singlet resonance of the main chain C H 2 carbons and the triplet of the 
C H D carbons. The upper spectrum at higher gain reveals that the 
methyl branches are C H 2 C 1 groups i n the original polymer. Observa
tions on a polymer from v i n y l chlor ide-a-D established (28) that the 
methylene carbon of the chloromethyl branch arises from the /3-carbon 
of the monomer and that the mechanism suggested by Rigo et al . (29) 
is correct (see later discussion). 

Careful analysis of the spectra i n Figure 6 has l ed to the identi f i 
cation of the branches and chain ends shown i n Scheme III . Tertiary 
chlorine atoms are present at several points. Because tertiary chlorine 
is known to be highly labi le (30), this f inding strongly suggests that 

Branch Type Branches per 1000 CH2 Groups 

E t h y l 
n -Propyl 
n -Buty l 
n - A m y l 

2.5 
0.0 

10.9 
3.7 
4.5 

21.6 
L o n g (^C 6 ) 

Total 
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C H 2 CH2 
C H 2 C H 2 Ç H 2 

CH C H 2 

C H 2 

1 
CH2 CH2 

•* C H 2 
C H 3 ÇH ( w 

C H 2 , C H 2 monomer 

CHj C H 2 ,CH 2 

•• Ό Η 2 GH 
C H 2 

C H 2 

C H 2 

C H 3 

C H 2 - further 
propagation 

C H 2 C H 2 C H 2 

/ \ / \ /• \ 
CH ÇH 

Ç H 2 

ÇH2 
C H 2 

CH3 

C H 3 

1 

C H 2 C H 2 .CH 
C H 2 9 H V 

C H 2 

CH-
Ç H 2 

CHj 

CHj 

1Γ 
1 ' 

^ C H 2 ^ C H 2 / ^ ^ 2 / Q ^ 2 

C H 2 CH C H 2 

Ç H 2 

(jîH~CH2—CH3 
C H 2 

Ç H 2 

C H 2 

I 
C H 3 

/ C H 2 / C H V C H 2 / C H 2 / C H 2 

' C H 2 CH ÇH C H 2 "· 
C H 2 C H 2 1 1 CH3 CH3 

paired ethyl branches 
(meso and racemic) 

2-ethylhexyl branch 

Scheme H. Branch formation in high-pressure polyethylene. 
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M- branch 
β a br a β 
C H 2 - C H 2 - C H - C H 2 - C H 2 — 

C H 3 

Et- branch 
β a br a β 

• - C H 2 - C H 2 - Ç H - C H 2 - C H 2 - » 

2 CH2 

1 CH 3 

L-branch 
β a br ο β 

·—CH2-CH2-CH-CH2-CH2— 

a CH2 

0 C H 2 

t 

S C H 2 

2 Ç H 2 

1 CH3 

M-CH 3 

L - C H 3 

Ι Ι Et-CH 3 

40 35 30 25 20 15 10 

L-branch 
β a br a β 

• —CHD-CH2-CD - C H 2 - C H D — 

M-branch 
β a br a β 

—CHD-CH2-CH-CHD-CH2— 

1 CH2D 

CHD 

CH 2 

CH 20 

L - 2 - C H 2 

35 30 
_i_ 

25 

ppm vs TMS 

20 15 10 

Figure 6. The 25-MHz 13C NMR spectra of polyvinyl chloride reduced 
with Bu3SnH (a) and Bu3SnD (b); observed in 1,2,4-trichlorobenzene 

solution at 110 °C (F. C. Schilling). 

these structures may be a major contributor to the thermal instabil ity 
of po lyv iny l chloride. One of the pr inc ipal purposes of this work is to 
identify such weak points. 

The formation of chloromethyl branches and the occurrence of 
1,2,4-trichloro and 1,3-dichloro chain ends provide important infor
mation concerning the polymerization process. The reactions that 
were deduced are shown i n Scheme IV . The occasional head-to-head 
addition (b) results i n a primary radical that rearranges (c) by a 1,2-
chlorine migration, the Rigo mechanism (29). Th is radical mainly 
propagates further, leading to chloromethyl branch formation ( d - i ) , 
but also may undergo j3-scission (d—ii) to give a terminal chloroal lyl 
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432 POLYMER CHARACTERIZATION 

NORMAL PROPAGATION: 
(a) _ CH2 - CHCI + CH2 = CHCI - - CH2 - CHCI - CH2 - CHCI etc. 

HEAD-TO-HEAD ADDITION: 
(b) - CH2 - CHCI + CH2 = CHCI 
(c) _ CH2 - CHCI - CHCr- CH2 

monomer 
/ 

(d) _ CH2 - CHCI - CHCH2CI 

- CH2 - CHCI - CHCI - ÔH2 

- CH2 - CHCI - CH - CH2CI 
- CH2 - CHCI - CH - CH2 - CHCI-

I 
CH2CI 

branch formation 

- CH2 - CH = CH - CH2CI + CI-
β — scission 

monomer 
• CICH2 - CHCI 

INITIATION: 
(e) CI - + CH2 = CHCI 
CHAW TRANSFER: I 
(f) _ C H 2 - CHCI - CH2 - ÔHCI + H-Ç 

- CHCI - CH2 - CHCI -CH2CI 
1,2,4-trichloro (75%) 

. - CH2 - CHCI - CH2CH2CI 
1,3-dichloro(25%) 

Scheme III. Branches and chain ends in polyvinyl chloride. 
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Scheme IV. Initiation, propagation, chloromethyl branch formation, 
and chain transfer in the polymerization of vinyl chloride. 
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24. BOVEY ET AL. 13C and 19F NMR 433 

group and a free chlorine atom. The chlorine atom then initiates an
other chain (e). Some chains are terminated by transfer invo lv ing the 
removal of hydrogen atoms (f); i f this removal occurs from another 
polymer chain, the new radical site w i l l lead to the formation of a long 
branch. 

The val idity of the mechanism requires the occurrence of termi
nal chloroallyl groups and these have not been observed. Starnes et al . 
(31) proposed that such groups i n the presence of the tr ibutyl t in hy
dride w i l l be reduced and cycl ized to terminal ethylcyclopentyl groups, 
for wh i ch evidence is found i n the 1 3 C spectrum. 

1-Chloroethyl and 1,3-dichlorobutyl branches may arise by hy
drogen shifts from chlorine-bearing carbons, that is, backbit ing reac
tions parallel to those occurring i n ethylene polymerization. W h e n 
polymerization occurs i n a solvent, the formation of 1,3-dichlorobutyl 
branches, normally scarcely observable, is enhanced markedly, but 
ethyl branch formation is not affected similarly (32). 

Solid State 1 3 C NMR Studies of Segmented Polymer 
Hytre l thermoplastic elastomers (du Pont) are segmented copoly

mers avai lable i n a range o f composit ions of ra-tetramethylene 
terephthalate hard units and n-polytetramethyleneoxy terephthalate 
soft units that are assumed to be random i n distr ibution (33). It has been 
shown that these polymers have a morphology consisting of continuous 
and interpenetrating crystalline and amorphous phases (34), rather 
than the discrete and ordered domain structure seen for other seg
mented copolymers (35). 

Sol id state 1 3 C N M R can provide information concerning the na
ture of phase separation i n these segmented copolymers, and con
cerning molecular motion i n both the mobile (36) and r ig id domains 
(37). 

Mobile Domains 
The carbons comprising the mobi le domains i n H y t r e l samples 

containing 0.80-0.96 mol fraction hard segments can be observed 
selectively using low-power proton decoupling (scalar decoupling; 
yYiJiir = 4 kHz ) and a standard 90° - τ pulse sequence. Representa
tive spectra are shown i n Figure 7 (a -d ) . The peak centered at 29 
ppm is due to the - C H 2 - carbons flanked by methylene units on 
either side; the peak at 73 ppm arises from the - O C H 2 — carbons. 
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( e ) 

180 120 
ppm FROM TMS 

60 

Figure 7. Comparison of scalar decoupled (γΗ2/2π = 4 kHz) 50.3-MHz 
13C NMR spectra of Hytrel containing 0.80 (a); 0.87 (b); 0.94 (c); and 
0.96 (d) mol fraction hard segments, with the spectrum of poly-
butylène terephthalate (e). All spectra were obtained at 34 C under 

identical conditions. 

Spin-counting indicates that a l l of the soft-segment carbons and about 
10% of the hard-segment carbons contribute intensity to these scalar 
decoupled spectra. The additional signal intensity occurs pr imari ly i n 
the protonated aromatic carbon region, and apparently arises from 
hard-segment units that are too short to crystallize. In contrast, the 
polybutylene terephthalate homopolymer has no discernible peaks 
under the same spectral accumulation conditions [Figure 7 (e)]. These 
experiments indicate that a l l soft-segment carbons i n H y t r e l undergo 
motions that are rapid compared to the dipolar interaction (ca. 10 5 s - 1 ) . 
However , the fo l lowing experiment suggests that these motions are 
not isotropic. Magic angle sample spinning, i n conjunction wi th scalar 
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24. BOVEY ET AL. 13C and 19F NMR 435 

decoupl ing and a 90° - τ pulse sequence, causes an approximately 
fourfold reduction i n the l ine widths for the soft-segment aliphatic 
carbons, indicating that the primary sources of l ine broadening i n 
these spectra are residual d i p o l e - d i p o l e interactions and chemical 
shift anisotropy. W i t h the sources of l ine broadening thus established, 
the l ine widths can be interpreted i n terms of phase separation and 
angular range of reorientation. The l ine widths for both types of soft-
segment aliphatic carbons are a l inear function of the average hard-
block length of the polymer, indicating that increasing hard-segment 
content restricts the angular range over w h i c h soft-segment reorienta
t ion can take place. Furthermore, the l inear relationship between the 
average hard-block length and the l ine w id th suggests that the dis
tribution of hard and soft segments is random. The soft-segment car
bon l ine widths are nearly independent of temperature over an ap
proximately 80° range. 

T h e relaxation parameters [spin—lattice relaxation time (Tj) and 
nuclear Overhauser enhancement (NOE)] of the soft-segment carbons 
can be interpreted i n terms of rate of motion. The Tx values for both 
types of aliphatic soft-segment carbons are about 0.2 s at 50.3 M H z and 
34 °C. These Tx values are independent of the hard-segment content of 
the polymer but increase w i th increasing temperature and increasing 
magnetic f ie ld strength, indicat ing that the motions for these carbons 
are on the short-correlation-time side of the Tx curve. The N O E values 
for the two types of aliphatic carbons also are independent of the hard-
segment content of the polymer. 

These results again support the conclusion that the angular range 
of reorientation of the soft-segment carbons is inversely related to the 
hard-segment content of the polymer, but that the rate of these mo
tions is independent of the amount of hard segment present. These 
findings are consistent w i t h a model for Hytre l structure i n w h i c h 
phase separation occurs w i th negl igible mix ing of the two phases at 
the domain boundaries. 

Rigid Domains 
Various combinations of dipolar decoupling (γΗ 2 /2π ~ 45 k H z ) , 

cross-polarization, and M A S can be used to study the r ig id domains i n 
H y t r e l . The proton-enhanced static powder spectrum of a H y t r e l sam
ple containing 0.96 mol fraction hard segments is shown i n Figure 8a 
and the corresponding proton-enhanced M A S spectrum i n Figure 8b. 
In Figure 8c the sidebands were removed. The chemical shifts i n 
the sol id state spectrum are readily assignable by comparison w i t h the 
solution spectrum (Figure 8d). In order of increasing shielding, the 
resonances are assigned to the carbonyl, nonprotonated aromatic, 
protonated aromatic, soft segment — O C H 2 — , hard segment — O C H 2 — , 
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_ J I I ι 1 I 1 l L 
3 0 0 200 100 0 -100 

ppm FROM TMS 

Figure 8. The 50.3-MHz 13C NMR spectra of Hytrel containing 0.96 
mol fraction hard segments. Key: a, proton-enhanced, dipolar de
coupled static spectrum; b, same as a but with MAS at 2.3 kHz; c, 
spectrum b with sidebands deleted; and d, solution spectrum in Tri

cresol; resonances artificially broadened and solvent peaks deleted. 
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24. BOVEY ET AL. 13C and 19F NMR 437 

and overlapping hard and soft segment central - C H 2 - carbons. T h e 
spectrum i n Figure 8b shows that resonances unique to the hard and 
soft segments can be resolved using dipolar decoupl ing and M A S . 

The range of motions present i n these polymers is i l lustrated by 
the series of dipolar decoupled, M A S spectra shown i n Figure 9. 
These spectra were obtained as a function of the pulse repetition rate, 

300 250 200 150 100 50 0 -50 

ppm FROM TMS 

Figure 9. Dipolar decoupled, Overhauser-suppressed 50.3-MHz 13C 
NMR spectra of Hytrel containing 0.96 mol fraction hard segments. 
These spectra were obtained with MAS at 2.1 kHz using a standard 
90°—τ pulse sequence, with pulse repetition rates of 30 s (a); 6 s (b); 4 s 

(c); and 2 s (d). 
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438 POLYMER CHARACTERIZATION 

using a standard 90° - τ pulse sequence without Overhauser en
hancement. At a 2-s repetition rate (Figure 9d), the intensities for all of 
the aliphatic carbons already have attained nearly their full intensity, 
whereas the carbonyl and aromatic resonances require much longer 
pulse repetition times to reach full intensity. These results indicate 
that the Tx values for the protonated aromatic and the aliphatic carbons 
differ by at least an order of magnitude. In addition, these results 
indicate that the aliphatic carbons of the hard-segment units have 
short Tx values, suggesting that the aliphatic carbons that reside in the 
rigid domains have substantial motional freedom. 
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25 
13C- and 19F-NMR Chemical Shifts 
and the Microstructures 
of Fluoropolymers 

A. E. TONELLI, F. C. SCHILLING, and R. E. CAIS 
Bell Laboratories, Murray Hill, NJ 07974 

Simultaneous 1H- and 19F-decoupled 13C-NMR and 1H
-decoupled 19F-NMR spectra are recorded for poly(vi-
nylidene fluoride) (PVF2), poly(fluoromethylene) (PFM), 
poly(vinyl fluoride) (PVF), and poly(trifluorethylene) 
(PF3E). Observed 13C- and 19F-NMR chemical shifts are 
compared to those calculated as a function of stereoreg-
ularity and/or defect structure, i.e., head-to-head:tail
-to-tail (H—H:T—T) addition of monomers. Calculated 
chemical shifts are obtained through enumeration of the 
numbers and kinds of γ effects (three-bond gauche ar
rangements) that involve each carbon or fluorine atom 
as dictated by the conformational characteristics of each 
polymer. Agreement between measured and predicted 

13C- and 19F-NMR chemical shifts is observed for each 
fluoropolymer when the following γ effects are assumed: 

γC,C or F = -2 to -5 ppm; γF,F = 10 to 25 ppm; and γF,C = 
20 to 35 ppm, where γa,b is the upfield shift at carbon or 
fluorine a produced by carbon or fluorine b when in a 
gauche arrangement with a. This agreement permits 
detailed assignments of 13C- and 19F-NMR resonances in 
the spectra of all four fluoropolymers including identifi
cation of those resonances belonging to the carbon and 
fluorine atoms in the H—H:T—T defects present in PVF2, 

PVF, and PF3E, whose abundance increases in this order. 

, / Y . N A L Y S I S O F T H E N U M B E R S A N D K I N D S of y interactions invo lv ing each 
carbon atom type i n a polymer chain can al low for the predict ion of 
1 3 C - N M R spectra of v i n y l homopolymers and copolymers (J). E a c h 
nonhydrogen y substituent i n a three-bond gauche arrangement (see 
Figure 1) w i th a given carbon atom produces an upf ie ld chemical shift 

0065-2393/83/0203-0441$06.00/0 
© 1983 American Chemical Society 
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of that carbon resonance relative to their trans arrangement. The fre
quency wi th wh i ch these γ-gauche interactions occur can be evaluated 
from the conformational characteristics of the polymer chain as mani 
fested by calculated bond rotation probabilities. 

The sensitivity of v i n y l homopolymer and copolymer 1 3 C - N M R 
chemical shifts to stereomonomer and comonomer sequence results 
from the dependence of bond rotation probabilities on the same m i 
crostructural features, and leads, v ia the y-gauche effect, to a disper
sion of 1 3 C - N M R chemical shifts reflecting the different possible m i -
croenvironments found along the v i n y l polymer chain. A l l that is 
needed to calculate the effects of polymer microstructure on 1 3 C - N M R 
chemical shifts are the bond rotation probabilities obtained from the 
polymer's conformational characteristics and the magnitudes of the 
upf ie ld y effects produced by the gauche arrangements of a given 
carbon atom w i t h its y substituents. 

This approach, w h i c h ful ly util izes a l l the microstructural infor
mation provided by 1 3 C - N M R spectroscopy, has been appl ied suc
cessfully to the calculation of the 1 3 C - N M R chemical shifts i n a variety 
of v i n y l homopolymers and copolymers (I). Polypropylene oligomers 
(2,3) and homopolymer (4) and its copolymers w i th ethylene (5, 6) and 
v i n y l chloride (7), poly(vinyl chloride) oligomers (8) and homopoly
mer and its copolymers w i t h ethylene (9) and propylene (7), and 
polystyrene (10) and its oligomers have a l l been treated v ia the γ effect 
method of predict ing 1 3 C - N M R chemical shifts i n polymers. 

This chapter extends the application of the y effect method to the 
calculation of the 1 3 C - and, for the first t ime, 1 9 F - N M R chemical shifts 
expected for the carbon and fluorine atoms i n fluoropolymers. Po ly -
(vinylidene fluoride) ( P V F 2 ) , p o l y v i n y l fluoride) ( P V F ) , poly(fluoro-
methylene) ( P F M ) , and poly(trifluorethylene) ( P F 3 E ) are treated. 

This study was prompted for three pr inc ipal reasons. First , the 
polymers studied possess fluorine atoms whose 1 9 F nuc le i exhibit 
magnetic resonance and whose chemical shifts are at least as sensitive 
to polymer micro structure as their 1 3 C nucle i . We sought to determine 
i f the sensitivity of 1 9 F - N M R chemical shifts to microstructure has its 
origin, as do 1 3 C - N M R chemical shifts, i n y-gauche interactions. Sec
ond, the magnitude of the upf ie ld 1 3 C - N M R chemical shift produced at 
a carbon atom by a γ fluorine substituent when i n a gauche arrange
ment was unknown. T h i r d , w i th the exception of P V F 2 (II) , the con
formational characteristics of these fluoropolymers had never been 
studied experimentally. We hope to test the recently predicted con
formational characteristics (12) of P V F , P F 3 E , and P F M by comparing 
their observed and predicted 1 3 C - and 1 9 F - N M R chemical shifts, the 
latter of w h i c h are der ived from bond rotation probabilities as ob
tained (13) from their conformational models. 
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444 POLYMER CHARACTERIZATION 

Materials 
The synthesis of the P F M employed i n this study has been re

ported previously (14). P F 3 E was provided through Pennwalt Corpo
ration. P V F was purchased from A l d r i c h Company, and the P V F 2 

employed is Kynar 301 (Pennwalt Corporation). 

Experimental 
Generally, spin—spin coupling between directly bonded 1 3 C and 1 9 F nu

clei obliterates the detailed structure of the dispersion of 1 3 C - N M R chemical 
shifts produced by different fluoropolymer micro structures. Only in the 
methylene carbon regions of the usual ^-decoupled 1 3 C - N M R spectra of 
P V F 2 and P V F can we begin to separate the effects of 1 9 F coupling and mi
crostructure on the 1 3 C - N M R chemical shift dispersion. Consequently, we 
have performed 1 3 C - N M R measurements on these fluoropolymers with si
multaneous decoupling of both the 1 H and 1 9 F nuclei. The details of this 
triple-resonance experiment are published separately (15). 

The N M R spectra were recorded on Bruker WH-90 and Varian XL-200 
spectrometers at 1 3 C and 1 9 F frequencies of 22.62, 84.6, and 188 M H z . Com
plete experimental details for the 1 3 C - N M R spectra (16) and 1 9 F - N M R spectra 
(17) are published elsewhere (15). 

Results and Discussion 
Comparisons of calculated 1 3 C - N M R chemical shifts w i t h the 

1 3 C - N M R spectra observed for P V F 2 , P F M , P V F , and P F 3 E are pre
sented i n Figures 2 - 5 . The agreement is generally good, w i t h the 
calculated 1 3 C - N M R chemical shifts reproducing faithfully the effects 
of stereosequence and monomer addition defects (18, 19) [head-to-
head: tail-to-tail ( H - H : T - T ) ] observed i n the 1 3 C - N M R spectra. The γ 
effects i n the range - 2 5 ppm upf ie ld , reflecting the shie lding pro
duced at the observed carbon by γ-carbon and/or fluorine substituents 
i n a gauche arrangement (see Figure 1), permit this agreement. 

Prior to our triple-resonance (15) 1 3 C - N M R study of P V F 2 , the 
Η—H:T—Τ C H 2 defect resonance 4 observed (16) at —0.8 ppm upf ie ld 
from Η—Τ C H 2 carbons (see F igure 2) was obscured by long-range 
1 9 F - 1 3 C - s p i n - s p i n coupl ing i n the usual ^ - d e c o u p l e d 1 3 C - N M R 
spectrum of P V F 2 (20). In addition, the C F 2 region of the 1 3 C - N M R 
spectrum is a continuum of resonances without 1 9 F - d e c o u p l i n g re
sulting i n the complete obliteration of H - H : T - T defect resonances 
A , B , and C , so clearly apparent i n Figure 2. 

O n the other hand, even the triple-resonance 1 3 C - N M R spectrum 
of P F M reveals a near continuum of chemical shifts resulting from the 
long-range sensitivity to stereosequence (see F igure 3). 1 3 C - N M R 
chemical shifts calculated for the pentads i n P F M are sensitive to 
nonad stereosequences leading to a 1 3 C - N M R chemical shift disper-
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Figure 2. 13C-NMR spectrum (22.62 MHz) and calculated chemical 
shifts for PVF2 (16). 

sion of 0 .2 -0 .5 ppm calculated for each pentad. A comparison of ob
served and calculated 1 3 C - N M R chemical shifts shows that the sample 
of P F M can be characterized (14) as predominantly atactic (discussed 
later). 

Without recording the 1 3 C - N M R spectrum of P V F i n the triple 
resonance mode (see F igure 4) the sensitivity of the H—Τ C H F and 
C H 2 resonances to stereosequence wou ld not be revealed. Sensitivity 
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8 ppm 

Figure 3. 13C-NMR spectrum (22.62 MHz) and calculated chemical 
shifts for PFM (16). 

to triad stereosequences i n the C H F region and tetrad sensitivity i n 
the C H 2 region was observed. W i t h increasing f ie ld the three reso
nances observed i n the H - T C H F region are assigned to the rr, mr, 
m m triads by comparison to our calculated shifts. Thus , our P V F sam
ple is predominantly atactic w i t h Pm = 0.43 (17). 

The 1 3 C - N M R spectrum of P F 3 E i n Figure 5 does not permit a 
separation of the effects of stereosequence and defect structure on the 
observed 1 3 C - N M R chemical shifts. A comparison of observed and 
calculated 1 3 C - N M R chemical shifts enables us to conclude that 
H - H : T - T addition i n our P F 3 E sample is more prevalent than i n our 
P V F 2 and P V F samples. 

The agreement achieved between the observed and calculated 
1 3 C - N M R chemical shifts impl ies that the bond rotation probabilities 
used to evaluate the frequencies of the various y effects occurring for 
the carbon atoms i n each of the possible micro structural environments 
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Figure 5. 13C-NMR spectrum (22.62 MHz) and calculated chemical 
shifts for PF3E (16). 
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2 5 . TONELLI ET AL. 13C- and 19F-NMR Chemical Shifts 4 4 9 

i n these polymers are realistic. This provides, for the first t ime, direct 
microstructural support for the conformational models (11,12) der ived 
previously for these chains (17, 21). 

Tradit ional measures (13) of the conformational characteristics of 
polymer chains, such as end-to-end distance and dipole moment, were 
predicted (11, 12) to be relatively insensitive to micro structure (both 
stereosequence and defect content) for the fluoropolymers considered 
(11,12). Thus , the successful testing of their conformational models as 
provided by the correct prediction of their 1 3 C - N M R chemical shifts 
takes on added importance. 

W i t h the confidence gained i n the conformational models of these 
fluoropolymers through the successful prediction of 1 3 C - N M R chemi
cal shifts, 1 9 F - N M R chemical shifts were also calculated, and the re
sults are presented i n Figures 6—9. The agreement between observed 
and calculated 1 9 F - N M R chemical shifts is good and leads to y-gauche 
1 9 F - s h i e l d i n g interactions of 10 to 25 ppm for fluorine and 20 to 35 
ppm for carbon y substituents. The y effects on fluorine nuc le i are 
nearly an order of magnitude larger than those experienced by carbon 
nucle i (see F igure 1). 

The larger magnitude of the y effects operating on 1 9 F nuc le i , as 
compared to 1 3 C nucle i , results i n a greater sensitivity of the 1 9 F - N M R 
spectra of fluoropolymers to their microstructure. In Figure 6 we see 
1 9 F resonances (188-MHz spectrum) due to defect structures other 
than H - H : T - T addition i n P V F 2 (resonances 5, 6, and 7). Instead of a 
continuum of chemical shifts as observed i n the 1 3 C - N M R spectrum of 
P F M (Figure 3) the 1 9 F - N M R spectrum of P F M (Figure 7) manifests 
detailed information regarding the stereosequences present i n our 
sample. Adopt ion of Bernoul l ian polymerization statistics and com
parison of observed and calculated chemical shifts permits a faithful 
simulation (14) of the observed spectrum and indicates clearly the 
predominantly atactic nature (Pm = 0.42) of our P F M . 

Comparison of Figures 5 and 9 reveals the greater sensitivity of 
1 9 F - N M R , relative to 1 3 C - N M R spectroscopy, to the microstructure of 
P F 3 E . This greater sensitivity enables us to estimate the content of 
monomer units added i n a H - H : T - T manner. 

The detailed assignment of resonances i n the 1 3 C - and 1 9 F - N M R 
spectra of P V F 2 , P V F , and P F 3 E achieved by comparison to predicted 
1 3 C - and 1 9 F - N M R chemical shifts permits a quantitative estimate of 
the H - H : T - T defect content i n each fluoropolymer. Integration of 
defect ( H - H : T - T ) and normal ( H - T ) resonances to obtain peak 
areas leads to estimates of the defect content i n each fluoropolymer. 
We observed 3, 12, and 20 m o l % H - H : T - T monomer addition i n the 
samples of P V F 2 , P V F , and P F 3 E , respectively. 
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1 2 3 4 
CH2 "CF2"CH2~CF^~CFg"CHg**CH2~CFg~CH2" 

5 
CH2 ~ CF2~CH2~CH2"CF2 "CH2" CF2 " CF2-CH2 " 

6 
CH2 "-CFg^Cr^- C F ^ - CF2~CH2" CFg ~CH2~ CF^ " 

7 
CH2 ~CFg"CH2™CH2"CF2 ~CF2 "CH2~CH2~CF2 " 

(C) 
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J I L 
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Figure 6. 19F-NMR spectra (84.6 MHz) (a), (188 MHz) (b), and calculated 
chemical shifts for PVF2 (see Ref. 22) (17). 
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1 ι ι ι ι I ι l l ι I ι ι ι I 1 1 ι I I I I L 
0 5 10 15 20 

8 
Figure 7. 19F-NMR spectrum (84.6 MHz) and calculated chemical shifts 

for PFM (17). 
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Figure 8. 19F-NMR spectrum (188 MHz) and calculated chemical shifts 
for PVF (17). 
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26 
Characterization of Molecular 
Motion in Solid Polymers by 
Variable Temperature Magic Angle 
Spinning 13C-NMR Spectroscopy 

W. W. FLEMING, J. R. LYERLA, and C. S. YANNONI 
IBM Research Laboratory, San Jose, CA 95193 

The inclusion of a variable temperature magic-angle 
spinning capability for solid-state 13C-NMR spectros
copy makes feasible the investigation by 13C-relaxation 
parameters of structural and motional features of poly
mers above and below Tg and in temperature regions of 
secondary relaxations. We report variable temperature 
(77 Κ to 323 K) spectral data on polytetrafluoroethylene 
and polypropylene. Illustrative of the data are the T1 

and T1ρ results for isotactic polypropylene over the 
temperature range 77—300 K. All carbons in the repeat 
unit show minima in T1 and T1ρ that reflect methyl 
group reorientational motion at the appropriate measur
ing frequencies (15 MHz and 57 kHz). The T1ρ data for 
CH and CH2 carbons indicate the importance of spin— 
spin as well as spin—lattice pathways in their rotating 
frame relaxation over much of the temperature interval 
studied. An interesting spectral observation is the strong 
motional broadening of the methyl group in the tem
perature region of the T1ρ minimum. These and other 
facets of the polypropylene data as well as similar data 
for other polymers are discussed with respect to their 
implications for insight into polymer chain dynamics in 
the solid state. 

j f l L L T H o u G H M A N Y OF T H E E A R L I E S T N M R experiments were per
formed on sol id samples, technical advances i n magnetic f ie ld homo
geneity and pulsed Four ier transform N M R have resulted i n N M R 
being considered a high resolution analytical tool for studying l i q u i d -

0065-2393/83/0203-0455$06.00/0 
© 1983 AmericanChemical Society 
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456 POLYMER CHARACTERIZATION 

state samples. U n t i l recently, sol id materials could be studied only by 
so-called broad-line N M R and pulse relaxation N M R measurements 
on abundant nuc le i , usually hydrogen and fluorine. However , the re
cent advances i n the application of magic angle sample spinning, d i 
polar decoupling, cross-polarization, and multipulse N M R have 
brought sol id samples into the realm of h igh resolution N M R i n w h i c h 
ind iv idua l resonances of the sol id can be resolved. The usefulness of 
the high resolution experiments is now w e l l established. In particular, 
h igh resolution carbon N M R of solids has shown considerable pro
mise, as evidenced by the numerous publications i n w h i c h magic 
angle spinning N M R has been used to study polymers and other sol id 
organic and inorganic materials (1—4). 

In pr inc iple , resolution of ind iv idua l carbon resonances i n bulk 
polymers allows relaxation experiments to be performed w h i c h can be 
interpreted i n terms of main-chain and side-chain motions i n the sol id. 
This is a distinct advantage over the more common Ή - N M R relaxa
tion experiments where efficient spin diffusion usually results i n the 
averaging of the relaxation behavior over the ensemble of protons. 
Thus , a direct interpretation of O-re laxat ion data i n terms of unique 
motions of the sol id polymer is often not possible. 

Relaxation parameters of interest for the study of polymers i n 
clude the 1 3 C sp in - la t t i c e relaxation time i n H0, Tt; the spin—spin 
relaxation time, T 2 ; the nuclear Overhauser enhancement, N O E ; the 
proton and carbon rotating frame relaxation times, T%; the C - H 
cross-polarization or cross-relaxation t ime, T C R ; and the proton relaxa
tion time i n the dipolar f ie ld T 1 D . Not a l l of these parameters provide 
information directly; nonetheless, a l l the inferred information is i m 
portant i n characterizing motional frequencies and amplitudes i n mac
romolecules. 

Although in i t ia l studies on solids by cross-polarization (CP) , 
magic angle spinning (MAS) , and 1 3 C N M R have been carried out 
almost exclusively at ambient temperature (5), fu l l exploitation of this 
spectroscopy requires variable temperature capability. This is partic
ularly true of macromolecules where the accessibility of variable tem
perature magic angle spinning ( V T - M A S ) makes feasible the investi 
gation of structural and motional features of polymers above and 
below the glass transition temperature, Tg, and i n temperature regions 
of secondary relaxations. The spectral data and T\p measurements by 
Garroway et al . (6) on epoxy resins over the l imited temperature inter
val from - 3 1 to 51 °C represent the only other V T - M A S 1 3 C N M R re
sults to date. A spinner assembly has been described that is suitable 
for routine operation over a wide range of temperatures (7). This chap
ter examines the 1 3 C-re laxat ion behavior of two common polymers: 
polytetrafluoroethylene ( P T F E ) and isotactic polypropylene (PP). 
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26. F L E M I N G ET AL. Magic Angle Spinning 13C-NMR Spectroscopy 457 

Experimental 

The 1 3 C - N M R data at 15.1 M H z were acquired on a modified Nicolet 
TT-14 N M R system. The features of this spectrometer and of the spinning 
assembly have been reported previously (4, 7, 8). Samples were machined 
into the shape of Andrew-type rotors (9) and used directly for the various 
studies. Temperature variation was achieved by cooling or heating the helium 
gas used for driving the rotor. The temperature was controlled to ±2 °C with a 
home-built temperature sensing and heater/feedback network. Spin-lattice 
relaxation times Tt were collected using a pulse sequence developed by Tor-
chia (10) that allows C P enhancement of the signals. The Tlp data were deter
mined at 40 and 58 kHz using Tlp methodology described elsewhere (5). 

Polypropylene, PP, samples were made from compression-molded Pro-
Fax PP (Hercules). The material was quenched slowly and had a 70% crystal-
Unity, as determined by Ή N M R , for the 95% isotactic material. The polytet-
rafluoroethylene, P T F E , was machined from commercial Teflon from du Pont. 
Data based on an IR band intensity ratio analysis (IJ) indicated the P T F E 
sample to be 67% crystalline. 

Results and Discussion 

The proton-decoupled C P / M A S 1 3 C - N M R spectra of P P as a func
tion of temperature are shown i n Figure 1. At ambient temperature, a l l 
three carbons of the P P repeat unit are resolved. However , as the 
temperature is lowered, the methyl resonance begins to broaden sig
nificantly and is completely lost i n the baseline at about - 1 4 3 °C. The 
broadening, w h i c h is also seen to occur to a degree for the methine 
and methylene carbons, arises pr imari ly from incomplete decoupl ing 
as the reorientation rate of the methyl group about the C 3 -axis be
comes comparable to the strength of the decoupl ing f ie ld . Heteronu-
clear dipolar coupl ing characterized by correlation frequencies near 
the decoupling frequency is not decoupled efficiently (12). This 
phenomenon has been observed (6) for methyl groups i n epoxy resins, 
and is the same mechanism responsible for the motional broadening 
i n crystalline regions of P T F E (13). 

The Tx data for P P over a temperature range from - 1 9 5 to 24 °C are 
summarized i n Figure 2a. As indicated i n the figure, each of the car
bons displays ind iv idua l relaxation rates. The C H and C H 2 carbons 
have a Tx m i n i m u m at about - 1 1 3 °C, nearly the same temperature as 
that reported for the proton Tx m i n i m u m i n isotactic P P (14). 

I f it is assumed that a C - H heteronuclear dipolar relaxation 
mechanism is operative, the methyl protons probably dominate the 
relaxation behavior of these carbons over much of the temperature 
range studied despite the 1/r6 dependence of the mechanism. The 
shorter T± for the C H as compared to the C H 2 then arises from the 
shorter C - H distances. Apparently, the contributions to spectral den-
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Figure 2. 13C-NMR T, relaxation times for the methyl (A), methylene 
(%), and methine (O) carbons of PP as a function of temperature at 1.4 
T(a), and 13C-NMR T l p relaxation times for the same carbons of PP as a 

function of temperature at 1.4 Τ (b). 
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26. F L E M I N G ET A L . Magic Angle Spinning 13C-NMR Spectroscopy 459 

sity i n the megahertz region of the frequency spectrum due to 
backbone motions are minor relative to the side-group motion. The 
T l p data for the C H and C H 2 carbons also give an indication of methyl 
group rotational frequencies (Figure 2b). As the temperature is low
ered be low - 1 1 3 °C, the contr ibut ion of the methy l protons to 
megahertz spectral density decreased, yet increased i n the kilohertz 
regime. Consequently, the T l p decreases by roughly 10 times between 
- 1 0 3 and - 1 9 5 °C. 

The interpretation of carbon T l p data is complicated by the fact 
that s p i n - s p i n (cross-relaxation) processes, as w e l l as rotating frame 
sp in - la t t i c e processes, may contribute to the relaxation (15). O n l y the 
latter process provides direct information on molecular motion. F o r 
the C H and C H 2 carbons of P P , the T l p s do not change greatly over the 
temperature interval from —113 °C to ambient temperature and, as 
opposed to the T x behavior, the C H 2 carbon has a shorter T l p than the 
C H carbon. These results suggest that s p i n - s p i n processes dominate 
the T l p . However , below - 1 1 8 °C, the T l p s for both carbons shorten 
and tend toward equality. A proton T l p m i n i m u m (which reflects 
methyl group reorientation of kilohertz frequencies) has been re
ported at - 1 8 0 °C (14). N o clear m i n i m u m is observed i n the 1 3 C - N M R 
data, perhaps due to an interplay of spin—spin and spin—lattice pro
cesses. Nonetheless, it is apparent that the methyl protons are respon
sible for the sp in - la t t i c e portion of the T l p relaxation for the C H and 
C H 2 carbons. 

F igure 3 shows semilog plots of typical Ί\ and T°lp relaxation data 
(intensity vs. time) at - 2 °C for P T F E . The decays are clearly nonex-
ponential , indicative of mult ip le relaxation behavior. However , for 
both plots, the long-time behavior of P T F E can be characterized by 
one relaxation t ime, associated wi th about 6 5 - 7 0 % of the total signal 
intensity as judged by the y-intercept, and i n agreement wi th the IR 
analysis reported i n the experimental section. O n this basis and prev i 
ous 1 9 F - N M R relaxation studies (16), the long-time relaxation compo
nent is ascribed to crystalline regions of the polymer. The faster re
laxing component of the resonance l ine is attributed to noncrystalline 
regions and is not described by a single time constant, but by a dis
tribution of relaxation times i n accord w i t h the results on glassy poly
mers (5). 

The 1 3 C - N M R T x data for the crystalline component of P T F E are 
plotted vs. reciprocal temperature i n the region from - 4 3 to 47 °C i n 
Figure 4. A shortening of T1 by two orders of magnitude is observed i n 
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Figure 3. 13C-NMR T x and T l p relaxation data (intensity vs. time) for 
PTFE at -2 °C and 1.4 T. The sample had a crystallinity of 67%. 

this temperature interval. The sharp decrease i n T1 between 0 and 20 
°C can be attributed to the we l l -known crystal phase transition at 19 °C 
(17). The increase i n specific volume accompanying the unit ce l l 
change and slight u n w i n d i n g of the helix apparently allows rotational 
motion characterized by correlation times i n the range of 10~5—10~8 s. 
The motional broadening of the 1 3 C - N M R resonance l ine i n the tern-
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Figure 4. 13C-NMR Ί \ relaxation times for PTFE as a function of tem
perature at 1.4 T . 

perature range from 17 to 27 °C has been reported previously (13) and 
also reflects the phase transition. 

The 1 3 C - N M R Tlp relaxation times for P T F E decreased from about 
185 ms at - 1 1 7 °C to 53 ms at 47 °C. In contrast, the 1 9 F - N M R Tt relaxa
tion times for crystalline P T F E change 2 0 - 4 0 fold over the same 
temperature range (16). The smaller change i n the 1 3 C Tlp is probably 
due i n part to the contribution of the spin—spin interactions to the 
rotating frame relaxation process. 
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Conclusion 
Significant information about dynamic processes i n the so l id 

state using variable temperature dipolar decoupled magic angle spin
n ing 1 3 C - N M R can be obtained. The results are i n substantial agree
ment w i t h the results of pulsed 1 9 F - and Ή - N M R relaxation mea
surements. Al though the polypropylene data suggest that relaxation i n 
methyl-containing polymers can be dominated by the methyl protons, 
the use of deuterated methyl groups can overcome this contribution i f 
necessary. Possibly the strong methyl contribution to relaxation may 
be exploited to study intermolecular phenomena such as polymer 
compatibil ity and misc ib i l i ty . Thus , the 1 3 C - N M R technique offers 
the opportunity to study details of dynamic processes that were prev i 
ously intractable using most other techniques. 
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27 
13C-NMR Studies of Nonordered 
Regions of Semicrystalline Polymers 
L. MANDELKERN 
Florida State University, Department of Chemistry and Institute of 
Molecular Biophysics, Tallahassee, FL 32306 

Studies of the 13C-NMR relaxation parameters, under 
conditions of scalar proton decoupling, are shown to be 
an effective method to investigate the properties of the 
noncrystalline regions of semicrystalline polymers. Our 
work in this area will be reviewed. These works include 
the influence of the level of crystallinity and crystalline 
morphology on the spin relaxation time, nuclear Over-
hauser enhancement and resonant line width. The dif
ferent contribution to the line widths in the molten and 
semicrystalline states are assessed by field dependent 
and preliminary magic angle spinning experiments. The 
influence of temperature and crystallinity on the motion 
of branch groups are described. The use of these tech
niques to study transitions already defined by dynamic 
mechanical experiments also is discussed. 

THIS CHAPTER SUMMARIZES 1 3 C-scalar proton-decoupled N M R stud
ies, and their structural implications, that we have carried out. It is pre
sented i n the form of a somewhat expanded long abstract (1). Studies 
of 1 3C-relaxation parameters can be used in the analysis of the segmental 
motions and structure of bulk polymers (2—4). H i g h l y sophisticated 
and fruitful methods have been developed to study glasses and the 
interior structure of the crystalline regions i n polymers (5—8). H o w 
ever, scalar proton decoupl ing also has proven capable of y i e ld ing 
high resolution spectra for amorphous polymers and for the noncrys
tall ine regions of semicrystalline polymers (3, 4). B y employing this 
technique, the influence of the level of crystall inity and crystalline 
morphology (supermolecular structure) on the spin—lattice relaxa
tion time (Ti), the nuclear Overhauser enhancement ( N O E ) and the 
l ine widths (vVz) i n the noncrystalline region can be assessed. A new 
set of techniques can be used to help elucidate the nature of these 
complex structures (9). In addition, the influence of the glass tempera-

0065-2393/83/0203-0463$06.00/0 
© 1983 American Chemical Society 
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464 POLYMER CHARACTERIZATION 
ture on these relaxation parameters and the character of other transi
tions can be studied. In particular, more information about the molec
ular nature of the secondary relaxation transitions i n semicrystalline 
polymers can be expected. The results obtained by this experimental 
method, coordinated and correlated w i th other studies of semicrystal
l ine polymers, are summarized. In the study of semicrystalline poly
mers, w h i c h represents the major endeavor, emphasis is placed on the 
control and characterization of the leve l of crystallinity and the mor
phological form that is developed (10). As described elsewhere, wide 
ranges i n the leve l of crystall inity and quite different morphological 
forms can be achieved by using an extensive set of molecular weights 
and controlled crystallization conditions (J J -13). The main work pre
sented here w i l l be restricted to the scalar decoupl ing technique, w i t h 
some reference to prel iminary studies invo lv ing dipolar decoupl ing 
and magic angle spinning. 

We first consider the influence of crystallinity and crystalline 
morphology, or the supermolecular structure, on Tx for pure (undi
luted) semicrystalline polymers. I f possible, comparison of the Tx va l 
ues for a completely amorphous polymer w i th the same polymer i n the 
semicrystalline state, at the same temperature and pressure is made. 
Because of favorable crystallization kinetics (14), this comparison can 
be made wi th cis-polyisoprene at 0 °C wi th a degree of crystallinity of 
about 0.30 (15). This definitive experiment showed that for each of the 
carbons the T1 values do not change on crystallization (16). 

These experiments were l imi ted to a fixed, relatively low leve l of 
crystallinity. Hence , generalizations should not be made solely from 
these results. However , this conclusion is further enhanced from 
studies w i th l inear and branched polyethylene (4, 10, 17). As i l lus 
trated i n Table I, the value of Tx for both bulk- and solution-
crystallized linear polyethylene at ambient temperature is essentially a 
constant independent of the wide range of crystallinities that can be 
attained (0.51—0.94), the variety of organized supermolecular struc
tures and random lamellae that can be developed i n l inear polyethyl 
ene, and the mode of crystallization. The crystallites formed from d i 
lute solution, w h i c h y i e l d the characteristic platelet habit, y i e l d the 
same T1 for the methylene carbon as a bulk-crystal l ized sample having 
only a degree of crystall inity of 0.50. Because only scalar decoupl ing 
was used i n these experiments, the carbon atoms w i t h i n the crystal do 
not contribute to the motion. Thus , the fast segmental motions that 
determine Tt must be the same i n the noncrystalline regions of both 
types of samples. T h e constancy of Tt must then reflect the same type 
of chain structure i n the noncrystalline regions. This result is obviously 
incompatible w i th the concept that the crystals formed i n dilute solu
tion possess a regularly folded interfacial structure to any significant 
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27. MANDELKERN Nonordered Regions of Semicrystalline Polymers 465 

Table I. 1 3 C - N M R S p i n - L a t t i c e Relaxation Times (ms) for 
B u l k - and Solution-Crystal l ized L inear Polyethylene at 

45 °C and 67.9 M H z 

Degree of Crystallinity T, Morphological Forms 

0.51 
0.72 
0.51 
0.57 
0.68 
0.81 
0.94 

0.80 

B u l k crystall ized 
369 
358 
355 
343 
356 
348 
352 

Solution crystall ized 
370 

random lamellae 
random lamellae 
spherulite 
spherulite 
spherulite 
spherulite 
rod 

platelet 

extent. This conclusion is i n accord with those obtained by other phys-
icochemical measurements (18). The T x values for the backbone car
bons of the branched polyethylene s are independent of the type and 
extent of branching and have the same value as for the l inear poly
mer. Hence , branching does not affect the motion of the methylene 
backbone carbons. 

As shown i n Figure 1, both linear and branched bulk-crystal l ized 
samples, as w e l l as the solution-crystallized polymers, have the same 
temperature dependence and are continuous functions from ambient 
temperature through their respective melt ing temperatures. Thus , for 
the polyethylenes, as for cis-polyisoprene, T x is the same for the com
pletely amorphous polymer and the noncrystalline region of the par
t ial ly crystalline polymer. Similar results are found for polyethylene 
oxide and polytrimethylene oxide, where because of the lower melt
ing temperatures more striking examples are given for the continuity 
of Τχ through the melt (4). The f inding that T x of the noncrystalline 
region is the same as that of the pure melt (under the same condi 
tions) is, therefore, of general validity. We conclude that the segmen
tal motions manifest i n Tx are independent of a l l the structural aspects 
of crystallinity. For semicrystalline polyethylene, the correlation time 
associated w i th these motions is essentially the same as that for the 
interior carbons of the molten n-alkanes (10). 

The influence of the crystallinity parameters on the nuclear 
Overhauser enhancement factor ( N O E F ) has not as yet been studied 
i n great detail . However , some interesting results st i l l remain to be 
exploited. L inear and branched polyethylenes having degrees of 
crystallinity of about 0.50 possess fu l l N O E F values at ambient tem
perature that are the same as that of the pure melt (10, 19). As the 
crystallinity of the l inear polyethylene is increased, the N O E F values 
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466 POLYMER CHARACTERIZATION 

0 40 80 120 160 

T e C 

Figure 1. Plot of NTj vs. Τ at 67.9 MHz for polyethylenes. Key:—, 
average values for bulk-crystallized linear and branched samples (4,9); 
O , crystals formed from dilute solution. (Reproduced with permission 

from Ref. 17. Copyright 1981, John Wiley ù Sons, Inc.) 

are reduced progressively irrespective of the specifics of the crystal
l ine morphology. These l imi ted data suggest that crystallinity in f lu 
ences this parameter. As the temperature is lowered, the fu l l N O E F is 
reduced progress ively and the l i m i t i n g theoret ical value is ap
proached (20). 

In these scalar decoupled experiments, it is appropriate to sepa
rate the discussion of the resonant l ine w id th i n the completely mo l 
ten, or amorphous, state as contrasted w i th the semicrystalline state. 
For the polyethylenes and for polyethylene oxide, the l ine widths 
determined above the melt ing temperature are very dependent on the 
way the sample is prepared (4,10,21). For the same polymer, at a f ie ld 
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27. MANDELKERN Nonordered Regions of Semicrystalline Polymers 467 
strength corresponding to 67.9 M H z , the l ine w id th can vary from 
several hundred Hertz i n some cases, to just a few i n others. The 
sample must be studied i n a continuum form and i n as sol id a geomet
ric shape as possible. Fissures, cracks, and other such types of geomet
ric irregularities and heterogenieties contribute i n a very substantial 
way to the observed resonant lines and lead to erroneous conclusions 
(21). W h e n a proper sample is prepared, consistent results can be 
obtained (21). The Tx and N O E values for polyethylene above its 
melt ing temperature can be described approximately by a single cor
relation time (JO, 21). O n this basis, a relatively narrow resonant l ine , 
of the order of 0.1 H z , w o u l d be expected at a f ie ld strength of 67.9 
M H z . L i n e widths of several Hertz can i n fact be observed, w h i c h is i n 
accord w i th these theoretical expectations when allowance is made for 
possible experimental errors. A consistent set of relaxation parameters 
is obtained from these data. However , the preparation of proper sam
ples becomes more difficult as the molecular weight is increased (21 ) 
so that one can never be sure that the optimum has been achieved, 
w i t h the lowest possible l ine width . This problem of the proper sam
ple preparation for pure, undi luted polymers is a major experimental 
problem and makes difficult any interpretation of the l ine w id th i n 
the molten, completely amorphous state. 

U p o n crystallization, subsequent to cooling, the resonant l ine 
widths of l inear and branched polyethylene and polyethylene oxide 
increase by factors of from 10 to 50 at ambient temperatures at a f ield 
strength corresponding to 67.9 M H z (JO, 2J) . Substantial increases i n 
l ine widths upon crystallization also were reported for the cis- and 
frans-polyisoprenes (J6, 22). The problems described earlier for the 
molten polymer are not nearly as important under these conditions. 
For the polyethylenes, the l ine widths at 30 °C (67.9 M H z ) vary from 
about 400—600 H z i n a very reproducible and systematic manner for 
levels of crystallinity less than 0.85. The l ine widths do not depend on 
the level of crystallinity i n this range but are determined solely by the 
supermolecular structure (4, 21). The lower value of about 400 H z 
corresponds to random lamellae (21 ) irrespective of the leve l of crys
tal l inity, molecular weight, and branching concentration. O n the other 
hand, the broader l ines correspond to a wel l -developed spherulitic 
morphology independent of these factors. O n l y for very high levels of 
crystallinity (of the order of 0.90) is a direct influence of the extent of 
crystallization on the l ine w id th observed. Thus , the 1 3 C resonant l ine 
w id th of the noncrystalline regions is one of the few observable quan
tities probing these structures that is inf luenced by the crystallite 
organization. Therefore, although the more rapid segmental motions 
that contribute to Tx are independent of both the level of crystall inity 
and the supermolecular structure, the motions governing the l ine 
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468 POLYMER CHARACTERIZATION 
width , and thus T 2 , are very dependent on these parameters, w h i c h are 
the pr incipal ones describing the crystallinity of the sample. These 
conclusions also are applicable to polyethylene oxide (4) and appear 
to be general for crystalline polymer systems (23). 

Because the observations just described offer the possibi l ity of 
learning more about the noncrystalline regions, it becomes important 
to identify the major factors that contribute to the resonant l ine width . 
The task of resolving the l ine width into its component parts is not 
simple because several substantial factors potentially could be con
tributing (2, 4, 10, 21, 22). Studies designed to establish these major 
contributors are as yet incomplete, and must obviously involve higher 
power decoupling and magic angle spinning experiments. Several sa
l ient features have evolved, however. The results for a scalar de
coupled magic angle spinning experiment are given i n Figure 2. A 
rapid reduction i n l ine w id th to about 100-150 H z is observed w i t h 
the in i t ia l increase i n spinning frequency. However , at higher spin
ning frequencies, up to at least 4.5 k H z , the l ine width remains con
stant. W h e n the decoupl ing power is increased, under static nonspin-
ning conditions, the l ine w i d t h is reduced by several hundred Hertz 
(24). The low-frequency contributions from the chain motions should 
be removed by this procedure. Magic angle spinning, w i th dipolar 
decoupling, yields very similar results to those plotted i n Figure 2 
(24). The narrowing l ine width can be attributed to the removal, or 
sharp reduction, of the contribution from chemical shift anisotropy. A n 
invariant residual l ine w i d t h of 100-150 H z again is observed. 
Cross-polarization, magic angle spinning experiments y i e ld amor
phous resonances having a similar l ine width (21 ). There appears to be 
a significant, irreducible residual contribution to the amorphous l ine 
width of the semicrystalline polyethylene. By more detailed studies of 
the type outl ined previously, a quantitative decomposition of the 
amorphous l ine w id th should be achieved. 

Proton-decoupled 1 3 C - N M R relaxation studies of polymers can 
y i e l d interesting information w i th respect to both the glass tempera
ture and secondary relaxation processes. We first examine completely 
amorphous polymers where the major transition is glass formation. 
For a l l types of glass-forming substances, the temperature, Tc, at 
w h i c h the backbone carbon resonances collapse, that is, become too 
broad to be resolved, occurs w e l l above the glass temperature of each 
material (25, 26). These data are summarized i n Table II for a variety 
of substances whose glass temperatures are w e l l known and noncon-
troversial. The differences between Tc and Tg range from 30 to 90 °C 
and, except for polyisobutylene, the ratio Tc/Tg (calculated i n Kelvins) 
for the polymers is i n the range 1.2-1.3. This ratio is 1.4 for polyiso
butylene, an experimentally significant difference, which can be given 
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0I I I I I I 
1000 2000 3000 4000 

SPINNING FREQUENCY (HZ) 

Figure 2. Amorphous phase resonant line width as a function of magic 
angle spinning frequency. Scalar decoupled 13C Fourier transform 
NMR spectra obtained at 75.5 MHz for a linear polyethylene sample in 
powder form; degree of crystallinity 0.65; randomly arranged lamellae. 
(Reproduced with permission from Ref. 21. Copyright 1979, John 

Wiley & Sons, Inc.) 

SL molecular interpretation as discussed later. Apparently, because this 
ratio appears to be constant, the temperature at w h i c h the spectra can 
no longer be resolved was identified with another amorphous transition 
previously designated as Ύη (27). However , the existence of such a 
transition was questioned very seriously from a completely different 
point of v iew (28,29). In the present context, the temperature at w h i c h 
a resonance cannot be resolved is related to the l ine w i d t h and thus T2 
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470 POLYMER CHARACTERIZATION 
Table II. Relation Between Class Temperature, Tg, and Temperature 

at Which 1 3 C - N M R Spectra Collapse, T c , at 67.7 M H z 

Substance T g ( °C ) T c / T g 

Isotactic polymethyl methacrylate 110 52 1.18 
Polyisopropyl acrylate 47 - 1 1 1.22 
Poly(n-butyl acrylate) 0 - 5 4 1.25 
Atactic polypropylene 30 - 2 0 1.20 
trans- Polyisopre ne - 2 8 - 5 8 1.14 
cis-Polybutadiene - 6 5 - 1 0 2 1.22 
cis-Polyisoprene - 3 0 - 7 0 1.20 
Poly i s obuty le ne +10 - 7 0 1.42 
P o l y v i n y l acetate 80 32 1.16 
Ethylene —butene copolymer 

(26 m % butene) - 2 0 - 8 0 1.33 
Ethylene -propy lene copolymer 

(63 m % propylene) 18 - 4 7 1.29 
Polyethylene oxide - 3 8 - 7 0 1.16 
Glycero l - 6 - 9 3 1.48 

Source : Refs. 25 a n d 26. 

(spin—spin relaxation time) and therefore, the mean correlation t ime, 
Tc, for segmental motion. 

The values of the correlation times and their temperature depen
dence can be calculated from the measured Tx and N O E values. The 
l ine broadening so that spectra cannot be resolved corresponds for a l l 
cases to correlation times of the order of 10~7s. Simple considerations 
of the l ine width i n terms of T 2 indicate that correlation times of this 
order w i l l correspond to the loss of spectra. Thus, i f the postulated 
transition Tu actually exists, it merely corresponds to a correlation 
time of 10 _ 7 s . 

However , a natural explanation can be given for the fact that r c is 
of the order of 10~7s at a temperature 1.2-1.3 times greater than Tg. 
Plots of the correlation time—temperature data y i e l d curves whose 
shapes, for each polymer, are similar to each other. The curves are 
displaced, however, along the temperature axis i n relation to the re
spective glass temperatures of the polymers. W h e n plotting the * H -
N M R correlation frequency against temperature, M c C a l l (30) noted 
that the curvature observed is characteristic of Wi l l iams — L a n -
d e l - F e r r y ( W L F ) (31) behavior. Nevertheless, no further discussion 
or analysis was made of this point (30). We have noted very similar 
behavior w i th the 1 3 C-corre lat ion t ime-temperature plots (26). A c 
cordingly, we analyzed the data by the W L F theory, taking the known, 
accepted glass temperature as the reference temperature i n their 
equation. The data for the amorphous polymers obey this theory and 
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27 . MANDELKERN Nonordered Regions of Semicrystalline Polymers 4 7 1 

thus offer a natural explanation for the essentially universal ratio of the 
temperature of spectral collapse to the glass temperature. It is not 
necessary to invoke the existence of a new transition to explain this 
ratio. Moreover, for those polymers where data are available, so that a 
direct comparison can be made, the constants, Cx and C 2 , that appear 
i n the W L F theory are the same for both dynamic mechanical and the 
1 3 C - N M R studies. The difference between cis-polyisoprene and 
polyisobutylene, w h i c h have identical glass temperatures, is due to a 
large difference i n their respective values for C 2 . This fact was k n o w n 
for a long time from dynamic mechanical studies (32) and is the reason 
that the spectral collapse occurs at two different temperatures. 

It is tempting to apply the inverse process to obtain the glass 
temperatures of controversial semicrystalline polymers. This proce
dure cannot be carried out w i th the required accuracy because corre
lation time data cannot be obtained at sufficiently l ow temperature 
prior to spectral collapse. However , one can obtain an upper l imi t to 
the glass temperature, w h i c h is helpful i n clarifying the location of the 
transition and the nature of others. For example, high-resolution 1 3 C -
N M R spectra were obtained for l inear polyethylene at temperatures as 
low as - 4 0 °C (25). Based on the correlation described earlier, this 
observation immediately places a conservative upper l imi t on the 
glass temperature of l inear polyethylene. This conclusion is sup
ported by the fact that at this temperature the correlation time is of the 
order of 10~ 7 -10" 8 s , indicating that glass formation must occur at a 
substantially lower temperature. These results rule out the identif ica
t ion of the glass temperature w i t h the /3-transition for at least the l inear 
polymer. They do not al low, however, for a discrimination or selection 
to be made i n the range - 1 5 0 to —90 °C, as suggested by many investi 
gations (33). 

Dynamic mechanical and other methods have established that the 
branched polyethylenes display a defined, very intense /3-transition. 
This transition, i n the v ic in i ty of - 3 0 - 0 °C, is very often identi f ied 
wi th the glass temperature for this class of polymers. F o r several rep
resentative polymers i n this class, resolvable 1 3 C - N M R spectra could 
be obtained virtually coincident with , or only a few degrees above, the 
independently determined /3-transition (20). The correlation time at 
the β-transition is of the order of 10~9s. Both these observations dem
onstrate that for the branched polyethylenes as w e l l , the ^-transition 
cannot be identif ied w i t h the glass temperature, although a w e l l -
defined relaxation clearly exists. The j3-transition is w e l l defined so 
that the underly ing molecular basis for this relaxation st i l l remains to 
be elucidated. 

The examples outl ined i n this chapter illustrate that the scalar 
decoupled relaxation parameters are useful i n describing the seg-
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472 POLYMER CHARACTERIZATION 
mental motions i n amorphous polymers and i n the noncrystalline re
gions of semicrystalline polymers. These parameters are also particu
larly helpful i n understanding secondary transitions and plac ing 
upper limits on the glass temperature. They can be further exploited 
w h e n chemically different carbons can be studied. Complementary 
studies involv ing dipolar decoupl ing and magic angle spinning, 
w h i c h w i l l al low for probing of the crystalline regions, w i l l enable a 
better understanding to be developed for the molecular basis of these 
transitions. 
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28 
13C-NMR Spectra of Cross-Linked 
Poly(styrene-co-chloromethylstyrene) Gels 

WARREN T. FORD 1 and T. BALAKRISΗΝAN2 

Oklahoma State University, Department of Chemistry, 
Stillwater, OK 74078 

13C-NMR spin lattice relaxation times, line widths, nu
clear Overhauser effects (NOE), and relative signal 
areas at 25.2 MHz in CDCl3 at 30 °C were measured for 
copolymers of styrene with 25 wt % chloromethylsty-
renes cross-linked with 0-10% divinylbenzene (DVB). 
As cross-linking increases, T1 is almost invariant, line 
widths increase markedly, NOE ratios decrease signifi
cantly, the aliphatic signal area decreases markedly, and 
the aromatic signal area remains constant up to 6% 
cross-linker and decreases with 10% cross-linker. The re
sults are discussed in terms of distributions of correla
tion times for polymer motions. 

SOLUTIONS OF POLYSTYRENE have been investigated extensively by 
dynamic Ή - and 1 3 C - N M R spectroscopy to characterize rotational 
motions of the polymer chains. Relaxation times ΤΊ and T 2 and nuclear 
Overhauser enhancement ( N O E ) factors of 1 3 C require models wi th 
broad distributions of correlation times to fit the data (1—6). So l id 
polystyrene also has been investigated by 1 3 C - N M R spectroscopy by 
using cross-polarization (CP) and magic angle spinning (MAS) to f ind 
rotating frame correlation times (r l p ) , C P relaxation times ( r C H ) , and 
N O E values that also are interpreted as due to broad distributions of 
motional frequencies (7, 8). We report here 1 3 C - N M R relaxation mea
surements on styrene copolymer gels that are insoluble because of 
d iv inylbenzene (DVB) cross-l inking, but are highly swol len by C D C 1 3 

to give motional freedom more l ike that of l iquids than that of solids. 
In previous 1 3 C - N M R investigations of polymer gels, h igh resolution 
spectra were obtained i n good solvents without recourse to C P , dipo-

1 To whom correspondence should be addressed. 
2 On leave, 1980-81, from University of Madras, India. 

0065-2393/83/0203-0475$06.00/0 
© 1983 American Chemical Society 
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476 POLYMER CHARACTERIZATION 
lar decoupling, and M A S (9-11). Doskoci lova and co-workers (12-14) 
performed M A S 1 H - and 1 3 C - N M R experiments on a solvent-swollen 
cross-l inked polystyrene and interpreted the spectra i n terms of nar
row l ine width signals, typical of polymers i n solution, superposed on 
dipolar broadened signals, typical of glassy polymers. 

Cross- l inked polystyrenes commonly are used as polymeric sup
ports for synthesis and catalysis, i on exchange resins, and size exclu
sion chromatography co lumn packings. Interest i n polymer-supported 
synthesis and catalysis prompted us to study the motional behavior of 
the cross-linked styrene-chloromethylstyrene copolymer gels we had 
prepared for catalyst supports. These samples cover a range of cross-
l i n k i n g from 0.5 to 10% by weight divinylbenzene ( D V B ) . The results 
are the first systematic data on how degree of cross-l inking of gels 
affects their 1 3 C - N M R spectra. 

Experimental 
A l l 1 3 C - N M R spectra were obtained with a Varian XL-100(15) spec

trometer equipped with a Nicolet T T - 1 0 0 P F T unit at 25.2 M H z and ambient 
temperature (ca. 30 °C) under conventional high resolution conditions. De
tails of sample preparation and spectral conditions are published else
where (15). 

Results 
A l l copolymers examined contained 25 w t % chloromethylsty

rene, styrene, and 0 - 1 0 % D V B . Spectra were obtained as C D C 1 3 solu
tions or C D C l 3 - s w o l l e n gels. Chloroform is an excellent solvent for 
the copolymers, g iv ing the largest volume expansion and the narrow
est 1 3 C - N M R l ine widths of any solvent we have found. 

The l ine widths at half-height i n spectra of copolymer solutions 
(Table I) do not depend on concentration up to 25 wt%. The broader 
lines i n spectra of cross-l inked polymers are due to the cross-links, not 
to viscosity changes, as can be seen by a comparison of the data on the 
25% solution wi th the data on the 4% cross-linked gel . Cross - l inking 
increases the breadth of the aromatic region of the spectra dramat
ical ly as the ortho-, meta-, and para-carbon resonances merge into a 
single broad band that even overlaps wi th the ipso-carbon resonance 
at ^ 4 % cross-l inking. Al iphat ic carbon signals also become broader as 
cross-l inking increases unt i l w i th 10% cross-linker no distinct peaks 
for the backbone methine and chloromethyl carbon atoms can be seen. 
The aliphatic band appears to broaden less than the aromatic band as 
cross-l inking increases, but the aliphatic signal area decreases 
markedly as cross-l inking increases. 

Data for T1 and N O E ratios are i n Table II . As cross-l inking i n 
creases, there is an apparent m i n i m u m i n Tt of the aromatic carbon 
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28 . FORD AND BALAKRISHNAN Cross-Linked Polystyrene Gels 

Table I. L i n e Widths i n 1 3 C - N M R Spectra of Cross -L inked 
Styrene/Chloromethylstyrenes i n C D C 1 3 

Sample, 
Wt% 

Polymer Line width, Hz 
%DVB in CDCl3

a 

o, m Ρ Methine CH2Cl 

0 (soluble) 10 20.5 14 15 8 
0 19 21.5 15 15 8 
0 25 21 15 15.5 9 
0.5 11 25.5 20 14 9 
1.0 10 40 6 16 11.5 
2.0 17 95 b 22.5 15.5 
4.0 26 180 36 15 
6.0 30 240 65 34 

10.0 33 470 6 6 

a W t % p o l y m e r i n solvent -swol len beads e x c l u d i n g solvent i n interstitial spaces. 
b C o u l d not be measured. 

atoms at 4% DVB, but the largest and smallest Tx values i n the series 
are almost w i th in experimental error of one another. The aliphatic 
carbon Tx values and the chloromethyl carbon Tt values decrease 
slightly as the degree of cross-l inking increases. Previous reports of 
polystyrene 1 3 C Τ χ values show a small solvent dependence wi th the 
longest Τχ values i n the least viscous solvents (16-23). Our T x values 
for soluble copolymers i n C D C 1 3 agree w i th in 10% wi th earlier data 
on polystyrene solutions i n low viscosity solvents at 3 0 - 4 0 °C when 
spectrometer frequency differences are taken into account. The N O E 
ratios i n Table II for the soluble polymers agree w i th literature values 
at 3 0 - 4 0 °C for atactic polystyrene and for r ing-methyl derivatives of 

Table II. 1 3 C Tt and N O E Values of Cross -L inked 
Styrene/Chloromethylstyrenes i n C D C 1 3 

Sample, 
T,, ms a NOE Ratio" 

Sample, 
Aliphatic %DVB o, m ρ CH CH2 CH2Cl Aromatic Aliphatic 

0 123 106 97 65 141 2.14 2.25 
1.0 112 102 93 50 155 2.10 2.25 
2.0 100 100 72 56 132 1.57 1.94 
4.0 93 73 51 104 1.58 1.85 
6.0 113 78 72 110 1.40 1.88 

10.0 c C C c 1.55 1.92 
a E s t i m a t e d error limits are ± 1 0 % or ± 1 0 ms, w h i c h e v e r is greater. 
b Signal area fully c o u p l e d + signal area gated d e c o u p l e d . E s t i m a t e d error limits 

are ± 0 . 2 . 
c N o t determined . 
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478 POLYMER CHARACTERIZATION 
polystyrene to ±0.1 (17-23). The N O E ratios decrease as cross-
l i n k i n g increases, and the decrease is greater for the aromatic signals 
than for the aliphatic signals. 

Peak areas per carbon atom for the aliphatic and aromatic reso
nances i n gated decoupled spectra are compared wi th the peak area 
per carbon atom of a polyethylene glycol ( P E G ) internal standard i n 
Table III . Some of the gated decoupled spectra are i n Figure 1. The 
aromat i c /PEG area ratio is effectively 1.0 for samples wi th up to 6% 
cross-l inking, but the a l i p h a t i c / P E G and aliphatic/aromatic area ratios 
decrease as cross- l inking increases to 6%. Both aromatic and aliphatic 
peak areas are reduced at 10% cross-l inking. The results were con
f irmed for some samples by comparisons of peak areas i n ful ly coupled 
spectra. Agreement between the gated decoupled and ful ly coupled 
aliphatic/aromatic area ratios is remarkably good. 

The Τι, l ine w i d t h , and N O E data for soluble polystyrenes cannot 
be explained by a single rotational correlation time (r c) for motion of 
backbone carbon atoms, or by two correlation times for aromatic car
bon atoms due to polymer backbone motion and to l iberation of the 
aromatic rings (1—6). Neither can the cross-l inked polystyrene 1 3 C 
relaxation data be explained by a single rc. Several methods are avai l 
able for calculation of distributions of correlation times i n soluble 
polymers (1 - 6 ) , but we choose not to apply them and to discuss our 
results only qualitatively because none of the measurements truly 
represent the entire sample. This point w i l l be elaborated on later. 

As cross- l inking increases, Tt values of backbone and aromatic 1 3 C 
nucle i change l i tt le , l ine widths increase greatly, and N O E ratios de
crease significantly. Cross - l inking causes low frequency motions i n 
the polymer that affect T 2 and N O E processes but have l itt le effect on 
T j (7). The small decreases i n Tx of the — C H 2 C 1 group as cross-l inking 
increases indicate that those Tx values are on the motional narrowing 
side of the m i n i m u m value of Tl9 attained at rc ~ 5 x 10" 9 s i n a 
2 5 . 2 - M H z 1 3 C experiment. The internal rotational motion of the 
- C H 2 C 1 group makes its T x longer than that of any other protonated 
carbon atom i n the polymer i n a l l samples. 

The l ine widths i n a 1 3 C - N M R spectrum of sol id polystyrene ob
tained w i th dipolar decoupl ing and M A S (24) may be compared wi th 
the l ine widths i n the spectrum of a cross-linked styrene copolymer 
gel . In the former case (Figure 5 of Reference 24), the aromatic and 
aliphatic l ine widths are about 300 and 900 H z , yet i n the most nearly 
comparable spectrum i n our work, that of the 6% cross-l inked polymer 
i n F igure 1, the aromatic l ine w id th is 240 H z wi th an additional broad 
shoulder on its l ow f ie ld side, but the methine and C H 2 C 1 signals i n 
the aliphatic region st i l l clearly are seen and are only 65 and 28 H z 
wide . I f we assume that the l ine widths i n the spectrum of so l id 
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480 POLYMER CHARACTERIZATION 
200 16Q 120 PPm 80 40 
ι — 1 1 1 1 1 1 τ ι " 

6% DVB 

Figure 1. Gated decoupled 13C-NMR spectra of polystyrenes containing 
25 wt % chloromethylstyrenes and 0—6% DVB. Spectra of cross-linked 
samples were taken with a 10-s delay between acquisitions and contain 
PEG as internal standard. The CDCl3 and PEG peaks have been trun
cated. The spectrum of soluble polymer was taken with a 1.0-s delay 
between acquisitions, and the sample contains no PEG. Peak assign
ments are aromatic Cly 145.3 ppm; aromatic C2356, 127.9 ppm; aromatic 
C4,125.8 ppm; CH2Cl, 46.4 ppm; backbone methylene, 40—47 ppm; and 

backbone methine, 40.4 ppm. 

polystyrene are due strictly to T 2 processes (all dipolar couplings and 
chemical shift anisotropies were removed), then comparison wi th 
spectra of cross-l inked gels indicates that cross-l inking l imits the aro
matic r ing motions that affect aromatic 1 3 C T2 values more than it l imits 
backbone motions responsible for T 2 values of a l l 1 3 C nucle i . That 
assumption seems unreasonable. A better explanation for the relative 
differences i n l ine widths between the spectra of so l id polystyrene 
and of polystyrene gels is that M A S fai led to remove a l l of the dipolar 
broadening i n the aliphatic region of the spectrum of the sol id. 
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28. FORD AND BALAKRISHNAN Cross-Linked Polystyrene Gels 
481 

A 1 5 - M H z C P / M A S spectrum 3 of our 10% cross-linked copolymer 
as a dry sol id has l ine widths of about 500 H z for the protonated 
aromatic 1 3 C peak and for the aliphatic 1 3 C peak wi th 2600-Hz spin
ning. The broader aromatic yet narrower aliphatic l ine widths i n the 
spectrum of the cross-l inked polymer, compared w i t h that of polysty
rene i n Reference 21, also suggest that 2 - K H z M A S failed to remove 
al l of the dipolar broadening i n the aliphatic region of polystyrene i n 
the pioneering experiments of Schaefer (24). 

The most remarkable effect of cross-l inking on 1 3 C - N M R spectra 
of the styrene copolymer gels is the decrease i n signal area of the 
aliphatic resonances relative to both the internal standard and the 
aromatic signal area. The same effect occurs i n gated decoupled 
spectra that have a pulse repetition time of 11.5 s and i n completely 
coupled spectra that have a pulse repetition time of 0.75 or 1.5 s. 
Therefore, the signal area losses cannot be due to large increases i n Τ χ 
of part of the aliphatic carbon atoms. The relaxation time Τ χ increases 
w i th correlation time when r c > 10 8 s. Previous investigations of f i 
brous proteins (25) and of hydrophil ic polymer gels (JO) also found de
creased intensity or absence of some signals i n 1 3 C - N M R spectra. The 
most l ike ly explanation for the disparity i n signal areas is that cross-
l i n k i n g l imits motion of some of the backbone carbon nucle i so that 
they are dipolar coupled, and the resulting broad signals are not dis
tinguishable from base l ine i n our spectra. Effectively, the aliphatic/ 
P E G and aromat i c /PEG signal area ratios indicate the fractions of 
aliphatic and aromatic carbon atoms that undergo reorientation at a 
frequency >10 6 s" 1. L o w frequency motions (<10 6 s"1) are present i n 
the backbones of a l l of the cross-l inked polymers. The aromatic car
bons maintain rapid reorientation up to a 6% leve l of cross-l inking, but 
lose signal area wi th 10% cross-l inking. The aromatic carbons can 
maintain rapid reorientation at higher cross-l inking than can the 
aliphatic carbons because they have an oscillatory motion about the 
sp2—sp3 single bond available to them that the aliphatic carbon atoms 
lack. This motion is effective i n relaxing C 2 3 5 6 of the aromatic r ing but 
not C x and C 4 . Proof for its effect i n Τ χ processes can be seen i n the 7\ 
data i n Table II and i n 1 3 C Tt data on polystyrene i n the literature 
(16-23), i n w h i c h C 2 3 5 6 consistently have about a 10% longer value Τ χ 

than does C 4 . 
The loss of theoretical signal areas w i th increased cross-l inking 

calls attention to other difficulties i n interpretation of N M R relaxation 
data on polymers. The carbon atoms giv ing rise to a particular spectral 
band are structurally heterogeneous due to differences i n primary 
stereochemical sequences and to the many local conformations avai l -

3 O b t a i n e d b y D . O ' D o n n e l l , P h i l l i p s P e t r o l e u m C o . 
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482 POLYMER CHARACTERIZATION 
able to the polymer chains. In the cross-l inked styrene copolymers, far 
greater heterogeneity is found than i n homopolymers because seven 
different monomers (styrene, m-chloromethylstyrene, p-chlorometh-
ylstyrene, m-divinylbenzene, p-divinylbenzene, m-ethylstyrene, and 
p-ethylstyrene) are incorporated into the network, and branches i n the 
network may restrict motional freedom of atoms several bonds away 
from the branch points. The Tx values i n Table II and most other poly
mer 1 3 C Tl values i n the literature are based on peak intensities at the 
maxima of broad spectral bands. These intensities are due to weighed 
averages of a l l of the different carbon nuc le i g iving an N M R signal at 
the frequency of the band maximum. Those carbon nuc le i having the 
narrowest natural l ine width contribute most to the intensity at the 
maximum, and those having the greatest l ine width contribute least. 
Dipo lar coupled carbon nuc le i contribute not at a l l . A l l polymer Tx 

values measured by peak intensities necessarily weight most heavily 
the fastest relaxing carbon atoms. We calculated some Tx values using 
integrated signal areas instead of intensities at peak maxima, but the 
results d i d not change. T h e parameter Tx is insensitive to low fre
quency motions, and is insensitive to rotational correlation times i n 
the experiments of Table II . 

Measurements of T 2 suffer from similar difficulties. I f the spectral 
bands are broad, the contribution from field inhomogeneities, T 2 * , to 
the observed l ine width is small . The 1 3 C nuc le i causing the signal are 
structurally heterogeneous. Sometimes, ind iv idua l l ines can be re
solved for different stereochemical sequences, as i n the aromatic Q 
and backbone methylene signals of polystyrene, but w h e n the disper
sion of chemical shifts is not great enough to al low resolution, as i n the 
backbone methine signal of polystyrene, one cannot te l l how much of 
the l ine width at half-height is due to natural T 2 and how much is due 
to structural heterogeneity. Another problem wi th the use of l ine 
widths to measure T 2 is that they also tend to weight more heavily the 
carbon atoms having the narrower natural l ine widths. Carbon nucle i 
that have longer rotational correlation times give wider bands that 
contribute less to intensity between the frequencies where intensity 
is half of its maximum value (I = i m a x / 2 ) . 

I f Τ2 was measured by a mult ipulse method, such as the 
Carr—Purce l l method or one of its improved versions, and peak inten
sities were used for the T 2 calculation, the results w o u l d be biased i n 
favor of the fastest relaxing nuc le i . E v e n T 2 values calculated from 
integrated signal areas are not true averages i f some of the nucle i are 
dipolar coupled and are not counted i n the integrals. N O E mea
surements, w h i c h normally employ integrated signal areas rather than 
peak intensities, also weight the faster relaxing nucle i more heavily i f 
dipolar coupl ing causes some of the nuc le i not to be counted i n the 
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integrals. We conclude that no method can be found to measure re
laxation times of heterogeneous polymers, i n w h i c h some signal is lost 
by dipolar coupl ing, that does not bias the measurement i n favor of the 
faster relaxing nuc le i . 

E v e n though representative values of T\, Γ 2 , and N O E i n the 
cross-linked styrene copolymer gels cannot be obtained, the results 
st i l l enable a qualitative description of the distributions of motions. 
The signal areas smaller than theory indicate clearly that a fraction of 
the 1 3 C nucle i are dipolar coupled and have motions that are aniso
tropic over time periods of ~10~ 6 s. The fraction of such nuc le i i n the 
polymer backbone increases as cross-l inking increases. The loss of 
signal area is significant i n the aromatic band only w i th 10% cross-
l ink ing . In the spectrum of the 10% cross-linked sample, 80% of the 
aliphatic signal and 58% of the aromatic signal are so broadened that 
they cannot be dist inguished from base l ine . Increasing l ine widths 
and decreasing N O E ratios also indicate that the distributions of cor
relation times shift to longer values as the degree of cross-l inking 
increases. 
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29 
Probing the Real Structure 
of Chain Molecules 
by Vibrational Spectroscopy 
GIUSEPPE ZERBI 
Istituto Chimica Industriale, Politecnico, Piazza L. Da Vinci, 32, 
Milan, Italy 

The field of vibrational spectroscopy and molecular 
dynamics is presented and discussed with a review of 
the basic concepts and results of the more recent tech
niques developed. Emphasis is placed on the possi
bilities vibrational spectroscopy offers for providing 
detailed qualitative and quantitative information on 
polymer structure, in particular, its use to detect disor
der in polymeric materials. The advantages vibrational 
spectroscopy offers over other physical techniques are 
mentioned. The motions of the CH2 group are dealt with 
primarily. Examples are given of the usefulness of defect 
calculations for structural analysis. Measurement of the 
chain length of ordered chains now becomes possible. By 
selectively deuterating one end of the molecule and by 
using end-group resonance modes together with CD2 gap 
modes, the structural evolution of both ends and tail of a 
hydrocarbon chain can be followed. Various aspects 
of vibrational spectroscopy, for example, factor group 
splitting and the effect of Fermi resonances on Raman 
spectra are discussed. The state-of-the-art interpretation 
of the Raman spectrum of polymethylene chains in the 
all trans structure is given. Specific phenomena such as 
the physical transport of matter across crystal bound
aries during annealing of polymer solids can be studied. 

HEMISTS WHO NEED to characterize a given polymer sample or 
w ish to probe the structure of a polymeric material are asked generally 
to use a l l the physical or physicochemical techniques presently avai l 
able that may help i n their endeavor. E a c h technique has advantages 
and disadvantages because it may provide very detailed information 

0065-2393/83/0203-0487$ 12.25/0 
© 1983 American Chemical Society 
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4 8 8 POLYMER CHARACTERIZATION 
for some samples i n a physical condition, yet it may be useless for 
other kinds of samples i n a different physical state. Often, l imitations 
and advantages are discussed i n terms of a technical vocabulary w i t h 
w h i c h the specialists assume everyone is familiar. Thus , a barrier 
often is bui l t between the community that develops methods and 
those who may use such methods. 

The purpose of this chapter is to focus on the f ie ld of vibrational 
spectroscopy and molecular dynamics of polymers and to try to b u i l d a 
bridge between specialists and users. We purposely shall avoid 
lengthy mathematical developments and w i l l make an effort to pre
sent and discuss the basic concepts and results of the recent tech
niques that have been developed i n the f ie ld of vibrational spectros
copy. We hope our efforts may be of help i n the structural characteri
zation of polymeric materials. 

This study w i l l emphasize the possibilities vibrational spectros
copy offers for the understanding of the structure of real polymers. 
The word " r e a l " describes the polymeric materials as they actually are 
prepared i n a university or industrial laboratory and w h i c h may con
tain structural as w e l l as chemical disorder directly connected w i t h 
the chemical or physical treatments that were used during their prepa
ration. Obviously , the reality of a polymeric material as described by a 
given technique depends on the capability of a given technique to go 
from overall information to deeper and deeper detail on the molec
ular scale. 

We wish here to (1) analyze how far vibrational spectroscopy and 
molecular dynamics can go at present i n providing detailed qualita
tive and quantitative structural information on polymers; and (2) 
illustrate when and how vibrational spectroscopy can be of help i n 
structural analysis when and where other physical techniques fai l . 

Infinite Perfect Polymers 
Polymers as One-Dimens ional Crystals. The vibrational anal

ysis of polymer molecules considered as objects w i t h perfect struc
tures has been discussed elsewhere (I - 5 ) . We shall point out only 
a few aspects later i n this chapter w h e n deal ing w i t h polymers 
w i t h nonperfect structures. 

Le t us assume that during the synthesis of the polymer: 

1. The chemical reaction performs the desired poly
merization w i th 100% y ie ld , and the l i n k i n g of the 
chemical units i n the polymer chain (head-to-tail, etc.) 
occurs without mistakes. 

2. I f a stereospecific polymerization is taking place, it 
yields a polymer w i t h perfect tacticity. 

3. The intramolecular a tom-atom interactions i n such a 
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29. Z E R B i Vibrational Spectroscopy 489 

chemically perfect molecule generate a min imum-en
ergy structure that corresponds to a perfectly regular 
chain w i t h a given overall shape (planar zig-zag, he l i ca l , 
etc.). 

4. The polymer chains pack w i th a perfect order i n a 
tridimensional lattice. At present, problems of chain 
folding i n single crystals, and other problems are ne
glected intentionally. 

Because intramolecular forces and couplings i n organic mole
cules are much stronger than intermolecular forces, the whole v ibra
tional spectroscopy of polymers first considered the polymer molecule 
as prepared i n Steps 1 through 3 just l isted. The decision to study first 
the polymer molecule as a single chain i n an empty space is justif ied 
because the intermolecular interactions that occur when the molecule 
is embedded i n a tr idimensional lattice are very weak and act as small 
perturbations on the normal vibrations of the isolated chain where 
covalent bonding is strongly making up the whole structure. 

Such a structurally perfect, infinite, and isolated polymer chain 
is cal led a one-dimensional crystal. Indeed, i f an operation of roto-
translation or screw motion Κ(0,δ) (where θ is a rotation about the 
chain axis and δ is a translation along the same axis) is appl ied to 
the starting chemical repeating unit, we generate an infinite one-
dimensional crystal i n w h i c h a one-dimensional unit c e l l w i t h repeat 
distance d can be located. The one-dimensional unit c e l l may contain 
η chemical units organized i n a helix w i th m turns. 

Geometrical relationships among the structural parameters 0, δ, 
and d were fully discussed by structural chemists (6). According to the 
values of θ and δ, we may f ind that the one-dimensional crystal is a 
planar zig-zag chain ( θ = π, δ = d/2, polyethylene) or a slightly twisted 
helix (0 « 247Γ/15, polytetrafluoroethylene) or a highly twisted hel ix 
(e.g., 0 = π/2, δ = d/2, orthorhombic polyoxymethylene; 0 = 2ττ/3, δ = 
d/3, isotactic polypropylene). 

The chemical repeat unit may not coincide w i t h the crystallo-
graphic repeat unit even i n the one-dimensional crystal. The simplest 
example is single-chain polyethylene, w h i c h consists of a planar z ig 
zag chain (point group Dm) i n w h i c h the single C H 2 unit is the chemi
cal repeat unit, and the one-dimensional crystallographic repeat unit 
is made up of two C H 2 groups i n trans conformation. A more complex 
case is that of hexagonal polyoxymethylene, whose one-dimensional 
crystallographic repeat unit contains nine chemical units co i led i n a 
chain wi th five turns. 

The vibrational analysis of a perfect polymer chain considered as 
a one-dimensional crystal has to account for the very large number of 
vibrations that occur i n such a system. For an isolated molecule, i f Ν is 
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490 POLYMER CHARACTERIZATION 
the number of atoms then 3 N — 6 degrees of vibrational freedom or 
normal modes must be described. Analogously, for an infinite polymer 
chain, an infinite number of normal modes that occur simultaneously 
must be accounted for. As i n a small finite molecule, the overall v ibra
tional motion of the polymer chain can be described as the superposi
t ion of an infinite number of normal modes. The fact that the observed 
IR and Raman spectra are generally very simple suggests that very few 
of these innumerous normal modes contribute to the absorption of IR 
l ight or to the Raman scattering process, even i f physical ly a l l the 
other modes do exist and perform their duties i n making the whole 
molecule vibrate and i n he lp ing to determine several physical prop
erties (7). 

Well -established theories of molecular dynamics (8) show that i f 
the assumption that atoms vibrate i n a harmonic potential is made, the 
equation of motion can be solved ending w i t h the solution of an 
eigenvalue equation: 

The vibrational coordinates chosen to set up Equat ion 1 are the tradi
tional vibrational internal displacement coordinates (8). 

In Equat ion 1, the matrix G contains a l l the information on the 
geometry of the molecule and the mass of the atoms, F contains the 
information on the intramolecular potential i n the harmonic approxi
mation, and A is a diagonal matrix g iv ing the vibrational fre
quencies kK. 

The solution of the secular determinant 

provides the vibrational frequencies ^ ( c m - 1 ) = [\K/(47r2c2)]112 (where c 
is the speed of light) and f inally, w i th some more calculations, one can 
determine the vibrational displacements, LK

t, of each atom, thus be ing 
able to know the shape of each of the 3 N — 6 normal vibrations (8). 

The solution of Equations 1 or 2 requires knowledge of the geom
etry of the molecule and of the vibrational potential. Al though the 
geometrical parameters may be derived from other experiments, the 
vibrational force f ie ld is derived from the analysis of the vibrational 
spectra of similar molecules (9, 10). However , a discussion on this 
important point is outside the scope of this study. The reader is re
ferred to the relevant literature on molecular potentials (8-11) for 
der iv ing a critical evaluation of the rel iabi l i ty of the various intramo
lecular potentials proposed i n the literature. As a working hypothesis, 
we assume for the time being that for polymers the vibrational poten-

G F L = L A (1) 

\G F - Ε Λ| = 0 (2) 
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t ial is known to such an extent as to al low reliable calculations to be 
performed (9, 12-15). 

For the calculation of the vibrational normal modes, QKy of a 
polymer chain, one must be able to treat the vibrations of an infinite 
one-dimensional crystal that can generate an infinite number of nor
mal modes. L e t Ν be the number of atoms i n the chemical repeat unit 
and Ρ the number of units, Ρ be ing very large. 

To make mathematics more directly understandable, the physics 
of the phenomenon of the vibrations of an infinite polymer chain are 
examined briefly. Tak ing the nine normal vibrations of the — C H 2 -
unit (three masses, nine vibrational degrees of freedom), let us focus 
on the C H 2 symmetric stretching mode, vs (CH 2 ) . I f a long chain of C H 2 

units is constructed w i t h a wel l -def ined and translationally regular 
geometry of the chain, by exciting the vs (GH 2 ) mode of the first unit 
such a motion is transmitted to the next C H 2 and to the next one, and 
so on along the chain (16). B y imposing a certain phase relationship, φ, 
between the vibrational displacements of the first unit w i th respect to 
the nearest neighbor and then to the second nearest one and so on, a 
cooperative normal mode, Q CH2S? is established throughout the whole 
chain. Such a mode is a standing wave-l ike mode w i t h wavelength λ = 
2(p/j)d (where j = CV/2 . . . P" 1 ) during which al l atoms move around 
their equ i l ibr ium position w i t h the same frequency, ν(φ), such as i n 
any normal mode of a small molecule (2, 3). The main variable i n this 
problem is the phase difference, φ, between neighboring units; φ can 
take any value from 0 to 2π. The corresponding frequencies, ^CH 2 S W > 
of the C H 2 symmetric stretching mode, taken before as an example, 
w i l l vary smoothly depending on the intramolecular coupl ing be
tween oscillators. Such a coupl ing is described again by the G and F 
matrices as for small molecules. The plot of ν vs. φ collects the infinite 
normal modes of vs (CH 2 ) into a curve called a dispersion curve. 

Because nine degrees of vibrational freedom exist for the single 
C H 2 group, i n a similar manner nine dispersion curves w i l l be con
structed throughout the same range of values of φ. 

The actual calculation of the dispersion curves can be made by 
using an eigenvalue equation similar to that of Equat ion 1, where each 
of the quantities now becomes phase dependent, that is, they become 
modulated by the phase factor φ (14-17). 

G (φ) F (φ) L (φ) - L (φ) Λ (φ) (3) 

In this case 
s s 

G (φ) = G 0 + Σ G* e*** + Σ & e-** (4a) 
S S 

F (φ) = F" + Σ Ρ e** + Σ Ρ ^ (4b) 
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492 POLYMER CHARACTERIZATION 
i n Equations 4a and 4b, matrices G° and F° correspond to those of the 
isolated — C H 2 — unit, and Gs and Fs describe the interactions of each 
C H 2 w i th its neighbor s units away on both sides. 

Dispersion curves were calculated for several one-dimensional 
perfect polymer chains (14,15,18,19) and they provided basic infor
mation on the coupl ing of intramolecular vibrations. In turn, the ex
perimental knowledge of the dispersion curves provides the informa
tion necessary for the precise definition of the intramolecular me
chanics of these types of molecules. 1 

In Equations 4a and 4b, the index, s, accounts for the distance of 
intramolecular interactions between chemical repeating units. The 
precise knowledge of s so far has been neglected generally because 
for most of the covalent simple and classical polymers considered, s 
does not extend further than the second nearest neighbor (12). Th is 
phenomenon means that the intramolecular interatomic interactions 
for most of the atoms organized i n a network of covalent bonds do not 
extend too far, but fal l off very quickly , as expected. Th is behavior is 
not the case w i th more recently prepared organic polymers, such as 
polyacetylene, that become conducting or semiconducting w h e n suit
ably doped wi th different substances. 

Experiments show that the derea l i za t i on of the 7r-electrons i n 
these systems extends very far along the chain and that small pertur
bations at one site of the chain are felt at large distances further along 
the molecule. For practical reasons, both spectroscopy (21 -24) and 
quantum mechanics (25) i n their calculations must truncate their i n 
teractions at some value of s. For these systems, the actual extent of 
interaction is not yet known; its knowledge should be very relevant to 
the understanding of the electrical properties of these systems and to 
the related materials i n physics and biology. 

To be more precise i n the definition of the dispersion curves 
for a one-dimensional crystal (2), one can state that i f Ν is the n u m 
ber of atoms per chemical repeat unit, 3N roots of the secular deter
minant are calculated for each value of φ using Equat ion 3. T h e n , 3N 
branches can be drawn i n the dispersion curve when plotted as a 
function of the phase shift. T w o of these branches tend to ν = 0 c m - 1 

when φ tends to 0. Depend ing on the geometry of the polymer chain, 
one of these branches may again reach ν = 0 for — π < φ < π. The 
dispersion curves are periodic functions of φ w i th period 2π. Hence , it 
is only necessary to consider the dispersion curves i n the interval —π 
< φ < π. 

Approximately half of these solutions are enough and are plotted 

' E x p e r i m e n t a l d i s p e r s i o n curves general ly are d e r i v e d from neutron scattering 
experiments ; discussion o f this technique is outside the scope of this study. 
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generally i n the interval 0 < φ < π (14,15,18). The two branches i n 
the dispersion relation that reach zero at φ = 0 are cal led acoustical 
branches because at φ = 0 they describe a r ig id motion of the chain 
w i th the center of mass of the unit ce l l moving i n phase w i th a l l the 
others. 

F o r the normal modes (generally cal led phonons) along the 3N -
2 optical branches, the center of mass remains undisplaced for a l l 
values of φ, inc lud ing φ = 0. The origin of the name "opt ica l branch
es" is because some phonons may interact w i t h the electromagnetic 
wave thus absorbing and/or scattering l ight of proper frequency. 

Once the infinite normal frequencies (phonon frequencies) of the 
one-dimensional crystal are organized along the many branches of the 
dispersion relation, one must f ind w h i c h of these phonons interact 
w i th an electromagnetic f ie ld thus absorbing IR light or scattering 
vis ible l ight i n Raman experiments. Selection rules were worked out 
(16) and state that i f θ is the angle wi th w h i c h units are rotated i n the 
generation of the whole chain by the screw motion Β.(θ,δ), then the 
normal modes w i t h phase difference φ = 0 and φ = θ are IR-active; 
motions wi th φ =0,9, and 20 are Raman-active. U s i n g the language of 
solid-state physics, normal modes corresponding to φ = 0 , 0, and 2Θ i n 
the most classical cases possess wave vector k = 0 i n reciprocal space, 
(k = φ/d). For brevity, these normal modes w i l l be cal led "fc = 0 
phonons." 

I f a stretch-oriented sample is examined wi th polarized IR light, 
phonons w i th φ = 0 have a transition moment paral lel to the drawing 
direction that generally coincides w i th the chain direction. Phonons 
w i th φ = θ show a transition moment generally perpendicular to the 
chain axis (1 -2). Normal ly by extrusion or by stretching, molecular 
chains are oriented predominantly parallel to the chain axis but are 
oriented randomly i n a plane orthogonal to the chain axis. F u l l or ien
tation along the three crystallographic planes for IR studies only has 
been achieved on samples of syndiotactic polypropylene (26). 

A ful ly tr idimensionally oriented specimen of single crystal mats 
of polyethylene w i th a very small mosaic spread was reported (27), but 
this f inding has not been repeated by others. 

Oriented specimens as extruded rods also were examined by 
Raman spectroscopy i n different scattering geometries (28-30). B y 
using these experimental techniques, detailed experimental informa
tion on the symmetry species of the spectroscopically active phonons 
can be obtained. The classification into symmetry species makes pos
sible an improvement i n the matching between frequencies predicted 
by theories and those observed i n actual experiments. 

IR and Raman experiments and calculations have been performed 
by numerous investigators i n the last twenty years on many polymeric 
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494 POLYMER CHARACTERIZATION 

π 
Figure 1. Dispersion curves of single-chain polyethylene in the 1500— 
0-cm~* range, calculated with the force field of Ref 88. Spectro
scopic activity for k = 0 modes (φ = 0, π) is indicated. Direction of 
transition moments for IR-active modes in a stretch-oriented sample 
are given. The symbols \\ andljrnean transition moments parallel and 
perpendicular to the stretching directions, respectively. Key: O , IR; 

and •, Raman. 

systems considered to be perfect, one-dimensional crystals. Ca l cu la 
tions and experiments were improved along wi th the technological 
development of computers and of IR and Raman spectrometers (2, 31 ) 
(Figure 1). 

A comment on the relevance of such types of studies i n polymer 
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29. Z E R B i Vibrational Spectroscopy 495 

science seems appropriate. In particular, we wou ld l ike to examine 
briefly the types of information derived from the study of the v ibra
tional spectra of polymers as perfect, one-dimensional crystals and 
compare them w i t h the information derived from other physical tech
niques. We neglect i n this discussion the relevance of these kinds of 
studies to the special ized basic field of molecular and crystal dynam
ics but w i l l analyze their relevance for polymer chemists. 

The first observation of practical importance is that theories of 
polymer dynamics provided the way to interpret i n detail the ob
served spectra of polymers that otherwise could not be interpreted i n 
terms of the we l l -known spectroscopic correlations (32,33). Indeed, as 
seen before, the few spectroscopically active phonons along the dis
persion branches may occur i n spectral regions that are away from 
those predicted by spectral correlations. The i r frequencies depend on 
the extent of intramolecular couplings, w h i c h are, i n turn, related to 
the geometrical shape of the polymer chain. 

Hence , those spectroscopically active phonons generate bands i n 
IR and/or Raman spectra that are very characteristic of a polymer chain 
co i led i n a specific conformational structure, w h i c h is supposed to 
extend for a considerable length i n space. 

The IR and/or Raman bands observed thus provide direct infor
mation that the chain has taken up a conformationally regular struc
ture i n space (one-dimensional translation periodicity) (34) as gener
ated by a rototranslational operator w i t h wel l -def ined values for 0 and 
δ. The so-called bands due to k = 0 phonons that appear i n the spec
trum on careful slow solidification from melt or crystallization from 
solution are cal led "regularity bands" (34) because they refer to a 
specific operator R(0,o). In addit ion, k = 0 modes of stretch-oriented 
samples can provide symmetry species and, possibly, information on δ 
and 0, hence, on the shape of the molecule. O n melt ing, these bands 
disappear almost completely because most of the conformational reg
ularity collapses (34, 35). If some weak bands st i l l remain, it means 
that sections of chains i n the melt (or solution) are st i l l he l ica l w i th the 
same R(0, δ) st i l l operating on a short range (36). Determination of the 
length of short regular segments i n a l i q u i d polymer (or i n solution) is 
st i l l under investigation. 

O n melt ing or dissolving, Step 3 i n the formation of the polymer 
is removed and the spectrum of a substance formed during Steps 1 and 
2 remains. This spectrum provides information on chemical and 
stereochemical structure. In such a case, classical spectroscopic cor
relation tables again may be of help. A fu l l analysis of this problem has 
been carried out recently for two samples of isotactic and syndiotactic 
polypropylene i n the melt and sol id state (30, 37). 

The use of regularity bands (or k = 0 modes) for a quick determi-
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4 9 6 POLYMER CHARACTERIZATION 
nation of the geometry of a polymer chain i n the one-dimensional state 
is not straightforward and easy. The choice of a model that w i l l be 
consistent w i t h the observed spectra must be based on a careful com
parison of experiments and calculations that use carefully selected 
vibrational potentials. x-Ray diffraction studies provided more de
tai led information on the structure of many polymers (31). In a few 
cases, however, the shape of the molecular chain first was determined 
from vibrational studies (38). 

The polymorphic form of po lyvinyl idene fluoride was detected 
by IR spectroscopy, and the shapes of the two modifications first were 
determined from IR spectra (39). The most recent example of the 
application of IR spectroscopy to the structural studies of polymers is 
that of polyacetylene either i n the cis or trans form. The structures of 
both modifications were determined entirely from IR and Raman 
studies (40); however, x-ray diffraction data are hindered greatly by 
the unusual nature of the sample. 

Although x-rays may be used to measure interatomic distances 
more easily, vibrational spectroscopy finds shapes of molecules that 
are consistent w i th the experimental spectrum. Calculations of normal 
modes may come later based on some assumed geometry. I f the over
a l l shape of the molecule has a certain evidence, refinement of force 
f ie ld and geometrical parameters to fit the experimental spectrum may 
provide somewhat better geometrical parameters. 

Polymers i n Three Dimensions . Step 4 i n the b u i l d i n g of the per
fect polymer material consists of packing the molecular chains into a 
tridimensional lattice. W h e n organic molecules crystallize, the v ibra
tional spectrum shows new bands i n the IR or Raman spectra that are 
related directly to the arrangements of the molecules i n the crystal. 
The considerations previously made for one-dimensional crystals 
must now be extended to three dimensions. 

Tr id imensional periodicity is reached by minimizat ion of inter
molecular interactions, and the molecules w i l l adjust to form the crystal 
generating a tr idimensional pattern that can be described by its sym
metry properties i n space and by the number of molecules i n the 
repeating unit ce l l . Polymer molecules, by controlled experiments, 
can crystallize i n tr idimensional networks thus adding to the already 
discussed one-dimensional periodicity along the chain and the per i 
odicity across chains. 

The vibrational motions propagating along the chain w i l l then be 
perturbed slightly by the weak intermolecular forces and new vibra
tions (phonons) w i l l be generated transverse to the chain axis, w i th 
molecules bouncing or s l id ing r ig idly against each other. Dispers ion 
curves st i l l can be calculated for phonons propagating w i t h i n the 
crystal along a l l possible directions (2, 41). 
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29 . Z E R B i Vibrational Spectroscopy 4 9 7 

Again , only a few phonons w i l l be spectroscopically active ac
cording to the symmetry of the crystals and according to the number of 
molecules i n the tr idimensional crystallographic unit ce l l . The con
cepts developed for small molecules ful ly apply to crystalline poly
mers (Figure 2). L e t k = 0 modes of the one-dimensional crystal be 
considered, i n a first approximation, internal modes of the molecule. 

Because of intermolecular (interchain) coupling, each internal 
mode splits into multiplets, w i t h the maximum degree of mult ip l i c i ty 
being equal to the number of chains per unit ce l l . The symmetry of the 
crystal may reduce the mult ip l i c i ty of the corresponding bands ob
served i n the spectra either because some transitions may be sym
metry forbidden or because vibrations may be degenerate (42, 43). 
Such a splitting is generally cal led "factor group spl i t t ing , " w i th the 
extent of splitting be ing due to the strength of the intermolecular 
interactions (43). These intermolecular interactions are different for 
different normal modes because the extent of interaction depends on 
the vibrational amplitude for each normal mode. The larger the am
plitude (atoms move nearer to each other), the larger the splitting. 
Because intermolecular forces are weak, splittings w i l l be generally 
small and, for the reasons just mentioned, may be unobserved for 
many normal modes that do not br ing atoms of one chain i n close 
contact w i th atoms of the neighboring chains. 2 " E x t e r n a l modes," 
owing to the motions of the r ig id chains (or quasi-rigid chains) one 
against the other, give rise to external lattice modes that occur i n the 
very low frequency region of the spectrum (42, 43). 

Because the concept of factor group splitting is of great help i n 
understanding the physical properties of polymethylene chains (dis
cussed later), a description of the same phenomenon from another 
viewpoint is given. 

If two energy levels of proper symmetry and described by the 
corresponding wavefunctions accidentally coincide or occur very near 
i n energy, the wavefunctions may mix and the levels may repel each 
other. The extent of repulsion depends on the extent of mix ing of the 
starting wavefunctions. The extent of mix ing (hence of the splitting) 
slowly decreases and disappears when energies no longer match and 
move away from each other. Factor group splitting originates from 
precisely this situation. 

The vibrational energy leve l for a given normal mode for one 
isolated molecule (natural frequency) coincides i n energy w i th that of 
the neighboring unit(s) i n the unit ce l l . I f symmetry allows, repulsion 
takes place and a doublet (or multiplet) occurs. The coupl ing of the 

2 A s an example , i n crystall ine orthorhombic polyethylene , only C H 2 b e n d i n g a n d 
rocking show a nonnegl ig ib le splitt ing (—25 c m - 1 ) . 
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4 9 8 POLYMER CHARACTERIZATION 

SINGLE CHAIN 

B3u 

B2u 

Biu 

ORTHORHOMBIC CRYSTAL 

(+) Bau 

(+) B2u 

(-) B 3 u 

(+) Bju 

. " - Λ ν ( i n a c t i v e ) 

(+) Ag 

Figure 2. Scheme for factor group splitting in poluethylene. Key: top, 
IR; and bottom, Raman spectra. (See Refs. 28 and 29 for definition 

of reference axes.) 
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2 9 . z E R B i Vibrational Spectroscopy 4 9 9 

levels is related to the dynamical coupl ing (F and G matrices of E q u a 
tion 3) w i th in the crystal. 

One of the ways to check whether an observed splitting originates 
from intermolecular interactions i n crystals is to look at the spectra of 
mixed crystals of isotopic species. General ly , mixed crystals of hydro-
genated and deuterated materials were studied because they are more 
easily available (42, 43). Thus , by isotopic d i lut ion preparation of 
crystals is possible i n w h i c h the molecule under study can become a 
guest i n a lattice of the isotopic derivative. 

The interatomic potential i n isotopic derivatives is the same as 
that of the parent molecule (44); hence, changes i n frequencies are 
related only to changes of the masses of the atoms (G matrix of E q u a 
t ion 1). For the isotopically d i luted molecule, a given energy leve l 
(natural frequency) of the guest molecule does not match w i th that of 
the molecules i n the host lattice and thus remains unperturbed. A 
single band w i l l then appear somewhere i n the midd le of the ob
served doublet (or multiplet) , its intensity being proportional to the 
amount of isolated guests i n the host lattice. At very large di lutions, 
the doublet (multiplet) disappears because only isolated islands i n the 
host lattice exist. The method of isotopic d i lut ion has been used 
w ide ly i n solid-state vibrational spectroscopy of simple organic 
molecules (42, 43) and has received a great deal of attention i n recent 
years i n the f ie ld of polymers, mainly by K r i m m and coworkers 
(45, 46). The concept of guest and host molecules w i l l be taken up 
again later i n a somewhat different context. 

In the f ie ld of polymer spectroscopy, factor group splitting and 
external lattice modes are of particular importance for the determina
tion of the crystallinity of a polymer sample. The determination of the 
crystallinity of polymers has been reviewed extensively, and a re-
analysis of the problem is outside the scope of this work (2, 34). 

The only important aspect is that vibrational spectroscopy allows 
the differentiation between one-dimensional and tr idimensional or
der. In fact, k = 0 modes from an isolated chain (i.e., regularity 
bands) inform us that the polymer chain has co i led up i n a given 
conformation. W h e n regularity bands split into a mult iplet and, possi
b ly , lattice modes are observed (crystallinity bands), we are informed 
that a tr idimensional periodicity has been formed. The concept of 
regularity and crystallinity bands is not new (34), but it seems not yet 
w e l l accepted i n practical polymer chemistry and physics where often 
regularity bands st i l l are used to study and measure crystallinity. A 
particular feature of the sol id state of a polymeric material has to be 
pointed out. Researchers report (47) that by suitable thermal treat
ments polymer solids do not immediately pack i n tr idimensional lat
tices but may form aggregates of polymer chains w i th one-dimen-
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500 POLYMER CHARACTERIZATION 
sional longitudinal order but w i t h no lateral periodicity. This phase 
generally has been named "smect ic . " According to the previous dis
cussion, the spectrum of the smectic form of a polymer clearly w i l l 
only show regularity bands whi le crystallinity bands w i l l not occur. 
B y proper annealing of the material, chains move inside the crystal 
and adjust to form a tr idimensional arrangement. At this stage, crystal
l in i ty bands (factor group splitting and lattice modes) w i l l occur. 

Experimental ly , for most of the polymers studied, regularity bands 
have been observed. A textbook case for vibrational spectroscopy of 
polymers is that of isotactic polypropylene (Figure 3). For such a 
polymer, Steps 1 through 4 i n the formation of the polymer can be 
fol lowed separately. Tacticity bands are observed for the spectrum i n 
melt and solution and al low for differentiation between the syn-
diotactic derivative (37). 

The co i l ing of the chain i n a three-fold hel ix isolated from the 
neighboring chain is fo l lowed by observing the appearance of regu
larity bands when a l i q u i d sample is quenched into the smectic form 
(47). Factor group splittings testifying to the formation of an ordered 
tridimensional arrangement recently were observed i n IR and Raman 
spectra after suitable annealing of the smectic sample (48) (Figure 3). 

Disordered Polymers 
The vibrational structural analysis of polymers, when considered 

as an infinite and perfect system, showed quick ly its weakness be
cause a l l polymers i n their real structure contain a large amount of 
matter i n a state of disorder. A n understanding of the erroneously 
cal led "amorphous" bands then becomes essential. E v e n single crys
tals of polymers contain an intrinsic disorder because the very long 
molecular chain has to fold back and forth to crystallize (7). Whatever 
may be the type of folding (49), a conformational disorder certainly 
must be considered because the molecule i n a single crystal is differ
ent from the regular one generated by the operation R(0,3). This sym
metry operation st i l l acts i n the region of the crystallites where chains 
can st i l l be considered as one-dimensional crystals. 

As discussed previously (50-54) , a l l four steps (1 through 4) i n the 
make-up of a polymeric material generally fail i n performing their 
duties. In reference to the four steps discussed earlier, the conse
quences of a nonideal polymerization are the fol lowing: 

1. Inversion of type of l i n k i n g occurs. 
2. Stereoregularity is affected. 
3. Conformational disorder is introduced. 
4. Stacking faults, dislocations, etc., easily occur. 
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502 POLYMER CHARACTERIZATION 
Numerous studies of these types of errors were reported using differ
ent physicochemical techniques. 

The purpose of this chapter is to br ing to the attention of polymer 
chemists those aspects of vibrational spectroscopy that may be useful 
i n the qualitative and quantitative study of the disorder i n polymeric 
materials. 

The main goal of the researchers i n the f ie ld of vibrational spec
troscopy is to develop vibrational spectroscopy i n such a way as to 
provide information that other techniques cannot give. Indeed, com
petition, for example, w i th N M R spectroscopy i n the study of stereo-
regularity of polymers i n solution is unnecessary. Qui ck , inexpensive, 
and very detailed qualitative and quantitative information is pro
v ided by N M R spectroscopy on polymer tacticity and type of l i n k i n g 
when polymers are dissolved i n a suitable solvent. T h e study of a 
polymer i n the sol id state by N M R may not be so quick and inexpen
sive even wi th the most recent developments (55). 

Analogously, x-ray and neutron diffraction techniques on solids 
provide overall information that must be interpreted by suitable mo
lecular model ing (49). These techniques, however, do not provide 
direct signals that arise from specific atomic groups i n a specific 
structure (49). 

O f more importance is the study of the detailed conformation of a 
polymeric material, especially i n the sol id state. In this case, the con
tributions from N M R , x-ray, and/or neutron scattering are not as spe
cific. Therefore, we w ish to show here that vibrational spectroscopy 
can provide detailed information on a much smaller molecular scale. 

Finite Chains: Determination of Chain Length. A l l models that 
try to describe the reality of a sol id polymer consider the existence of 
segments of supposedly perfect chains and domains of disordered 
material. Domains of disordered material may be of different type, but 
generally one may conceive the existence (1) of disordered sections 
that interrupt regular chains; and (2) of domains where disordered 
matter surrounds crystallites w i th ordered structure (7). 

Ordered polymer chains are interrupted by small or large sections 
of disordered material. The question we w ish to answer is how to 
measure the chain length of the ordered chains. Recent studies of 
Raman spectroscopy have opened the way to determining the exis
tence of such finite chains and to measuring their length either i n the 
sol id or i n the l i q u i d phase. 

The original idea by M i z u s h i m a and Shimanouchi (56), fo l lowed 
by the pioneering work of Shimanouchi et al . (57) on the low fre
quency "accordion mot ion" of finite molecular chains, opened up a 
new f ie ld of Raman spectroscopy. The simplest case of polymeth-
ylene chains that comprise a l l normal hydrocarbons w i t h increasing 
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29 . z E R B i Vibrational Spectroscopy 5 0 3 

length and that end w i th polyethylene w i l l be considered first. The 
second to the last acoustical branch (ω 5) i n the dispersion curve of 
single-chain polyethylene (14,15, 58) refers to the normal modes that 
are related to the cooperative stretching of the C — C bonds and the 
bending of the C C C angles. For finite chains of various lengths, the 
normal mode w i t h only one node located i n the middle of the chain 
produces the lowest frequency ly ing on this branch (Figure 4). The 
plot of the corresponding eigenvectors shows that this mode is just 
that of an accordion that extends and compresses the molecule along 
the chain axis leaving its center unshifted. It is then a totally symmet
ric Raman-active mode. 

I f the model of the additivity of bond polarizabil it ies is accepted 
(59, 60), the sum of the contributions from each C - C bond predicts 
that the change i n polarizabil ity, hence the Raman intensity, must be 
very large. This prediction is experimentally veri f ied (57, 58). Indeed, 
for polymethylene chains such a low-frequency mode scatters l ight 
more than any other normal mode. 

Because the slope of the acoustical branch is directly related to 
the longitudinal elastic coefficient of the system, Shimanouchi (58) 
compares the normal hydrocarbon chain to an elastic rod, w i th Young's 
modulus E, uniform density p, and length L . The frequency of the 
longitudinal acoustic mode ( L A M ) is then related to its length by the 
fo l lowing relationship: 

The observation of such a strong Raman l ine at low frequencies for 
polymethylene chains allows the direct determination of their length, 
L, once reasonable values for Ε and ρ are assumed. Such a discovery 
has made L A M spectroscopy a very powerful tool for the determina
tion of chain lengths i n molecules or polymers of polymethylene. 

Comparison between chain lengths from L A M spectroscopy and 
small angle x-ray or neutron scattering allows the measurement of the 
angle of tilt of the molecular chains wi th respect to the lamella surface 
i n single crystals (61 ). The direct use of the straightforward formula by 
Shimanouchi provided important information i n morphological stud
ies of polyethylene (62, 63). Moreover, study of the profile of the 
Raman l ine made possible the determination of the chain-length dis
tribution i n samples of polyethylene (64). 

The extension of Shimanouchi 's method from η-hydrocarbons to 
polyethylene implies that the disordered matter at both ends of the 
perfect stems i n polyethylene crystals does not affect both frequencies 
and intensities of the L A M mode. This problem is not yet ful ly solved. 
Polymethylene chains may be terminated by different kinds of atomic 
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Figure 4. Lower frequency ω5 dispersion branch of single-chain poly
ethylene and location of LAM modes for n-alkanes (from Ref. 57). Each 
point is labeled with two numbers: the first refers to the number of 
carbon atoms in the chain, the second to the order of the LAM mode. 

(Reproduced with permission from Ref. 57. Copyright 1967.) 
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groups for w h i c h mass and conformation may be relevant i n the per
turbation of L A M modes. For sol id polyethylene or l i q u i d or amor
phous substances w i th a polymethylene residue, conformational i r 
regularities at both ends may again perturb the L A M mode. 

F o l l o w i n g the in i t ia l idea of Strobl (65), K r i m m and coworkers 
(66-68) considered the problem of the L A M mode of an elastic rod 
whose ends were perturbed symmetrically by masses and/or forces. 
The effect of conformational disorder on a realistic molecular model 
was first considered by Zerb i et al . (69) who showed that the intro
duction of conformational defects at the end of the polymethylene 
chain introduces a transversal component i n the longitudinal motion, 
thus affecting frequencies and intensities. Consequently, more than 
one normal mode i n the low-frequency region acquires character of 
L A M thus giving intensities to other modes ly ing nearby. This issue 
has been restated and expanded by Snyder et al . who actually calcu
lated the intensity of L A M modes i n l i q u i d n-alkanes and determined 
the concentrations of rotamers i n the same l i q u i d compounds (70). 

The problem of the perturbation by the end-groups is not yet 
completely solved because the contribution of mass and force constant 
defect at the ends of polymethylene chains are not understood fully. 
Rabolt discussed long-chain alcohols (71) and recently M i n o n i and 
Zerb i (72-74) discussed, i n a more general way, fatty acids and the 
case where molecules j o in at both ends w i th some sort of bond, such 
as i n phospholipids and membranes. L A M spectroscopy mainly has 
been restricted to n-alkanes because these systems are easier to han
dle. However , L A M modes were observed for isotatic polypropylene 
(75) and polyoxymethylene (76). The theory of L A M of hel ical poly
mers st i l l , however, is undeveloped. 

Conformational Disorder 
General Concepts. The discussion primari ly w i l l focus on the 

possibil ity of detecting the conformational disorder i n a polymer chain 
using vibrational spectroscopy. Use of the spectrum implies detailed 
knowledge, as far as possible, of the extent to w h i c h the introduction 
of some k ind of conformational disorder perturbs the normal vibrations 
of the polymer. The first duty is then to discuss the dynamics of con-
formationally disordered chains and then to predict, i f possible, the 
observations expected i n the IR and/or Raman spectrum. 

Just the same concepts, however, can be appl ied to the study o f 
chemical (77), stereospecific (78, 79), and mass defects (80). As stated 
earlier, however, chemical and stereospecific defects are studied 
more easily by N M R methods because these two structural character
istics of the polymer chain also are maintained i n solution, thus mak
ing N M R an easier and cheaper method of analysis. IR and Raman 
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5 0 6 POLYMER CHARACTERIZATION 
spectroscopy again become very useful when polymers cannot be dis
solved, thus making N M R analysis less effective. Mass defects are 
particularly interesting when hydrogen atoms are replaced by deu
terium atoms i n a preassigned way and site i n the molecule. (This 
case w i l l be treated i n detail later.) 

F r o m a theoretical v iewpoint , several investigators tackled the 
various problems and tried to calculate the shape of the normal modes 
and the vibrational frequencies of conformationally disordered poly
mers. Several kinds of conformational disorder are possible, such as 
the existence of a few well-characterized kinks (jogs, folds, etc.) (7) 
embedded i n a host lattice of translationally regular polymer chain or 
instead, a distribution of conformational disorder w i th varying geom
etry, concentration, and distribution along the chain (7). 

The discussion that follows again w i l l center on the simplest case 
of polymethylene chains that comprises a large class of compounds 
that has been the subject of extensive research (81). Attempts to ex
tend such kinds of studies to other polymers are st i l l few and very 
tentative. We first w i l l consider a few, well - isolated conformational 
defects i n a host lattice of translationally regular one-dimensional 
crystals. 

Typ ica l kinks such as G(T)nG' or GGTGG (where G and Τ refer to 
gauche and trans, respectively), for example, are energetically l ike ly 
to occur i n a polymer (82). The former introduces only a local distor
t ion i n the chain, and i f η is odd, the trajectory of the chain continues 
to be straight i n the same direction as before, w i t h the chain only l y ing 
on a different, but paral lel , plane. The latter defect describes the 
trajectory for a tight fold re-entry of the polyethylene chain along the 
[200] crystallographic plane. 

The perturbations by these kinds of conformational distortions i n 
an otherwise regular one-dimensional lattice were treated mainly i n 
the fo l lowing ways: 

1. By numerical techniques (50 -54, 78 -80, 83 -85). 
2. By application of Green's function techniques (86, 87). 
3. B y studying the spectra of short model compounds (88). 

Details of the techniques are discussed i n various special ized articles 
and were reviewed recently (81). 

We feel that the numerical technique is best suited for treating 
realistic cases of real polymers that may contain different types of 
disorder wi th any type of distribution and concentration. Our efforts 
were made along these l ines and we shall report here on the basic 
concepts of these studies. A very long, one-dimensional lattice that 
happens to host a defect consisting of a few well-characterized con
formational defects w i l l be considered. E a c h defect has its own natu-
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2 9 . Z E R B i Vibrational Spectroscopy 5 0 7 

ral frequency (or frequencies). I f such frequency (ies) happen to occur 
w i th in the band of frequencies of the host lattice (i.e., they occur 
w i th in the frequency band spanned by the dispersion curves of the 
perfect, one-dimensional crystal) strong or weak coupl ing w i t h the 
other modes may occur, w i t h large or small perturbations of frequen
cies and displacements. E a c h type of vibrational mode thus formed is 
cal led a"resonance mode" and the corresponding frequency is cal led 
a "resonance frequency" because the proper frequency of the defect is 
resonating wi th those of the perfect lattice that l ie nearby i n energy. 
The resulting atomic displacements of the defect almost may be 
washed out by the phonons of the host lattice (Figures 5a and 5b) thus 
introducing a very small perturbation or may instead generate normal 
modes i n w h i c h the atomic displacements mostly are clustered around 
the defect, leaving the motions of the neighboring unit almost unper
turbed. Resonance modes (or in-band modes) then can be d ist in 
guished from quasi- localized, or pseudoresonance modes. T h e i r oc
currence i n the spectrum depends on the intrinsic spectroscopic 
intensity associated w i th these normal modes. The problem of the 
intensities i n IR and Raman spectroscopy w i l l be dealt w i t h i n detail 
later. I f the proper or natural frequency of the defect occurs i n an en
ergy region of the spectrum where no other modes l ie nearby w i th 
w h i c h to couple, the vibrational mode of the defect cannot be trans
mitted by the lattice, and its displacements are damped immediately. 

Phonon mode 
a 

Resonance mode 
b 

Gap mode 
c 

Figure 5. Examples of resonance and gap modes in a one-dimensional 
lattice modeling a simple, single-chain polymer. Displacements are 
orthogonal to the chain axis, but the phonon propagates along the axis. 
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5 0 8 POLYMER CHARACTERIZATION 
It then follows that the mode is highly local ized at the defect 

(Figure 5c), and the natural frequency is not changed greatly from the 
hypothetical case of an isolated state. In such a case, one deals w i t h a 
gap mode or an out-of-band mode because the frequency occurs either 
i n the gap between two dispersion curves i n the dispersion relation or 
above the first dispersion curve of the perfect host lattice. 

These concepts are not new because they are derived from sol id-
state physics (89). The only difference is that solid-state physics gen
erally has dealt w i t h very simple types of impurities that could be 
treated easily. Organic polymers instead usually contain defects w i th 
each one contributing many characteristic frequencies, and the n u m 
ber and distribution of defects may be such that nonnegligible dynam
ical perturbations and coupl ing between defects may occur through
out the host lattice. 

For this reason, we think that the understanding of real polymers 
requires the use of a numerical method that is capable of treating 
realistic cases making analytical methods elegant, but unusable. In 
deed, the chemical reality of a polymer must be kept without intro
ducing into the calculations chemical ly and physical ly unacceptable 
simplifications. F o r this reason, we bel ieve that the method of the 
negative eigenvalue theorem ( N E T ) proposed by Dean (90) and heav
i l y used by our group is best suited for the study of the spectra 
and structure of disordered polymers. Details of the method are dis
cussed elsewhere (52, 53). 

N E T just solves secular equations of very large sizes, thus al low
ing treatment of disordered polymers as very large molecules. B a 
sically, the same secular equation as i n Equat ion 2 is solved. The 
extent of intradefect or interdefect coupl ing is just determined by the 
shape of the defect and the masses of the atoms ( G matrix), and by the 
intramolecular potential (F matrix). The shape of the normal modes 
(hence the extent of localization on the defect) is judged after calcula
tion of the vibrational displacements, w h i c h can be made by suitable 
numerical methods (91, 92). 

Deta i led Conformational Information. We report here a few 
detailed examples of frequencies due to specific conformational de
fects i n a frans-polymethylene chain. This information may be of gen
eral use for a l l molecules that contain polymethylene residues. RESONANCE MODES. G G defects: CH2 wagging. The simplest 
case of a defect mode that occurs w i th in the frequency band spanned 
by the wagging motions of the trans host lattice, but w h i c h shows a 
highly local ized character, is the C H 2 wagging motion of the C H 2 

group isolated between two GG structures. The localization can be 
understood by the fact that the GG structure introduces a strong de
formation of the polymethylene chain thus decoupling the wagging of 
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29. Z E R B i Vibrational Spectroscopy 509 

the trans sections from the one local ized on the defect. This mode 
represents the typical case of a pseudolocalized mode generated 
mostly by molecular geometry. These cases are considered as typical 
situations of organic solid-state physics. The frequency calculated 
w i th the force f ie ld (88) is at 1359 c m " 1 . 

G T G defects: CH2 wagging. This defect introduces two wagging 
modes because two C H 2 groups are jo ined by a bond i n trans confor
mation and are decoupled partly from the host lattice by gauche con
formations. The intradefect coupling generates out- and in-phase modes 
calculated near 1375 and 1309 c m - 1 , respectively. The calculated va l 
ues depend slightly on the force f ie ld used (93). Based on the force 
f ie ld used by Snyder (88), their values are calculated at 1375 and 1309 
c m - 1 , respectively when the defect is embedded i n a long trans lat
tice. 

G G T G G defects: CH2 wagging. This defect, as already men
tioned, is the one that may exist on the surface of the single crystal of 
polyethylene i f the chain re-enters i n the crystal w i t h a tight fold 
re-entry along the [200] crystallographic plane (7,49). Z e r b i et a l . have 
tried to predict where this defect, i f it exists, may absorb i n the IR or 
scatter i n the Raman. These modes may help eventually i n the study 
of the structure of the surface of single crystal polyethylene w h i c h is, 
at present, a matter of strong debate (49). 

Calculations were made and several characteristic resonance 
modes were described. In the C H 2 wagging region, the calculated 
modes are practically those calculated for the GG and GTG defects 
when combined i n the GGTGG defect by taking the sum and differ
ences (symmetry combinations) w i th respect to the local two-fold axis 
crossing the C - C bond (94). 

Other resonance modes for such a defect were calculated i n other 
regions of the spectrum, but they were not as characteristic, w i t h the 
exception of the C H 2 rocking, w h i c h w i l l be discussed i n the next 
section. 

The experimental test of the calculated numbers of this section 
can only be made i f one studies a molecular system that is known for 
certain, from other independent techniques, to contain the desired 
defects r ig id ly he ld by the structure of the molecule. x-Ray diffraction 
work demonstrated that the cycl ic molecule C 3 4 H 6 8 contains two 
GGTGG defects j o in ing two trans planar sections (95). The IR spec
trum shows absorption bands just near where calculations predict the 
wagging modes of the GGTGG defect to occur. 

Frequency matching, however, may not be such good physical 
evidence because polymer molecules generally are so complicated 
that a band can be found i n the spectrum wherever one wishes. A p p l i 
cation of recent theories to the prediction of IR intensities has pro-
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5 1 0 POLYMER CHARACTERIZATION 
vided the prediction of an intensity pattern i n very good agreement 
w i th the observed one (96) thus giving more selective information and 
adding more faith i n these kinds of calculations. 

GAP MODES. CH2 rocking. According to the previous discus
sion, gap modes occur i n a frequency region of the spectrum where no 
other vibrational modes of the perfect host lattice occur. Conforma
tional and configurational gap modes were calculated and observed by 
Rubcic et a l . for configurationally and conformationally disordered 
po lyv iny l chloride i n the frequency gap below the C C I stretching 
(77-79). This calculation was performed to help understand the com
plex spectrum i n this frequency range, w h i c h has been the subject of 
great interest among various groups. 

Because this chapter deals mainly w i th the motions of C H 2 

groups, the typical gap mode calculated when a head-to-head defect is 
introduced i n a po lyv iny l chloride single chain w i l l be mentioned. 
W h e n the sequence - C H 2 - C H 2 - between two heavy boundaries 
occurs i n a molecule, a rocking mode is calculated near 850 c m - 1 (77). 
This information, however, is not new, because the study of copoly
mers of ethylene and propylene already empir ical ly showed the exis
tence of an absorption owing to such a group (97). 

G G T G G defects: CH2 rocking. More interesting for structural 
diagnosis are the somewhat complex vibrational motions that can be 
described primari ly as C H 2 rocking of several C H 2 groups on and near 
the GGTGG mode. Such a vibrational mode is calculated to occur at 
714 c m - 1 , just below the l imi t ing k = 0 of the C H 2 rocking mode of the 
a l l trans sequence, i n the gap between C H 2 rocking and C - C bending 
branches (ω 9 and ω 5 ) , respectively (94). This mode was observed i n the 
spectrum of the cycl ic hydrocarbon C 3 4 H 6 8 mentioned earlier for the 
C H 2 wagging modes (94). 

As an example of the usefulness of defect calculations for struc
tural diagnosis, we quote the case of such cycl ic molecules. The s i 
multaneous occurrence of the resonance C H 2 wagging modes near 
1350 c m - 1 and of the gap mode near 714 c m - 1 reportedly could be 
taken as a strong indication of a GGTGG defect (94). The i r relative 
intensity should depend on the number of C H 2 groups i n the trans 
planar host lattice. This fact was verified for a group of cyclic paraffins (98). 

C D 2 Rocking Modes as Probes for the L o c a l Conformation of 
Polymethylene Chains . The pr inc iple of the technique may be ex
pla ined as follows. I f i n a polymethylene chain one C H 2 is replaced by 
a C D 2 group, the C D 2 rocking mode occurs near 620 c m - 1 i n the gap 
between the C H 2 rocking and the top of the ω 5 branch. Calculations 
show that the motion is h ighly local ized on the C D 2 and that the 
vibration extends slightly only to the nearest C H 2 group on both sides. 
Moreover, this mode is strongly conformation dependent. 
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29. Z E R B i Vibrational Spectroscopy 511 

The first calculation and application of this concept were pre
sented by Snyder (99), who tr ied to understand the structure of par
t ia l ly deuterated polyethylene. We repeated the calculation for long 
hydrocarbon chains (100) and long-chain fatty acids (72—74) where 
C D 2 groups were selectively located at different sites along the 
polymethylene chain. 

Calculations show that the C D 2 rocking frequency strongly de
pends on the conformation about the C - C bond to w h i c h it is attached 
on both sides. Table I shows the results of calculations for n -
nonadecane where the C D 2 group has been placed i n posit ion C-2 
(thus label ing the head of the molecule) and i n position C-10 (thus 
label ing the middle of the molecule. 

F o r - C D 2 - , — C D 2 — , and - C D 2 - , frequencies are predicted 
to occur near 620, 650, and 670 c m - 1 , respectively where no other ab
sorption occurs. Observations on n-nonadecane ful ly support the 
theoretical predictions (100). The G G structure was not observed be
cause of its small population, according to the rotational isomeric state 
model . 

U s i n g these labels, the evolution of the conformation of the ends 
and of the inner part of the n-nonadecane molecule could then be 
fol lowed from the sol id state through phase transition and melt ing. A 

Table I. Calculated C D 2 Rocking Gap Frequencies for a 
Polymethylene Molecule as a Function of Local Conformation 

Used as Markers for Conformational Mapping 
of Polymethylene Chains 

Chain Frequency (cm 1) 

{ - C H 2 - C H 2 - C D 2 - C H 3 } 
Τ Τ 
G Τ 
Τ G 

615 
658 
658 

{ - C H 2 - C H 2 - C D 2 - C H 2 - C H 2 - } 
Τ (Τ Τ) Τ 
G (Τ Τ) Τ 
G (Τ Τ) G 
G' (Τ Τ) G' 

- 6 1 5 

Τ 
G 
G 
G ' 

(Τ G) 
(Τ G) 
(Τ G) 
(Τ G) 

Τ 
Τ 
G 
Τ 

- 6 5 0 

Τ 
Τ 
G 

(G G) 
(G G) 
(G G) 

T 
G 
G 

- 6 7 7 
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5 1 2 POLYMER CHARACTERIZATION 
mechanism for phase transition and melt ing was proposed on the basis 
of the observation of these gap modes together w i t h the occurrence i n 
IR and/or Raman of other resonance modes (100). W i t h n-hydrocar-
bons w i th a l imi ted chain length, such as n-nonadecane, no evidence 
was found for the existence or formation of conformational kinks l ike 
those c laimed by others to be the origin of the melt ing of the crystal. 

C D 2 rocking modes selectively placed i n a polymethylene chain 
thus become very useful probes for mapping the conformational to
pology of such chains i n various physical states. We believe that this 
method is uniquely important because it can be appl ied to molecules 
i n the sol id as w e l l as the l i q u i d or solution states. 

We recently appl ied this method to the mapping of the conforma
tional topology of some fatty acids i n the solid and solution state 
(72-74). Although C D 2 groups placed at sites situated away from the 
carboxyl group behave i n the same way as hydrocarbons, some other 
efforts must be made when, by approaching the carboxyl group, 
C D 2 rocking may couple w i t h the vibrational motion local ized on the 
C O O H group (72-74). 

Resonance Modes as Markers of Conformational Mobility of 
Polymethylene Chains 

Structurally useful defect modes were calculated and observed 
that can be used for the study of the conformational mobi l i ty of long 
a lkyl residues such as are found i n fatty acids, phospholipids, mem
brane systems, and other systems. We now w i l l focus on a few internal 
modes of the C H 3 group, namely the internal deformation (umbrella 
motion, C H 3 C7) w i th natural frequency near 1375 c m - 1 and the exter
nal deformation, δ C H 3 , w i t h natural frequency near 890 c m - 1 (Figure 
6). The former mode shows a we l l -known characteristic med ium i n 
tensity band i n the IR spectrum; the latter shows a clear peak i n the 
Raman spectrum. The natural frequencies of both these modes occur 
just i n the middle of the frequency band spanned by two dispersion 
curves. C o u p l i n g thus is expected to occur. From the viewpoint of 
dynamics, these modes actually should be considered end-group 
modes (or surface modes of one-dimensional crystals) that were shown 
to be damped quickly along the crystal extending for a few C H 2 groups 
along the chain (J 00). 

If the geometry of the chain changes near the C H 3 group, the 
coupl ing changes and the frequencies as w e l l as the vibrational am
plitudes change. Th is result is exactly what was predicted from cal 
culations and tested experimentally on η-hydrocarbons (100,101). I f a 
structure such a s — C H 2 — C H 2 - C H 2 — C H 3 is generated i n the system, 
modes are generated at 1342 and 866 c m - 1 . I f a structure such as— 
C H 2 — C H 2 — C H 2 — C H 3 occurs, new modes are generated at 1355 and 
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29 . ZERBI Vibrational Spectroscopy 5 1 3 

Figure 6. Dispersion curve of single-chain polyethylene in the 1500—0-
cmr1 range. Location of CD2 rocking gap modes and CH3 deformation 
resonance modes. Arrows for the latter two modes indicate which 

range of phonons of the host lattice are likely to couple with them. 

844 c m - 1 . Other resonance modes are generated i n the spectrum as 
indicated i n Table II . Calculations were tested on η-hydrocarbons i n 
the α-phase and i n the melt (100). 

O f particular importance are the new modes that occur on the low 
frequency side of δ C H 3 and that are easily observable i n the Raman 
spectrum. Although the absorptions i n the IR region may be over
lapped partially by absorptions of other defects, the Raman-active 
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514 POLYMER CHARACTERIZATION 
Table II. Calculated Resonance Frequencies as Markers for 
Conformational Mobility of Chain Ends in Molecules with 

Polymethylene Residues 
Frequency (cm-1) 

Chain End Calculated Observed 
T G 

- C H 2 - C H 2 - C H 2 - C H 3 1348 1342 (IR) 
874 866 (R e , IR) 
769 766 (IR) 

G Τ 
- C H 2 - C H 2 - C H 2 - C H 3 1367 - 1 3 5 5 (IR) 

851 844 (IR, R") 
Note : O b s e r v e d data are from n-nonadecane {100, 101). 

a R refers to Raman. 

modes near the δ C H 3 are isolated and may be used as highly selective 
markers i n structural studies of complex molecules (101). 

These signals clearly were observed i n n-nonadecane through its 
phase transition and melt ing thus a l lowing attention to focus, on a 
molecular scale, on the structural evolution of chain ends w i th tem
perature (100). U s i n g intensity spectroscopy (102, 103) (see later dis
cussion), quantitative determinations also were attempted. Indepen
dent information on chain ends was obtained from the study of C D 2 

rocking gap modes that were placed selectively i n position C-2 i n the 
molecule of n-nonadecane. The information was i n fu l l qualitative and 
quantitative agreement. B y such selective deuteration on one end of 
the molecule, and by using end-group resonance modes together w i t h 
C D 2 gap modes, the structural evolution of both ends and tai l of a 
hydrocarbon chain can be fol lowed. 

The Raman Spectrum as a Sensitive Probe for the Overall 
Conformation of a Polymethylene Chain 

Because knowledge of the structure and structural evolution of 
the polymethylene chain i n several polymeric systems or biological 
molecules is of great importance, many attempts were made i n the 
past few years to correlate the observed changes of the Raman spec
trum wi th the conformational changes of the molecules (104). 

Disagreements can be found among various researchers who 
mainly base their interpretation on qualitative intuitions on the v ibra
tional assignment of the Raman spectrum. The Raman spectrum of 
these systems can be obtained easily from samples i n awkward phys i 
cal states such as an aqueous solution, molecules spread on a surface 
as th in layers, and other states. Thus , the Raman spectrum has become 
an essential source of data on these complex organic and biological 
systems. 
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A substantial improvement i n the interpretation of the observed 
spectra i n terms of molecular structure has come about when the ex
istence of F e r m i resonances between the vibrational levels of C H 2 

sequences were pointed out. The historical development of these new 
ideas are presented here. O u r discussion is l imi ted to the Raman 
spectrum, even i f the IR spectrum also is affected. First Snyder et al . 
presented the idea that both the C H stretching and bending regions of 
the Raman spectrum are affected by F e r m i resonances (105). The ev i 
dence they gave was st i l l qualitative, but was supported by some 
experiments as w e l l as by the results of previous dynamic calcula
tions on perfect polymethylene chains. 

The main concepts are the fo l lowing (see F igure 7). F o r an a l l 
trans polymethylene chain, the vibrational frequencies l y ing on the 
lower portion of the dispersion branch of the C H 2 rocking (Figure 7) 
have their first overtone levels (—720 X 2 = —1440 c m - 1 ) just fa l l ing 
close to the fundamental levels of the C H 2 bending motions. O n 
their turn, the first overtones of the levels along the C H 2 dispersion 
curve occur just i n the frequency region where the fundamental C H 
stretchings occur (2 x —1440 = —2880 c m - 1 ) . W h e n symmetry allows, 
F e r m i resonance can take place (in such a case many F e r m i reso
nances) and levels repel each other w i t h mutual borrowing of inten
sity. 

The issue is complicated further by the fact that polymethylene 
chains normally crystallize i n an orthorhombic lattice. Intermolecular 
interactions i n the unit c e l l generate new levels thus providing more 
levels that may participate i n the F e r m i resonances. 

These concepts were translated i n a more qualitative way by a 
mathematical treatment for the F e r m i resonance interactions i n n -
alkanes restricted to the F e r m i interactions of the first overtones of the 
C H 2 bending modes w i th the C H stretching fundamentals of a single 
chain (106). 

At the same t ime, a very similar and parallel dynamic treatment 
that inc luded the interactions of C H 2 rocking w i th bending and 
bending w i th C H 2 stretching for single chain as w e l l as for chains 
organized i n a tr idimensional lattice was reported. Moreover, inten
sity calculations also were inc luded (107, 108). 

O f particular interest to the latter group was not just the interpre
tation of the spectrum originating from the perfect, crystall ine, a l l 
trans structure of the polymethylene chain but was the fact that new 
spectral features could be predicted when the F e r m i resonance 
scheme of the trans structure is modif ied by the introduction of 
gauche conformers. This information may be relevant for a l l research
ers interested i n the study of the structure of actual or real polymeth
ylene systems w i t h a partially ordered and a partially eonformationally 
disordered structure. 
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2 9 . Z E R B i Vibrational Spectroscopy 5 1 7 

The investigation by Abbate et al . (108) currently is be ing fol 
lowed by others (109, 110). 

Without going into the mathematical details, we w i l l brief ly 
sketch the state of the art i n the interpretation of the Raman spectrum 
of polymethylene chains i n the a l l trans structure. 

1. We w i l l first describe a polymethylene chain i n an or-
thorhombic lattice w i t h two molecules per crystallo
graphic unit ce l l . Not only the IR-active doublet of the 

and B^u species of the C H 2 rocking modes, but also 
a l l the IR-inactive phonons along the dispersion branch
es, ω 9 , generate two phonon states of proper symme
try and phase to enter i n F e r m i resonance w i t h the C H 2 

bending motions near 1400 c m - 1 . Figures 8a and 8b 

a 

b 

1500 
ι ι l l . i l » L 

1480 1460 
Frequency, c m - 1 

1440 1420 

Figure 8. Fermi resonance between the fundamental of δ CH2 of 
species Ag and the first overtone of CH2 rockings, (a), and Fermi reso
nances between the fundamental δ CH2 of species Blg and the first over

tones of CH2 rockings (b). 
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5 1 8 POLYMER CHARACTERIZATION 
show the calculated sequence of Ag and Β w modes aris
ing from the C H 2 bending fundamentals that entered i n 
F e r m i resonance w i t h the overtones of the C H 2 rockings, 
l end ing intensities to them (spectroscopically, i n the 
double harmonic approximation, intensities of overtone 
and combination levels should be zero). F igure 9 shows 
the calculated Raman spectrum obtained by convolution 
of Lorenz ian bands of both sequences weighed by the 
intensity factor predicted by intensity calculations (108). 
The calculated spectrum agrees w i t h the observed one. 
The peaks near 1420 and 1440 c m - 1 form the factor group 
doublet due to the orthorhombic lattice whi l e the broad 
scattering near 1460 c m - 1 is only due to the superposition 
of two phonon levels of a trans chain that have borrowed 
intensity from the two fundamentals near 1420 and 1440 
c m - 1 . 

2. The same reasoning can be appl ied to the region of the 
C H stretchings. A single a l l trans isolated polymeth
ylene chain w i l l be considered first for clarity. F igure 
10a shows the calculated spectrum (with intensities i n 
cluded) when intramolecular F e r m i resonance between 
various C H 2 groups has not yet been switched on. The 

1500 1480 1460 1440 1420 
Frequency, cm - 1 

Figure 9. Calculated Raman spectrum in the ltôO-cm'1 range obtained 
as convolution with Lorenzian bands of the transitions of Figures 8a 

and 8b. 
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29. z E R B i Vibrational Spectroscopy 519 

7-5 »r 

2950 2900 2850 
Frequency, cm - 1 

Figure 10a. Calculated Raman spectrum in the CH stretching region 
taking into account the Fermi resonance only within an isolated CH2 

group. 

only F e r m i resonance is that w h i c h exists w i t h in the 
single and isolated C H 2 group for w h i c h the first over
tone of the C H 2 bending (Αχ) interacts w i th the symmet
ric C H 2 stretching (Αχ), wh i l e the antisymmetric C H 2 

stretching (Bx) remains unaffected. This resonance was 
first pointed out by Laval lay and Sheppard i n 1,1,1,3,3,3-
hexadeuteropropane (111). I f the intramolecular C H 2 

F e r m i resonance is switched on, the manifold of over
tones from C H 2 bending modes occurs and spreads just 
above the C H 2 symmetric stretching. A strong repulsion 
between the overtone levels and the C H 2 fundamental 
takes place (see F igure 10b). The fundamental moves 
toward 2850 c m - 1 and lends intensity to the manifold 
of overtone levels thus decreasing its apparent intensity. 
The background scattering is raised substantially from 
2850 to 2990 c m ' 1 . The Bw C H 2 antisymmetric stretch 
remains unperturbed and floats on top of the Ag back
ground scattering. 

3. I f a tr idimensional orthorhombic lattice now is consid
ered, new overtone levels are generated and the density 
of overtone states i n the C H stretching region increases, 
a l l possibly i n F e r m i resonance. Calculations show [in 
agreement wi th the original idea of Snyder et al . (105)] 
that these levels cluster mainly below and between the 

peak near 2880 c m - 1 and the Ag peak near 2850 c m - 1 

thus again mainly affecting the intensity and frequency 
of the Ag fundamental. 

4. We w i l l now move backward from the perfect structure 
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5 2 0 POLYMER CHARACTERIZATION 

7.5 k 

2950 290Ô 2850 
Frequency, cm - 1 

Figure 10b. Calculated Raman spectrum in the CH stretching region 
for the all trans-polymethylene chain when Fermi resonances are 

switched on and inserted in the resonance scheme of Figure 10a. 

toward a more disordered structure. First , the intermo
lecular interactions of the orthorhombic lattice w i l l be 
removed by placing the molecule: a, as a guest i n a host 
lattice of perdeuterated material (104); and b, i n a cage of 
a clathrate (112). The tridimensional order can be de
stroyed by making some sort of smectic structure as i n 
the α-phase observed for n-nonadecane (J00). 

We expect the val ley between the peaks near 2850 
and 2880 c m " 1 to become deeper or emptier because 
intermolecular F e r m i resonances were switched off. 
The Ag 2850 - cm - 1 band is expected eventually to shift 
slightly toward higher frequencies and to regain the i n 
tensity that it lent to the levels that were removed. The 
much questioned lateral interactions proposed by Gaber 
and Peticolas for phospholipids and measured by the 
same group by taking the ratio of the intensities i n 
the C H stretching region by changing the environment 
of the trans chains (104) finds i n the facts just presented 
a possible explanation. 

5. The long trans sequences w i l l now be interrupted by 
gauche distortions. Because both the C H 2 rocking and 
bending modes i n gauche conformations occur at some
what different frequencies, the population of vibrational 
levels participating i n the trans interaction scheme de
creases and the spectral distribution both i n the C H 2 

bending and C H 2 stretching region is modif ied. Qual i ta
t ively, the vibrational spectrum should change from that 
of a fu l l , a l l trans single-chain molecule toward that of a 
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29. Z E R B i Vibrational Spectroscopy 521 

fully decoupled structure, thus tending toward the situ
ation described by the spectrum of Figure 10. O f partic
ular importance is that the 2850 - cm - 1 peak should move 
toward higher frequencies close to the always unper
turbed band near 2880 c m " 1 and the 2 X C H 2 δ peak near 
2930 c m - 1 should gain more intensity because it tends to 
acquire its local ized identity and does not share w i th the 
two phonon manifold the intensity borrowed from the 
C H 2 symmetric stretching. I f the predicted behavior ac
tually occurs, the peak near 2930 c m - 1 should increase 
its intensity when gauche conformations are generated 
wi th respect to the band near 2850 c m - 1 , w h i c h repre
sents the a l l trans segments. The relative ratio hsso/l2940 
then is expected to change, decreasing by increasing the 
concentration of conformationally distorted non-trans 
C - C bonds. 

These predictions were verif ied i n a series of experiments by 
Wunder and Murajver on several model systems. L i q u i d n-hexadec-
ane at different temperatures (109), solutions of hexadecane at various 
concentrations and temperatures (109), polyethylene from the sol id to 
the melt at various temperatures (110), and sol id samples of polyeth
ylene wi th varying content of an amorphous substance (108) a l l show 
the same k i n d of predicted behavior. The same fact also was observed 
for l i q u i d fatty acids at different temperatures (J 13). Wunder and co
workers (J09, J JO) point out that such a ratio is very sensitive to small 
changes i n the trans-gauche ratio. It becomes then possible to follow 
the thermal conformational evolution of a polymethylenic system. A 
parallel , but not yet quantitatively fol lowed, behavior is observed for 
the Raman l ine near 1460 c m - 1 , w h i c h again is characteristic of long 
sequences of trans structures and decreases when the population of 
trans conformers decreases. 

One of the advantages of the method just proposed is that it can be 
adopted for numerous polymethylene systems i n a l l physical condi 
tions and phases. Because C H stretching modes are strong scatterers 
and scatter i n a region generally free from overlapping, the method 
can be adopted for a large variety of substances i n extreme experi
mental conditions. 

From just the quick observation of a spectrum of a l i q u i d n-alkane 
or a phosphol ipid system, we learn that a fraction of the substance is i n 
the trans conformation and another is i n a distorted structure whose 
relative ratio changes according to temperature, solvent, chemical or 
physical treatment, and for other reasons. The problem st i l l unsolved 
is the precise accounting of the Raman intensities for an absolute or 
relative quantitative determination of the populations of conformers. 
A n interesting attempt was made (109) to relate the observed ratio of 
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5 2 2 POLYMER CHARACTERIZATION 
the intensities I2930/J2840 w i t h the translgauche population as deter
mined from the statistical isomeric state model . 

Because our proposed interpretation of the spectral changes ob
served i n the Raman spectra as just discussed may f ind some i m m e d i 
ate applications i n various fields, a word of caution needs to be said on 
these matters. The observed changes of the Raman spectra i n the C H 
stretching region of systems containing n-alkane residues i n going 
from ordered to disordered phases may be the result of a combination 
of several phenomena, one of w h i c h may be the simple F e r m i reso
nance interactions just discussed. More complicated phenomena may 
be envisaged (such as intermolecular effects, band shape changes, 
changes i n anharmonicity of the C H bonds, changes i n harmonic 
diagonal or/end off diagonal force constants wi th torsional angles or 
w i t h the environment, etc.). To our knowledge, neither theory nor 
experiments have shown whether these additional phenomena con
comitantly exist and w h i c h one plays the dominant role (if any) i n 
making up the observed spectrum. More work is needed on this i m 
portant issue. 

Lattices with Tridimensional Disorder 
The appearance and disappearance of a tr idimensional order i n 

crystalline materials and specifically of crystalline polymethylene 
molecules received little attention i n the past, although, as shown 
here, most of the attention was focused on intramolecular order and 
disorder. For polymers, the existence of the factor group splitt ing 
(noted earlier) helps i n the precise definit ion of crystallinity bands 
and informs us that molecular chains are packed w i t h a tr idimensional 
order. The study of the extent of intramolecular coupl ing i n poly
methylene chains was carried out extensively by K r i m m and cowork
ers i n an attempt to understand the organization of molecular chains i n 
single crystals grown from solution or from the melt (45, 49). The 
spectra of isotopically d i luted crystals were used as a tool and very 
small frequency changes on isotopic d i lut ion were rationalized i n 
terms of the organization and regular clustering of chain stems w i t h i n 
the crystal (49). This issue is at present a key problem i n polymer 
morphology and polymer solid-state physics (49). 

As already discussed, the factor group splitting arises because of 
the coupl ing of the natural frequency of the oscillators of the isolated 
chain w i th the identical ones of the chains i n the surrounding crystal. 

The possibil ity of removing the intermolecular coupl ing of a 
given vibrational l eve l , w h i l e leaving some others practically unper
turbed recently was considered (114, 115). In a mixed crystal of n -
alkanes where the two components differ slightly i n length, fu l l mis-
c ib i l i ty i n solids without any phase separation was shown to occur for 
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29. Z E R B i Vibrational Spectroscopy 523 

n-alkanes of the type Cn + Cn±2 (116). If η is sufficiently large, the 
sequences of normal modes labeled w i th the index j along the disper
sion curves of the infinite polymethylene chain generally show differ
ent frequencies for the two molecules. The sequences of the C H 2 

rocking modes that show the largest dispersion (all l y ing approxi
mately on the ω 9 branch of polyethylene) now w i l l be considered. 

Although for large j values the frequency differences are large for 
the two molecules (tending toward small j and to the l imi t ing j = 0 
modes), the frequency mismatch of the two frequencies decreases 
(Figure 11). For chains longer than ~ 5 C H 2 units, the in-phase j = 0 
mode always occurs near 720 c m - 1 for a l l trans planar n-hydrocarbons. 

In a rough approximation, one may first expect that i n a mixed 
crystal of n-alkanes of the type just mentioned, where molecules can 
pack w i t h high intermolecular order, the splitt ing of the C H 2 normal 
modes depends on the frequency mismatch. Singlets w i l l appear for 
modes w i th many nodes (large j ) , and splittings may appear for normal 
modes w i th a small number of nodes (small j ) tending to the w e l l -
known splitting for the l imi t ing in-phase motion (j = 0) near 720 c m - 1 . 
These expectations were veri f ied i n the IR spectra of several mixed 
crystals of n-alkanes wi th lengths slightly differing (114, 115), where 
practically only the l imi t ing rocking mode near 725 c m - 1 shows split
ting. 

The IR spectrum of mixed crystals of n-alkanes w i t h different 
lengths then can become a tool for the study of molecular motions i n 
the sol id state. Indeed, the concepts just described and the experi 
ments that were derived a l lowed detailed information to be gained on 
the capability of hydrocarbon molecules to migrate w i t h i n a crystal 
and from one crystal to another when placed i n physical contact but 
separated by wel l -def ined crystal boundaries. The phenomenon first 
reported by Ungar and Ke l l e r (117) can be fol lowed i n detail (114,115, 
118) w i t h the spectroscopic techniques described i n this chapter. 

In a mechanical mixture of crystalline compound A + crystalline 
compound Β (A and Β be ing two n-alkanes of general formula A = 
C n H 2 n + 2 and Β = Ο η ± 2 Η 2 ( η ± 2 ) + 2 , η either even or odd); η must be some 
integer such that the structure w i l l be orthorhombic or monocl inic 
(119). The spectrum of the mechanical mixture A + Β shows through
out the whole spectrum the factor group splitting of each compound 
independent from the other, each one having its own orthorhombic 
structure, thus a l lowing normal i n - and out-of-phase coupl ing of each 
vibrational level . B y annealing at different temperatures below, up to, 
and above the s o l i d - s o l i d phase transition, each doublet of the modes 
at large j becomes a singlet, although the region near 720 c m " 1 s t i l l 
shows the normal doublet. The disappearance of the doublet on an
nealing of the mechanical mixture occurs because molecules of type A 
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9 5 0 h 

c m " 
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R17 
«15 

«13 

R13 

Ru 

R11 

R1 » R 7 R i , R 7 

'21 '23 

Figure 11. Scheme of the observed frequency mismatch for a few com
ponents of CH2 rocking for C ^ H ^ ana C23É4g. Factor group splitting 
was removed from the figure for simplicity. [Values of j + 1 are re
ported here because fixed boundary conditions are imposed for both 

ends ( see Ref. 3).] 
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29. ZERBi Vibrational Spectroscopy 525 

migrate from their own crystal into the crystal of Compound Β and vice 
versa. Islands of A into Β and of Β into A then are formed. At the end of 
the process, the compound obtained is just that w h i c h can be obtained 
independently by co-crystallization of A and Β from a suitable solvent. 

The rate of migration and the energetics of the phenomenon were 
studied (114, 115,118) using the vibrational spectrum and calorimet-
ric measurements. Moreover, using many of the spectroscopic signals 
derived from the study of the dynamics of disordered materials dis
cussed previously, one can then state that molecules migrate at larger 
distances i n proportion to their length and at different rates according 
to the temperature and time of annealing. Molecules migrate substan
tial ly as r ig id bodies without introducing noticeable conformational 
defects. W h e n mixed crystals are formed, the geometrical mismatch of 
chain lengths w i t h i n the crystal forces a few molecules to t i l t their 
heads wi th GT or TG structure at either end. 

The phenomenon, however, is not restricted to molecules w i t h 
unequal length. Self-diffusion or self -mixing between molecules of 
the same length was observed and studied by using sol id crystalline 
C 3 6 H 7 4 and its perdeuteroderivative C 3 6 D 7 4 . Details of the phenome
non as studied from spectroscopy (114, 115) and a discussion on its 
possible origin are given elsewhere (118). 

W i t h the techniques presented i n this chapter, it becomes possi
ble to study a phenomenon that gives a positive answer to the st i l l 
open question (7) of whether during annealing of polymeric solids a 
physical transport of matter across crystal boundaries occurs. A t least 
for polymethylene chains i n the sol id state, our studies seem to prove 
that matter is transported across crystal boundaries on annealing and 
that chain migration can take place i n solids also without the existence 
of amorphous or conformationally irregular domains i n the material 
through w h i c h chains should move (or do move) supposedly w i t h a 
snake-like motion (120). The most relevant information derived from 
these studies is that hydrocarbon chains move w i t h i n and across crys
tallites substantially as r ig id bodies. Snake-like hopping from site to 
site w i th in the bulk should not occur i n this case because molecules 
are crystalline and no sizable conformational deformations were yet 
detected spectroscopically at temperatures just be low the melt ing 
point where migration is very fast. 

Vibrational Intensities: A New Future for IR and Raman 
Spectroscopy of Polymers 

Recent basic studies of vibrational spectroscopy tackled the 
problem of predict ing the absorption coefficients i n the IR region or 
the scattering power i n the Raman region for various molecular 
species (121 ). U n t i l a few years ago, the study of vibrational intensities 
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526 POLYMER CHARACTERIZATION 
was conducted by a few specialists of molecular spectroscopy who 
dealt w i t h the basic measurements on several model molecules and 
discussed the various theoretical techniques for accounting for the 
observed spectrum. 

Recently, efforts have been made, and are be ing made, to apply 
these techniques to molecules of practical importance for der iv ing 
quantitative information on molecular species or molecular confor
mations of more general interest to chemists. The attempts made by a 
few researchers i n the f ie ld of vibrational (IR and Raman) intensities 
just parallel the efforts made by numerous groups dur ing the last thirty 
years to calculate the vibrational frequencies from force constants. 

Vibrational intensities are related to the electrical properties of 
molecules (change i n the total electric dipole moment or polarizabi l i ty 
during the vibrational motion). I f a model of such electrical properties 
can be found, it can be made parametric using the experimentally 
observed intensities. Such parameters (called intensity parameters) 
may be used to predict the unknown intensities of another similar 
molecule. 

Among the various models proposed and tested (122, 123), the 
valence electrooptical scheme (124) seems w e l l suited for intensity 
calculations. The corresponding parameters are ca l led IR or Raman 
electrooptical parameters (eop). Considerable effort has been made 
recently to develop such a detailed model and to carry out a least-
squares fitting of the eop values to the experimental intensities of 
many molecules. 

Unfortunately, the number of molecules for w h i c h rel iable ex
perimental measurements are available is st i l l very l imi ted , be ing 
acceptable for IR spectroscopy, but extremely l imi ted for Raman 
spectroscopy. For η-hydrocarbons, IR measurements are available for 
methane, ethane, propane, and several de utero derivatives i n the gas 
phase. Data on l i q u i d η-butane and n-pentane were collected recently 
(125). So l id η-hydrocarbons from η-butane to η-heptane were mea
sured by Snyder (126). 

Most of these experimental data were inc luded i n least-squares 
fittings (127) of a set of eop values after the necessary analyses of the 
data i n terms of the various theoretical technicalities were carried out. 
These eop values accurately predict the spectra of n-decane (128), of 
polyethylene, and of perdeuteropolyethylene (127, 129). 

Analogously, the Raman spectra of polyethylene and perdeutero
polyethylene were predicted accurately w i th the eop values der ived 
from smaller n-hydrocarbons (28, 29, 129). Attempts to jump ahead 
and use the eop values obtained for the prediction of the absorption 
coefficients of defects i n polymethylene molecules are st i l l tentative, 
but nevertheless, are of exploratory relevance. A n example of the ap-
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plication of intensity calculations i n conformationally disordered poly
methylene chains is the predict ion of the intensity pattern for the 
group of resonance modes near 1350 c m - 1 generated by the GGTGG 
defect i n a cycl ic C 3 4 H 6 8 molecule as discussed (96) previously. F igure 
12 shows the pattern calculated from group intensities compared w i t h 
the experimental spectrum. The agreement is very good and shows 
again the usefulness of these kinds of work. 

F o r the vibrational spectra of perfect, single-chain polyethylene, 
intensity calculations have he lped i n the detailed interpretation of the 
Raman spectrum i n the C H 2 bending and stretching regions where 
F e r m i resonances occur (J08) as discussed earlier. 

F i n a l l y , for the Raman spectrum of perdeuteropolyethylene, i n 
tensity calculations were decisive i n solving the controversy of the 
vibrational pattern near 980 c m - 1 . The pattern near 980 c m - 1 can be 
described (28, 29) as a strong doublet w i t h a very small and almost 
unnoticeable shoulder on the high-frequency side of the strongest 
peak. The peak near 970 c m - 1 was assigned to the C D 2 deformation 
mode, and the peak near 990 c m - 1 was taken to be the C D 2 rocking 
mode. Calculations indicate that the C D 2 rocking mode contributes an 

ο 
ζ 
< 
m 
(Ζ 
ο 
CO 
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0.018 

1380 

0169 0.066 

1340 1300 cm" 1260 

Figure 12. Comparison between the observed IR spectrum of cyclic 
C34H68 solid in the 1260-1380-cm~1 region and the intensities calcu
lated for the CH2 wagging resonance modes of the G G T G G defect. 
Numbers on the bottom refer to calculated intensities. No simulation of 
the spectrum was made because the spectrum is overlapped with other 

bands. 
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528 POLYMER CHARACTERIZATION 
extremely weak scattering i n this region, and the relative integrated 
area of the strong doublet approaches the value calculated for the C D 2 

bending motion. As already suggested by others (130), the whole dou
blet (989-970 cm" 1 ) must then be assigned to a factor group splitting 
of the C D 2 deformation mode whi l e the very weak shoulder is instead 
the scattering due to the C D 2 rocking mode. 

General ly , intensity studies also can help greatly i n the charac
terization of polymeric materials i n the perfect or disordered state i f 
the spectral intensities of many more model molecules are measured 
carefully. We hope to convince more people to carry out such mea
surements. 
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30 
Deformation Studies of Polymers by 
Time-Resolved Fourier 
Transform IR Spectroscopy 

D. J. BURCHELL and S. L. HSU1 

University of Massachusetts, Department of Polymer Science and 
Engineering, Amherst, MA 01003 

The construction of a miniature closed-loop servo-con
trolled hydraulic tester interfaced to a Fourier transform 
IR spectrometer is described. Macroscopic information 
in the form of stress—strain curves can he collected along 
with the microstructural changes in the form of IR data. 
Time-resolved spectroscopy was applied to measure 
spectroscopic changes in measurement times as short 
as 500 μs. 

JL RADITIONALLY, E X T E R N A L STRESS- OR STRAIN-INDUCED micrOStrUC-
tural changes i n polymers, such as chain segment orientation rate or 
unit ce l l distortion, have been measured by a combination of dynamic 
x-ray, l ight scattering, and birefringence techniques (1 -6). However , 
a direct and profitable approach to studying the response of crystalline 
or amorphous chain segments is vibrational spectroscopy. In many 
polymers the IR spectra exhibit absorption bands that can be assigned 
to vibrations of chain segments i n the crystalline or noncrystalline 
phase only. Furthermore, these vibrational bands may be characteris
tic of the details of local conformation. I f band assignments are estab
l ished and i f the directions of the transition moments w i th respect to 
the chain axis are known, vibrational spectroscopy offers the advan
tage that stress-induced changes i n orientation, conformation, and 
packing can a l l be measured. 

The sensitivity of the spectroscopic technique i n detecting struc
tural changes associated w i t h polymers deformed by external stress 
has been illustrated (7—12). Changes i n frequency and intensity have 
been related to molecular stress (7, 10), chain axis orientation (8,11), 
viscoelastic behavior (12), and conformational changes (7, 10, 12). 

1 To whom correspondence should be addressed. 

0065-2393/83/0203-0533$06.00/0 
© 1983 American Chemical Society 
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534 POLYMER CHARACTERIZATION 
Most of the experiments i n vibrational spectroscopic studies, 

however, suffer because the short time-dependent phenomena cannot 
be measured conveniently. Four ier transform IR spectroscopy (FTIR) 
has proven to be a powerful tool i n polymer characterization. H o w 
ever, it has been appl ied only to the observation of events that are 
stationary i n time, or at least stationary w i th respect to the measure
ment time. The mult iplex characteristic (the abil ity to measure a l l 
spectral elements) of the interferometer together w i th the high energy 
throughput, provide F T I R w i t h a substantial gain i n signal to noise 
ratio for a given measurement t ime, as compared to a dispersive i n 
strument. Therefore, the use of F T I R to study time-dependence 
phenomena is feasible. Measurements of band position, shape, and 
relative intensity are retained. 

It is not practical, i f not impossible, for the interferometer to fol
low mechanically the rapid structural changes that can occur i n a 
mi l l i second time scale. Furthermore, fast microstructural changes i n 
polymers can be masked due to coadding scans to improve signal-to-
noise ratio (JO). Therefore, we have developed a time resolved F T I R 
to follow the rapid structural changes. Our experimental apparatus 
and prel iminary results are reported here. 
Experimental 

Stretching Apparatus. Our laboratory has developed a computer-con
trolled hydraulic stretching device that can be" used for stress relaxation, 
creep, and harmonic deformation experiments in conjunction with a rapid 
scanning FTIR. This hydraulic system is schematically outlined in Figure 1 
and incorporates a closed-loop D C servo-controller that drives a hydraulic 
servo-valve. A solid state D C to D C displacement transducer (LVDT) and a 
load cell supply information regarding displacement and load applied to the 
sample, respectively. Inputs to the controller can also be attached to a sweep 
function generator, enabling a predefined periodic oscillatory strain to be 
applied to a prestretched sample (to prevent slackening, but well below the 
yield point). In addition, both the load and displacement values applied to the 
sample are available in digitized form and are accessible by our minicompu
ter. This extremely accurate macroscopic mechanical information in the form 
of stress—strain data is collected along with microscopic information in the 
form of IR spectra. Through the feedback loop to the controller, both the 
stroke and load are programmable. 

Time-Resolved Fourier Transform IR Spectroscopy. In these experi
ments, repetitive oscillatory strains are applied to prestretched polymers and 
many cycles of data are collected and sorted in time space. The interferogram 
for any particular segment of time wi l l be reconstructed and transformed into 
the frequency space. The principles representing several different ap
proaches to this type of time-resolved FTIR are discussed elsewhere (13—16). 
Each approach incorporates some form of ordered sampling technique that 
generally results in the collection of a large amount of data that must later be 
sorted to obtain properly time ordered interferogram s. 

Our interferometer is a continuous scanning type and uses a HeNe laser 
to determine accurately the changing position of a moving mirror relative to 
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Figure 1. Schematic drawing of the stretching apparatus. 

the fixed mirror. The transform of a monochromatic source (6328 Â of the 
HeNe laser) is sinusoidal in nature. The zero crossings of this curve define the 
coordinates in the retardation space, x. The moving mirror at constant velocity 
therefore intercepts these zero crossings at well-defined time intervals, Δί, 
which can be calculated as 

Δ ί = ^ = - (1) 
vN 

where Xm is the maximum optical path difference, ν is the velocity, and Ν is 
the number of data points. For a time evolving event, a single scan of the 
interferometer represents a collection of interferogram elements, I{x, tn), 
where χ is the optical path difference and tn is the time at nth data point. It is 
shown in Equation 2. 

(2) 

A constant time interval, t0, is measured relative to a white light central burst 
that is approximately 300 data points before the IR central burst. In most of 
these experiments t0 was taken to be zero. 

The first event is triggered by the white light crossing. In subsequent 
events, triggers are delayed by multiples of Δί. This is continued until Ν 
events have been collected and subsequently provide a definite relationship 
between the retardation of the moving mirror and the time into the event. 
Thus the set of the initial interferogram elements of each of these Ν spectra 
represents the interferogram of the sample at time t0 (strain equals zero), and 
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536 POLYMER CHARACTERIZATION 
is shown in Figure 2. The interferogram corresponding to the structure of the 
sample at a time of η At into the deformation are the set of interferogram ele
ments that correspond to the nth data point of each of the Ν time averaged 
interferograms. With our instrumentation, the theoretical maximum time 
resolution achievable is 15 /AS (time/data point). Our computer software is 
based on a commercial package generally sold with the Nicolet instruments. 

I 
I 1 1 I I 

0 125 250 375 500 

DATA POINTS 
Figure 2. The six successive interferograms collected under the time-
resolved mode. The line represents the interferogram elements for t = 0. 
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Results 
We were interested i n applying the new spectroscopic technique 

to elucidate the structural response rate of the subunits i n the ion-
containing ethylene methaerylic ac id copolymers. These polymers 
have crystalline and amorphous lamellar phases of polyethylene, and 
ion domains of submicroscopic dimensions (10 Â - 1 μτη). However , 
neither the aggregate structure nor size has been defined completely 
(17-20). Although the enhancement of properties of these ionomers is 
w e l l known, a number of fundamental problems remain i n under
standing the structure-property relationships. 

First , it is important to establish and calibrate the changes i n 
vibrational band width (shape), intensity, frequency, and dichroism as 
a function of strain amplitude and strain rate. In the case of several 
polymers, particularly polyethylene, the polarized IR method has the 
advantage that the transition moment's directions (with respect to the 
chain axis) are known to a good approximation for many IR absorption 
bands. The dichroic ratios measured for several bands are shown i n 
Figure 3. For strain amplitudes as small as 2—4%, measurable changes 

1.5h 

Ο 

* * 
* * 

8 

ο 
ο 

ο 
J _ 

1.0 1.5 2.0 2.5 

DRAW RATIO 
Figure 3. Dichroic ratio of selected IR bands in ethylene methaerylic 

acid copolymer. Key: O, 1700 cm'1; *, 935 cm'1; and 720 cm'1. 
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538 POLYMER CHARACTERIZATION 
occur i n the dichroic ratios of several wel l -def ined bands, such as the 
C H 2 group frequencies ( C H 2 stretching, bending, rocking, etc.), C = 0 
stretching vibration, and O - H stretching of the acid group. Second, 
several bands also exhibit frequency changes for spectra taken wi th 
incident polarization paral lel to the appl ied stress. Th i s is shown i n 
Figure 4. 

The experimental conditions for the in i t ia l t ime-resolved experi
ment were number of data points, 2048 (8 - cm - 1 resolution); t ime res
olution, 500 μ,β; period of external stress, 50,000 μ,β (i.e., 20 -Hz defor-

L I I I I 

1850 1650 1450 1250 1050 CM" 

Figure 4. Strain-induced frequency shifts in ethylene methaerylic acid 
copolymer containing Zn2+ ions. Key: top, parallel polarization; middle, 
perpendicular polarization; and bottom, the ratio of parallel to per

pendicular. 
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Figure 5. The intensity change associated with the 2673-cm 1 band. 
The lower curve is at t = 0; the upper curve is obtained 500 μ$ later. 

mation); strain amplitude, 3%; velocity, 1.43 cm/s; and measurement 
t ime, ~50 m i n . E a c h spectrum obtained i n the time-resolved mode 
without straining the sample yields identical spectra as a function of 
t ime. However , when external strain is appl ied , the successive t ime-
resolved spectra exhibit features that follow the strain amplitude. One 
such region is shown i n Figure 5. We observed the dichroic ratio of 
the 2673-cm" 1 parallel band to change as a function of strain i n times 
as short as 500 ^s. This appears to be the first application of the t ime-
resolved technique to fo l lowing the structural changes of polymeric 
solids. 

The number of times the sample is deformed i n a time-resolved 
spectroscopic experiment is proportional to the number of coadded 
scans needed to achieve a respectable signal-to-noise ratio, and to the 
number of data points needed to reconstruct the interferogram to 
achieve the resolution needed. The main difficulty we encountered is 
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540 POLYMER CHARACTERIZATION 
associated wi th sample stability. For each sample (—10 μηι thick) one 
needs to determine the period and amplitude of the external dr iv ing 
force for reproducible deformation behavior. Despite experimental 
difficulties, time-resolved F T I R can contribute significantly to a 
better understanding of the structure—property relationship. A de
tailed comparison between micro structural response i n low density 
polyethylene and ethylene-methaeryl i c ionomers w i l l be publ i shed 
elsewhere. 
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31 
IR Spectra of Polymers and Coupling 
Agents Adsorbed onto 
Oxidized Aluminum 
F. J. BOERIO and C. A. GOSSELIN 
University of Cincinnati, Department of Materials Science and 
Metallurgical Engineering, Cincinnati, OH 45221 

The principles of external reflection IR spectroscopy are 
considered and the design of experiments for obtaining 
IR spectra of thin films on metal mirrors is described. 
The IR reflection technique is then used to determine the 
structure of thin films on mechanically polished 2024 
aluminum alloy mirrors. The air-formed oxide on such 
mirrors is characterized by an absorption band near 960 
cm-1 and is identified as amorphous Al2O3. This oxide is 
converted to pseudoboehmite during immersion in dis
tilled water at temperatures up to 100 °C. The structure 
of films formed by adsorption of an organosilane cou
pling agent, γ-aminopropyltriethoxysilane (γ-APS), onto 
freshly polished mirrors is a strong function of pH and 
adsorption time. Films formed by adsorption from solu
tions acidified by addition of HCl are composed of 
polysiloxanes in which the amino groups are protonated. 
Films obtained during 1-min adsorption at pH 10.4 are 
similar to those previously obtained on iron and are 
composed of polysiloxanes. When γ-APS is adsorbed for 
15 min at pH 10.4, the air-formed oxide is dissolved and 
composite films of γ-APS and an aluminum oxide are 
deposited on the surface. The structure of thin films 
formed by epoxy polymers adsorbed onto aluminum 
mirrors also is considered. 

JL HIN FILMS ON METAL SURFACES are important i n areas such as adhe
sion, corrosion, corrosion inhib i t ion , catalysis, and lubrication. As a 
result, there has been substantial interest i n developing surface 
analysis techniques such as x-ray photoelectron (XPS), Auger electron 
(AES) , and secondary ion mass spectroscopy (SIMS) for determining 

0065-2393/83/0203 -0541$06.00/0 
© 1983 American Chemical Society 
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542 POLYMER CHARACTERIZATION 
the structure of such films. External reflection IR spectroscopy is po
tentially an extremely useful technique for determining the structure 
of th in films on metal surfaces. However , few such applications have 
been reported because of the relatively low sensitivity of IR spectros
copy for a l l but the most carefully designed experiments. 

A n y attempt to obtain the IR spectrum of a thin f i lm on the surface 
of a metal necessarily involves a reflection experiment. The most i m 
portant aspect of this experiment concerns the standing wave created 
by the combined incident and reflected beams. Under most cir
cumstances, this wave has nearly zero electric field amplitude at the 
surface of the metal, and little interaction wi th a surface film is ob
tained. However , w h e n large, almost grazing, angles of incidence and 
radiation polarized parallel to the plane of incidence are used, the 
electric f ie ld amplitude of the standing wave at the surface of the 
metal is greatest and maximum interaction wi th a surface f i lm is ob
tained. 

The size or depth of an absorption band i n external reflection IR 
spectroscopy may be obtained using the formalism given by Heavens 
(1). Consider a metal substrate w i t h refractive index n 2 =· n 2 —ik2 cov
ered by a thin f i lm wi th refractive index n1 =n1 — ik1 as shown i n 
Figure 1 and let the refractive index of the surrounding medium be n 0 . 
W h e n parallel polarized radiation is reflected from the f i lmed sub
strate as shown i n Figure 1, the total electric f ie ld amplitude reflected 
back into the surrounding medium is given by 

r = (rt + r2e-2i*i)/(l + f W " e i ) (1) 
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31. BOERio AND GossELiN Adsorbed Polymers and Coupling Agents 543 

and 

where 
n 0 cos φ1 - nx cos φ 0 

r j = τ—; ζ -τ = Ο ι β ^ ι (2) 
1 η 0 cos 0 ! + ηχ cos φ 0 

^ήχ cos Φ 2 ~ η 2 cos φ 1 = 

2 ή1 cos φ 2 + η 2 cos φ1
 Η2 ν ' 

δ χ = (2πή4ι cos φχ)/λ (4) 

where δ χ is the phase thickness of the f i lm and βι and β2 are the phase 
shifts for radiation reflected at the air / f i lm and film/substrate inter
faces, respectively. The quantities φί and φ 2 can be obtained from φ 0 , 
n 0 , n 1 ? and n 2 using Snell 's law: 

n 0 s in φ 0 = ήχ sin φ1 (5) 

ήχ sin φί = n 2 sin φ 2 (6) 

However , because η χ and n2 are complex, φι and φ 2 are also complex 
and do not represent angles of refraction. The intensity of the re
flected beam (reflectivity) is given by R = r r * where r* is the complex 
conjugate of r. The depth of an absorption band then is obtained as 

A = (R - R0)/R0 (7) 

where R0 and R are the reflectivities for kx = 0 and for kt Φ 0. 
W h e n radiation polarized perpendicular to the plane of incidence 

is used, the analysis remains exactly the same but rx and r 2 are ob
tained as 

_ n 0 cos φρ - ηχ cos φλ _ t 

Γ ι n 0 cos φ 0 + % cos φχ ^ ' 

= n , cos φ ^ η , cos<A2 = 

2 n x cos φχ + ή 2 cos φ2
 H2 

These equations are rather difficult to solve by hand but are pro
grammed easily for solution by computer techniques. The results ob
tained indicate that the band depth A is negligible for perpendicular 
polarized radiation for a l l angles of incidence. The band depth for 
parallel polarized radiation is also negl igible for angles of incidence 
less than about 50° but then rises sharply, reaching a maximum near 88°. 
A n example is shown i n Figure 2 where the band depth is shown as a 
function of angle of incidence for parallel polarized radiation and for 
n 0 = 1.0, ηχ = 1.3 - 0 . 1 i , n 2 = 3.0 - 30 .0i ,d i = 1.50 nm, and λ = 7.5 ^ m . 
These optical constants represent a moderately strong IR absorption 
band i n a thin f i lm on a highly reflecting metallic substrate (2). 
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544 POLYMER CHARACTERIZATION 
0.01 Oh 

<j)0 (angle of incidence) 

Figure 2. Band depth as a function of the angle of incidence for a thin 
film on a metallic substrate; n0 = 1.0, h1 = 1.3 -0.1 i , h2 = 3.0-30.0i, 

d = 1.50 nm, and λ = 7.5 μπι. 

The optimum angle of incidence of approximately 88° is difficult 
to obtain i n practice. As a result, the sensitivity obtained i n most 
experiments is somewhat less than the theoretical maximum. T o ob
tain usable spectra from extremely th in films (e.g., monomolecular) it 
is usually essential to enhance the band depth by making mult ip le 
reflections or by using a computer-controlled spectrophotometer to 
average several scans of the same spectral region. The number of 
reflections that can be used is related to the reflectivity of the sub
strate. The sensitivity of the technique is, therefore, greatest for good 
reflectors such as copper, gold, silver, and a luminum and is somewhat 
less for moderate reflectors such as iron and titanium. 

The purpose of this chapter is to demonstrate the use of IR spec
troscopy for surface analysis by determining the structure of th in films 
formed by the adsorption of polymers and organofunctional silanes 
onto the oxidized surfaces of a luminum mirrors. Silanes such as y-
aminopropyltriethoxysilane (γ-APS) are widely used as coupling agents 
to improve the wet strength of glass fiber reinforced composites. The 
use of silanes as primers to improve the hydrothermal stability of a lu -
minum/epoxy adhesive bonds also has been described (3, 4). H o w 
ever, very little information has been reported concerning the molec
ular structure of th in films formed by the adsorption of silanes onto 
a luminum. Similar ly , epoxy polymers are wide ly used for adhesive 
bonding of a luminum but little is known about the molecular struc
ture of such polymers adsorbed onto a luminum. 
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31. BOERio AND G o s s E L i N Adsorbed Polymers and Coupling Agents 545 

Experimental 
Aluminum sample mirrors for IR spectroscopy were prepared by mechan

ically polishing 2024-T3 alloy with magnesium oxide polishing compound 
on kitten ear cloth. The mirrors then were rinsed repeatedly in distilled water 
and blown dry using a strong stream of nitrogen. 

Films were formed on the freshly polished mirrors using the techniques 
described here and the mirrors were then mounted in an external reflection 
accessory (Harrick Scientific Co.) configured to provide two reflections at 78° 
as shown in Figure 3. IR spectra of the surface films then were obtained using 
a Perkin-Elmer Model 180 IR spectrophotometer. A silver bromide wire grid 
polarizer was placed in front of the entrance slit to the monochromator and 
oriented so as to transmit radiation polarized parallel to the plane of incidence 
at the sample mirrors. In most cases, spectra were recorded differentially by 
mounting a pair of polished, but unfilmed, mirrors in a second reflection 
accessory in the reference beam of the spectrophotometer. This procedure 
allowed elimination of sloping baselines due to changes in the substrate re
flectivity and elimination of absorption bands due to surface oxides on the 

Figure 3. Sampling arrangement for external reflection IR spectros
copy using any number of reflections at a 78° angle of incidence. 
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546 POLYMER CHARACTERIZATION 
substrate. However, in some cases the reflection accessory was removed from 
the reference beam so that the structure of the oxide could be determined. 
The sample mirrors were usually examined with an ellipsometer (Rudolph 
Research Model 436) before and after the adsorption of organic compounds, 
enabling the thickness of the oxide and the adsorbed films to be estimated. 

Results and Discussion 
Characterization of Oxides on A l u m i n u m Mirrors . Previous re

sults showed that IR spectroscopy was very useful for characterizing 
the oxides formed on electropolished copper substrates (5). Accord
ingly, a similar investigation was carried out for mechanically pol ished 
a luminum substrates (6). The IR spectra obtained from freshly po l 
ished a luminum mirrors were characterized by a single strong band 
near 960 c m - 1 (see F igure 4A). The spectra of anodic oxides on a lu 
m i n u m are characterized by a similar band (7). Moreover, the thermal 
oxides obtained on a luminum at temperatures less than about 400 °C 
usually are considered as amorphous (8). The natural oxides on the 
mechanically polished mirrors considered here were identified, there
fore, as amorphous A 1 2 0 3 . Results obtained from ell ipsometry i n d i 
cated that such oxides were approximately 30—50 À i n thickness. 
W h e n freshly pol ished mirrors were immersed i n bo i l ing d is t i l l ed 
water for 5 m i n , spectra characterized by absorption bands near 3399, 
3099, 1640, 1375, 1080, 847, and 650 c m " 1 were obtained (see F igure 
4B), enabling the oxide to be identi f ied as pseudoboehmite (7, 9) 
having the structure A 1 2 0 3 X H 2 0 w i t h X approximately equal to two. 

Freshly pol ished a luminum mirrors then were immersed i n dis
t i l l ed water at various temperatures below 100 °C and the rate at 
wh i ch the natural oxide transformed to pseudoboehmite was observed 
(6). At 63 °C, only the natural oxide was obtained after 5 m i n , but only 
pseudoboehmite was obtained after 60 m i n (see F igure 5). At 40 °C, 
only the natural oxide was observed after 1 h . Pseudoboehmite began 
to form after 16 h , and after 24 h only pseudoboehmite was observed 
(see Figure 6). O n l y the natural oxide was observed after 22 h at room 
temperature. 

These results are somewhat different than those obtained by 
others. For example, A l w i t t (9) showed that bayerite ( β - Α ΐ 2 0 3 · 3 Η 2 0 ) 
was formed on a luminum immersed i n d is t i l l ed water at 40 °C for 24 h . 
N o evidence for formation of bayerite was obtained here, perhaps 
because of surface-active impurities i n the water used for hydrother
mal treatment of the a luminum. 

y -Aminopropyltriethoxysilane Adsorbed onto A l u m i n u m . The 
structure of films formed by the adsorption of γ-APS onto a luminum 
mirrors also was considered. The films were formed by immersing 
freshly pol ished mirrors into 1% aqueous solutions of γ-APS for ap
propriate times and then b lowing the excess solution off the mirrors 
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550 POLYMER CHARACTERIZATION 
using a strong stream of nitrogen. F i l m s formed by adsorption from 
solutions acidi f ied to p H 6.8 by adding H C 1 were characterized by 
absorption bands near 3000, 1600, 1500, and 1110 c m " 1 (see F igure 7). 
T h e bands near 1600 and 1500 c m " 1 were assigned to asymmetric and 
symmetric deformation modes of protonated amino groups (10), i n d i 
cating that y - A P S was adsorbed at p H 6.8 to form amine hydrochlo
rides. The strong, broad band near 3000 c m - 1 was assigned to the 
stretching vibrations of NR£ groups (10). T h e stretching vibrations of 
the ethoxy groups i n the γ-APS monomer were assigned to intense 
bands near 1105, 1080, and 960 c m - 1 (11). These bands were not 
observed for y - A P S adsorbed onto a luminum at p H 6.8, indicat ing that 
the adsorbed silane was highly hydrolyzed. However , the strong band 
near 1110 c m - 1 (see F igure 7) was assigned to an S i O S i asymmetric 
stretching vibration, indicating that the adsorbed silane had poly
merized on the a luminum surface to form siloxane polymers. Overa l l , 
the IR spectra of y - A P S adsorbed onto a luminum at p H 6.8 were s imi 
lar to those of y - A P S adsorbed onto iron at similar p H values (12), 
indicating that the structures were also similar. 

F i l m s formed by adsorption of y - A P S onto a luminum at p H 8.5 (6) 
were similar to those formed at p H 6.8 and were characterized by 
absorption bands near 3300, 3000, 1600, 1500, and 1080 c m " 1 (see 
Figure 8A). The bands near 3000, 1600, and 1500 c m - 1 were assigned 
again to the stretching and deformation modes of N H +

3 groups. The 
strong band near 1080 c m - 1 was assigned again to an S i O S i asymmet
ric stretching vibration. However , i n an earlier investigation of y - A P S 
adsorbed onto iron mirrors at comparable p H values, the S i O S i asym
metric stretching mode was observed near 1130 c m - 1 (12). The low 
frequency observed for the a luminum substrates was considered to 
indicate that y - A P S was adsorbed onto a luminum as low molecular 
weight oligomers, perhaps inc lud ing some S i O A l bonds. The broad 
band near 3300 c m - 1 for y - A P S adsorbed onto a luminum at p H 8.5 (see 
Figure 8A) was assigned to the stretching vibrations of residual si lanol 
groups. 

The structure of films formed by the adsorption of y - A P S onto 
a luminum mirrors from 1% aqueous solutions at p H 10.4 depended on 
the adsorption time (6). F i l m s formed during 1-min immersion were 
similar to those previously observed for the adsorption of y - A P S onto 
iron at p H 10.4 (12) and were characterized by absorption bands near 
2920,1630,1570,1470,1330, and 1100 c m " 1 (see F igure 8B). The band 
near 2920 c m - 1 was assigned to a methylene stretching vibration i n 
the propylamine groups and the band near 1100 c m - 1 was assigned to 
an S iO asymmetric stretching vibration. Bands were observed near 
1570,1470, and 1300 c m " 1 for y - A P S adsorbed onto iron at p H 10.4 and 
were the subject of considerable discussion (11,12). However , Boerio 
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and Wi l l iams showed that these bands are not observed for γ-APS 
adsorbed onto iron i n the absence of C 0 2 and assigned them to an 
amine bicarbonate species (13). They also observed bands near 1640, 
1570, and 1470 c m " 1 for certain aliphatic amines such as n-dodecyl-
amine that were exposed to air for long periods of time but not for the 
same amines recrystallized i n the absence of C 0 2 (13). Accordingly, 
the bands near 1640, 1570, 1470, and 1330 c m " 1 for γ-APS adsorbed 
onto a luminum at p H 10.4 for 1 m i n also were assigned to an amine 
bicarbonate species. 

F i l m s formed during 15-min adsorption at p H 10.4 were charac
terized by a weak band near 2920 c m - 1 , a broad weak band extending 
from 1650-1500 c m - 1 , and a strong band near 1080 c m - 1 (see F igure 
8C). The band near 2920 c m " 1 was assigned to a methylene stretching 
mode as indicated earlier. The band near 1080 c m - 1 s imilarly was 
assigned to an S i O S i asymmetric stretching mode. As noted already, 
the corresponding vibration for γ-APS adsorbed onto iron at p H 10.4 is 
near 1130 c m - 1 and the relatively low frequency for a luminum sub
strates may indicate a strong interaction between γ-APS and the oxide 
(6). However, a luminum oxides are soluble at p H 10.4 (9) and the 
strong band observed near 1080 c m " 1 for γ-APS adsorbed onto a lu 
minum for 15 m i n at p H 10.4 may be related i n part to an oxide that 
was precipitated on the surface fo l lowing dissolution of the native 
oxide. In fact, when the reflection accessory was removed from the 
reference beam, the oxide absorption band near 960 cm'1 (see F igure 
9A) was observed to decrease i n intensity during 15-min adsorption of 
γ-APS at p H 10.4 (see F igure 9B), indicating dissolution of the native 
oxide and, perhaps, precipitation of a different oxide on the surface. 
The broad band extending from 1650-1500 c m - 1 was assigned to the 
deformation mode of the amino groups but also may indicate hydra
tion of the precipitated oxide. 

The amine bicarbonate species formed by the adsorption of γ-APS 
from aqueous solutions at p H 10.4 onto iron and copper substrates was 
shown to be unstable (12). D u r i n g atmospheric exposure, the band 
near 1470 c m - 1 gradually decreased i n intensity whi le the band near 
1570 c m " 1 gradually increased i n frequency and f inally approached 
1590 c m " 1 . Boerio and Wi l l iams used x-ray photoelectron spectros
copy to show that Cu(I) ions found i n γ-APS films adsorbed onto 
copper at p H 10.4 were oxidized to Cu(II) ions during exposure to 
atmospheric moisture and assigned the band observed near 1590 c m " 1 

to the deformation mode of amino groups coordinated to Cu(II) ions 
(14). Somewhat similar results may be obtained for iron substrates. B y 
comparison, films formed by the adsorption of γ-APS onto a luminum 
for 15 m i n at p H 10.4 were stable during atmospheric exposure. F e w 
changes were observed i n the IR spectra of such films even after 
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H 1 1 \ 

1200 1000 8 0 0 6 0 0 
C M " 1 

Figure 9. IR spectra of the characteristic amorphous Al203 band near 
960 cm'1 for freshly polished aluminum mirrors (A) and aluminum 
mirrors following 15-min immersion in 1% aqueous solution of γ-APS at 

pH 10.4 (B). 

exposure times as long as 7 days (see F igure 10), indicating that such 
films may be composed at least partly of a reprecipitated oxide. 

Epoxy Polymers Adsorbed onto A l u m i n u m . We also investigated 
the structure of films formed by epoxy polymers adsorbed onto a lumi 
num mirrors. The spectrum shown i n Figure 11 was obtained from 
mirrors that were spin-coated at 3,000 revolutions per minute (rpm) with 
a 0.1% solution of an epoxy polymer (Epon 1007, She l l C h e m i c a l Co.) 
i n methyl ethyl ketone to provide a f i lm approximately 40 Â i n thick
ness. The spectrum was characterized by strong bands near 1508, 1240, 
1179, and 827 c m " 1 and by weaker bands near 1600 and 1030 c m " 1 . 
The strong band near 1508 c m " 1 and the weak band near 1600 e m " 1 

were assigned to stretching modes of the benzene rings. The strong 
band near 1240 c m " 1 and the weak band near 1030 c m " 1 were assigned 
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31. B O E R i o AND G o s s E L i N Adsorbed Polymers and Coupling Agents 557 
to phenyl ether and aliphatic ether stretching modes, respectively. 
In-plane and out-of-plane deformation vibrations of r ing hydrogen 
atoms were assigned near 1179 and 827 c m - 1 , respectively. 

The electric vector i n external reflection IR spectroscopy is per
pendicular to the surface of the sample mirrors. As a result, vibrations 
having transition moments perpendicular to the surface appear more 
strongly i n reflection spectra than do vibrations having transition mo
ments parallel to the surface. This polarization effect can be used to 
determine the orientation of adsorbed species that form ordered 
structures on the surface of metals. For example, the relative inten
sities of the symmetric and asymmetric carboxylate stretching modes 
were used to determine the orientation of lauric acid adsorbed onto 
iron mirrors (15). Such orientation effects can sometimes be observed 
i n reflection spectra of epoxy polymers adsorbed onto a luminum. 
However , the results are poorly reproducible, perhaps because of the 
heterogeneous nature of most commercial epoxy polymers. More re
producible results may be obtained using materials w i t h narrower 
molecular weight distribution. 

Conclusions 
The results just described indicate that external reflection IR 

spectroscopy is an effective technique for some types of surface 
analysis. IR spectra of films only a monomolecular layer i n thickness 
can be obtained. Subtle changes i n the structure of surface oxides, 
chemical reactions occurring i n adsorbed species, and the orientation 
of ordered adsorbed species can be determined. 

The results described also indicate that the adsorption of y-
aminopropyltriethoxysilane onto a luminum from aqueous solutions is 
a complex process that is very dependent on p H . At h igh p H values, 
the natural oxide is dissolved readily. A new oxide is precipitated and 
γ-APS also is adsorbed. A t intermediate p H values, the dissolution of 
the oxide is considerably slower and γ-APS is adsorbed onto the natu
ral oxide to form siloxane polymers i n w h i c h the amino groups are 
protonated. 
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32 
Fourier Transform IR (FTIR) Studies 
of the Degradation of 
Polyacrylonitrile Copolymers 

M. M. COLEMAN and G. T. SIVY 
Pennsylvania State University, Materials Science and Engineering 
Department, Polymer Science Section, University Park, PA 16802 

Fourier transform IR spectroscopy (FTIR) offers consid
erable potential for studying the complex reactions oc
curring in the degradation of polyacrylonitrile (PAN) 
copolymers. Results obtained from studies of PAN co
polymers containing methacrylic acid, acrylamide, and 
vinyl acetate are reviewed and results of a terpolymer 
of PAN containing vinyl acetate and itaconic acid are 
presented. 

FOURIER TRANSFORM IR (FTIR) results on the degradation of polyac
rylonitri le (PAN) and its α-deuterated analogue were presented pre
viously (I, 2). F r o m the results of these studies we concluded that the 
mechanism of the degradation of P A N under reduced pressure at 200 
°C involved cycl ization to y i e l d an imine fol lowed by tautomerism to 
the enamine. The enamine is subsequently oxidized to y i e l d a f inal 
pyridone structure. The chemical structure of the cycl ic pyridone 
has several implications concerning the formation of carbon fibers 
from P A N precursors. The ladder structure imparts r igidity along 
the chain i n the form of sequences of cyc l ized groups. Addit ional ly , 
we believe that extensive interchain hydrogen bonding between 
the polymer chains through the C = 0 and Ν—H groups w i l l have a 
major role i n maintaining the structure of the degraded material as it is 
pyrol ized f inally to carbon fibers. I f the number of cyc l ized sequences 
i n the in i t ia l stages of degradation can be maximized and the number 
of oxidative side reactions min imized , superior high-performance car
bon fibers could be obtained. The degradation of P A N at 200 °C under 
reduced pressure is a relatively slow process; presumably, init iat ion is 
by anionic impurities or in i t ia l degradation products. However , i n c l u 
sion of specific comonomers into the P A N chain, such as v i n y l acetate 
(VAc), methaerylic acid ( M A A ) , acrylamide (AM) , acrylic acid (AA), 

0065-2393/83/0203-0559$06.00/0 
© 1983 American Chemical Society 
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560 POLYMER CHARACTERIZATION 
and itaconic acid (IA), markedly affects the rate of degradation. The 
pyrolysis of P A N copolymers containing the comonomers A A , V A c 
M A A , IA , and A M separately has been studied using primari ly ther
mal analysis techniques (3, 4). Heat ing rates i n a l l cases were 10 
°C/min and temperatures to 500 °C were considered. However , we are 
concerned primari ly w i th the in i t ia l reactions occurring i n the degra
dation of P A N copolymers at temperatures below the onset of the 
major exothermic reaction (i.e., <200 °C), and under reduced pres
sure. At these temperatures significant weight loss does not occur and 
the major reaction is the cycl ization of the acrylonitrile units (3). 

We have discussed previously the results of F T I R studies of the 
degradation of three acrylonitrile (AN) copolymers containing ap
proximately 4 wt % of M A A , A M , and V A c (5—8). Th is chapter summa
rizes the major conclusions of our previous work and presents pre
l iminary results obtained from a terpolymer of A N , V A c , and IA. 

Experimental 
The P A N homopolymer has been described earlier (I ). Copolymers of A N 

containing approximately 4 wt % of MAA, A M , and VAc were synthesized by a 
continuous free-radical polymerization technique and have reported weight-
average molecular weights in the range of 100,000 ± 20,000. Additionally, a 
terpolymer of A N containing 2.2 and 3.8 wt % of VAc and IA were supplied. 
Thin films (<0.5 mil) employed for the FTIR degradation studies were pre
pared by evaporation of a 3% dimethyl sulfoxide (DMSO) solution. The 
solvent was removed by stirring in water for several days and subsequently 
dried under high vacuum. The films were then transferred to KBr discs and 
placed in a specially designed cell contained in the spectrometer that allows 
continuous monitoring while under reduced pressure at elevated tempera
tures. The IR spectra were recorded on a Digilab model FTS-15 /B FTIR 
spectrometer. Each spectrum was recorded at a resolution of 2 c m - 1 utilizing 
128 scans. The frequency scale is accurate to 0.02 c m - 1 . Particular care was 
made to ensure that the films were sufficiently thin to be in a range where the 
Beer-Lambert law is obeyed (9). 

Results and Discussion 
Room temperature absorbance IR spectra of undegraded P A N , 

P A N / V A c , P A N / A M , and P A N / M A A are presented i n Figure 1. O f 
particular interest are the major IR bands characteristic of the ac
rylonitri le unit i n the polymer chain at 2240 ( C = N stretching fre
quency), 1451 ( C H 2 bending frequency), 1360, 1250, and 1070 c m " 1 

(mixed modes). Major IR bands characteristic of the comonomers pres
ent i n the three copolymers studied are as follows: V A c and M A A at 
1735 c m - 1 (carbonyl stretching vibrations), and A M at 1735, 1685, and 
1605 c m - 1 (mixed modes containing contributions from C = 0 , C = N 
stretching, and N - H bending vibrations). 

Figure 2 shows the in i t ia l absorbance IR spectra of the four poly
mers obtained as soon as the samples had attained a temperature of 
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200 °C under a reduced pressure of 5 x 10~2 torr (approximately 10 
min). A comparison of the room temperature spectra and the in i t ia l 
spectra shows that the P A N and P A N / V A c polymers show no signif i 
cant degradation (IR bands at 1610 and 1580 c m - 1 are characteristics of 
the cyc l ized pyridone structure) (J, 2). The spectrum of the P A N / A M 
copolymer does indicate that minor degradation has occurred. In 
contrast the P A N / M A A copolymer obviously has degraded quite exten
sively (note the presence of the relatively strong 1610- and 1580-cm _ 1 

bands w h i c h are not present i n the room temperature spectrum; the 
presence of a new band at 1700 c m - 1 and the reduction i n intensity of 
the C = N stretching frequency at 2240 c m - 1 ) . 

After 4 h at 200 °C (Figure 3) one can readily detect the cyc l i zed 
pyridone structure i n the P A N homopolymer by the appearance of the 
1610/1580-cm - 1 bands. However , the degradation is not extensive as 
indicated by the relatively strong C = N stretching frequency at 2240 
c m - 1 . The P A N / V A c copolymer definitely has degraded to a greater 
extent than pure P A N but there is st i l l evidence of a significant 
amount of undegraded material present. Conversely, both the P A N / 
M A A and P A N / A M copolymers have almost completely degraded as 
evidenced by the very weak contribution of the C = N stretching fre
quency. 

To compare the relative rates of degradation of P A N and the three 
copolymers at 200 °C under a reduced pressure of 5 X 10~2 torr we 
plotted a graph of the normalized absorbance of the C = N band at 2240 
c m - 1 as a function of t ime (Figure 4). T h e assumptions made i n the 
preparation of this graph deserve further comment. Normal ized ab-
sorbances for the C ^ N stretching frequency band at 2240 c m - 1 are 
readily obtained for the P A N and P A N / V A c polymers from measure
ment of the peak height or area of this band as a function of degrada
tion time at 200 °C. However , i n the case of the P A N / M A A and 
P A N / A M samples, a reduction of the absorbance of the C = N band has 
occurred by the time the sample has attained 200 °C due to significant 
degradation. Normalizat ion was achieved using the approximation 
that the absorbance of the C = N band of the P A N and P A N / V A c poly
mers was determined on the same f i lm at room temperature (Figure 1) 
and on immediately attaining a temperature of200 °C (Figure 2). B a n d 
broadening and a reduction of intensity occurs at elevated tempera
tures, and it was determined that a decrease i n peak intensity by a 
factor of 0.85 occurs at 200 °C. N o evidence of degradation was ob
served i n the in i t ia l 200 °C spectra of the P A N or P A N / V A c polymers 
(see Figure 2). For the P A N / A M and P A N / M A A films the absorbance 
of the C = N band was measured at room temperature and m u l t i p l i e d 
by 0.85 to y i e l d an estimation of the undegraded absorbance at 200 °C. 
Normal ized intensities were then calculated and plotted as shown i n 
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ϋ 1 2 3 4 
TIMECHRS.) 

Figure 4. Normalized absorbance measurements of the C=N band as a 
function of time at 200 °C. Key: O , PAN; •, PAN/VAc; ·, PAN/MAA; and 
x , PAN/AM. (Reproduced with permission from Ref. 5. Copyright 

1981, Pergamon Press.) 

Figure 4. Accurate absolute rates of degradation at 200 °C cannot be 
obtained for the P A N / A M and P A N / M A A polymers but this approxi
mation at least demonstrates significant relative rate differences i n the 
degradation of the four polymers. 

Similar rate studies were also performed at 160 and 130 °C under 
reduced pressure and are summarized i n Figure 5. N o significant deg
radation was detected for the P A N homopolymer or the P A N / V A c 
copolymer at these temperatures. However , at 160 °C degradation of 
the P A N / M A A and P A N / A M copolymers occurs at a reasonable rate. 
These studies indicate that i n the case of the P A N / M A A copolymer, 
the cycl ization reaction is init iated almost immediately. Conversely, 
an induction period of approximately 1 h is necessary for the P A N / A M 
copolymer, after w h i c h cycl ization occurs at a faster rate and is more 
extensive, at times exceeding 2 h, w h e n compared to the P A N / M A A 
copolymer. This f inding is consistent, although not as readily detecta
ble , w i th the results obtained at 200 °C. The in i t ia l spectra obtained at 
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566 POLYMER CHARACTERIZATION 

1 Τ 1 Τ 1 1 
^ 1 i 3 4 5 6 

TIMECHRS.) 
Figure 5. Normalized absorbance measurements of the C=N stretching 
frequency at 2240 cm'1 as a function of time and temperature. Key: —, 
PAN/AM copolymer at 130 °C; A, PAN/MAA copolymer at 130 °C; ·, 
PAN/MAA copolymer at 160 °C; and x, PAN/AM copolymer at 160 °C. (Re
produced with permission from Ref. 5. Copyright 1981, Pergamon Press.) 

200 °C (Figure 2) show that the P A N / M A A copolymer has degraded to 
a greater extent than the Ρ A N / A M copolymer. However , after 4 h there 
is l ittle difference i n the extent of degradation of either polymer. T h i s 
result implies that init iation of the degradation of the P A N / M A A oc
curs more rapidly, but this is offset by a more rapid degradation of the 
P A N / A M copolymer upon init iation. Further support for this hypothe
sis is found from a consideration of the data obtained at 130 °C. T h e 
P A N / M A A copolymer st i l l degrades at a relatively slow rate at this 
temperature. In the case of the P A N / A M copolymer, however, we were 
unable to detect any significant degradation for time periods up to 4 h. 

In summary, the inc lus ion of M A A or A M comonomers i n the 
P A N chain has the greatest effect on the rate of degradation. Deta i led 
spectral results and mechanistic implications of studies of the degra-
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dation of the P A N / M A A and P A N / A M copolymers at 130 and 160 °C, 
respectively, are presented elsewhere (6, 8). 

F i n a l l y , to further illustrate the potential of F T I R spectroscopy for 
degradation studies, prel iminary results obtained for a terpolymer of 
P A N containing both V A c and IA are presented. Frankly, it would have 
been more desirable to study a copolymer of P A N and I A because the 
presence of the V A c increases the complexity of the spectra and their 
interpretation. The terpolymer was readily available, however, and 
the prel iminary results sufficiently interesting to report here. F igure 6 
shows the IR spectra from 1500 to 2000 c m " 1 of the terpolymer at room 
temperature (A), as soon as the sample had attained a temperature of 
130 °C (B), and after 15, 30, 120, and 360 m i n at 130 °C ( C - F , respec
tively). At room temperature, a single band at 1740 c m - 1 is observed 
and represents a composite carbonyl stretching vibration associated 
w i t h both V A c and I A units. U p o n heating to 130 °C, the most striking 
difference is the appearance of the sharp rotational bands throughout 

Figure 6. FTIR absorbance spectra of the PAN/IA/VAc terpolymer in 
the range 1500—2000 cm'1 as a function of temperature or time under a 
reduced pressure of5x 10~2 torr. Key: A , room temperature spectrum; 
B, initial spectrum at 130 °C; C, 15 min at 130 °C; D, 30 min at 130 °C; 

E , 120 min at 130 °C; and F, 360 min at 130 °C. 
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568 POLYMER CHARACTERIZATION 
this spectral region that are associated w i th water. O n close examina
t ion a weak band at 1785 c m - 1 is also discernible. Th is band, together 
w i t h a weak counterpart at 1860 c m - 1 , is more obvious after 15 m i n at 
130 °C (Spectrum C). The bands attributable to water have now almost 
completely disappeared, w h i c h is to be expected because the system 
is under vacuum. The two bands at 1785 and 1860 c m - 1 are consistent 
wi th the formation of a cyclic anhydride. Thus it appears that at 130 °C, 
the I A unit condenses to y i e l d the fol lowing: 

A n additional band at 1700 c m - 1 is also observed as a shoulder on the 
1740-cm" 1 band. This band, along wi th a small reduction of the nitri le 
absorbance, and the weak absorbance near 1600 c m - 1 , is consistent 
w i th the formation of the pyridone-type r ing structure similar to that 
discussed for the P A N / M A A copolymers (5). L i t t le change is observed 
i n the spectra between 1 and 6 h at 130 °C (Spectrum F) . The 1700-
and 1600-cm - 1 bands are slightly more prominent and the cycl ic an
hydride is st i l l present. A t 130 °C the V A c units are assumed to play no 
role i n the degradation (7). 

After 6 h at 130 °C the sample was heated to 160 °C. Spectra 
recorded as soon as the sample had attained 160 °C (A) and after 15 
and 30 m i n at this temperature (B and C , respectively) are shown i n 
Figure 7. Comparing these three spectra demonstrates that as a func
tion of time at 160 °C the concentration of the cycl ic anhydride is 
decreasing whi le the amount of cyc l ized pyridones are concurrently 
increasing. Rais ing the temperature further to 200 °C, the rate of cyc l i 
zation of the P A N units increases rapidly to form pyridone-type struc
tures as seen i n Figure 8. There is no evidence of cycl ic anhydrides at 
this temperature. At 200 °C we wou ld also anticipate that the V A c 
units w i l l now serve to initiate P A N cycl ization and the spectra are 
consistent w i th this assumption (7). 

This study illustrates the type of information that one may obtain 
from F T I R studies of the thermal degradation of a rather complex 
terpolymer system. We emphasize that the results are prel iminary and 
we have yet to determine the relevance of the results on the overall 
degradation mechanism of this system. 

C H 2 C O O H 

\ / 
O - Q s 
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32. COLEMAN AND SIVY Polyacrylonitrile Copolymers 569 

Figure 7. FTIR absorbance spectra of the PAN/IA/VAc terpolymer in 
the range 500—2500 cm'1 as a function of time at 160 °C under a re
duced pressure of 5 x 10~2 torr. Key: A, initial spectrum at 160 °C after 

6 h at 130 °C; B, 15 min at 160 °C; and C, 30 min at 160 °C. 
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Figure 8. FTIR absorbance spectra of the PANIIA/VAC terpolymer in 
the range 500-2500 cm'1 as a function of time at 200 °C under a re
duced pressure of 5 x 10~2 torr. Key: A, initial spectrum at 200 °C after 
6 h at 130 °C and 30 min at 160 °C, B, 15 min at 200 °C.; C, 30 min at 200 

°C, and D,lhat 200 °C. 
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Fourier Transform IR Spectroscopy 
for the Study of Polymer 
Degradation 
Thermal and Thermooxidative Degradation of 
Polyethylene Terephthalate 

ELI M. PEARCE, BERNARD J. BULKIN,1 and MO YEEN NG 

Polytechnic Institute of New York, Department of Chemistry, 
Brooklyn, NY 11201 

The thermal and thermooxidative degradation of poly
ethylene terephthalate (PET) were studied using IR 
spectroscopy. Spectra as a function of time and temper
ature are presented for the thermooxidative reaction and 
analyzed in terms of the products formed, rate of prod
uct formation, and relative stability of functional groups 
in the polymer. The degradations of PET samples with 
different properties are also compared. Thermal degra
dation is studied from the viewpoint of the IR spectra of 
the gases evolved from the sample, under a nitrogen 
stream, when the temperature is changed at a constant 
rate. For both thermal and thermooxidative degrada
tion, the chemical reactions involved in generating the 
observed products are detailed. 

V IBRATIONAL SPECTROSCOPY is be ing used extensively to charac
terize polymers, changes i n polymer structure, and chemical modi f i 
cation of polymers. Among the important problems i n polymer 
chemistry is stabilization against the chemical reactions caused by 
heat, oxygen, moisture, U V radiation, and other environmental factors. 

In this chapter we illustrate the application of Fourier transform 
IR (FTIR) spectroscopy to study the thermal and thermooxidative 
degradation of polyethylene terephthalate. 

1 To whom correspondence should be addressed. 

0065-2393/83/0203-0571$06.75/0 
© 1983 American Chemical Society 
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572 POLYMER CHARACTERIZATION 
Background 

The application of F T I R techniques to problems of polymer aging 
is really the application of Beer's law and our accumulated knowledge 
of group frequencies. U s i n g group frequencies, we assign vibrational 
modes to functional groups. W i t h Beer's law and spectral subtraction, 
the manner i n w h i c h these functional groups change i n concentration 
w i t h time is evaluated. 

To assess functional group stability, the relative functional group 
stability approach is used (J). This approach is a way of v i ewing 
Four ier transform (FT) spectral data acquired as a function of t ime. I n 
this approach, χ and y designate functional groups absorbing at vx and 
vy. I f two spectra (1 and 2, undegraded and degraded polymer, re
spectively) are obtained, then an absorbance (A) difference spectrum 
can be computed as follows: 

ΔΑ* =A§* -ΚΑψ 

ΔΑυ =Aty - KA\y 

In a usual absorbance subtraction experiment, sample thickness and 
extinction coefficient are assumed to be constant throughout the mea
surement. Setting Κ = 1 thus gives the change i n concentration of the 
functional group absorbing at each wavenumber. However , another 
way to v iew these data is to vary Κ to force the absorbance difference 
at one wavenumber to be zero, for example: 

ΔΑΧ =Ap - ΚΑ\χ = 0 or Κ = Αρ/Αϊ* 

T h e n w i t h this value of K , AAy is computed. One finds that A A y is 
either greater than, equal to, or less than zero, indicating that func
tional group y is either more stable than, as stable as, or less stable than 
functional group χ (respectively). Th is simple approach to absorbance 
subtraction, the relative functional group stability approach, is quite 
useful for analyzing data from a polymer be ing degraded. The calcu
lation may be appl ied to functional groups of species formed as reac
tion products as w e l l . Th is application w i l l be il lustrated w i t h reaction 
products of polyethylene terephthalate (PET) . 

Experimental: Isothermal Degradation 
A l l of the spectra and computations on spectra i n this study were 

carried out on a Dig i lab M o d e l F T S 2 0 B , run at 2 - c m - 1 resolution. 
Spectra were obtained i n the external reflection—absorption mode at 
near normal incidence. A f i lm of P E T was cast on a pol ished 
a luminum plate, either from the melt or from phenol solution. The 
plate was then mounted on a horizontal heated stage i n a specular 
reflectance attachment (Wilks M o d e l 22 or Barnes Eng ineer ing M o d e l 
134). The sampling techniques are described i n detail elsewhere (2). 
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Results: Isothermal Oxidative Degradation of PET 
Figure 1 shows the difference spectra obtained i n the ther

mooxidative degradation of P E T for various times and temperatures. 
Each trace i n Figure 1 is the in i t ia l spectrum subtracted from the 
spectrum at the indicated time. A t 210 °C, it is clear that significant 
changes do not take place after 2 h . W h e n the temperature is raised to 
230 °C several differences, both positive and negative, appear after 2 h. 
These are explained as be ing due to annealing of trans—gauche con
formers (3). A n increase i n temperature to 250 °C changes the chemis-

+ + + + 

210°C 2 h o u r s 

1800 1600 1400 1200 1000 800 700 

W A V E N U M B E R C M 

Figure 1. Absorbance difference spectra ( time = t indicated in figure 
— time = 0) for PET at several temperatures. 
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574 POLYMER CHARACTERIZATION 
try markedly. The difference spectrum i n Figure 1 now shows the 
growth of many new bands even after 1 h. Th is growth is accelerated 
by further temperature increases, i l lustrated by the several strong 
positive deviations after 30 m i n at 280 °C. These changes are irreversi
ble and represent the thermooxidative degradation of P E T . 

Figures 2 and 3 show the evolution of these difference spectra 
w i t h time at 250 °C and 280 °C, respectively. The time evolution i m 
mediately demonstrates that degradation, as revealed by these traces, 
is not simply the progressive growth of new bands. Rather, some 
bands are seen to increase first then decrease i n the difference 
spectra, whi le others begin to appear only at later times. Th is result 
can be seen more quantitatively by plotting the relative peak heights 
at several wavenumbers vs. t ime, as i n Figures 4 and 5. These data 

1600 1600 1400 1200 1000 600 700 

W A V E N U M B E R C M ' 

Figure 2. Variation of the absorbance difference spectrum (time = t — 
time - 0)for PET with time at 250 °C. 
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j r i 1 » 1 . 

1800 1600 1400 1200 1000 800 700 
W A V E N U M B E R C M " 1 

Figure 3. Variation of the absorbance difference spectrum (time = t — 
time = O)for PET with time at 280 °C. 

show the growth of primary degradation products that are consumed 
i n subsequent reactions. The actual kinetic profiles at different 
wavenumbers can be quite complex, as seen, for example, i n the 
1730-cm" 1 plot at 280 °C. Th is complexity results from overlapping 
absorption bands arising from several different carbonyl degradation 
species. 

Although the relative functional group stability approach can be 
appl ied to the bands i n the original P E T spectrum, it is interesting to 
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576 POLYMER CHARACTERIZATION 

* I07o Absorbance 

T I M E ( M I N ) 

Figure 4. Kinetic profiles (absorbance vs. time) for several IR absorp
tion bands observed in the thermooxidative degradation of PET at 

250 °C. The profiles are arbitrarily displaced along the ordinate. 
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TIME (MIN.) 

Figure 5. Kinetic profiles similar to those in Figure 4, but at 280 °C. 
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578 POLYMER CHARACTERIZATION 

1800 800 700 
W A V E N U M B E R C M 

Figure 6. Absorbance difference spectra for PET samples (degraded at 
280 °C, 30 min for initial spectrum) calculated according to the relative 
functional group stability approach. Both the wavenumber at which 
absorbance is forced = 0 and the functional group assignment are 

indicated. 

apply it to the bands of reaction products as w e l l . A n example of this is 
shown i n Figure 6, w h i c h gives an alternate way of looking at the 
degradation data. In Figure 6 an anhydride product absorbing at 1795 
c m - 1 is seen i n small amount even i n the ini t ia l sample. W h e n the 
absorbance difference at 1795 c m - 1 is forced to be equal to zero, a l l 
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33. PEARCE ET AL. Polymer Degradation Studies 579 

other bands appear to be negative. Conversely, the methylene and 
C H 2 0 linkage are degraded i n the early stages of the reaction. Thus , 
when an absorption band characteristic of these functional groups (at 
1337 c m - 1 ) is forced to be equal to zero, many positive features appear. 
Funct ional groups manifesting themselves i n the bands at 1410 and 
1730 c m - 1 are clearly intermediate cases. 

Thus far a series of results on a single sample of P E T has been 
discussed. But P E T , as other polymers, may vary i n many ways. Some 
of these are common to many polymer systems, such as variation i n 
molecular weight or intrinsic viscosity. Others are unique to P E T , 
such as a variation i n the concentration of diethylene glycol ( D E G ) 
l i n k a g e s - O C H 2 C H 2 O C H 2 C H 2 O - i n the polymer. The concentration 
of C O O H end groups may also be a useful parameter of characterizing 
samples. 

Four samples of P E T were compared and their properties are 
shown i n Table I. Results discussed previously i n this chapter are for 
Sample 1. Comparable results are now shown for Samples 2 - 4 . F i g 
ure 7 shows kinetic profiles for several samples. Samples 1 and 2 have 
similar D E G contents and molecular weights (MW), but differ greatly 
i n C O O H content. The degradation patterns of these two samples are 
rather similar. The main observable difference is that the anhydride 
concentration increases more rapidly i n Sample 1. Th i s formation of 
anhydride may be associated w i th the presence of the C O O H groups. 

Samples 1 and 3 differ mainly i n the D E G concentration. Data 
show that the lowering of the D E G concentration reduces the rate of 
thermal degradation. Th is result is further accentuated i n Sample 4, 
where the C O O H content and the D E G content are both relatively 
low. In this sample the formation of anhydride is very small even after 
relatively long times. 

The effect of M W on the degradation rate is not great, and can be 
understood as be ing due to a lower melt viscosity i n the samples w i th 
lower molecular weight. Work on additional samples control l ing these 
parameters i n other ways w o u l d be necessary for clear separation of 
the effect of molecular weight on thermal degradation rate from the 
other effects discussed here. 

Discussion: Isothermal Degradation 

The IR absorption spectrum of P E T has been addressed by several 
investigators (3 -7 ) . B y combin ing these data, results of previous 
mechanistic studies of the degradation (8, 9), and knowledge of IR 
group frequencies (JO, I I ) , most of the bands observed i n these exper
iments can be assigned. These assignments are collected i n Table II . 
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580 POLYMER CHARACTERIZATION 
Table I. Characteristics of P E T Samples Studied 

Sample COOH DEG IV M w 

5 16 1.96 0.71 6.1 Χ 10 4 

11 70 1.96 0.61 4.9 x 10 4 

6 16 0.94 0.74 6.4 x 10* 
1 8 1.0 0.47 3.5 x 10 4 

TIME (MIN.) 
Figure 7. Kinetic profiles for several PET samples degraded at 280 °C. 
The top three curves are 1730 cm'1 and the bottom curves are at 

1795 cm-1. 
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The complex series of changes i n the 1 7 0 0 - 1 7 5 0 - c m - 1 region, 
where several bands are present and change i n intensity wi th t ime, is 
a result of many carbonyl species. These include aldehydes, car-
boxylic acids, and eventually one of the anhydride carbonyl modes 
(the other is at 1795 cm" 1 ) . 

Discussion: Thermooxidative Degradation Schemes 
Direct ly fo l lowing from these results are some conclusions con

cerning degradation mechanism: (1) the weak point toward ther
mooxidative degradation i n P E T is the C H 2 group; (2) the C H 2 group 
located i n D E G is much more reactive than that normally i n P E T ; (3) 
the fluctuating increase of the carbonyl group indicates that some 
products such as C O O H , C H O , and others may form, w i th mult ip le 
consecutive reactions taking place; and (4) the almost constant value 
for the anhydride group impl ies that an equ i l ib r ium or a steady state 
may be reached between the anhydride group and other groups. 

The α-position of ethers is attacked easily by oxygen even at room 
temperature. A simple ether can autoxidize w i th atmospheric oxygen 
to form peroxide. This α-position vulnerabi l i ty is the reason that the 
C H 2 group i n D E G is more reactive, there being two α-positions i n 
D E G . A suggestion for an autoxidation process is therefore reason
able. 

The normal thermooxidative mechanism ( involving the ethylene 
glycol linkage) is i l lustrated i n Scheme I (S, 9). 

The autoxidative mechanism ( involving the diethylene glycol 
linkage) is i l lustrated i n Scheme II . 

The reactions between the anhydride and the other groups are 
illustrated i n Scheme III . 

From the Schemes I - I I I , the products containing the carbonyl 
species are C 6 H 5 C O O C H 2 C O O H , C H 3 C H O , C 6 H 5 C O O C H 2 C H O , 
C 6 H 5 C O O C H 2 C H 2 O C H O , and C 6 H 5 C O O C H 3 . As a result, the band at 
1730 c m - 1 is actually an overlapped band; this is why it shifts i n 
frequency during the degradation. Some of these products can be 
further oxidized, the gaseous products such as C H 3 C H O can escape, 
and the carbonyl group intensity is therefore expected to fluctuate 
w i t h time. The production and escape of the gaseous products such as 
C H 3 C H O , C 0 2 , and H 2 0 explain the decrease i n the thickness of the 
sample f i lm after degradation. 

The double bond product forms during this degradation; how
ever, a band characteristic of a double bond was not evident i n our 
difference spectra. Possibly, the double bond products react rapidly to 
a graft cross-l inking by a free radical mechanism, thus making their 
concentrations too low to be detected, especially considering the 
weak IR activity of double bonds. 
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Also , a band for the intermediate peroxide group (—OOH) was not 
found. This may be due to interference or its low concentration com
b ined w i t h a l ow extinction coefficient. The band characteristic of 
peroxide is about 885 c m - 1 and a band exists at 895 c m - 1 , w h i c h is 
characteristic for the C H 2 rocking of ethylene glycol ( C H 2 decreases 
during degradation). These two bands are too close together and may 
interfere. 

Experimental: Evolved Gas Analysis of PET Under Nitrogen 
In the preceding section we described the IR spectroscopic results on 

degradation of P E T viewed from the residual polymer. To complement such 
studies, the spectra of volatile products also must be examined. 

One approach to this examination is polymer aging under isothermal con
ditions in a sealed chamber. This approach allows the measurement of both 
residual and volatile products. The chamber is used as a gas cell. Results of 
such an experiment are described elsewhere {1,2). 

Another approach is measurement of evolved gases in a stream of flowing 
carrier gas as a function of temperature. This method has been described in 
detail (12,13). 

Results: Evolved Gas Analysis of PET Under Nitrogen 
Atmosphere 

A sample of P E T was heated at 10 °C/min. The sample was he ld at 
55 °C for several minutes to remove loosely bound water and then 
heated to 550 °C whi l e spectra were taken continuously. A total of 125 
spectra were taken during this period. E a c h spectrum represents an 
average of the evolved gases i n a 4 °C temperature range. A nitrogen 
atmosphere was used throughout. 

Quick examination of the spectral files allows immediate identi f i 
cation of C O , C 0 2 , and H 2 0 among the products of the decomposition. 
F r o m a frequency characteristic of each of these gases, a plot of absor
bance vs. temperature can be made (Figures 8 -10) . In this decompo
sition, the evolution of C O and C 0 2 shows nearly identical temperature 
profiles. Water evolution at low temperatures is probably not signif i 
cant, and the higher temperature water evolution again follows a s im
ilar profile to C O and C 0 2 . Al though we have not calibrated these 
intensities to determine relative concentrations, the quantity of water 
probably is considerably less than that of C 0 2 . 

A ldehyde , particularly acetaldehyde, is clearly present i n the 
evolved gas analysis spectra. B y 400 °C, a l l of the bands characteristic 
of acetaldehyde i n the gas phase (14) can be seen clearly. Th is can be 
illustrated by plotting a temperature profile of the absorbance at 2700 
c m " 1 , shown i n Figure 11. Th is low wavenumber C - H stretch is char
acteristic of aldehydes. S imi lar temperature profiles are seen for the 
carbonyl stretch, and other bands i n the fingerprint region. 
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In addition to the acetaldehyde band, a number of other bands 
appear i n the spectrum, increasing i n intensity above 375 °C, peaking 
near 450 °C, and then decreasing. These bands, at 3590, 3080, 1760 
(overlapped), 1350 (overlapped), 1270, 1180, 1085, and 711 (over
lapped) c m - 1 a l l have identical temperature profiles. They are the 
spectrum of benzoic acid (14). 

Discussion: Evolved Gas Analysis 
That P E T should decompose into benzoic acid and acetaldehyde 

is not surprising. Under a nitrogen atmosphere the decomposition of 
this polymer is thus quite simple (15, 16). 

Products such as C O , C 0 2 , and H 2 0 are undoubtedly formed from 
the primary decomposition products, as w e l l as through other reac
tions. The data w o u l d not permit detection of minor products, partic
ularly given the large number of bands present from the species a l 
ready mentioned. 
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34 
Photoacoustic Fourier Transform IR 
Spectroscopy and Its Application to 
Polymer Analysis 
D. WARREN VIDRINE and S. R. LOWRY 
Nicolet Instrument Corporation, Madison, WI 53711 

Photoacoustic spectroscopy (PAS) in the UV-visible re-
gion, although a promising technique, is limited in its 
application by the prevalence of PA saturation and by 
the paucity of structural information in that spectral 
region (relative to the mid-IR). The recent develop
ment of Fourier transform IR photoacoustic spectroscopy 
(FTIR/PAS) has made mid-IR PA detection practical for 
solid and liquid samples. Because of the relatively low 
volume absorptivities characteristic of vibrational ab
sorptions, PA signal saturation is generally not a problem 
except for some inorganic materials. The applications of 
FTIR/PAS to polymer analysis have been in three direc
tions so far: (1) obtaining IR spectra of samples that are 
intractable to most traditional sample preparation meth
ods; (2) identifying or ruling out the existence of sample 
preparation artifacts in IR spectra obtained by traditional 
methods; and (3) surface and depth profiling studies of 
sample surfaces. Applications of FTIR/PAS to the analy
sis of polymers and composite materials are presented, 
along with comparisons of PAS with spectra obtained 
(on the same materials) using other IR measurement 
techniques. 

JL H E P H O T O A C O U S T I C E F F E C T WAS D I S C O V E R E D by Alexander Graham 
B e l l (J) who found that many materials gave off an audible sound 
when i l luminated by modulated light. As shown i n Figure 1, the 
heating at intervals of the sample surface by the modulated l ight 
causes the air adjacent to the sample to be heated at intervals. The 

0065-2393/83/0203-0595$06.00/0 
© 1983 American Chemical Society 
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BOUNDARY LAYER 

MICROPHONE 

SAMPLE 

Figure 1. Idealized photoacoustic cell for solid samples. 

intermittent expansion of this air causes an alternating pressure 
wave—sound (2). So, photoacoustic detection directly measures the 
absorption of l ight energy at the sample surface. In 1975, U V - v i s i b l e 
photoacoustic spectroscopy (PAS) became a commercial reality, and 
immediately found application i n solids analysis. T w o factors have 
previously l imi ted its application: the phenomenon of photoacoustic 
(PA) saturation (analogous to a completely absorbing band) that l imits 
quantitative application, and the relative paucity of structural infor
mation for many polymers i n the U V region. The weaker sources and 
lower photon energy of the mid - IR region at first prohibited I R - P A S ; 
however, w h e n P A detection was demonstrated (3) w i t h a M i c h e l s o n 
interferometer spectrometer (in the vis ible region), the solution of the 
mid - IR sensitivity problem [by using interferometric Four ier trans
form IR (FTIR) spectrometers] was inevitable. F T I R spectrometers 
permit more effective use of measurement time by a l lowing mea
surement of a l l IR frequencies at a l l times during each scan (al
l owing much signal-averaging of noise), and have characteristically 
higher l ight throughputs than dispersive spectrometers (no slits are 
required because there is no monochromator). These sensitivity ad-
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34. viDRiNE A N D LOWRY Photoacoustic FTIR Spectroscopy 597 

vantages offset the characteristically low thermal efficiency of the 
untuned air-mediated P A microphone ce l l and permit useful spectra 
to be obtained i n reasonable measurement times. 

The PAS Experiment 
Although the basic P A S experiment is quite simple, the analog 

signal measured at the microphone is a result of a complex transfer of 
energy from the IR source to the microphone. Al though P A S is fun
damentally a surface technique, the actual thermal response is a rather 
complicated function of modulation frequency, surface morphology, 
sample absorptivity, and thermal diffusivity. Attempts to model the 
experiment have been partially successful, but a general theory is not 
available currently. 

A major point to be made concerning P A S is the direct relation of 
IR absorbance to the signal measured w i th the microphone. U n l i k e 
normal transmittance or reflectance techniques where one measures 
the loss of signal caused by the sample absorbing radiation, P A S mea
sures the true magnitude of the interaction. This abil ity to have 
maximum signal w h e n the sample is present reduces the dynamic 
range problems sometimes encountered i n F T I R . 

Figure 2 shows the P A S interferogram from a sample of carbon 
black. Because carbon black is a strong broad range absorber the sig
nal is quite similar to a normal transmitting spectrum, even though the 
measuring procedure is quite different. Figure 3 shows the P A S i n 
terferogram from a vapor phase sample of methanol and carbon d i s u l 
fide (CS 2 ) . This sample has a few very strong absorption l ines, and the 
interferogram shows the beat pattern between these frequencies. As 
stated previously, the magnitude of the interferogram is related d i 
rectly to the sample. If more sample were i n the ce l l , the signal w o u l d 
be proportionally larger. 

A n important effect i n P A S is the huge signal enhancement ob
served when the sample is i n the vapor phase. This is often a problem 
w h e n a sample contains adsorbed water. After the sample is sealed i n 
the P A S ce l l , a small amount of desorbed water can make a large 
contribution to the final spectrum. The problem can be reduced by 
purging the sample before sealing the ce l l or by performing a spectral 
subtraction w i t h a water reference spectrum. 

Comparison of Methods 
Crucia l to understanding the uses of F T I R / P A S is the consideration 

and comparison of alternative IR methods of measuring polymer sur
face properties. The most direct methods are physical microtoming 
and inc lude surface g r ind ing , etching, and s l i c i n g (classical m i 
crotoming). In these methods the IR spectra and their properties are 
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Figure 2. PAS interferogram from a carbon black sample. 

not usually the point of controversy; they are essentially simple 
transmission spectra. Rather, the trick of these techniques lies i n the 
microtoming process itself. T h e fo l lowing section attempts a descrip
tion of the operational characteristics of the spectroscopic microtom
ing, or surface methods i n use. 

Reflectance Methods. Because most surface methods are reflec
tion methods, it seems appropriate to define some descriptive terms i n 
order to insert a modicum of order (and a m i n i m u m of further confu
sion) into this f ie ld . "P lane specular ref lection" is the reflection from a 
pol ished flat surface, such as a common first-surface mirror. "Scattered 
specular reflection," or "dif fused specular ref lection" occurs w h e n 
there are single reflections from a rough surface, such as a sandblasted 
gold surface. "Di f fuse ref lection" occurs when there are mult ip le re
flections and transmissions of each ray w i t h i n a more or less transpa
rent scattering sample, such as powdered K B r . Al though the latter two 
often have the same spatial characteristics, i.e., great or total diffusion 
of reflected light, the nature and photometry of these measurements is 
quite different. The term " f / 5 " refers to the common focusing and 
col lection angle found i n most commercial IR spectrometers, and 
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34. viDRiNE AND LOWRY Photoacoustic FTIR Spectroscopy 599 

" f / 1 " refers to the practical maximum focus angle and collection angle. 
Th is is usually nominal ly near f/1, but the useful f /number is higher. 
B y using these terms, we may list and describe the major reflectance 
methods i n use. 

" N O R M A L " S P E C U L A R R E F L E C T A N C E . This term commonly refers to 
high-angle specular reflection from a plane surface. In practice, an f/5 
beam, with an incidence angle between 45° and 80° to the surface plane, 
or a Christiansen spectrum of optically thick nonscattering samples, is 
most often used to measure coatings on metal surfaces. In this use, the 
reflection off the metal surface is not of interest, and we are measuring 
actually the double-pass transmission spectrum of the coating. This 
method suffers i n sensitivity for extremely th in films because the 
electric vector of the l ight approaches zero very near the metal sur
face. 

G R A Z I N G A N G L E R E F L E C T A N C E . Graz ing angle reflectance (GAR) , 
or ellipsometry is a true surface technique and refers to the low-angle 
reflection from a plane surface. In practice, either a eol l imated beam 
or an f/5 beam is used w i t h the nominal incidence angle usually be ing 
5° to 10° from the surface. The angular dispersion of an f/5 beam is 

ο œ 

•*B5 e55 555 7555 i2bo 
DATA POINTS 

i«*bo i6bo ïibo 

Figure 3. PAS interferogram from a vapor phase sample of methanol 
and carbon disulfide. 
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600 P O L Y M E R C H A R A C T E R I Z A T I O N 

significant here and w i l l influence the resulting photometry. Near 
normal incidence, the spectrum is s imply a weak Christ iansen, or 
refractive-index spectrum of the material. A t grazing angles, the spec
trum of the perpendicular polarization is a reasonable simulacrum of 
the absorption spectrum of the surface. G A R requires a smooth, h ighly 
pol ished surface of fairly large area as highly focused low f /number 
optics increase the incidence angle dispersion. The method is useful 
for both pol ished, optically thick samples and for very th in 
(monolayer) films on metal. Spectral features appear only for l ight of 
polarization, so a polarizer is often used for the measurements. The 
equivalent depth penetration is on the order of 1 μιη. 

M U L T I P L E E X T E R N A L R E F L E C T A N C E . Th is method is used most 
commonly as a rough but sensitive version of grazing angle reflec
tance. In practice, an f/1 to f/5 beam is bounced into the space between 
two pol ished plates (for background spectra, these are mirrors; other
wise one or both are sample), and exits after mult ip le reflections. 
Because the beam is not col l imated, and the samples are often not 
completely flat, considerable incidence angle dispersion commonly 
exists, and the technique is most often used where sensitivity rather 
than photometric definabil ity is paramount, as i n the measurement of 
submonomoleeular layers on metal. 

D I F F U S E R E F L E C T A N C E . Diffuse reflectance ( D R F or D R I F T ) is 
the reflectance of a sample associated w i t h l ight be ing reflectively 
scattered mult ip le times w i t h i n the optically scattering sample. 
Photometrically, the sample absorptivity is related to the reflectivity 
by the K u b e l k a - M u n k equation. In practice, f/1 col lection optics are 
used to collect as much (20% or so) of the diffusely reflected l ight as is 
practical. T w o forms of D R F accessory are available: those that 
eliminate the central f/5 portion of the collected beam, and those that at
tempt to collect the whole beam. The former is valuable when a scat
tering sample has a smooth pol ished surface w i th its specular C h r i s 
tiansen contribution. For most samples, inc lud ing powders, the 
specular component is also diffused by surface roughness and cannot 
be el iminated i n this way. Nonscattering rough-surfaced samples are 
best measured i n a D R F accessory, but the reflectance is diffused 
specular reflectance (DSR, not D R F ) , and does not follow the K u b e l 
k a - M u n k absorptivity relationship. I n practical D R F spectroscopy, 
the reflectivity of high-absorptivity spectral regions is often domi 
nated by specular reflectivity, even w h e n the rest of the spectrum is 
predominantly true diffuse reflectance. Th is can cause a specious, 
antinomial , poltergeisterhaft effect known as band reversal, where the 
absorptivity peak of a band actually has higher reflectivity than the 
band wings. In general, D R F is useful for two classes of polymer 
samples: w i th powders or other highly scattering samples, and w i t h 
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34. viDRiNE AND LOWRY Photoacoustic FTIR Spectroscopy 601 

nonscattering samples having small , scattering blemishes on their 
surfaces. The ease of use of D R F makes it a very desirable method for 
repetitive measurements w h e n the sample's optical properties and 
analytical requirements permit. 

A T T E N U A T E D T O T A L R E F L E C T A N C E . Attenuated total reflectance 
(ATR) , or mult ip le internal reflectance (MIR) , is the most commonly 
used technique of surface measurement i n IR spectroscopy. L i g h t 
traveling inside a h igh refractive index, transparent crystal is reflected 
against the A T R crystal surface from the inside. Because the reflection 
is be low (more grazing than) the crit ical angle total dielectric reflec
t ion takes place, and the l ight is not attenuated. However , the electric 
vector of the l ight extends beyond the crystal surface, and an optically 
absorbing, low refractive index substance placed i n contact w i th the 
crystal surface w i l l attenuate the reflected light. Because this electric 
vector, or evanescent wave, is of significant intensity w i t h i n only a 
few micrometers of the surface, only the surface spectral absorptivity 
of the sample is measured. 

In practice, an f/1 or f/5 beam is introduced into the crystal. The 
high refractive index of the crystal reduces the angular dispersion of 
the beam w i t h i n the crystal. Crystals of various refractive indices are 
used. F o r relatively deep penetration, low refractive index crystals are 
used. Common crystals are K R S - 5 (thallium bromoiodide, refractive 
index 2.2), and zinc selenide (2.42). For shallower penetrations, s i l i 
con (3.4) or germanium (4.0) is used. Penetration may also be de
creased by reflecting the l ight at a lower, more grazing angle. Reflec
t ion at a high angle increases penetration, but angles near the crit ical 
angle (l imit of total reflection) produce spectra w i t h serious band 
asymmetries. Samples must make good, intimate contact wi th the crys
tal surface. For quantitative work, this requires l iquids or very flat or 
deformable solids. Fortunately, for qualitative work or relative quantita
tion less perfect sample contact is permissible and even textured sur
faces and powders may be suitable. 

Nonreflection Surface Methods. E M I S S I O N S P E C T R O S C O P Y . Th is 
nonreflection method uses the IR l ight emitted by the sample itself as 
the source. The sample is placed on a thermostatted stage at a pre in -
terferometer f/1 beam focus. The beam then originates at the sample, 
is modulated by the interferometer and then detected (the detector 
must be at a different temperature than the sample, and l i q u i d N 2 -
cooled detectors are usually used). The spectral zero and 100% points 
are defined by substituting a gold surface or a carbon black (or 
plat inum black) surface i n place of the sample. Results are expressed 
as percent emissivity or as watts per steradian. There are three general 
classes of samples, each analogous to the type of high-angle reflec
tance spectroscopy. Opt ica l ly thick, nonscattering samples give fea-
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tureless gray body emission spectra, w i t h a small Christ iansen com
ponent similar to that obtained w i th specular reflectance. T h i n films 
on metal give inverted-transmissionlike spectra, again similar to the 
specular reflectance case. Scattering samples can give spectra similar 
to inverted diffuse reflectance spectra. In general, for the majority of 
sample types i n the mid- IR, similar results can be obtained w i t h re
flectance methods, without paying the energy and signal-to-noise 
penalty of a cooler source (reflectance methods use a 1500-K Globar 
source, whi le emission samples are usually 3 0 0 - 6 0 0 K). 

P H O T O A C O U S T I C D E T E C T I O N . Photoacoustic detection (PA or PAS) 
is the subject of this chapter and only information for comparison w i l l 
be given here. A n f/1 or f/5 beam is focused onto the sample stage of the 
P A microphone ce l l . The sample cavity i n commercial cells is com
monly 4 - 1 2 m m i n diameter and a few mil l imeters deep, but larger 
samples can sometimes be accommodated. F o r reasons out l ined 
elsewhere (4), the detectivity of the P A microphone ce l l is less than 
other thermal detectors (such as T G S or D T G S ) , and measurement 
times are, therefore, longer (for equivalent spectral signal-to-noise) 
than w i t h other methods. The spectrum resembles an inverted trans
mission spectrum i n appearance and approximate photometry. Scat
tering effects that sometimes cause such baseline ti lt and curvature i n 
other methods usually do not v i s ib ly affect P A baselines. H i g h ab
sorptivity organic IR chromophores rarely give P A signals that are 
more than about 80% of saturation, and even strong inorganic bands, 
e.g., S i - O stretch, are incompletely saturated. Sample surface mor
phology exerts a m i l d effect on spectrum intensity, and a smaller effect 
on photometry as compared to other methods. 

General Applications 
Four uses for F T I R / P A S suggest themselves. First , P A S offers a 

way of avoiding interfering Christ iansen effects on band shape and 
location. These distortions are particularly noticeable w i t h highly ab
sorbing samples {see F igure 4). For instance, the technique is be ing 
used to obtain spectra of inorganic salts that are free of Christ iansen 
contributions (5). Diffuse reflectance ( D R F ) spectroscopy of very fine 
powders and A T R spectroscopy w i t h high-index plates are other 
techniques capable of m i n i m i z i n g Christ iansen contributions; but 
both these techniques impose strict limitations on sample morphology. 

As a second use, P A S offers a way of looking at undisturbed sur
faces. A T R , the common alternative for surface investigations, re
quires a flat or deformable surface for good sample contact, and re
quires sample contact. I f these requirements can be met, of course, 
A T R may offer a much less t ime-consuming way of obtaining the i n 
formation. Similar ly , i f the native sample happens to be a fine, scat-
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Figure 4. FTIR/PAS spectra that illustrate interfering Christiansen ef
fects on band shape and location. 

tering powder without important bands of very h igh absorptivity, and 
information about the bulk composition is desired, D R F may easily be 
the method of choice. But, w h e n spectra that are independent of sam
ple surface morphology are desired, P A S has some intrinsic advan
tages. Figure 5 illustrates the spectral differences seen w h e n a series 
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Figure 5. Diffuse reflectance spectra of the same samples of a nitrile-
containing resin. Key: a, powder; h, sawn surface; c, smooth surface; 

and d, pellets. 

of nitri le resin samples that differ only i n surface morphology are 
measured. F o r comparison, note that the same samples measured by 
P A S show identif iably similar spectra {see F igure 6). O f course, i f the 
resin samples were f inely ground and mixed w i th K B r , very similar 
spectra wou ld be obtained by D R F or K B r pellet i n a shorter time. To 
illustrate this, note that the D R F spectra of Figure 5 required only 10 s 
of measurement time apiece, whi l e the P A spectra of Figure 6 re
quired 5 m i n apiece. 

T h i r d l y , mechanical ly intractable or noxious samples may be 
analyzed without resorting to messy sample preparation techniques. 
In this case, one is essentially trading preparation time or effort for a 
longer measurement time. 

F i n a l l y , P A S can offer a relatively simple way of calibrating mea-
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Figure 6. FTIR/PAS of a nitrile-containing resin in different surface 
morphologies. Key is the same as in Figure 5. 

surements obtained by other methods. For instance, the curve relating 
the reflective attenuation of a band by A T R , and the band absorptivity 
can make the calibration of an A T R analysis easier. S imi lar ly , a refer
ence P A spectrum of an undisturbed surface compared w i th a spec-
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606 POLYMER CHARACTERIZATION 

trum obtained by a faster technique can make analytical interferences 
due to the faster technique's artifacts of preparation obvious, and thus 
easily c ircumvented. 

Relevant Parameters 
There are four interrelated factors that affect F T I R / P A S spectra: 

sample properties, the physical constants of the gas i n the ce l l , the 
l ight modulation frequency, and the ce l l characteristics. 

The prime determinants of the effective depth of penetration or 
measurement depth are the thermal properties of the sample. Most 
organic polymers have similar thermal conductivity and heat capacity; 
therefore, for bulk resins and composites, the effective measurement 
depths are reasonably similar. F i n e powders, f inely foamed samples, 
and extremely th in samples tend to give P A S of higher intensity, and 
the photometric scale of such spectra should be v iewed w i t h caution. 
The photometric theory of P A S has been presented elsewhere (6) i n 
some detail. Although there are some problems wi th the work, the basic 
concepts are useful for the mid - IR . Also , it is a useful generalization 
that scattering and Christ iansen contributions to P A spectra are very 
small , but these contributions do exist and must be considered for 
crit ical work. 

The working med ium used i n P A cells designed for sol id samples 
is generally air at atmospheric pressure. H e l i u m has been shown to 
double the signal obtained, w i t h a corresponding increase i n the 
signal-to-noise ratio obtained. Theory and some experiments suggest 
that gases w i th high molecular weights give poor results. Apparently, 
no experiments have been done that investigate the effect of pressure, 
although it w o u l d be an un l ike ly coincidence i f atmospheric pressure 
were optimum. In any case, the sensitivity enhancement obtained by 
changing the working gas must be judged against the convenience of 
using ambient air. 

The modulation frequency of the l ight also affects the effective 
measurement depth. In F T I R spectrometers, this modulation is pro
duced by the Miche l son interferometer. The modulation frequency is 
proportional to the wavenumber position i n the spectrum, and pro
portional to interferometer mirror velocity. The effective measure
ment depth is proportional to the square root of the inverse of the 
modulation frequency, according to Rosencwaig and others, although 
for practical samples this may not be an exact relationship. 

Standard gas-microphone photoacoustic cells have a frequency 
response that varies inversely w i t h frequency at frequencies below 
the cell 's residual resonance frequency. Figure 7 illustrates the fre
quency response of a typical P A ce l l . B y using a higher mirror velocity 
to achieve a smaller effective measurement depth, a severe signal-to-
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Figure 7. Illustration of the frequency response of a typical photo

acoustic cell. 

noise penalty is carried i f modulation frequencies above the c e l l reso
nance frequency are used. Th is fact imposes a lower l i m i t of a few 
micrometers on attainable effective penetration depths. W i t h i n these 
l imits , P A S can be used to profile composition as a function of depth. 
Figure 8 is such a series of P A spectra obtained from a sample of 
poisoned catalyst. The numbers 0 - 2 4 represent increasing mirror 
velocity (and thus decreasing effective measurement depth) on a 
logarithmic scale. F o r instance, velocity 10 is twice velocity 0, and 
velocity 20 is twice velocity 10. Several features i n the spectra suggest 
a change i n composition w i th depth. In particular, the changes i n 
relative heights of the bands around 700 c m " 1 indicate differences i n 
the aromatic substitutional patterns for the different depths. 

A Study of a Polymer Surface 
Considerable research has gone into evaluating the performance 

of perfluorinated sulfonic acid polymers as separators i n the elec
trolytic cells used i n the production of chlorine and sodium hydroxide. 
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Figure 8. A series of photoacoustic spectra obtained from a poisoned 
catalyst. The spectra can be used to profile the composition as a func

tion of depth. 

One specific polymer used i n these cells is a du Pont material cal led 
Nafion. The structure of Naf ion is shown here: 

( C F 2 C F 2 ) n ( C F C F 2 ) m 

I 
Ο 

C F 3 - C - 0 C F 2 C F 2 - X 

Η 
where X = S 0 2 F , SO" 3 H + , S O " 3 N A + and S 0 2 N -

The sulfonamide groups ( - S 0 2 N H - ) were created by reaction of the 
polymer i n the sulfonyl fluoride form wi th the corresponding amine. A 
significant improvement i n membrane performance was observed 
when a modif ied sulfonamide layer was formed w i t h ethylene 
diamine ( E D A ) . 

A large number of successful A T R experiments were performed 
on various forms of Nafion produced for research investigations. 
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18DD 1600 It 00 1200 1000 
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Figure 9. PAS spectrum of a sample of production membrane placed in 
the PAS cell with the untreated side face up. 

However , i n order to improve the mechanical strength of the mem
branes i n actual production cells the Nafion membrane is reinforced 
w i t h a cross screen of Tef lon fibers. The Tef lon fibers create a rough 
membrane surface where most of the actual Naf ion is located. A T R 
experiments on the production membrane were quite difficult and the 
resulting spectra were frequently dominated by features due to the 
Teflon. Transmission experiments on these samples failed because the 
C - F stretching mode b lanked the entire fingerprint region. 

The problem of analyzing the treated and untreated sides of a 
polymer membrane where good surface contact is impossible seemed 
w e l l suited for P A S . A sample of production membrane was placed i n 
the P A S cell with the untreated side ( -SO" iNa + ) up. Figure 9 shows the 
resulting P A S spectrum. This spectrum has been ratioed to a carbon 
black spectrum. The strong water peaks between 1800 and 1400 c m " 1 

indicate that water has been desorbed from the hydrophi l i c surface of 
the membrane. N o attempt was made to remove the water. This spec
trum allows a comparison to be made between the desorption prop-
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Figure 10. PAS spectrum of a sample of production membrane placed 
in the PAS cell with the treated side face up. 

erties of the two sides of the membrane. The major peak i n the spec
trum at 1200 cm""1 is due to the C - F stretch. The flat top of this peak 
indicates clearly that this band is saturating. The major peak of inter
est occurs at about 1050 c m - 1 . This peak corresponds to the symmetric 
S O ^ stretching mode. The asymmetric mode occurs under the large 
C - F peak and the peak below 1000 c m - 1 seems to be an overlap of a 
C - S - O vibrational mode and a C — F mode. Figure 10 shows the 
spectrum of the treated side of the membrane. The key features here 
are the almost complete loss of the S O l peak and the formation of a 
peak at approximately 1375 c m - 1 . This can be attributed to the S O z N 
asymmetric stretch. F igure 11 shows the spectral subtraction data for 
this study. The basis of this subtraction was the n u l l i n g of the large 
C - F peak and is shown i n more detail i n Figure 12. Great care must 
be taken when interpreting the results of P A S subtractions. Current ly , 
there is not a good function or theory that provides a l inear response 
that can be appl ied generally to P A S data. The problem becomes 
particularly difficult w h e n deal ing w i t h saturated peaks; however, i n 
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34. viDRiNE AND LOWRY Photoacoustic FTIR Spectroscopy 611 

this case the subtraction results appear very meaningful . The nonsub-
tracted data clearly show the — S O ^ N a symmetric stretch and the 
- S 0 2 N - asymmetric stretch. The other two bands revealed i n the 
subtraction are both vis ible as shoulders and the locations correspond 
w e l l to - S O ^ N a * asymmetric stretch and the sulfonamide symmetric 
stretch observed i n other compounds. A final observation that can be 
made from this spectrum is the good subtraction of the water vapor. 
Th is indicates that no preferential desorption is observed between the 
two sides of the membrane. 

This study provided information that w o u l d be extremely diff icult 
or impossible to obtain by other techniques. The subtraction worked 

1800 1600 It bO 1200 1000 800 600 
WAVENUMBERS 

Figure 11. Spectral subtraction data for the PAS spectra discussed in 
Figures 9 and 10. 
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Figure 12. Detail of the nulling of the large C-F peak from the sub
traction data shown in Figure 11. 

quite w e l l and revealed the two peaks that correspond to the other two 
S—Ο stretches. 

Summary and Prospectus 
F T I R / P A S is a new method of obtaining IR spectra of sol id sam

ples. It has some unique advantages i n several sampling situations 
where: (1) spectra free of Christ iansen contributions are desired, 
(2) surface measurements of undisturbed surfaces are required, (3) 
mechanically intractable or noxious samples must be measured, or 
(4) sapient analytical design w o u l d be facilitated by reference spectra 
w i t h P A S characteristics. T h e application of F T I R / P A S to polymer 
problems is st i l l i n its infancy, and therefore, this is not an overview of 
a wel l -used method, but rather an introduction to the principles of 
F T I R / P A S , and a summary of existing work as it relates to possible 
polymer applications. The amount of literature on polymer appl ica
tions is st i l l quite small . Several papers of polymer interest were pre
sented at the 1981 International F T I R Conference (4), and extended 
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34. viDRiNE AND LOWRY Photoacoustic FTIR Spectroscopy 613 

abstracts are available for these. The Literature C i t e d section w i l l 
hopefully serve as a guide to the groups and authors currently active 
i n this f ie ld. 
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35 
Pyrolysis Gas Chromatography, Mass 
Spectrometry, and Fourier Transform 
IR Spectroscopy 
Introductory Material 

S. A. LIEBMAN and E. J. LEVY 
Chemical Data Systems, Inc., Oxford, PA 19363 

DESPITE SUCCESSFUL PYROLYSIS GAS CHROMATOGRAPHIC (PGC) appli
cations in laboratories throughout the world (1), diverse experimenta
tion has made standardization of the method difficult. However, mod
ern pyrolyzers coupled with high-performance chromatographic and 
spectroscopic detection systems now provide the means to study 
polymers, in varied sample forms and amounts, in a reproducible and 
informative manner. Currently, A S T M committees are assessing a 
standardization method for pyrolysis using the molecular thermome
ter concept (2). Also, statistical evaluation of the reproducibility of the 
method, as well as an aid in data interpretation, has been applied to 
key systems. This statistical or chemometrics approach permits han
dling of complex chromatographic and spectral results in an efficient, 
informative way by using pattern recognition, multivariate, or factor 
analysis techniques (3). Features of unique pyrolysis experimentation 
and interpretive aids to define microstructure and degradation of 
macromolecular systems have been emphasized by many researchers. 
Much of the information obtained by pyrolysis gas chromatography 
(GC)/mass spectroscopy (MS) or Fourier transform IR spectroscopy 
(FTIR) would be difficult to obtain by traditional spectroscopic or 
chromatographic techniques alone. If a single word were needed to 
describe the major attribute of analytical pyrolysis, it would be 
versatility—the ability to analyze diverse types of synthetic, 
biopolymers, and geopolymers in a realistic, informative manner. 

Pyrolysis Basics 
Experimentalists have used a wide range of homemade and com

mercial pyrolysis units for the analysis of complex materials (4). How
ever, the most successful systems in modern laboratories are those that 

0065-2393/83/0203-0617$06.00/0 
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618 POLYMER CHARACTERIZATION 

provide the needed control of pyrolysis temperature, heating rate, and 
other parameters. The factors affecting filament pyrolysis are as follows: 

1. Current , voltage, or f inal temperature 
2. Heat ing rate (dependent on current, filament mass and 

geometry, and rate of heat dissipation) 
3. Veloc i ty of carrier gas 
4. Durat ion of pyrolysis process 
5. Sampl ing method, and amount and form of sample 
6. Variations i n coi l /r ibbon geometry 
7. Pressure variations i n pyrolysis unit 

The pyroprobe (Chemical Data Systems, Inc.), w h i c h uses resistive 
heating and temperature sensing w i t h a plat inum filament or r ibbon, 
specialty microfurnaces, lasers, and Cur ie point pyrolyzer arrange
ments, are used wi th varying degrees of sophistication. A large majority 
of analytical problem solving may be performed w i t h rather moderate 
instrumentation, such as interfacing the pyrolysis unit to a G C capable 
of modern high-performance operation (i.e., capillary co lumn separa
t ion, mult ip le detectors, and close temperature and flow control). A 
typical polymer fingerprint (or pyrogram) of the pyrolysis fragments 
separated i n such a G C analysis provides micro structural information 
when studies are conducted w i t h proper experimentation. F o r ex
ample, the pyrograms resulting from the pulse pyrolysis w i t h a Pyro-
probe at 750 °C of atactic and isotactic polypropylenes (PP) are easily 
distinguishable patterns (Figure 1). The fu l l interpretive value of ana
lyt ical pyrolysis data for microstructural studies of P P systems has 
been reported (5), and is discussed regarding other polymers i n this 
volume. 

Extended Applications 
Residual Volat i les . Another aspect of polymer characterization 

involves the analysis of trace residuals—solvents, monomers, and ad
ditives. W i t h minor experimental modifications, static headspace 
analysis may be conducted by isolating the Pyroprobe interface from 
the G C flow stream and heating the sample for the desired time/ 
temperature interval (e.g., 10 m i n at 150 °C) below the degradation 
temperature. The volatiles are then swept from the interface by the 
H e carrier stream into the appropriate G C co lumn he ld at ambient or 
subambient temperature to trap the evolved gases. Temperature pro
gramming of the co lumn i n the normal manner provides a direct 
analysis of the sample. F igure 2 shows this comparative analysis of 
volatiles of two P P samples obtained from different manufacturers. 
The residual volatile contents are significantly different. S imi lar ly , 
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35. L i E B M A N AND LEVY Pyrolysis GC, Mass Spectrometry, and FTIR 619 

I· W H · · s e (β Ό >0 M I N 

TIME—MINUTES 

Figure 1. Pyrolysis capillary GC of polypropylenes at a rate of 750 °CI 
10 s. Key: top, isotactic; and bottom, atactic. 

the analytical pyrolysis experiment may be easily configured to s imu
late some process or in-use exposure condition (e.g., heating i n air at 
200 °C for 2 min) . The same sample may then be subjected to flash 
pyrolysis conditions to provide fu l l characterization data. In this man
ner, minor variations or residuals from polymerization or purif ication 
schemes do not complicate the microstructural analysis. More impor-
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TIME 

i u U 
Figure 2. Volatiles in polypropylenes. 

tantly, performance data may be correlated to the presence or absence 
of some components that may be critical for polymerization or pro
cessing conditions. 

Programmed Pyrolysis and F T I R . In addition to the flash 
pyrolysis mode, analysts may use a programmed pyrolysis or t ime-
resolved P G C configuration. Th is approach was needed to relate deg
radation fragments produced from conventional thermogravimetric 
analyses (TGA) to products produced by pyrolysis. Th is result was 
achieved by programming the Pyroprobe co i l at a heating rate of 2, 5, 
10, etc., °C/min to correspond to the rate used i n the T G A experiments 
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35. L i E B M A N AND LEVY Pyrolysis GC, Mass Spectrometry, and FTIR 621 

(6). Interfacing the Pyroprobe to an automatic G C sampling device, or 
F T I R (7) provided the necessary information. P G C data were ob
tained for v i n y l ch l o r ide -propy lene copolymers and complex com
posites i n microstructural and degradation studies. 

Lephardt reported previously (8, 9) that evolved gas analysis w i t h 
an F T I R to serve as a sensitive spectral monitor for chosen volatiles. 
Figures 3—5 present the information frorn this type of experimenta
tion. L i g n i n and cellulose samples were heated l inearly and the re
leased volatiles were removed continuously by the N 2 carrier gas, 
and then passed through a heated gas ce l l mounted i n the spectrom
eter. D u r i n g the sample heating, IR spectra of the evolv ing species 
were collected repetitively. Spectral absorbances at frequencies known 
to be due to the chosen chemical species were subsequently plotted 
vs. temperature to obtain evolution profiles. These evolution profiles 
are shown for the above systems. The Kraft pine l i g n i n samples pro
v ided an evolution profile of phenolic species (Figure 3). The spectral 
subtraction technique permitted separation of two phenols (A and B) 
and patterns for each were obtained (Figure 4). Addi t ional ly , S 0 2 de
tection gave information on the cross-l inking system. A cellulose sam-

fl flfl 1 flfl flfl Oflfl flfl Oflfl flfl ÂOOi flfl Cflfl flfl fiflfl flfl *7flfl flfl Qflfl flfl 
0*00 100.00 £00.00 300· 00 400» 00 300· RJ 000. DD /00.DO 000· 00 

TEMPERATURE. C 

Figure 3. FTIR-evolved gas analysis. Phenol A and Phenol Β evolution 
profiles from lignin. (Reproduced from Ref. 8. Copyright 1977, Ameri

can Chemical Society.) 
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1650 1550 1450 1350 1250 1150 1050 950 850 750 
CM"' 

Figure 4. FTIR-evolved gas analysis. IR spectra (1650 — 750 cm'1) of 
Phenol A (top) and Phenol Β (bottom). 

pie was examined i n a thermal depolymerization mode by fo l lowing 
an apparent end-group specific product (formic acid) vs. a chain prod
uct ( H 2 0 ) (Figure 5). 

The evolved gas F T I R experiments provide invaluable insight 
regarding kinetics and mechanisms i n thermal degradation studies. 
The abi l i ty to optimize product formulations wi th respect to specialty 
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35. L i E B M A N AND LEVY Pyrolysis GC, Mass Spectrometry, and FTIR 623 

additives (e.g., smoke suppressants, flame retardants, promoters) 
has been achieved w i t h such simulation studies for the material sci 
ences (JO). The particular advantage of F T I R is evident over the ex
perimentally l imi ted , but perhaps more quantitative approach, of au
tomatic G C sampling and analysis. 

Pyrolysis MS and GCIMS 
Synthetic Polymers. The growing f ie ld of pyrolysis M S and 

G C / M S of synthetic polymers has benefited from the contributions of 
many researchers using Cur i e point, Pyroprobe, laser, or other direct 
insertion pyrolyzers. Some of the outstanding developments docu
mented deal w i t h polyamides and nylon degradation mechanisms (I J , 
12). Other work has invo lved catalytic effects on polystyrene thermal 
degradation at the initiation stage. The catalytic effect of small amounts 
of L e w i s acids, salts, or bases was studied w i th condensation polymers 
to assess the sensitivity of the in i t ia l degradation temperature of the 
system and production of oligomers and monomers. Also , new exten
sions of laser microprobe mass analysis ( L A M M A ) are reported by 
Hercules et al . i n applications to synthetic polymers. 

150.00 200.00 250.00 300.00 350.00 
TEMPERATURE. C. 

Figure 5. FTIR-evolution profiles of formic acid and water from cel
lulose. 
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624 POLYMER CHARACTERIZATION 

Natural Polymers. U n i q u e information provided from tempera
ture programming the thermal device and leading degradation prod
ucts of natural polymers directly into the M S has been reviewed (13). 
The experimental arrangements needed for such studies have been 
specialized to provide l imi ted but significant data on a variety of 
biopolymers. A n overview discussed i n this volume highlights the 
advances made i n the biochemical and biomedical f ie ld , not only 
wi th pyrolysis M S , but w i t h the fu l l analytical pyrolysis input. F r o m 
Reiner's in i t ia l report i n 1965 (14) on fingerprinting microorganisms 
using flash pyrolysis G C , to the current high sensitivity, sophisticated 
thermal-programming M S analysis, one can appreciate the ac
complishments i n this f ie ld. Addi t ional ly , to be aware that advanced 
pyrolytic techniques have been appl ied to both synthetic and natural 
polymers wi th directly analogous methodologies is a focal point of this 
volume. 

Interpretive Aids 
For the most demanding of analytical pyrolysis applications— 

complex composites, microstructural details of synthetic biopolymers 
and geopolymers—the input of chemometrics is proving to be inva lu 
able. Pattern recognition and other statistical or computer-assisted 
techniques are be ing appl ied to aid interpretation of pyrograms at an 
increasing rate wi th many successful applications (1,3). Effective data 
management is mandatory for the massive amount of information gen
erated i n typical pyrolysis G C / M S or F T I R experiments. Il lustration 
of such experimental designs using the chemometrics approach is 
discussed elsewhere i n this volume. 
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36 
Microstructural Characterization of 
Copolymers by Pyrolysis-Glass 
Capillary Gas Chromatography 

S. TSUGE, Y. SUGIMURA, T. KOBAYASHI, T. NAGAYA, and 
H. OHTANI 
Nagoya University, Faculty of Engineering, Department of Synthetic 
Chemistry, Nagoya 464 Japan 

Fundamental conditions to obtain characteristic and re
producible high-resolution pyrograms of polymer sam
ples were first studied using pyrolysis-glass capillary 
gas chromatography [P(GC)2]. The effect of thermal 
conductivity of carrier gas and splitting conditions were 
examined and discussed together with the reproducibil
ity of the results, the secondary thermal reactions of the 
degradation products, and column contamination by 
less volatile products. Then, the established P(GC)2 

technique was applied for the microstructural investi
gation of tapered block copolymers of styrene (S) and 
isoprene (I). The resulting high-resolution pyrograms of 
the copolymers were interpreted in terms of the amounts 
of the junctions of the different monomer units along the 
copolymer chain. 

j f \ . M O N G V A R I O U S T H E R M A L A N A L Y S I S T E C H N I Q U E S , pyro lys is -gas chro
matography (PGC) has a relatively short history. However , owing 
to recent developments such as highly efficient glass capillary co l 
umns, specific identification of the peaks i n the pyrograms by gas 
chromatography ( G C ) - m a s s spectroscopy (MS) systems, and highly 
specific pyrolysis devices, P G C has made great strides toward be ing a 
powerful tool i n structural characterization of h igh polymers. The 
structural information obtained by P G C is sometimes unique and com
plementary to that obtained by the conventional spectroscopic meth
ods such as IR and N M R . 

In this work, some fundamental studies on the effect of thermal 
conductivity of the carrier gas and splitting conditions were first made 

0065-2393/83/0203-0625$06.00/0 
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626 P O L Y M E R C H A R A C T E R I Z A T I O N 

to obtain highly reproducible pyrograms using pyrolysis—glass cap i l 
lary gas chromatography [P(GC) 2 ] . T h e n , the established P ( G C ) 2 

technique was appl ied successfully for characterization of micro-
structures i n tapered block copolymers of styrene (S) and isoprene (I) 
[ T B - P ( S - c o - I ) ] . 

Experimental 
The schematic flow diagram of the P(GC) 2 system is shown in Figure 1. A 

vertical microfurnace-type pyrolyzer (J, 2) was attached directly to a gas 
chromatograph with a glass capillary column (ID 0.3 mm x 50 m, OV-101) . 
The glass splitter with a split ratio of 1:55 was modified to be heated inde
pendently to the desired temperatures. The dead volume of the splitter was 
packed with 5% of O V - 1 0 1 on Diasolid H (80-100 mesh) and maintained at 
250 °C. Samples between 0.1 and 0.2 mg were pyrolyzed mostly at 510 °C 
under a flow of carrier gas (55 mL/min). The column temperature was pro
grammed from 50 to 250 °C at a rate of 4 °C/min. The peak identification was 
carried out using a directly coupled quadrupole mass spectrometer, JMS — 
Q10A from Jeolco, which was operated in a chemical ionization mode. 

Results and Discussion 
Fundamental P ( G C ) 2 Condit ions. The splitless mode is not a l 

ways best for P ( G C ) 2 because the very low velocity of the carrier gas i n 
the pyrolyzer sometimes causes undesirable secondary reactions of 
the characteristic degradation products (2, 3). Another problem for 
P ( G C ) 2 is co lumn deterioration by less volatile tarry products that may 
form during the thermal degradation of h igh polymers. Furthermore, 
i n the splitting mode operation, the product composition actually en
tering the capillary co lumn sometimes differs from the original one, 
depending on the volatil ity of each component and the temperature of 
the splitter. This behavior causes serious problems i n reproducibi l i ty 
and quantification of the results because the degradation products of 
polymer samples usually consist of complex mixtures w i th a wide 
range of volatil ities. 

To overcome these problems, a modif ied splitt ing device was 
used (2). As shown i n Figure 1 (D), the dead volume of the splitter was 
packed wi th an ordinary packing material w i t h the same l i q u i d phase 
as that for the capil lary co lumn. The splitter was maintained indepen
dently at the maximum temperature of the co lumn (250 °C). Th i s 
arrangement enabled smooth and reproducible splitting of the degra
dation products w i t h a wide range of volati l ity. This splitter also pro
v ided co lumn protection from less volatile tarry products without 
lowering the resolution of the resulting pyrograms. 

Another serious problem i n P G C of polymers often is caused by 
ghost peaks during repeated runs. To prevent this phenomenon, as 
shown i n Figure 1, small amounts of carrier gas were fed through a 
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36. TSUGE ET AL. Pyrolysis —Glass Capillary Gas Chromatography 627 

Figure 1. Schematic flow diagram for P( GCf. Key: A, carrier gas (N2 or 
He); B, microfurnace-type pyrolyzer; C,flow resistance; D, splitter; E, 
heater for splitter; F, packing material; G, glass capillary column; H, 
column oven; I, outlet glass tube; J, flame ionization detector (FID); K, 

air; L , hydrogen; M , make-up gas; and N, vent. 

resistance (C) to the injection and inlet tubes that otherwise wou ld be 
dead ends and cause ghost peaks of the degradation products. 

Thermal conductivity of carrier gas plays a very important role i n 
P G C (4) because exchange of heat energy associated w i t h the thermal 
degradation of polymer samples is done mostly through the carrier 
gas. In the furnace-type pyrolyzer, for example, heat energy necessary 
for the thermal degradation of samples is suppl ied through the carrier 
gas from the outer furnace. The excess heat energy retained by the 
resulting degradation products has to be released as soon as possible 
through the carrier gas as the products are transferred to the cooler 
zone (either the connection tube between the pyrolyzer and the sep
aration co lumn, or the separation co lumn itself). Heat-energy transfer 
through the carrier gas should change depending on the thermal con
ductivity of the carrier gas. Thus , reproducibi l i ty of the results and the 
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628 POLYMER CHARACTERIZATION 

degree of undesirable secondary reactions might be affected by the 
nature of the carrier gas ut i l i zed . 

Table I summarizes the reproducibi l i ty data obtained for three 
kinds of methyl methacrylate ( M M A ) - styrene (S) copolymers [ P ( M M A -
co-S)]s using H e and N 2 as carrier gases, whose thermal conduc
tivities at 100 °C are 40.8 x 10~2 and 7.3 x 10~2 cal c m " 1 s"1 deg" 1 , re
spectively. For each copolymer sample, ten repeated runs were made 
using about a 0.1-mg sample. As was expected, significantly better 
reproducibil it ies can be obtained when H e is used as carrier gas than 
when N 2 is used. Th i s difference is mostly attributable to the b i g dif
ference i n their thermal conductivities (a factor of six). Almost the same 
trends were observed for various kinds of polymer samples. These data 
suggest that H e is the best inert carrier gas for P G C . 

Recombination reactions during the pyrolysis of the sample 
sometimes cause noncharacteristic peaks on the resulting pyrograms. 
These reactions cannot be neglected when large amounts of sample 
are used because the transient concentration of the degradation prod
ucts i n the carrier gas at the hot-zone i n the pyrolyzer changes as a 
function of sample size under given P G C conditions. For example, 
when about 1 mg of a physical b l end of polystyrene (PS) and 
polymethyl methacrylate ( P M M A ) ( P S / P M M A = 25 wt/75 wt) is 
pyrolyzed under a flow of N 2 carrier gas, a typical recombination 
product of the hybr id dimer, S — M M A , can be observed on the pyro-
gram. However , when the carrier gas is changed to H e or a smaller 
sample size (less than 0.2 mg) is used the recombination peak be
comes indiscernible ; w i th N 2 as carrier gas the same results are ob
served. Therefore, the l imi t ing sample size for a polymer material 
should be examined empirically under given experimental conditions. 

The other important experimental factor is the cleanliness of the 
sample holder. Carbide- or nitride-type residues on the sample holder 
"sometimes cause fairly large catalytic effects on the pyrolysis of poly-

Table I. Effect of Carrier Gas on the Reproducib i l i ty of the 
Pyrograms of Various P ( M M A - c o - S ) s 

Coefficient of Variance (%) for 
Sample Composition Observed Relative Peak Intensities 

(S Mol Fraction) (SIMMA)a 

He N2 

0.182 
0.411 
0.843 

0.53 
0.29 
1.00 

2.25 
2.22 
3.00 

a Coeff ic ient o f variance for 10 repeated runs u s i n g about 100 μ% o f the c o p o l y m e r 
sample. 
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36. TSUGE ET AL. Pyrolysis -Glass Capillary Gas Chromatography 629 

mers. For example, when PS is pyrolyzed i n a contaminated sample 
holder after repeated use w i th an acrylonitrile—styrene copolymer 
(which yields fairly large amounts of carbonaceous residues), the ob
served peak ratio of monomer, dimer, and trimer on the pyrogram 
significantly differs from that obtained w i th a clean sample holder. 
Furthermore, on the former pyrogram, a fairly strong a-methylstyrene 
peak is observed. This compound might be formed through the cata
lytic secondary thermal reactions on the surface of the uncleaned 
sample holder. Therefore, the surface of the sample holder should 
always be cleaned as w e l l as possible after each run. 

Microstructural Characterization of Tapered Copolymers. The 
morphology and many physical properties of copolymers are affected 
strongly by sequence distributions of the component monomer units. 
In this section, the P ( G C ) 2 technique was used to estimate the 
number of junctions i n the TB—P(S—co^-IJs. Various kinds of T B — 
P ( S - c o - I ) s , synthesized through a simultaneous " l i v i n g " anionic 
copolymerization, were suppl ied by H . Kawai at Kyoto Univers i ty 
(5). Figure 2 shows a hypothetical primary structure of a typical 
copolymer together w i th the transmission electron micrograph of a 
th in f i lm of about 30-nm thickness after staining w i th osmium te-
troxide solution. Here , the dark and the bright stripes and islands rep
resent polyisoprene and polystyrene phases, respectively. The image 
contrast of the two phases for the tapered block copolymer is slightly 
different from that for the A—B-type ideal block copolymer. 

The number of junctions is a good measure of the degree of mix
ing of the associated two monomer units i n the polymer chain. H o w 
ever, estimation of the number from the * H - N M R spectra of the 
copolymer is very difficult. Figure 3 shows a typical pyrogram of the 
tapered copolymer (S/I = 50/50). Assignments of the peaks i n the 
pyrogram are l isted i n Table II . The identification was carried out 
pr imari ly by a directly coupled G C — M S system. Pre l iminary ev i 
dence indicated that hybr id peaks such as IS, ISS, and SIS were not 
observed on the pyrogram of a physical b l end of PS and P I under the 
ut i l i zed pyrolysis conditions. However , on the pyrogram of the 
TB—P(S—co—I) (Figure 3) we can see various kinds of hybr id peaks, 
w h i c h reflect the existence of junctions of different monomer units. 

Table III summarizes the observed results from the pyrograms 
of the various copolymers. Est imat ion of the m i n i m u m junctions 
percent (MJ%) was calculated using the fo l lowing equation: 

M J % = y 2 SI + Vs (ISS + SIS) (1) 
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630 P O L Y M E R C H A R A C T E R I Z A T I O N 

where IS, ISS, and SIS are the relative yields of the hybr id peaks. The 
factors one-half and one-third are associated w i th the m i n i m u m n u m 
ber of junctions i n the corresponding hybr id products. The estimated 
M J % suggests that the tapered copolymers such as T B —1 to T B - 3 
have almost comparable numbers of junctions such a s - - - ^ S — I — ~ ~ 
along the polymer chain (at least about 4 junctions w i th in 100 mono
mer units). The value 0.17 for the ideal block copolymer ( T B - 5 ) is very 
close to the theoretical junction percent of 0.18 i n the bracket calculated 
from the average molecular weight of49,000. O n the other hand, TB—4 
with a molecular weight of 97,000 should have junctions about 1.4 times 
that of the ideal block copolymer. 

As discussed i n this chapter, the specific high-resolution pyro
grams of polymer samples obtained by P ( G C ) 2 are quite effective i n 
obtaining micro structural information of polymers provided that the 
P G C conditions are controlled properly. 

Figure 2. Structure of tapered block copolymer of styrene (S) and iso-
prene (I); the lower picture is a transmission electron micrograph of 

TB-2 (in Table III). 
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632 P O L Y M E R C H A R A C T E R I Z A T I O N 

Table I I . Peak Assignments of the Pyrogram Shown i n Figure 3 

Peak No. Structure Related Sequence11 

1 c = c - c - c I 
2 c = c - c = c I 
3 c = ç - c = c I 

c 
4,5 C 6 H g I 
6 P h - C S 
7 P h - C - C S 
8 II 
9 P h - C = C s 
10 C9H14 II 
11 P h - C - C = C s 
12 P h - C - C - C s 
13 C i o H i e II 
14 P h - C = C s 

C 
15 P h - C = C - C s 

1 6 - 1 8 C i o H 1 6 II 
II 

19 P h - C = C - C - C IS 
20 C i 2 H 1 6 IS 
21 IS 
22 C i 2 H 1 6 IS 
23 C i 2 H 1 4 IS 

2 4 - 2 8 C i 3 H 1 6 IS 
29,30 C i 4 H 1 8 IS 

31 C i 4 H 1 6 IS 
32,33 C i 4 H 1 8 IS 

34 P h - C = C s s 
P h 

35 P h - C - C - P h s s 
36 IS 
37 P h - C - C s s 

P h 
38 P h - C - C - C - P h s s 
39 cis P h - C = C - P h s s 
40 trans P h - C = C - P h s s 
41 P h - C - C - C = C s s 

P h 
42 mostly S S s s 

43,44 C 2 i H 2 4 SIS or ISS 
45 C20H22 SIS or ISS 

4 6 - 5 1 C21H24 SIS or ISS 
52 P h - C - C - C - C - C = C SSS 

P h P h 
a I, isoprene unit ; a n d S, styrene unit . 
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37 
Structural Analysis of Polymeric 
Materials by Laser Desorption 
Mass Spectrometry 
JOSEPH A. GARDELLA, JR., SUSAN W. GRAHAM, and 
DAVID M. HERCULES 1 

University of Pittsburgh, Department of Chemistry, Pittsburgh, PA 15260 

The application of laser desorption mass spectrometry 
(LDMS) to the analysis of various polymers is discussed. 
Development of this laser approach as a means of struc
ture determination was accomplished by investigation 
of various operational parameters of the laser micro-
probe, development of an interpretative model, appli
cation and later testing of the model through analysis 
of results obtained from technical polymers, explora
tion of the analytical capabilities of the model, and 
application of the method to the study of complex 
biopolymer systems. Minimization of the laser power 
density was found to be important in the generation of 
structure-related fragments. The results presented sup
port the model of spectral analysis involving the back
bone side chain method. This method proved effective 
in differentiating each of the methacrylate polymers 
studied. The LDMS technique provides fragmentation 
patterns not readily available by other methods. 

JL H E F I E L D O F MASS S P E C T R O M E T R Y (MS) recently has expanded to encom
pass sol id samples w i th low volati l ity, made possible by the develop
ment of several new vaporization methods (1-19) . Obtaining mass 
spectra of solids for many researchers has been l imi ted by the relative 
newness of the methods. The use of many of these methods is by no 
means routine. The present work is part of an overall program to 
develop the analytical capabilities of laser desorption mass spec
trometry ( L D M S ) . L D M S util izes a focused laser as a vaporization/ 
ionization source for a time-of-flight mass (TOF) spectrometer (20). 

1 To whom correspondence should be sent. 

0065-2393/83/0203-0635$ 11.50/0 
© 1983 American Chemical Society 
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636 POLYMER CHARACTERIZATION 

This method originally was appl ied as a microprobe for b iomedical 
research, but its use as a sol id state mass spectrometer shows promise 
i n the effort to provide a routine, reproducible means of sol id state 
structure determination by M S . 

Table I lists several methods that exist for generation of ions from 
solids for subsequent mass analysis. Some of these methods use a 
separate ion source, the common electron impact (EI) or chemical 
ionization (CI) ce l l , and ut i l ize the h igh energy source f ie ld for va
porization only. The mechanisms invo lved i n ion production for these 
methods are not w e l l known. Some work has shown that a l l processes 
involved are similar (21 ) but, at this stage of development, many con
troversies exist about mechanisms that dominate i n vaporization and 
ion production. 

A l l of the work reported i n this chapter has been publ i shed 
elsewhere (J —5). Th is chapter summarizes our research on mass 
spectra of polymers using L D M S , a relatively recent development for 
structural characterization of polymers. 

E a c h method described i n Table I has distinct advantages and 
disadvantages, and none is universal i n its application. The pyrolysis 
methods are coupled easily and commonly through a gas chromatog
raphy (GC) co lumn to the mass spectrometer, thus adding the separa
tion power of the G C instrument. They are w e l l known and relatively 
inexpensive but may be appl ied only to relatively volatile solids. 
F i e l d desorption (or f ie ld ionization) is a very sensitive but not a very 
reproducible method. F i ss ion fragment induced desorption ( F F I D ) , 
using the plasma from 2 5 2 C f , shows unique capabilities to generate 
h igh mass ions but requires long analysis and data col lection times. 
Secondary ion mass spectrometry (SIMS) is inherently a surface ana
lyt ical method. Although high sensitivity to surface structure can be 
advantageous, it also can cause significant problems for interpretation 
of surface/bulk effects. The neutral beam [fast atom bombardment 
(FAB)] methods are at a very early stage of development but show 
great promise. Results indicate that the F A B methods produce results 
equivalent to S I M S and F F I D . 

The laser approach to volati l ization/ionization, and its application 
to a very important class of sol id materials, polymers, is treated here. 
The polymer analysis f ie ld is one where mass spectrometric structure 
determination is very uncommon. Polymers are the typical example of 
a low volatil ity sol id, creating difficulties for ion formation. Refer
ences l isted i n Table I apply ing these methods to polymers are only 
the work done by this group ( 1 - 5 , 17) and the laser pyrolysis study 
(14), w h i c h are examples where detailed polymer structure analysis 
by M S was attempted for more than one polymer. 

The goals of the present work are to develop L D M S as a means of 
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structure determination by (1) investigation of various operational 
phenomena of the laser microprobe, (2) development of an interpreta
tion model for results obtained, (3) application of the model and sub
sequent testing through analysis of results obtained from technical 
polymers, (4) discussion of analytical capabilities of the method, and 
(5) applications of L D M S to complex biopolymers. 

Results w i l l be presented to support the model of spectral 
analysis invo lv ing the backbone/side chain method. Ions are ex
pla ined as be ing generated from the polymer backbone or from a 
pendant side chain group. 

Experimental 
The polymers analyzed in these studies are listed in Tables II and III. 

Most of the polymers are commercially available (Scientific Polymer Prod
ucts, Inc.). Biomer (Ethicon) and Avcothane (Avco-Everett) are biocompatible 
polymers. Some polymers (other than Biomer and Avcothane) contained a 
siloxane impurity and were extracted with hexane to remove the impurity to 
below the level of detectability. 

The polymers were mounted on electron microscope grids under a quartz 
glass cover slip and placed on the spectrometer sample holder for vacuum 
pumpdown and subsequent analysis. Laser desorption (LD) spectra were re
corded by an Inficon Leybold Heraeus, Inc. L A M M A 500 spectrometer. The 
output of a frequency quadrupled Q-switched Nd—YAG laser (λ = 265 nm) is 
focused through microscope optics (10X, 32x, 100x) and an oil immersion 
lens to an ultimate spot size of <0.5 μπι on either a thin section or a powder. 
Changes in laser spot size have little effect on the mass spectra. A set of filters 
is used to adjust the laser pulse density, which may range from 107 to 10 1 0 

W/cm 2 over a pulse width of about 15—20 ns. Ions are accelerated at 3 keV into 
the drift tube of a time of flight mass spectrometer. The mass spectrometer has 
a nominal range of 0-2000 amu, with a resolution (mlAm) of 850 at 1000 amu. 
The output from a 17-stage electron multiplier is coupled to a transient record
er after amplification. The transient recorder functions as a storage buffer for 
selected portions of the mass spectrum. Its timing sequence is triggered by a 
photodiode signal from the laser pulse, and in all cases mass spectra were 
obtained from single laser shots. Spectra are displayed on an oscilloscope; a 
strip-chart recorder is used for hard-copy output. Mass spectra are linear in 
time, giving a mass scale proportional to (m/z)1/2. Mass assignments were 
determined by measurement along the chart paper and hand calculations. The 
operational parameters of the L A M M A 500 have been presented in greater 
detail elsewhere (20, 22, 23). 

Method Development 
A n advantage of a laser source for vaporization/ionization i n M S of 

solids is the variabil ity of the source characteristics (24). U n l i k e most 
sources used for sol id state M S , the laser gives (1) a wide range of 
sampling parameters to be controlled, (2) microprobe capabilities, and 
(3) the possibi l ity of controlled repetitive excitation. In the L A M M A 
500, most operational parameters can be varied. However , i n practice 
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640 POLYMER CHARACTERIZATION 

Table I I I . Poly(R-methacrylate) Polymer Series 
Sample ID R C har act eristic s 

P M M A methyl fine beads/secondary std. 
ΡΕΜΑ ethyl fine beads/secondary std. 
P I P M A isopropyl glassy/siloxane impurity 
P N B M A n-butyl large beads/easily oxidized 

secondary std. 
P S B M B A sec-butyl granular 
P I B M A isobutyl granular/secondary std. 
P T B M A tert-butyl crystalline 
P C H M A cyclohexyl powder 
P P M A phenyl granular powder 
P B Z M A benzy l granular beads/siloxane impurity 

the pulse width and wavelength are constant, whi le laser power den
sity and focused spot size are varied to y i e l d a w ide variety of ioniza
tion conditions. 

In the process of method development, the effects of laser power 
density on the informational content of polymer spectra were invest i 
gated. This work amplifies the in i t ia l results of U n s o l d et al . (6) where 
the epoxy resin E P O N 812 was analyzed at various laser power den
sities. A t higher power densities, atomic ions were the dominant 
species i n the spectrum; at lower power densities, more structure-
related molecular fragments were seen. Because the structure of the 
epoxy studied by U n s o l d et al . is not easily definable, a better example 
of this phenomenon w o u l d be to perform a similar analysis on a poly
mer w i t h known structure. 

In particular, data for polyisobutyl methacrylate ( P I B M A ) are 
shown i n Table IV. Increased rearrangement peaks and backbone 
atomic and molecular ions (Cn~, C n H " ) are evident at h igh laser power 
(~10 1 0 W/cm 2 ) . Ions w i t h structures corresponding to simple bond 
breaking can be seen at lower laser power densities (m/z = 41, 55, and 
73 especially). 

This effect is i l lustrated by the decreasing relative intensity of the 
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642 POLYMER CHARACTERIZATION 

m/z 73 peak i n the negative ion spectrum at h igh power, assignable to 
the " O R ion (side chain), and the increased relative intensity of the 
m/z 49 and 85 amu peaks, w h i c h are assigned to backbone structures 
(Table IV). Because the m/z 85 peak is of much higher intensity than a l l 
other C n " , CnH~ peaks, it is assigned to the ( M - R ) " fragment ( M 
represents monomer). W h e n the experiment is performed at the h igh
est possible laser power densities, the negative ion spectrum reduces 
to the C M ~, CnH~ pattern from stripping and rearrangement to poly-
acetylenes, w h i c h was observed for polyethylene (6) and other 
straight chain polymers. 

The laser power density dependence also seems to be related to 
polymer morphology. Because a wide variety of sample forms was 
investigated (but not for a single sample), different absolute intensity 
dependence was observed. N o firm conclusions could be drawn w i t h 
out a different series of forms for a single sample. Matrix effects af
fected relative and absolute i on intensities i n previous work (25). 
Thus , this dependence is expected. 

The final operational parameter to be discussed i n the h igh inten
sity negative ion spectra i n L D M S (2). The uti l i ty of the negative 
spectra, from an informational standpoint, is realized when results for 
polymers wi th functionality l ike ly to y i e l d a stable negative ion are 
compared to results from other polymers without such a functionality 
(I). The use of the negative ion spectra w i l l be discussed further for 
ind iv idua l polymers. 

Development and Application of the Model 
The backbone/side chain model of spectral interpretation, for 

L D M S results, involves assigning peaks to structures related to the 
polymer backbone or a pendant side chain group, assuming a m i n i 
m u m of cross-l inking between backbone chains. The fo l lowing typical 
backbones w i l l be characterized: straight chain hydrocarbon, f luori -
nated hydrocarbon, secondary amide and siloxane, and various side 
chains. Addit ional ly , the results from the study of complex biopoly
mers w i l l be presented. The abi l i ty of L D M S to dist inguish very small 
differences i n side chain functionality and to dist inguish between 
very similar biopolymers w i l l be illustrated. 

Straight C h a i n Carbon Backbones. Polyethylene (PE) shows 
typical straight chain hydrocarbon polymer patterns i n both the posi
tive and negative ion spectra (Figure 1). The positive ion spectrum shows 
clusters of ions, each approximately 12 amu apart. E a c h of these mass 
groupings can be assigned to three to six different ions, usually Cn

+, 
C n H + , C n H 2

+ , C n H 3
+ , and other ions. Besides the peaks assignable to 

the carbon chain, peaks are assigned to common processing contami
nants: N a + (23), A l + (27), K + (39, 41), and C o + (59). Smal l peaks are 
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644 POLYMER CHARACTERIZATION 

noted at high laser powers between C n H m
+ clusters. Most l ike ly , these 

peaks are due to ions present from rearrangement during the ioniza
t ion process. Rearrangement wou ld be expected, but these events are 
minor compared to ejection and ionization of molecular fragments 
directly related to the structure. The highest mass ion that was de
tected was a C 1 5 group. 

The negative ion spectrum of P E shows unusual intensity, because 
most techniques (outside of chemical ionization) do not produce negative 
ion spectra of equal intensity to the positive ion spectra. T h e major 
peaks parallel the positive ion pattern but show a pattern of Cn~ mo
lecular clusters, where only Q " , C ^ H " , and CnH2~ appear. The CnH2~ 
peak usually is seen only at h igh laser powers. For C n ~ , where η is an 
odd number, the peak assignable to C W H ~ is of very low intensity, 
relative to the C n ~ . The even η cluster has C n H " intensity nearly equal 
to or greater than the C w ~ intensity. Th i s effect was explained as a 
result of the stability of polyacetylenes having the same structure. In 
general, for the polymers studied, the backbone pattern relative inten
sities of C n H m

+ , ~ clusters increase to η = 3 , 4, 5, or 6 after w h i c h a 
general decrease i n intensity occurs. For P E , where the monomer is a 
C 2 group, C 2 H w

+ / ~ (related to the monomer, M ± H) is the most i n 
tense peak i n the negative ion spectrum. The highest mass negative 
ion detected was at m/z 144 (C 1 2 ~). 

Polytetrafluoroethylene ( P T F E ) , shown i n Figure 2, offers a 
check of the conclusions drawn from P E . Besides common contami
nants mentioned already, the positive spectrum exhibits very few 
fragments, but those seen are very characteristic. The peaks assign
able to Cn+ fragments have much lower intensity than the CnFm

+ frag
ments. In particular, the C 3 F m

+ series is the most intense, showing 
C 3

+ , C 3 F + , C 3 F 2
+ , C 3 F 3

+ , and C 3 F 5
+ at m/z 36, 55, 74, 93, and 131, 

respectively. Besides the base peak, C F + (31 amu), the second highest 
relative intensity is 69 amu corresponding to C F 3

+ , w h i c h is due to 
branching and/or rearrangement i n the plasma. 

The negative ion spectrum exhibits much the same pattern as P E ; 
F~ at m/z 19 is the base peak for the negative ion spectrum. The next 
most intense peaks are assignable to the Cn~ ion series (m/z 12, 24, 36, 
etc.). The C n F ~ molecular ions can be assigned to peaks atm/% 31, 43, 
55, 67, 79, 91, and 103. However , the pattern of alternating intensities 
for odd and even η values is not evident for C n F ~ . These intensities 
follow the pattern of a general decrease w i t h increasing values of n . 
Some organic contaminants present are seen as masses assignable to 
C W H ~ peaks, but they have low relative intensity. The odd mass of F 
(19 amu) leads to a unique fingerprint for Tef lon i n both positive and 
negative ion spectra. In both spectra, the highest mass fragment de
tected is at 131 amu. 
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Heteroatom-Containing Backbones. The presence of a new func
tionality incorporated into the backbone of the polymer presents 
separate problems for interpretation. For polycaprolactam (Nylon N6) , 
the backbone is assumed to be a C - C backbone punctuated by car
bonyl and amine functions. The separation of ions owing to the back
bone and side chain may be tested by comparing the secondary amide 
function to the results from the primary amide, polyacrylamide (PAA). 

Figure 3 shows the spectral results for N6 . Besides the normal 
C n H m

+ backbone, the positive ion spectrum yields a few key peaks. O f 
prime importance is the observation of ( M + H ) + , w h i c h was detected 
easily at m/z 114. Other important peaks are at m/z 18 ( N H 4

+ ) , and the 
series of peaks at 30, 44, and 56. The structures assigned to these 
peaks, g iven i n Table V , provide important confirmation of the sec
ondary amide functionality, along w i th the peak of 84 amu, w h i c h is 
assigned to a ( M - C H 3 N H 3 ) + structure. 

The negative ion spectrum has four interesting features. The 
C — C backbone produces the typical C M ~, C W H ~ pattern up to η = 6. 
Also , unl ike the P A A spectrum, more C n N ~ , C W N H ~ peaks are as
signed to odd η structures because of stabilities discussed i n earlier 
work. These peaks are l isted i n Table V . Monomer-related peaks are 
observed at 112 and 113 amu [(M - H)~ and M ~ , respectively] albeit 
at very low intensity. F i n a l l y , four peaks are observed at m/z 118, 134, 
150, and 166 but are probably impurity peaks. 

T w o important aspects of the results for the polydimethylsi loxane 
( P D M S ) polymer, g iven i n Figure 4, w i l l be mentioned. First , the 
positive ion mass spectrum can provide confirmation of assignments 
of ions to P D M S fragments i n earlier work (4). These assignments 
were based on work from pyrolysis G C / M S on P D M S (11). Second, we 
can describe a new pattern from the siloxane backbone, w h i c h should 
be quite different from the hydrocarbon-based polymers just reported. 

The positive ion spectrum yields some important features. In ad
dit ion to the expected S i + , S i O H + , and S i C H ^ ^ ions, S i 2

+ from rear
rangement and the S i ( C H 3 ) 3

+ peak at 73 are present based on the 
assignment i n earlier work (4, 5,11). Addit ional ly , a ( M + H ) + peak is 
not present at m/z 75. Othçr structures for positive ions indicate a good 
deal of rearrangement. The last important feature is peaks i n the 
higher mass region at m/z 175, 191, and 207. C y c l i c structures were 
assigned to these peaks b y earlier investigators (4, 5, 11). 

The negative ion spectrum yields some familiar C n ~ , C M H ~ frag
ments, from rearrangement, along w i th a pattern of ( S i O ) ^ C w H m ~ frag
ments. The pattern of rearrangement was not observed i n other L D 
work w i th P D M S i n a mixture (4, 5), w h i c h leads to the speculation 
that the high mass pattern is of low intensity because of rearrange
ment. 
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Figure 3. LD positive (top) and negative (bottom) ion spectra of poly-
caprolactam (N6). Scale, 18-200 amu. 
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648 POLYMER CHARACTERIZATION 

Table V . Structures of Ions for Polycaprolactam L D Results 
Positive Ions Negative Ions 

Structure Mass 

C H 2 = N H 2 + 30 
0 = C = N H 2

+ 44 
C H = C H C H 2 N H 3

+ 56 
C H ^ C - C H 2 C O N H 3 + 84 
C H 2 = C H - C H 2 C O N H 3 86 

Structure Mass 

- C = N 26 
- C = C - C = N 50 
- C = C - O C - C = N 74 
-oe-c=c-c=e-c=N 98 

73 

28 

45 

53 

68 

Jikii! Jill 
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Figure 4. LD positive (bottom) and negative (top) ion spectra of poly-
(dimethylsilQxanè) (PDMS). Scale 20-220 amu. 
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37 . GARDELLA ET AL. Laser Desorption Mass Spectrometry 6 4 9 

In the siloxane data, a large amount of rearrangement is seen i n 
both positive and negative ion spectra. Structures proposed are based 
on those suggested for positive ions by earlier research (II) . Matrix 
effects may play an important role here because siloxane is a volatile 
l i q u i d . More detailed studies at lower intensities are warranted to 
evaluate the role of rearrangement. However , siloxane fragments w i th 
the pattern (S10)xCnllm

+ support the concept of structure-related 
fragmentation. 

Simple Side C h a i n Funct ional i ty . Results are presented from 
polymers w i th simple side chain functionalities to illustrate the basic 
approach to separating assignments between the pendant group and 
the backbone for interpreting L D spectra. 

A n init ial v iew is given by considering results i n Figure 5 for 
po lyv iny l chloride (PVC) . The positive ion spectrum shows a molec
ular fragment ion cluster pattern similar to P E , that is, the groups 
based on each C n H m

+ , w i t h increasing relative intensity to C 3 — C 5 , and 
then a gradual decrease to a C 2 2 fragment at m/z 264. Peaks assignable 
to a Cl -containing molecular ion ( C 3 H 2 C 1 + ) are observed at m/z 73, 75. 
N o other Cl -containing positive ions were detected. Matched w i t h the 
negative ion results (the C w ~ , C n H " peaks w i t h alternating C W H " inten
sities up to C 1 7 at m/z 204 and C I " at m/z 35, 37) we are provided w i t h a 
simple fingerprint for P V C . 

The negative ion P V C spectrum is the in i t ia l result where a nega
tive ion may be expected, from the polymer structure, albeit a simple 
chloride ion. Indeed it is quite diagnostic, the negative ion spectrum 
is of a backbone w i th a single chlorine attached, because no other ions 
having chlorine-containing structures are assigned. 

Comparing the polypropylene (PP) spectra i n Figure 6 to the re
sults just given indicates that P P is essentially a methyl-substituted 
P E . Thus , we expect a similar backbone pattern, along w i t h peaks that 
are due to the methyl group. The positive ion spectrum displays sev
eral key peaks that al low differentiation between P E and P P . The CH^. 
relative intensity i n the P P spectrum is much higher than i n the P E 
spectrum. H i g h relative intensity of the C3HX group, especially the 
43-amu peak ( M + H ) + and the 41-amu peak ( M - H ) + is seen along 
w i t h higher intensity i n the C 4 H ^ + and C5¥ix

+ clusters. H igher relative 
intensity also is seen for the 2 M + region of m/z 84—87. These impor
tant features are related to the structure of P P . N o impurities are de
tected i n this sample ( N a + or K + ) . The highest mass ions detected were 
C 1 5

+ at m/z 180 and C 1 2 " at 120. 
Results for a more complex side chain, polystyrene (PS), are given 

i n Figure 7. The first feature that can be seen is the increased intensity 
for a l l clusters i n the positive spectrum. Most of these ions are attrib
uted easily to the backbone of P S , and this feature may be a matrix 
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 651 

Figure 6. LD positive (top) and negative (bottom) ion spectra of poly
propylene (PP). Scale 10-200 amu. 

effect, because the PS is not a powder as are the other polymers, but it 
is received as glassy chunks. Aside from the backbone structure, the 
key peaks that dominate (due to the side chain) are peaks assignable to 
cycl ic ions at m/z 77 and 91 ( C 6 H 5

+ and C 7 H 7
+ ) . Also of h igh relative 

intensity are ions due to ( M + H ) + (105), ( M - H ) + (103), and ( M + 
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Figure 7. LD positive (top) and negative (bottom) ion spectra of poly
styrene (PS). Scale 20-200 amu. 

C P h ) + at 193. F i n a l l y , the peak at m/z 115 can be attributed to a C 9 H 7
+ 

ion. The highest mass ion seen was at m/z 216. Structures of these ions 
are summarized i n Table V I for both the positive and negative ion 
spectra. In the negative ion spectrum, other than the Cn~, CnH~ 
backbone peak, only two peaks are dominant: m/z 89 (CPh) " , w h i c h is 
analogous to C H ~ and the highest mass peak seen at 192 amu, 
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 653 

( C P h C h 2 C P h " ) . Again , the structure of the polymer provides a unique 
signature when both positive and negative ion spectra are used. 

The study of simple side chains w i l l be concluded by considering 
results for P A A . P A A results i n Figure 8 illustrate st i l l another 
phenomenon of interest observed i n the laser ionization/vaporization 
process. Besides the usual backbone pattern, the positive ion spec
trum indicates a good deal of sodium and potassium impurit ies . 
C o u p l e d w i t h the amide functionality, one might expect to observe 
cationization, w h i c h was reported for various organics (25) analyzed 
by L D . This method is ut i l i zed extensively as an ionization enhancer 
for obtaining mass spectra of involati le solids by other methods 
(1—18). In these results the amide function seems particularly sus-

Table VI. Structures of Ions for Polystyrene L D Results 

Positive Ions Negative Ions 

Structure Mass Structure Mass 

+ 77 c-

89 

91 

C H 2 = C + 

103 
C — CH = CH 192 

+ 
C H 3 - CH 

105 

115 

H C = C = C H 2

+ 
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Figure 8. LD positive (top) and negative (bottom) ion spectra of poly acryl
amide (PAA). Scale 20-200 amu. 

ceptible to cationization by sodium, as the peaks at m/z 94 ( M + N a ) + 

and 165 (2M + N a ) + are the most intense peaks i n the spectrum. 
Protonation is seen, to a lesser degree, w i t h peaks at 72 ( M 4- H ) + 

and 143 amu (2 M + H ) + among the h igh intensity peaks. Cationization 
by K + is not detected, even though large peaks at m/z 39 and 41 are 
observed. This phenomenon of selectivity i n cationization also was 
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 655 

observed i n earlier work (26). F e w ions are seen i n the negative spec
trum wi th m/z 26, 42, and 50 peaks assigned to C N ~ , O C N - , and C 3 N ~ 
(related to the polyacetylene series i n stability). T w o other peaks are 
seen at low intensity (m/z 79, 97), w h i c h are probably pyr id ine- l ike 
ions formed by rearrangement. 

Comparison of results from P A A (primary amide) and the second
ary amide (N6), shows more cationization i n the side chain pendant 
P A A ; i n fact, none is observed i n the N 6 spectra. In comparison w i t h 
the negative-ion spectra, P A A generates only one nitrogen-containing 
polyacetylene ion structure ( C 3 N ~ at m/z 50), wh i l e the presence of the 
nitrogen i n the backbone of N 6 can be deduced from the several h igh 
mass fragments similar to earlier L D work (1 —3). 

Detailed Studies of Side Chain Differences 
In this section, results are considered from the series of poly-

methacrylate polymers. Th is series illustrates examples of small dif
ferences i n side chain functionality, as each member of the series is 
considered. 

Backbone Characterization. In this analysis, characteristic L D 
positive and negative ion backbone spectra can be developed by con
sidering that a l l members of the series form common clusters of mo
lecular ions. The remaining peaks i n each spectrum then are assigned 
to side chain-related structures. 

Table V I I lists the methacrylate backbone assignments for both 
the positive and negative L D spectra. In the positive ion spectrum, a 
series of C n H m

+ ions i n clusters is observed up to η = 22. Differentia
tion between the methacrylate backbone and that of P E is possible 
because the highest intensity methacrylate backbone peak is due to a 
C 3 H m

+ structure (typically C 3 H 3
+ at m/z 43), wh i l e P E shows the base 

peak i n the C 2 region (27 amu, C 2 H 3
+ ) . The methacrylate backbone is 

Table V I I . L D Results, Methacrylate Backbone 
Positive Ion Spectrum 

m/e Formula Relative Intensity a m/e Formula Relative Intensity 

24 c 2 + vwk 65 C 5 H 5 + wk 
25 C 2 H + vwk 66 C 5 H 6

+ vwk 
26 C 2 H 2

+ wk 67 Q H 7
+ wk 

27 C 2 H 3
+ stg 

28 C 2 H 4 + wk 69 C 4 H s O + m e d 
29 C 2 H 5 + m e d C 2 H 5 + 

72 c 6
+ vwk 

31 C H 3 0 + wk 73 C 6 H + wk C H 3 0 + 

74 C 6 H 2 + m e d 
36 c 3

+ vwk 75 C 6 H 3
+ m e d 

37 C 3H+ m e d 76 C 6 H 4 + vwk 
C o n t i n u e d on next page 
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656 POLYMER CHARACTERIZATION 

Table V I I . Cont inued 

m/e Formula Relative Intensity0 m/e Formula Relative Intensity 

38 C 3 H 2 + m e d 77 C 6 H 5
+ w k 

39 C 3 H 3 + base 
40 C 3 H 4

+ m e d 79 C 6 H 7 + w k 
41 C . H . + stg 81 C 6 H 9 + v w k 
42 C 3 H 6

+ wk 83 C 6 H U
+ v w k 

43 C 3 H 7 + , m e d 
C 6 H U

+ 

C 2 H a O + 

85 C 7 H + m e d 
45 C 2 H 5 0 + , m e d 86 C 7 H 2

+ w k 
C O O H + 

87 C 7 H 3 + m e d 
48 c 4

+ v w k 88 C 7 H 4 + v w k 
49 C 4 H + v w k 89 C 7 H 5

+ v w k 
50 C 4 H 2 + m e d 
51 C 4 H 3

+ m e d 91 C 7 H 7
+ , w k 

C 6 H 3 0 + 

52 C 4 H 4 + w k 
53 C 4 H 5 + m e d 95 C 8 H + w k 
54 C 4 H 6 + v w k 96 C 8 H 2 + v w k 
55 C 4 H 7 + m e d 97 C 8 H 3 + w k 
60 c 5

+ wk 104 c 9
+ v w k 

61 C 5 H + m e d 105 C 9 H + v w k 
62 C 5 H 2 + m e d 106 C 9 H 2 + w k 
63 C 5 H 3 + m e d 107 C 9 H 3

+ w k 
64 C 5 H 4 + w k 108 C 9 H 4 + w k 

Negative Ion Spectrum 
16 o - v w k 72 C 6 " m e d 
17 O H - v w k 73 C 6 H - m e d 
24 c 2 - m e d 74 C 6 H 2 ~ m e d 
25 C 2 H - stg 84 c 7 - m e d 
26 C 2 H 2 ~ m e d 85 C 7 H " stg 

86 C 7 H 2 ~ w k 
36 c 3 ~ base 

C 7 H 2 ~ 

37 C , H - stg 96 c 8 - m e d 
38 C 3 H 2 " m e d 97 C 3 H - m e d 
41 C 2 H O " m e d 108 < V w k 

109 C „ H - w k 
43 C 2 H 3 0 - m e d 110 C 9 H 2 w k 
45 C 2 H 5 0 - , m e d 120 w k 

C O O H - 121 C 1 0 H ~ w k 
48 c 4 - stg 122 C 1 0 H 2 w k 
49 C 4 H ~ stg 
50 C 4 H 2 ~ m e d 132 c „ - v w k 
51 C 4 H 3 ~ w k 144 C 1 2 vwk 
53 C 3 H O " w k 156 C i 3 v w k 
60 c 5 - m e d 168 C 1 4 ~ v w k 
61 C 5 H " m e d 

C 1 4 ~ 

62 C 5 H 2 " m e d 180 c 1 5 - v w k 

Note : O t h e r fragments present at very weak intensity are C „ H m
+ , η = 1 0 , 1 1 , 1 2 , 1 3 , 

14, 15, 16, a n d 17. 
a Relative intensity—intensity ratioed to the base peak ( C 3 H 3

_ = 39 a m u , C 3 ~ = 
36 amu). 

K e y to abbreviations: vwk, very weak; wk, weak; m e d , m e d i u m ; stg, strong; a n d 
base, most intense peak i n spectrum. 
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 657 

very similar to the spectrum of P P , w h i c h also has a base peak at 39 
amu. However , P P can be differentiated from the methaerylates by the 
presence i n the methacrylate spectrum of the peak at 45 amu. Thus , 
the positive ion spectrum allows characterization of the methacrylate 
backbone, whi l e showing distinct similarities to previous straight 
chain hydrocarbon polymers wi th similar structures. 

F e w methacrylate-specific backbone peaks are seen i n the nega
tive ion spectrum l isted i n Table V I I . General ly , the same Cn~, C n H " 
pattern of ions up to η = 20 observed for most straight chain hydro
carbons is dominant, particularly at higher laser power densities. 
F e w other peaks were detected characteristic of the backbone. 

Side C h a i n Characterization. The structure-related ions assigned 
to peaks that differentiate each member of the polymer series w i l l be 
studied. For purposes of discussion, these ions w i l l be considered i n 
three groups: short chain alkyls [polymethyl methacrylate ( P M M A ) , 
polyethyl methacrylate (ΡΕΜΑ), and polyisopropyl methacrylate 
(PIPMA) ] , isomeric butyls [poly(n-butyl) methacrylate ( P N B M A ) , 
poly(sec-butyl) methacrylate ( P S B M A ) , P I B M A , and poly(f-butyl) 
methacrylate ( P T B M A ) ] , and cycl ic groups [polycyclohexyl metha
crylate ( P C H M A ) , po lyphenyl methacrylate ( P P M A ) , and po lybenzyl 
methacrylate ( P B Z M A ) ] . Th is discussion w i l l provide further ev i 
dence that the backbone spectrum can be separated easily from ions 
originating from the side chain functionality. 

SHORT C H A I N ALKYLS . Figures 9 - 1 1 show spectra for P M M A , 
ΡΕΜΑ, and P I P M A , respectively. Results for P M M A can be inter
preted w i th regard to the backbone spectrum described earlier. Peaks 
at 12—15 amu, assigned to C H ^ i n the positive ion spectrum, provide 
direct evidence for the methyl side chain, because they are related to 
the ester group positive ion (R + ) and are not present i n the backbone 
spectrum. Further evidence of simple bond scission along the side 
chain is provided by peaks at m/z 31 ( O C H 3

+ ) , 59 ( C 0 2 C H 3
+ ) , 101 ( M 

+ H ) + ( M is the monomer unit), and 144 ( M + Η + C 3 H 7 ) + . These 
peaks provide important keys i n elucidating structure, because they 
involve the R or M structures directly. In the negative ion spectrum, 
peaks assigned to simple side chain structures are at m/z 31 (~OCH 3 ) 
and 43 ( C O C H 3 " ) . More complex monomer-related peaks are those at 
m/z 141 (M + C 3 H 5 ) " and 185 (2M - R)" . 

ΡΕΜΑ (Figure 12) shows similarities to the P M M A spectra. In the 
positive ion spectrum, peaks i n the R + region (m/z 25 -29 ) (C2HX

+) are 
of greater relative intensity than for the backbone spectrum. Peaks at 
57 ( C O R + ) , 73 ( C 0 2 R + ) , and 115 amu ( M + H ) + provide distinction 
from other members of the series i n the same manner as for P M M A . 
Negative ion spectra show the " O R peak at m/z 45 ( ~ O C H 2 C H 3 ) , of 
greater relative intensity than from the backbone peak, w h i c h is 
normally very weak. 
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Figure 9. LD positive (top) and negative (bottom) ion spectra of poly-
(methyl methacrylate) (PMMA). Scale 0-200 amu. 

P I P M A (Figure 11) shows many more distinctive peaks than 
P M M A and ΡΕΜΑ. This result may be due to the glassy sample ma
trix, w h i c h is more difficult to vaporize/ionize, because of the larger 
effective sample thickness and therefore lower effective laser power. 
In the positive ion spectrum, peaks at R + , m/z 45 [ C H ( C H 3 ) 2

+ ] ; O R + , 
m/z 59 [ O C H ( C H 3 ) 2

+ ] ; and C 0 2 R + , 87 [ C 0 2 C H ( C H 3 ) 2
+ ] follow the ex-
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Figure 10. LD positive (top) and negative (bottom) ion spectra of poly-
(ethyl methacrylate) (ΡΕΜΑ). Scale 10-200 amu. 

pected results from generalizations based on P M M A and Ρ Ε Μ Α . 
T h e negative i on spectrum shows strong peaks at " O R , m/z 5 9 
[ - O C H ( C H s ) J ; COR, m/z 7 1 [ C O C H ( C H 3 ) 2 " ] ; andra/% 1 2 7 ( M - H ) " , 
w h i c h provide useful structural evidence. 

ISOMERIC B U T Y L METHACRYLATES . Results for these polymers are 
given i n Figure 1 2 . The general approach involved examination of the 
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Figure 11. LD positive (bottom) and negative (top) ion spectra of poly-
(isopropyl methacrylate) (PIPMA). Scale 0-200 amu. 

R + and " O R regions at m/z 57 and 73 i n the positive and negative ion 
spectra, respectively. The spectra exhibited other peaks assigned to 
positive ions atra/% 85 ( C O R + ) and 101 ( C 0 2 R + ) and the negative ion at 
m/z 141 ( M - H)~. The peaks used for differentiation are shown i n 
Figure 13. The important relationship to be seen is the increasing 
relative intensity of R + at m/z 57 (relative to the backbone base peak at 
m/z 39) as primary, secondary, and tertiary carbonium ions are gener-
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Figure 12. LD positive ion spectra of poly (butyl methacrylates). Key: 
upper left, η-butyl; upper right, sec-butyl; lower left, isobutyl; and 

lower right, teri-butyl. Scale as shown. 
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662 POLYMER CHARACTERIZATION 

ated. Similar ly , the ratio of peaks at m/z 73/85 [ O R / ( M - R)"] i n the 
negative ion spectrum increases from n-butyl —» sec-butyl/ isobutyl —» 
f -butyl side chains. These results follow the stability series of the 
carbonium ions and thus al low for differentiation based on a w e l l -
known chemical stability. 

CYCLIC METHACRYLATES . Results from P P M A and P B Z M A are 
shown i n Figures 13 and 14. A n important observation is the con
tinuance of the R + , " O R pattern established by the discussion just 
given. Specifically, the " O P h assignment at m/z 93 i n the negative ion 
P P M A spectrum illustrates the pattern expected. The peak is so i n 
tense that it dominates the spectrum. Al though m/z 77 (Ph + ) is a strong 
peak i n the positive ion spectrum, fu l f i l l ing the R + expectation, the 
peak at m/z 69 that is assigned to ( M - O R ) + is of major interest. T h e 
peak is of unusually h igh relative intensity and is assignable to the 
fragment complementary to the " O P h ion ; this assignment makes it 
seem as i f the pair of ions is generated together from the monomer. 
This phenomenon has been observed i n other types of samples (26) 
and it has been cal led "pa i r production." Interestingly, this mecha
nism seems to occur only when negative ion formation is strong, as 
il lustrated by the results for P B Z M A . 

The P B Z M A polymer yields spectra that have dominant ions i n 
the positive ion spectrum. The C 7 H 7

+ ion , m/z 91 (R + ) , is characteristic 
of the benzy l moiety. N o pair production was seen i n this case; the 
negative spectrum shows only the backbone Cn~l C W H ~ pattern. 

The results for P C H M A showed only two important peaks, one at 
m/z 55 ( C 4 H 5

+ ) i n the positive ion spectrum and the other at 42 
( C 2 H 2 0 ~ ) i n the negative ion spectrum. Although not a strict example 
of the pair production, the pair ing of these two peaks, w h i c h together 
form the " O R fragment, is supported by the we l l -known decomposi
t ion reactions seen i n Ε I /MS of saturated cyclics, to y i e l d C4HX

+ 

and Q H ^ 
The results from each of the three polymers i n this group show 

similarities to wel l -documented ion—molecule reactions i n other M S 
methods, follow known ion stabilities w e l l , and suggest the new 
mechanism of pair production, w h i c h is observed because of the ab i l 
ity of L D to produce h igh intensity negative ion spectra. 

Biopolymers 
Thus far L D studies of polymers have shown that it is possible to 

distinguish not only between the backbone and the side chain of a 
polymer but also between very similar side chains. T h e goal of the L D 
biopolymer study is to identify similarities and differences i n the L D 
spectra of Biomer and Avcothane, w h i c h are more complex than the 
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Figure 14. LD positive (a) and negative (b) ion spectra of poly(benzyl 

methacrylate) (PBZMA). Scale 20-200 amu. 

others, i.e., polyether/polyurethanes. The structures of the two bio
polymers are shown i n Figures 15 and 1.6. The polyethers of B iomer 
and Avcothane are similar, but not identical , and are assumed to be 
the backbone of the biopolymers, whi l e the urethane fragment is the 
same for both Biomer and Avcothane. Addi t ional ly , Avcothane con
tains 10% by weight P D M S , and L D spectra of Avcothane should con
tain peaks attributable to P D M S . 

Biomer. Positive and negative ion L D mass spectra were ob
tained for both Biomer and Avcothane; the Biomer spectra are shown 
i n Figure 17. The positive ion L D spectrum of Biomer (Figure 17) 
shows N a + and K + , w h i c h are typical contaminants seen i n many ma
terials. The other major peaks i n the low mass region of the positive ion 
spectrum are at m/z 43, 55, 71, and 106. Tetramethylene oxide is the 
monomer for the polyether segment of Biomer, and the peaks at 43 
and 55 amu correspond to C 2 H 3 0 + and C 3 H 3 0 + , w h i c h can be inter
preted as fragments of the monomer unit. The m/z 71 peak corresponds 
to C 4 H 7 0 + , w h i c h can be accounted for by either a cycl ic (1) or l inear 
(2) structure result ing from α-cleavage at adjacent ether linkages, 
accompanied by hydrogen transfer. 

Cleavage a or β to the ether linkage and hydrogen transfer can 
account for the m/z 43 and 55 peaks g iv ing a rational progression for 
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668 P O L Y M E R C H A R A C T E R I Z A T I O N 

the m/z 43, 55, and 71 ions. A more logical mass progression might be 
m/z 43, 57, and 71. The centroid of the second cluster is at m/z 57; 
however, the peak at m/z 55 is much more intense than the one at 57. 
Al though previous L D spectra of polymers showed primari ly even-
electron ions (2, 3), a- and β-cleavage i n the polyether fragments 
w o u l d give rise to odd-electron ions producing L D spectra similar to 
E I spectra of polyethers. L inear structures for m/z 55 and 71 also can 
result from cleavage a or β to the ether l inkage. However , the only 
reasonable l inear structure for m/z 43 is C H 3 - C = 0 + , requir ing cleav
age at an O - C bond, w h i c h , i n traditional positive ion M S , is consid
ered un l ike ly (27). 

The peaks at m/z 43 and 55 could possibly be interpreted as aris
ing from C 3 H 7

+ and C 4 H 7
+ as i n the P E spectra, but this or igin seems 

unl ike ly because the 43 and 55 peaks show significantly greater inten
sity than the surrounding peaks. In our experience (1, 2), a l l of the 
major peaks of a CnH2n±x group are represented i n L D spectra charac
terized by simple hydrocarbon fragments. The main C 4 peaks i n the 
L D mass spectra of P E , P V C , and P P are at m/z 50 and are at least five 
times as intense as the peaks at 55; therefore, the intensity of the peak 
at m/z 55 cannot be explained as a hydrocarbon fragment. 

The peak atm/% 106 corresponds to a D i e l s - A l d e r rearrangement 
fragment from the toluene-2,4-diisocyanate used to make the urethane 
bonds i n Biomer. Other peaks i n the Biomer positive ion spectrum 
that were assigned to fragments from urethane species include m/z 51, 
65, 77, and 91 as w e l l as those atra/% 132, 145, 159, 173, and 175. The 
first peaks correspond to C 4 H 3

+ , C 5 H 5
+ , C 6 H 5

+ , and C 7 H 7
+ , respec

t ively, and wou ld be expected for a molecule containing the toluene 
function. The peaks at m/z 175, 173, 159, 145, and 132 can be inter
preted as the ( M + H ) + peak of toluene-2,4-diisocyanate (175) and 
some of its fragment ions: C 9 H 5 N 2 0 2 + , C 8 H 3 N 2 0 2

+ , C 8 H 5 N 2 0 + , and 
C 8 H 6 N O + , respectively. 

The remaining peaks i n the positive ion spectrum form a series of 
clusters that have centroids 14 or 16 mass units apart. These cluster 
peaks were assigned to fragments of the polyether. The polyether of 
Biomer is polytetramethylene oxide ( P T M O ) , and the molecular 
weight of the polyether before being segmented is approximately 
1000. Because of the h igh molecular weight of the polyether relative 
to the diisocyanate and ethylenediamine (which is used as an extend
er i n the polymerization process), the polyether is considered to be 
the backbone of Biomer. The large number of hydrogens i n the 
polyether leads to mult ip le fragment ions clustered around the cen
troid masses. Table V I I I shows the m/z values of the centroids of the 
polyether peak clusters and the probable ion composition for each 
centroid. The empir ical formula for each centroid is C n H 2 n _ > r O m

+ , for 
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37. G A R D E L L A E T A L . Laser Desorption Mass Spectrometry 669 

Table VIII. Peak Assignments for Biomer Positive Ion Spectrum 

- [ C H 2 - C H 2 - 0 - C H 2 - C H 2 - C H 2 - C H 2 - 0 - C H 2 C H 2 - k 

m/z Probable Ion Composition Empirical Formula 

43 C 2 H 3 0 + 

57 C 3 H 5 0 + Q . H t . - i O * 
71 C 4 H 7 0 + 
85 C 5 H 9 0 + 

115 C e H n 0 2
+ 

129 C 7 H 1 3 0 2
+ ΟιΗ,,-χΟ,·1· 

143 C 8 H 1 5 0 2
+ 

155 C 9 H 1 5 0 2
+ 

169 C 1 0 H 1 7 O 2
+ α Η 2 „ - 3 0 2

+ 

' 183 C u H 1 9 0 2 + 
197 C 1 2 H 2 1 0 2

+ 

197 C n H 1 7 0 3
+ 

211 C 1 2 H 1 9 0 3
+ 

225 C 1 3 H 2 1 0 3 + 0 , Η 2 „ _ 5 0 3
+ 

239 ^ΐ^Η^Οβ^ 
253 C 1 5 H 2 5 0 3

+ 

the series m = 1, χ = 1; m = 2, χ = 1,3; and m = 3, χ = 5. Structures 
consistent w i t h this composition require several double bonds and/or 
cycl ization. For instance, the peak at m/z 115 could be represented by 
either Structure 1 or 2, both of w h i c h have the formula C 6 H n 0 2

+ . 
Stability of cycl ic organic structures was established for traditional 
positive i on M S (27), making structures l ike 1 seem more probable. 
A rational mass progression is evident from one cluster to the next that 
can be explained by subsequent addition of C H 2 or oxygen to each 
cluster, as necessary, to accommodate fragmentation of the polyether. 
Each cluster can be explained by cleavage a or β to oxygen, w h i c h is i n 
agreement w i t h traditional mass spectral fragmentation patterns (24). 
As the fragment ion chains of Biomer get longer, polycycl ization may 
occur, w h i c h wou ld explain the increased loss of hydrogen i n the 
higher mass fragments. 

C H 2 = O ; 

C H 2 = 0 - C H 2 - C H = C H - C H 2 - O - C H 3 

1 2 
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670 P O L Y M E R C H A R A C T E R I Z A T I O N 

In the negative ion L D spectrum of Biomer (Figure 17 and Table 
IX) , the major low mass peaks are at m/z 26, 42, 50, and 90, w h i c h 
correspond to C N " , C N O ~ , C 3 N " , and C 7 H 6 " . The ions C N " , C N O " , 
and C 3 N ~ are formed by reactions i n the plasma and are typical frag
ments seen i n the negative ion spectra of nitrogen- and oxygen-
containing organics. The C 7 H 6 " ion is probably a fragment ion from 
toluene-2,4-diisocyanate. The ( M — H)~ quasimolecular ion peak for 
toluene-2,4-diisocyanate at m/z 173 also is present. 

The negative ion L D mass spectrum of Biomer contains clusters 
of peaks at various mass intervals that can be explained s imilarly to the 
positive ion spectrum. M a n y hydrogens are present i n the backbone 
polyether so that several fragments that differ by only one or two mass 
units are possible for any given combination of carbon and oxygen 
atoms. The centroid of each cluster was assigned i n Table I X as was 
done for the positive ion spectrum. A l l of the clusters were assigned to 
fragments from the polyether, and these fragments range from the 
tetramethylene oxide monomer at m/z 71 to a peak at m/z 345, eorre-

Table IX. Peak Assignments for Biomer Negative Ion Spectrum 

- [ C H 2 - - C H 2 — O — C H 2 — C H 2 — - C H 2 — C H 2 -- O - C H 2 - C H 2 L -

mlz Probable Ion Composition Empirical Formula 

71 C 4 H 7 0 " 
85 C 5 H 9 0 - C n H 2 n - i O 
99 C 6 H n O -

113 C 7 H 1 3 0 
129 C 7 H 1 3 0 2 

143 C 8 H 1 5 0 2 ~ C n H 2 n - i 0 2 

157 C9H17O2 
171 C i o H 1 9 0 2 ~ 
187 C i o H 1 9 0 3 

201 C n H 2 1 0 3 

215 C l 2 H 2 3 0 3 Ο ΐ Η 2 η _ ! θ 3 

229 C i 3 H 2 5 0 3 ~ 
243 C 1 4 H 2 7 0 3 

259 C 1 4 H 2 7 0 4 

273 C i 5 H 2 9 0 4 ΟιΗ 2 η _χ0 4 

287 C i e H 3 1 0 4 

301 C i 7 H 3 3 0 4 ~ 
303 C i 6 H 3 1 0 5 ~ 
317 C i 7 H 3 3 0 5 

331 C i 8 H 3 5 0 5 

345 C i 9 H 3 7 0 5 
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37. G A R D E L L A ET A L . Laser Desorption Mass Spectrometry 671 

sponding to C 1 9 H 3 7 0 5 . A l l clusters are consistent w i t h fragments cor
responding to the formula C ^ H ^ - i O ^ - , where m varies from 1 to 5 
(see Table IX). 

In the negative ion spectrum, a rational progression also is ev i 
dent from one mass cluster to the next that can be explained by the 
addit ion of C H 2 or oxygen. For instance, a progression of polyether 
fragments at m/z 71, 85, 99, and 113 corresponds to subsequent add i 
tions of C H 2 to C 4 H 7 0 ~ , the proposed structure for m/z 71. A d d i t i o n of 
C H 2 to the fragment for the peak at m/z 113 w o u l d result i n a cluster 
w i t h a centroid at m/z 127. However , the next centroid is at m/z 129, 
w h i c h involves the addit ion of oxygen to C 7 H 1 3 0 ~ , the proposed 
structure for the peak at m/z 113. O n the basis of l inear structures, the 
fragment ion at m/z 127 w o u l d be expected to be stable. However , a 
cycl ic structure for m/z 127 w o u l d involve the formation of a n ine -
membered r ing, although the structure at m/z 129 w i t h the formula 
C 7 H 1 3 0 2 ~ wou ld require an eight-membered ring. This behavior 
suggests that the negative ion polyether structures probably are cycl ic . 

The negative ion fragments from P T M O apparently do not i n 
volve much hydrogen stripping, w h i c h makes them different from the 
structures proposed for the negative ion L D spectrum of P E . In the 
negative ion spectrum of P E , the ions are stripped of almost a l l hydro
gen to y i e l d poly acetylene-like structures that have the general for
mulas Cn~ and C n H " . I f P T M O underwent similar hydrogen stripping, 
peaks at m/z 65, 79, 89, and 103 w o u l d result and w o u l d have e m p i r i 
cal formulas C 4 H O " , C 5 H 3 0 " , C 6 H O " , and C 7 H 3 0 " , respectively. 
However , these peaks are not present i n the negative ion spectrum of 
Biomer (Figure 17). The lack of hydrogen stripping i n the polyether is 
probably due to many effects. One possibi l i ty is that oxygen blocks 
conjugation necessary for poly acetylene-like structures. 

Avcothane. Avcothane is a more complex polymer than Biomer, 
because it contains not only polyether and urethane units but also a 
P D M S moiety (see F igure 16). In the positive L D spectrum of A v 
cothane (Figure 18 and Table X) , the peaks at 23 and 39 amu are 
attributed to N a + and K + contamination. A series of peaks also occurs 
corresponding to C F + , C 2 F + , C F 2

+ , and C F 3
+ at 31, 43, 50, and 69 amu. 

These peaks are similar to those observed for Tef lon; the presence of 
Tef lon on the surface of aortic balloon pumps made from Avcothane 
was observed previously (28). 

Toluene-2,4-diisocyanate is used to form the urethane segment of 
Avcothane. Fragments from it include the ( M + H ) + peak at 175 amu 
and other fragments at m/z 51, 65, 77,91,106, 132,145,159, and 173 as 
were seen for Biomer. Peaks i n the positive i on spectrum of A v -
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No C 3 H 3 0 + C 6 H 4 N 0 + 

Si 

C 4 H „ S i 3 0 3 

C 9 H 5 N 2 0 j 

1 ,1 ,.l 1, ti j 1, 1 
40 80 120 160 200 240 

CN" 

C 7 H ( 7 "β 
C 4 H 9 0" 

C 3 N" 

NCO" 
C 2 H ? Si 2 0 2 

C . 0 H 2 . ° 4 

C 9 H 5 N 2 0 2 

1 i l ill 41, ll 11 L i \{ u i JL MI A I \, 1 ,1 
40 80 120 160 200 

Mass (amu) 
240 

Figure 18. Positive (top) and negative (bottom) ion LAMMA spectra of 
Avcothane. 

cothane that were assigned to P D M S fragments include those at 28, 
45, 115, 175, and 191 amu. The peaks at m/z 28 and 45 correspond to 
S i + and S i O H + , w h i l e the higher mass peaks are probably due to cycl ic 
sil icon-containing fragments such as C 3 H 7 S i 2 0 + , C 3 H 7 S i 3 0 3 + , and 
C 4 H 1 1 S i 3 0 3

+ . Such cycl ic fragments of P D M S were reported for f ie ld 
desorption M S (II) and also were mentioned earlier i n the chapter. 

Polypropylene glycol (PPG) is the polyether of Avcothane and has 
a molecular weight of approximately 1000. Be low m/z 87, only two 
peaks are assigned to the polyether: the one at m/z 43 is probably 
similar to the m/z 43 peak for Biomer; and the other peak at m/z 53 is 
probably a l inear structure corresponding to H C ^ C — C = 0 + . Clusters 
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 673 

Table X . Peak Assignments for Avcothane Positive Ion Spectrum 

C H 3 C H 3 C H 3 C H 3 C H 3 

\ / / / / 

- [ C H 2 C H - C H 2 C H - 0 - C H 2 C H - 0 - C H 2 C H - 0 - C H 2 C H - O L -

m/z Probable Ion Composition Empirical Formula 

43 C 2 H 3 0 + 

87 C 4 H 7 0 2 + 
101 C 5 H 9 0 2

+ Ο ι Η 2 η - ΐ θ2 + 

115 C 6 H n 0 2 + 
129 C 7 H 1 3 0 2

+ 

145 ^ 7 Η 1 3 0 3
+ 

159 C 8 H 1 5 0 3 + 
173 C 9 H 1 7 0 3

+ CnFÎ2n-i03
+ 

187 C i o H 1 9 0 3
+ 

201 C n H 2 1 0 3
+ 

217 C n H 2 1 0 4
+ 

231 C i 2 H 2 3 0 4
+ Ο ι Η 2 η _ χ 0 4

+ 

245 C i 3 H 2 5 0 4
+ 

of masses ranging from m/z 87 to 245 were observed for the polyether. 
The empirical formula that fits the data for the positive ion fragments 
from the polyether is C n H 2 n _ ! O m

+ ; this formula requires that structures 
contain either two double bonds or one double bond and cycl ization. 
For example, mass 129 Structures 3 and 4 represent possibil ities for 
the C 7 H 1 3 0 2

+ fragment; again, the cycl ic structure seems more l ike ly . 
As wi th Biomer, the polyether clusters show a rational progression 
corresponding to addit ion of C H 2 or oxygen from one mass cluster to 
the next. 

4 
3 

The negative ion L D spectrum of Avcothane contains clusters of 
peaks at various mass intervals that can be explained s imilar ly to the 
positive ion spectrum. Tef lon present on the polymer surface is re-
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674 POLYMER CHARACTERIZATION 

sponsible for a small peak at m/z 19. The peaks from toluenediisocya-
nate are at m/z 90 and 173, corresponding to C 7 H 6 ~ and ( M - H)~; 
peaks at 26 and 42 correspond to C N ~ and C N O " . T h e P D M S frag
ments at 119,135, 163, and 179 correspond to C 2 H 7 S i 2 0 2 ~ , C 2 H 7 S i 2 0 3 ~ , 
C 2 H 7 S i 3 0 3 - , and C 2 H 7 S i 3 0 4 - . The peaks attributed to P D M S i n both 
the positive and negative L D spectra of Avcothane agree w i t h L D 
spectra of P D M S . 

In addition to the peaks from Tef lon, P D M S , and toluenediisocy-
anate, a series of clusters that can be assigned to fragmentation of the 
polyether is evident. As i n the positive-ion spectrum, a rational pro
gression from one mass cluster to the next occurs, w h i c h can be ex
p la ined by the subsequent addition of C H 2 or oxygen. E a c h cluster 
has been assigned as a fragment corresponding to C n H 2 n + 1 O m ~ , where 
η varies from 4 to 13 and m varies from 1 to 4 (see Table XI ) . 

Conclusions 
This chapter has addressed the application of a novel type of sol id 

state M S to the analysis of various polymer systems. We showed that 
such analysis is feasible and that important structural information is 
directly available from analysis of the spectra. Variation of operational 
parameters was explored; the minimizat ion of laser power density was 
seen to be important i n the generation of structure-related fragments. 

Table XI. Peak Assignments for Avcothane Negative Ion Spectrum 

C H 3 ^ C H , ^ C H , ^ C H 3 ^ C H 3 

- [ C H 2 C H - 0 - C H 2 C H - 0 - C H 2 C H - 0 - C H 2 C H - 0 - C H 2 C H - O L -

m/z Probable Ion Composition Empirical Formula 

59 C 3 H 7 0 " Q H 2 n + 1 0 -
73 C 4 H 9 0 ~ 
89 C 4 H 9 0 2 " 

103 C 5 H n 0 2 - α Η 2 η + 1 0 2 " 
117 C 6 H 1 3 0 2 " 
131 C 7 H 1 5 ( V 
147 C 7 H 1 5 0 3 " 
161 C 8 H 1 7 0 3 0 * Η 2 η + 1 0 3 

175 C 9 H 1 9 0 3 " 
189 C 1 0 H 2 1 O 3 -

205 C 1 0 H 2 1 O 4 -
219 C n H 2 3 0 4 - 0 * Η 2 η + 1 0 4 -
233 C 1 2 H 2 5 0 4 -
247 C 1 3 H 2 7 0 4 -
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37. GARDELLA ET AL. Laser Desorption Mass Spectrometry 675 

The backbone/side chain model of polymer structure proved va l id for 
interpretation of a series of polymers w i th different backbones and 
different side chains. The method proved to be effective i n differ
entiating among each of the methacrylate polymers, even though only 
small changes i n side chain functionality are present throughout the 
series. 

Addi t ional ly , this study showed the value of laser M S for studying 
complex biopolymer systems. The Biomer spectra show peaks corre
sponding to polyether and polyurethane components. T h e majority of 
clusters i n both the positive and negative ion L D spectra are assigned 
to the backbone polyether. The most stable polyether peaks probably 
result from cycl ization. 

The Avcothane positive and negative ion L D spectra are complex 
and have peaks that can be assigned to Tef lon contamination as w e l l 
as to polyurethane, polyether, and P D M S . The majority of Avcothane 
peaks was assigned to the backbone polyether. The most stable 
polyether peaks i n the positive ion spectrum are probably due to cy
c l i c fragments, w h i l e i n the negative ion spectrum the fragments ap
pear to be linear. The most stable P D M S fragments were also those 
that produce cycl ic structures and are comparable to those observed 
i n F D . 

T h e structures presented here are mostly only prel iminary struc
tures that explain the progression of peaks fairly w e l l and do not re
quire recombination reactions. However , these structures are not the 
only ones possible nor are they more l ike ly than other possible struc
tures; they merely help to demonstrate the rationality of the progres
sions i n each of the spectra. 

Because mass spectra up to and beyond the monomer unit of a 
polymer are possible using L D M S , the technique provides fragmen
tation patterns not readily available by other methods, particularly i n 
the negative-ion spectrum. 
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38 
Liquefaction Reactivity Correlations 
Using Pyrolysis/Mass 
Spectrometry/Pattern 
Recognition Procedures 
KENT J. VOORHEES, STEVEN L. DURFEE, and 
ROBERT M. BALDWIN 
Colorado School of Mines, Departments of Chemistry and Chemical and 
Petroleum Refining Engineering, Golden, CO 80401 

Three suites of coal, each liquefied using a different pro
cess, were pyrolyzed directly into a mass spectrometer. 
Relationships between the mass spectra and the ob
served conversion yields were determined by comput
erized pattern recognition. For each of the three lique
faction processes (rocking bomb, stirred tank reactor, 
and stirred tank continuous reactor) the coals could be 
categorized according to their known conversion yields 
from the pyrolysis data. The results of the pyrolysis/ 
mass spectrometric conversion yield correlations pro
vided information about the effect of the homologous 
ion series that was produced, and the effect of the over
all organic structure of the coal on the reactivity. 

Ν UMEROUS TESTS HAVE BEEN DESIGNED [American Society for Test ing 
and Materials (ASTM)] for the characterization of the composition of 
coal (I). Most of these procedures were formulated to define feed
stocks for coking operations or for combustion. Attempts have been 
made to extend the use of these A S T M procedures to classify coal w i t h 
respect to reactivity i n l iquefaction or gasification processes. In most 
cases, it is possible to observe drastic differences i n reactivity and i n 
the chemical composition of the l iquefaction products from two coals 
of the same A S T M rank, obtained from different geographical loca
tions. Because of the problems involved i n designing and operating 
liquefaction reactors, such severe reactivity changes cannot be tolerated. 

The failures of the standard A S T M tests for these applications can 
be rationalized easily because they provide min imal information con-

0065-2393/83/0203-0677$06.00/0 
© 1983 American Chemical Society 
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678 POLYMER CHARACTERIZATION 

cerning the actual chemical structure of the coal. The structural infor
mation, and possibly the mineral composition of the feedstock, must 
be known to predict the reactivity and end-product composition. 

Various insoluble or nonvolatile materials, such as synthetic 
polymers, kerogen, meteorite carbonaceous material , shales, coals, 
proteins, and bacterial ce l l walls have been investigated by several 
degradation methods, fo l lowed by an analysis of the degradation 
products. The usefulness of degradation processes for characterization 
is dependent on the specificity and reproducibi l i ty of these processes. 
For lysis procedures that show these characteristics, a correlation 
between the degradation products and the original structure can be 
made. Under properly control led conditions, pyrolysis is a h ighly spe
cific and reproducible procedure that, when combined w i t h mass 
spectrometry, can be a useful method for prov id ing structural infor
mation for the macromolecules i n coal (2,3). 

This chapter addresses basic problems of these processes by de
f ining a new analytical approach that uses pyrolysis/mass spec
trometry w h i c h can be run efficiently and routinely for correlating the 
chemical structure of coals w i t h reactivity, and w i t h the eventual con
version products. In addit ion, this chapter identifies chemical struc
tural features that affect the reactivity of coal toward direct hydro
génation. 

Experimental 
Pyrolysis Sample Preparation. Coals obtained primarily from the Penn

sylvania State University Coal Bank were manually ground such that a stable 
suspension in methanol (~5 mg of coal in 1 mL of methanol) could be pre
pared. Approximately 10 μL· of the suspension was applied to a rotating ferro
magnetic wire (4). Following evaporation of the solvent, the wire was trans
ferred to the Curie-point pyrolyzer. 

Pyroly sis/Mas s Spectrometry/Pattern Recognition. The pyrolysis was 
conducted using a Fisher Curie-point pyrolyzer (1.5-kW, 1.1-MHz power 
supply) in conjunction with an Extranuclear Spectrel mass spectrometer sys
tem (5). Curie-point wires composed of Fe, N i , and Co (510 °C final tempera
ture) were used throughout the study and low energy (14-eV) electron impact 
was used for ionization. A scan rate of 1000 amu/s was employed for all 
analyses. Mass spectral data were collected as summed spectra on a Hewlett 
Packard 2100 S computer. Data from this computer were transferred via mag
netic tape to the P D P System 10 computer system for statistical calculations. 

Statistical Calculations. The data analysis involved normalization of the 
individual peaks to the total ion current (sum of all peak intensities) followed 
by multivariate analyses (6) using the S C A L E , W E I G H T , and D I S T A N C E 
options of the ARTHUR* program. The S C A L E routine assigns the intensities 
for each m/z value a mean of zero and unit standard deviation. W E I G H T gives 
weightings to the various features (m/z values) depending on the reproduc
ibility of the relative intensities at a given m/z value and the differences be-

1 A R T H U R is available from Infometrix, Inc., Seattle, W A 98125. 
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38. VOORHEES ET AL. Liquefaction Reactivity Correlations 679 

tween m/z intensities for the various samples (7). A high weighting value 
usually means that a particular feature is important in distinguishing the vari
ous samples from each other. D I S T A N C E establishes a distance matrix in 
multidimensional space where the Euclidian distance is used as a measure of 
the similarity or dissimilarity of various mass spectra. The dimensionality of 
the space is determined by the number of m/z values in the mass spectra. In 
this case the space for most of the data was defined by the scanned mass range 
(m/z 34-200) as 167. The matrix generated from D I S T A N C E gives all in -
terspectra distances for replicate pyrolyses from the same coal sample, as well 
as the distance between spectra from different samples. A condensed form of 
the distance matrix can be constructed by computing an average distance 
between the members of two categories. A value on the diagonal is an average 
distance between spectra within a given category. When compared to the other 
values, the diagonal gives an idea of experimental reproducibility. 

Although the distance matrix is useful for establishing degrees of simi
larity and dissimilarity between analyses of various samples, it is difficult to 
visualize totally. Two methods, nonlinear mapping (the N L M option) (8) and 
hierarchical clustering (the H I E R option), have been used in this study for 
visualizing this relationship. The nonlinear mapping produces, through an 
iterative process, the best two-dimensional representation of the mass spectra 
in multidimensional space. The hierarchical clustering produces a dendro
gram based on the similarity coefficients between the various spectra. 

Liquefaction Conversion Data. Liquefaction results were obtained from 
literature data generated from three different reactor systems. Extensive data 
have been reported (9, 10) for coals liquefied in both tubing bomb batch and 
continuous flow stirred reactors. Coals used in the Pennsylvania State Univer
sity studies were highly characterized and represented a wide variety of geo
graphical locations as well as chemical and physical properties. 

For the rocking bomb experiments, reactivity was defined by the yield of 
benzene solubles after approximately 1 h of reaction time. Coals for this study 
were selected from the Colorado School of Mines collection. The continuous 
flow experiments utilized slightly different reaction conditions with conver
sion yields being defined as solubility in ethyl acetate after a 1-h residence 
time. Reactivity data (11) for the third suite of coals were based on tetrahy-
drofuran (THF) solubility after a 60-min residence time in a quick charge batch 
stirred autoclave. A majority of the coals for these three data sets were ob
tained from the Pennsylvania State University Coal Sample Bank. In the dis
cussion that follows, the term reactivity has been defined as conversion to 
solvent soluble products, with reaction conditions dependent on the reac
tor system employed. 

Results and Discussion 
Three suites of coal, each l iquef ied using a different laboratory 

process, were investigated by pyrolysis/mass spectrometry (Py /MS) . 
Table I summarizes the characterization properties for the suite of 
coals l iquef ied i n the rocking bomb reactor. Typ i ca l P y / M S spectra for 
two of the coals are shown i n Figure 1. The distance table, based on 
three replicate pyrolyses and calculated using A R T H U R , is i l lustrated 
i n Table II . As previously mentioned, it is difficult to visualize totally 
the distance table. The nonlinear map of the data i n Figure 2 allows for 
better comprehension. E a c h coal was run i n triplicate and forms a 
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680 POLYMER CHARACTERIZATION 

Table I . Summary of Coa l Samples Studied i n Rocking Bomb Reactor 
Observed 

Liquefaction Sulfur 
Rank Mine Reactivity (%)a Content Rank 

Island Creek, K Y >80 3.85 H V A B 
Consolidated, W V >80 3.50 H V A B 
Island Creek-2, K Y >80 3.85 H V A B 
Univers i ty of Kentucky, K Y >80 3.46 H V A B 
Ρ & M , K Y >80 3.81 H V A B 
Ireland M i n e , W V >80 4.45 H V A B 
Eagle , C O < 5 0 - 6 5 0.32 L V B 

Note : C o m p l e t e analysis o f coals is still b e i n g performed. 
a Reactivity measured as solubi l i ty i n benzene after reaction for approximately 60 

m i n at 2000 psi ( H 2 ) , 400 °C , w i t h tetralin as solvent. 

triangular shaped data set on the nonlinear map. Also , the size of the 
area enclosed by the connected data points gives an idea of the repro
duc ib i l i ty of the data for a selected coal. 

The points on the nonlinear map clearly cluster into three groups. 
Comparison of the nonlinear map wi th the data i n Table I shows that 
the clustering results from coals that represent three different geo
graphical locations. The conversion data i n Table I indicate that the 
eastern coals have better conversion characteristics than the single 
Colorado coal. Based solely on the implications of the geographical 
differences, the data suggest the possibil ity of detecting variations i n 
coal reactivity by P y / M S . 

The correlation of the various groups represented i n the nonlinear 
map can also be shown by the hierarchical clustering dendrogram i n 
Figure 3. Based on the similarity coefficients, the coals are clearly 
separated into three groups. The spectra i n Figure 1 show the actual 
mass spectral differences between the best and the worst coal. 

The most important observation that results from these data is the 
fact that the Py/MS/pattern recognition approach is capable of detect
ing and differentiating organic structural differences i n coals. H o w 
ever, based on the l imi ted number of poor reacting coals, it is not 
possible to state categorically that reactivity prediction has been dem
onstrated i n this suite. 

Because of the large number of coals studied by G i v e n , Suite 2 
could be selected more carefully to al low for a wider range of rank and 
characterization properties as w e l l as reactivity differences. Table III 
summarizes pertinent data for the selected coals. The distance table 
and nonlinear map for the pyrolysis data are shown i n Table I V and 
Figure 4, respectively. The reactivity for each coal is inc luded , for 
reference, on the nonlinear map. 
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IC. KT. 

V7 
X / C O L O . 

^ C . K T , 

CON. WV. 

IM. WV. 

Figure 2. Nonlinear map of Py-MS data from rocking bomb coals. 
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Figure 3. Hierarchical clustering dendrogram of Py-MS data from 
rocking bomb coals 
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Table I I I . Characterization Data for G u l f Continuous F l o w 
Reactor Coals 

Conversion %S 
PSOC Number Rank (%) % C (dry) 

265 H V A 44 86.7 0.6 
271 H V A 49 86.5 — 

276 H V A 72 83.5 3.5 
278 H V A 83 80.5 5.6 
302 H V A 29 88.9 0.71 
305 H V B 77 82.3 4.1 
307 H V A 82.3 2.7 
308 H V B 74 80.3 4.3 
320 M V 15 90.4 1.2 

a M e a s u r e d i n a t u b i n g b o m b reactor. 

The points on the nonlinear map are clustered into two main 
groups. A comparison between the relative positions and the l i q 
uefaction conversion data suggests that a hypothetical l ine can be 
constructed through the center of the map to divide the coals into two 
major conversion classes. The coals above the d iv id ing l ine exhibited 
conversion yields less than 50%, whi le those below the d iv id ing l ine 
had yields greater than 50%. In addition, a very striking feature of the 
map is the fact that Coa l 320 had the lowest conversion reactivity, 
whi le Coa l 278 had the best l iquefaction properties. The positions of 
these coals represent the extremes on the nonlinear map. The same 
type of clustering, based on 50% reactivity, is shown i n the hierarchi
cal clustering dendrogram i n Figure 5. 

The catalytic effect of mineral matter is an important factor i n 
control l ing l iquefaction properties. Often, the contribution of the or
ganic structure on l iquefaction conversion has been ignored. We feel 
the P y / M S results of the G u l f continuous flow reactor coals present 
evidence that more emphasis should be placed on the organic portion. 

The final group of coals investigated represented a suite that had 
been studied at Colorado School of Mines i n a stirred batch reactor. 
Table V lists the characterization properties of these coals. The data 
analysis results for the P y / M S data are summarized i n Table V I and 
Figure 6. The points on the nonlinear map (Figure 6) basically cluster 
into one major group wi th two outlying sets of points. Compar ing the 
position of the data points on the nonlinear map to the reactivity data 
i n Table V presents a picture consistent w i t h that der ived from the 
two previous coal suites. In general, the major cluster comprises coals 
that show conversion yields greater than 75%. The first set of out lying 
points (Fies Mine) above the major group shows good reactivity 
(87.5%). However , a review of the history of the sample indicated the 
possibil ity of weathering effects. No special precautions had been 
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686 POLYMER CHARACTERIZATION 

Figure 4. Nonlinear map of Pennsylvania State University coals. 
Numbers indicate percent conversion yields. 
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Figure 5. Hierarchical clustering dendrogram of Py-MS data from 
Pennsylvania State University coals. 
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Table V . Coals U s e d i n Stirred Batch Reactor 
Conversion" %S 

PSOC Number Rank (%) % C (dry) 
071 H V C B 83.7 78.0 0.58 
107 H V B B 81.0 82.0 0.53 
130 M V B <60.0 91.4 0.56 
151 H V C B 80.0 78.4 0.47 
370 H V A B 75.2 84.0 0.67 
437 H V A B 85.0 80.3 0.51 
444 H V B B 85.8 78.9 0.46 

Fies (KY 9) H V C B 87.5 66.9 3.85 
a C o n v e r s i o n d e f i n e d b y product solubi l i ty i n T H F after 1 h reaction t ime at 400 °C , 

2000 psi (H 2 ) . L i q u e f a c t i o n solvent was tetralin. 

taken for storage of this sample; therefore, it had been i n contact w i t h 
air for several years. Examinat ion of the data i n Table V shows an 
approximate conversion y i e l d was measured for the P S O C 130 coal. 
This coal, when subjected to the standard conditions of the stirred 
batch liquefaction procedure, agglomerated to such an extent that re
producible data of the quality of the other measured reactivities i n the 
suite could not be obtained. The P y / M S results suggest significant 
structural differences i n this particular coal. 

Information concerning the factors that affect the differences 
between samples w i t h i n the three suites can be obtained by compar
ing the magnitude of the F isher ratios w i t h i n a conversion group. 
Tables V I I and V I I I l ist the 13 ions (plus possible compound class) 
that exhibit the highest ratios. The Fisher ratio reflects partially the 
intensity differences between ions. Therefore, each peak w i t h a h igh 
Fisher ratio can be assessed as to its positive or negative influence, 
w i t h i n the suite, w i t h regard to conversion yields . Because of the 
similarity i n the conversion yields i n Suite 3, the Fisher ratio data for 

Table V I . Distance Table for the Coals Studied i n the Stirred 
Tank Reactor 

PSOC 071 437 444 151 370 Fies 130 107 

071 26.2 72.6 79.1 62.9 84.7 139.9 177.9 83.8 
437 34.3 53.5 42.7 66.4 187.3 163.5 70.4 
444 33.5 56.2 43.5 176.2 150.5 40.9 
151 20.5 70.9 168.4 167.3 68.8 
370 30.3 175.8 127.0 31.9 
F ies 15.5 239.3 175.8 
130 20.0 137.1 
107 22.0 
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688 POLYMER CHARACTERIZATION 

Figure 6. Nonlinear map of Py-MS data of CSM coals. Numbers indi
cate percent conversion yields. 

Table V I I . F i s h e r Weights for T u b i n g Bomb Coals 
Probable Compound Contribution 

Mass Fisher Weights Class to Conversion 
36 57.6 Sulfur compounds ? 

156 53.6 C 2 -Naphthalenes + 
60 39.4 Carboxylic acid ? 

142 32.9 C r N a p h t h a l e n e s + 
97 28.0 Alkene + 

128 27.0 Naphthalenes + 
146 25.6 ? + 
48 24.4 Sulfur compounds + 

106 23.2 Benzenes ? 
157 16.5 
64 14.0 S 2 -Sulfur compounds + 
57 12.8 Alkanes ? 
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Table V I I I . F i s h e r Weights for G u l f Continuous F l o w Reactor 

Probable Compound Contribution 
Mass Fisher Weights Class to Conversion 

176 213.1 ? + 
92 144.2 Benzenes -
36 143.8 Sulfur compounds ? 
85 139.1 Alkanes -
41 115.9 Alkenes ? 
64 84.4 S 2 -Sulfur compounds + 

124 83.2 L i g n i n ? 
83 79.7 Alkenes -128 73.0 Naphthalenes ? 

207 72.3 ? ? 
156 61.3 C 2 -Naphthalenes + 
162 55.3 ? ? 

the stirred batch reactor were not inc luded. For the remaining two 
suites, there are only a few entries w i t h i n the highest 13 F isher ratio 
ions common to both suites. The group of ions m/z 128, 142, and 156 
are probably alkylnaphthalenes and seem to have a positive correlation 
wi th reactivity i n both groups. The ions that appear to correspond to 
the sulfur spec ies—S0 2 or S 2 (m/z, 64) and C H 3 S H (m/z, 48)—are pro
duced most strongly i n the coals w i th the best conversion perfor
mance. The total sulfur analysis for this suite (Table III) showed a 
weak relationship between sulfur content and conversion yields, w i t h 
the highest sulfur content coal exhibit ing the highest reactivity. 

F isher ratios can be used w i t h i n a single suite of coals to deter
mine positive or negative effects of homologous ion series on conver
sion yields. For the coals l iquef ied using the G u l f continuous flow 
reactor, a series of bivariate plots using homologous series that were 
identi f ied i n the top 50% of the Fisher ratios were constructed. For 
example, a plot showing the intensity of phenol vs. methylphenol , m/z 
94 vs. 108, is shown i n Figure 7. In this case, the highest l iquefaction 
reactivity was observed i n the coals w i th highest intensity for these 
homologs. This observation is consistent w i t h the reported variation of 
l iquefaction reactivity w i t h total oxygen content of coal (II ) . Other 
series such as the sulfur species—m/z 34, 48, 64, and 76—and the 
series at 148, 162, and 176—have been plotted to give similar trends. 
In addition, a bivariate plot can be made from members of two differ
ent homologous series. F igure 8 illustrates a plot of m/z 83 vs. m/z 85 
that represents the intensities of C 6 H n

+ (alkene fragment ion) vs. 
C 6 H 1 3

+ (alkane fragment ion). F r o m this plot, coals w i t h the highest 
concentration of these ions showed the poorest l iquefaction perfor-
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690 POLYMER CHARACTERIZATION 

1 1 1 1— 
3.00 4.00 5.00 6.00 

Relative Intensity of M a s s 94 arb. units) 

Figure 7. Bivariate plot of m/z 94 vs. 108. 

1 1 
1.50 2.00 

Relative Intensity of Mass 83 (arb. units) • 

Figure 8. Bivariate plot of m/z 83 vs. 85. 
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38. VOORHEES ET AL. Liquefaction Reactivity Correlations 691 

mance. The good correlation of the alkene:alkane signals is somewhat 
surprising because a broad spectrum of alkane yields had been re
ported for the l iquefaction of various ranked coals (13). Once the 
trends have been established by a multivariate statistical calculation, 
the complexity of the data analysis and conversion correlations often 
can be reduced by the use of a bivariate statistical approach. However , 
bivariate techniques are no substitute for multivariate analysis. 

The coals used for this study represent suites that have been 
l iquef ied by three microscale techniques. The data from the P y / M S 
results strongly correlate w i t h the conversion parameters from the 
reactor studies. The Py/MS/pattern recognition results also generate 
information that can correlate structural features w i t h the conver
sion data. We believe the P y / M S technique has a bright future i n 
predict ing l iquefication reactivities and, when combined wi th new 
techniques such as M S / M S (14) w i l l offer a new dimension i n under
standing the effects of coal structure on liquefaction reactivity. 
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39 
Pyrolysis Gas Chromatographic 
Characterization, Differentiation, and 
Identification of Biopolymers— 
A n Overview 

FORREST L. BAYER 
The Coca-Cola Company, Corporate Quality Assurance Department, 
Atlanta, GA 30301 

Pyrolysis gas chromatographic (PGC) characterization, 
differentiation, and identification of biopolymers will 
be discussed in terms of repeatability, specificity, and 
sensitivity. An application overview will be presented 
for a wide range of biopolymers and their subunits in
cluding the PGC of amino acids, proteins, enzymes, and 
hemoglobins. Representative data displaying the degree 
of repeatability in terms of peak heights and retention 
times for complex macromolecular systems such as pro
teins will be shown. Retention time relative standard 
deviations in the order of 0.1 % in 80-min PGC runs were 
achieved. Long-term repeatability of a PGC system will 
be demonstrated by the virtually superimposable pyro-
chromatograms of a compound taken 9 months apart. 

X HE TECHNIQUE OF PYROLYSIS GAS LIQUID CHROMATOGRAPHY (PGLC) has 
become one of the most powerful tools i n the analyst's arsenal of 
analytical equipment when dealing wi th intractable samples. This 
technique affords the analyst a means of obtaining characterization or 
identification information on complex, microgram-size samples i n a 
relatively short time frame for a modest cost. W i t h many samples, no 
preparation is required prior to P G L C analysis. D u e to these attri
butes, this technique is becoming more popular for use i n the analysis 
of biopolymers. 

This chapter w i l l give a brief overview of the literature w i t h re
spect to the P G L C of biopolymers, inc lud ing a review of amino acids, 
the basic b u i l d i n g blocks of biopolymers, peptides, and proteins. In 
addition, inter-laboratory reproducibi l i ty w i l l be discussed. 

0065-2393/83/0203 -0693$06.00/0 
© 1983 American Chemical Society 
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694 POLYMER CHARACTERIZATION 

Amino Acids 
Unravel ing the complexities of biochemical /biopolymer systems 

inherently requires a firm understanding of their basic bu i ld ing blocks. 
For biochemical /biopolymer systems such as peptides and enzymes, 
the basic b u i l d i n g blocks involve their structural units, amino acids. 
Over the past two decades, several investigators have studied the 
pyrolysis of amino acids (1-17). These investigations, although con
ducted under a variety of conditions, indicate that amino acids exhibit 
unique pyrochromatograms. Merr i t t and Robertson (8) pyro lyzed sev
enteen amino acids, and analyzed their pyrolysis products by mass 
spectrometry. They found that each amino acid pyrolyzed y i e lded a 
unique or most abundant primary product among those identified. The 
resultant products of amino acid pyrolysis, however, have been an area 
of controversy among investigators. For example, several investigators 
investigated the pyrolysis of proline and hydroxyproline. Giacobbo 
and Simon (16) in i t ia l ly reported that the pyrolysis of prol ine y i e lded 
pyrrol idine. Comparison of pyrograms i n a later paper indicated that 
the pyrolysis of prol ine and hydroxyproline, y ie lded pyrrole (2). V o l l -
m i n (1) confirmed Simon's work demonstrating that prol ine y ie lded 
pyrrole. Smith et a l . (JO) studied the pyrolysis of prol ine and hy
droxyproline more recently. In their review of the pyrolysis of prol ine 
and hydroxyproline, they stated that V o l l m i n found that hydroxy-
prol ine as w e l l as prol ine y ie lded pyrrole. A closer inspection of V o l l 
min's work indicated that the hydroxyproline was not pyro lyzed i n 
that particular study, however, pyrrol ine was shown to y i e l d pyrrole. 
Studies by Merr i t t and Robertson (8) indicated that prol ine and hy
droxyproline y ie lded pyrrole and methylpyrrole, respectively. Smith 
et a l . (10) reported that the pyrolysis of prol ine and hydroxyproline 
y ie lded a tentative identif ication of 1-pyrroline as a major product of 
prol ine and pyrrole as the major product of hydroxyproline. D i s 
crepancies of the pyrolysis products as noted earlier are a function of 
the total system and operating parameters. Therefore, i f interlabora-
tory reproducibi l i ty is to be achieved, the analytical parameters of 
pyrolysis and chromatography must be standardized. Parameters that 
are important i n achieving interlaboratory reproducibi l i ty are the 
temperature of pyrolysis (calibration of the pyrolyzer), the tempera
ture-rise time of the pyrolyzer, the type of probe, the sample size and 
associated handl ing techniques, the type of carrier gas, the flow rate, 
the type of G C co lumn, the percent loading of l i q u i d phase, the coat
ing and packing techniques, and the G C temperature program. 

The potential for achieving interlaboratory reproducibi l i ty is 
demonstrated by looking at the repeatability data shown i n F igure 1 
and Table I for the pyrolysis of rf,Z-tyrosine. The two pyrochromato
grams i n Figure 1 were achieved on two different filament pyrolysis 
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39. BAYER Biopolymers and Pyrolysis Gas Chromatography 695 

S y s t e m A 

T I M E min 
S y s t e m Β 

φ 
φ 

-5—fo - 1Γ TIME min 
Figure 1. Pyrograms of ά,Ι-tyrosine produced on two PGLC systems. 
Conditions: System A, CDS Pyroprobe 100 interfaced to a HP5840 GC 
with 3.65 m x 2 mm ID glass column packed with 5% Carbowax 20 
M TP A on Anakrom ABS 1101120 mesh; and System B, CDS Pyroprobe 
120 interfaced to a HP5830 GC with 3.65 m x 2 mm ID glass column 

packed with 5% Carbowax 20 M TP A on 110/120 Anakrom ABS. 

systems. These systems consisted of a C h e m i c a l Data System (CDS) 
Pyroprobe 100 interfaced to a Hewlett Packard (HP) 5830A G C and a 
C D S Pyroprobe 120 interfaced to a HP5840 G C . The columns i n both 
instances were 3.65 X 2 mm I D x 6.5 mm O D columns packed with 5% 
Carbowax 20 M T P A on 110/120 mesh Anakrom A B S . The amino acid 
was pyrolyzed at 900 °C, and the subsequent conditions of chromatog
raphy were identical on both instruments. A l l of the key features are 
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696 POLYMER CHARACTERIZATION 

Table I . Statistics for Peak Retention Times for d,Z-Tyrosine 
Produced on Two Different Systems 
Peak 1 Peak 2 Peak 3 Peak 4 

Data 5840A 
0.60 0.90 1.17 1.87 
0.59 0.90 1.17 1.86 
0.59 0.90 1.17 1.86 
0.60 0.90 1.17 1.86 
0.59 0.90 1.17 1.88 

M e a n 0.594 0.90 1.17 1.866 
S D 0.005 0.00 0.00 0.008 

R S D 0.922 0.00 0.00 0.479 
Data 5830A 

0.61 0.90 1.16 1.81 
0.61 0.90 1.16 1.82 
0.60 0.90 1.16 1.82 
0.60 0.90 1.16 1.81 
0.60 0.90 1.16 1.81 

M e a n 0.606 0.90 1.16 1.813 
S D 0.009 0.00 0.00 0.005 

R S D 1.47 0.00 0.00 0.301 
Data 5830A and 5840A 

M e a n 0.60 0.90 1.165 1.84 
S D 0.009 0.00 0.005 0.028 

R S D 1.57 0.00 0.452 1.54 

exhibited i n both pyrochromatograms. Table I shows a comparison of 
the retention time (R.T.) relative to the most abundant peak at a reten
tion time of 30 .5 -31 .7 m i n . The percent relative standard deviation is 
less than 1.6% between the two systems for the c i rc led peaks (Peak 1, 
R.T. 18.5 m i n , Peak 2, R .T. 28.45 m i n , Peak 3, R.T. 31.2 m i n , Peak 4, 
R.T. 55 min). The potential for the long-term stability of a pyrolysis 
system is shown i n Figure 2, by comparison of the virtual ly superim
posable pyrograms of the steroid 3-/3-hydroxyandrostane-17-one taken 
9 months apart. By using a l ight box, one is able to v iew the superim
position of the two pyrochromatograms one upon the other. 

Peptides 
Pyrolysis investigations of peptides have received only l imi ted 

studies, or l imited attention (J, 2, 5, 8, 10, 18, 19). Investigators pre
sent two opposing views regarding the pyrolysis products of peptides. 
One v iew is that the pyrolysis of peptides yields pyrograms that are 
l inear combinations of the ind iv idua l constituent amino acids (I, 2, 
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39. BAYER Biopolymers and Pyrolysis Gas Chromatography 697 

Figure 2. Pyrograms of 3-fi-hydroxyandrostane-l 7-one produced on the 
same PGLC system 9 months apart. 

18); yet others showed that the pyrolysis of peptides is inf luenced by 
the particular amino acid l inkage or sequence (8,10,19). Most l i tera
ture data tend to support the latter premise. 

Merritt and Robertson (8) pyrolyzed the dipeptide pairs G l y - A l a , 
A l a - G l y , G l y - L e u , and L e u - G l y and discovered that the amino acid 
sequence affected the pyrolysis product. The dipeptides A l a - G l y 
y i e lded acetone, acetaldehyde, and ammonia as primary pyrolysis 
products, whereas, the dipeptide G l y - A l a y ie lded acetone and 2-
methylpyrrole. Pyrolysis of G l y — L e u , where the leucine is carboxy 
terminal , y ie lded cyclopentane as the primary pyrolysis product; 
whereas pyrolysis of L e u — G l y , where the glycine carboxyl is termi
nal , y ie lded acetic ac id as a unique pyrolysis product. Smith et al . (10) 
extended their investigations of the pyrolysis products of prol ine and 
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698 POLYMER CHARACTERIZATION 

hydroxyproline by looking at dipeptides and tripeptides containing 
these amino acids. More specifically, they pyrolyzed P r o - G l y , 
G l y - P r o , G l y - H y p , P r o - A l a , A l a - P r o , and the tr ipeptide G l y -
P r o - A l a using a curie point pyrolyzer at 770 °C w i t h the samples at 
p H 2 and 9. The i r studies of the ind iv idua l amino acids indicated that 
the product was 1-pyrroline. Pyrolysis of the dipeptides and tr ipep
tides at p H 2 and 9 y ie lded some interesting results. W h e n proline 's 
amino functionality was bound i n an amide linkage as i n G ly—Pro , 
A l a - P r o , and G l y - P r o - A l a , low yields of 1-pyrroline were found; 
this result is contrasted w i t h proline be ing amino terminal , where 
h igh yields of 1-pyrroline were found. In addition, the y i e l d of 1-
pyrroline could be enhanced by pyrolysis at low p H . 

T w o studies were reported i n w h i c h key structural information of 
a compound containing a peptide side chain for a peptide were estab
l i shed by the use of pyrolysis (18, 19). Mauger (18) worked out the 
structure of four actinomycins (D , C 3 , I I , and PIP2) that vary only i n 
the second or th ird amino acid of the two pentapeptide side chains 
connected to the phenoxazone r ing. The investigator assumed that the 
resulting diketopiperazines (DKPs) w o u l d reflect the neighboring 
pair of amino acids. Thus , actinomycin D wi th V a l - P r o , actinomycin 
C 3 w i th D - a l l o - l i e u - P r o , actinomycin II w i t h S a r - S a r , and ac
t inomycin P I P 2 w i t h V a l - P i p should a l l give the unique d i -
ketopiperazine arising from the cycl ization of these neighboring pairs 
of amino acids. These compounds were confirmed by matching the 
retention times w i t h authentic D K P s . 

Schmid et a l . (19) pyrolyzed the octapeptides lypressin and 
felypressin using a curie point capillary system. The differences i n 
these two octapeptides exist i n the cycl ic portion of the peptide. L y 
pressin has a G l u — P h e - T y r — C y s sequence, whereas felypressin has 
a G l u — P h e - P h e — C y s sequence. Phenol and cresol were identified i n 
the pyrolysis of lypressin. I f present i n felypressin, they are i n re
duced concentration. The greater abundance of phenol and cresol is 
presumably due to the tyrosine found i n lypressin but absent i n 
felypressin. 

Winters and Albro (5) pyrolyzed 30-mg samples of 18 different 
amino acids using a homemade filament pyrolyzer and attempted to 
identify various amines generated as pyrolysis products. These inves
tigators then tr ied to apply this technique to the pyrolysis of proteins. 
Specifically, they pyrolyzed bovine serum a lbumin and crystalline 
egg a lbumin and then attempted to relate the profiles of the amino 
acid content of the proteins. To derive the amino acid composition of 
the particular proteins, the researchers in i t ia l ly calculated the amount 
of the various amines generated i n the pyrolysis of protein and then 
factored i n the contribution of the ind iv idua l amino acids generating 
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39. BAYER Biopolymers and Pyrolysis Gas Chromatography 699 

these particular amines. Analysis of the crystalline egg a lbumin pyro
grams showed fair agreement w i t h calculated values for several of the 
peaks. In their pyrolysis G C / M S work on amino acids and peptides, 
Merritt and Robertson (8) pyrolyzed crystalline bovine insu l in . They 
had established that many of the amino acids y ie lded unique or most 
abundant products when pyrolyzed. Pyrolysis of the crystalline bo
vine insu l in y ie lded pyrolysis products that could be attributed to 
amino acids known to be present i n the insu l in . 

Investigations employing a specific or selective nitrogen—phos
phorus detector first were accomplished by Myers and Smith (20) i n 
their investigation of the low molecular weight fragments y ie lded from 
the pyrolysis of such substrates as proteins, carbohydrates, and 
protein-containing materials, e.g., beef collagen, bovine hemoglobin, 
cel lulose, glucose, horse myoglobin, D N A , R N A , and various seeds 
and nuts. As one might expect i n the pyrolysis of similar substances, 
these investigators found many of the pyrograms to be qualitatively 
similar, but found also that they varied i n the range of their relative 
peak heights and peak height ratios. The pyrograms of hemoglobin 
and myoglobin were quite similar but distinguishable. This f inding 
w o u l d be expected considering the similarity of their amino acid 
composition. 

Other investigators studied the pyrolysis of hemoglobins (5, 21, 
22). Bayer in i t ia l ly differentiated adult (Hgb-A) and fetal (Hgb-F) he
moglobins. These two hemoglobins are both composed of four poly
peptide tetramers; both contain two α-chains consisting of 141 amino 
acids, but differ i n the other two tetramers. The adult hemoglo
b i n has two β-chains, whereas the fetal hemoglobin has two v-chains. 
E a c h of these chains consists of 146 amino acids, but the amino acids 
i n the β-chain differ from those i n the γ-chain i n 39 loc i . In addit ion, 
the fetal hemoglobin has four residues of isoleucine not present i n the 
adult hemoglobin. The discernable differences observed i n the pyro
grams for these two hemoglobins are illustrated i n Figures 3 and 4. The 
use of capillary columns w o u l d al low for greater resolution of complex 
pyrolyzate matrices such as these and wou ld thus aid i n the analysis of 
such biopolymers. 

Proteins 
P G L C studies of proteins and proteinaceous substances covering 

a diverse range of macromolecular samples, such as albumins (5), en
zymes (21-24), hemoglobins (5, 21, 22), plant seeds (20, 25), cock
roaches (26), and toxic mushrooms (27) have been the subject of 
pyrolysis G C investigations. N o reported investigation has systemat
ical ly looked at a series of well-characterized proteins on the basis of 
their subunit amino acids and identi f ied the resulting pyrolysis prod-
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700 POLYMER CHARACTERIZATION 

"W" 
T I M E m i n 

Figure 3. Pyrograms of adult (Hgb-1A) hemoglobin. Conditions: CDS 
Pyroprobe 120 at 900 °C for 5 s, ramp off, interface 180 °C HP5830 
GC; column, 3.65 m x 2 mm ID glass packed with 5% Carbowax 20 
M TPA on 110/120 Anakrom ABS. Program: 60 °C hold 4 min, 40 °CI 

min to 165 °C; flow N2 at 30 mL/min, FID at 250 °C. 

1 — 5 — Λ — Ϊ 5 rt Λ A 
TIME min 

Figure 4. Pyrogram of fetal (Hgb-1F) hemoglobin. Conditions are the same 
as in Figure 3. 
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39. BAYER Biopolymers and Pyrolysis Gas Chromatography 701 

ucts. Th i s observation is not surprising because the less complex pep
tides and their pyrolysis products have undergone only l imi ted inves
tigations of this nature. 

Pyrolysis investigations of proteins and proteinaceous substances 
may be grouped loosely into one of three categories: (1) differentiation 
of proteins one from another; (2) studies invo lved i n establishing the 
presence of a particular protein i n a substance; and (3) studies i n 
vo lved i n looking at the amino acid content of the protein for the 
purpose of identi fying the protein or establishing the presence of an 
amino acid residue. 

Bayer (21) investigated the P G L C of hemoglobinopathies, the 
most common of w h i c h is sickle ce l l anemia (Hgb-S). Th is particular 
hemoglobinopathy is characterized by having a valine substituted for 
a glutamic acid i n the sixth position of the j3-chains and afflicts ap
proximately 10% of the Negro population. Pre l iminary studies on a 
l imited number of normal adults vs. sickle ce l l patients indicated that 
P G L C , i n fact, may be sensitive enough to pick out this subtle amino 
acid variation between the hemoglobins. This work requires further 
investigation. 

F i v e vertebrate l yoph i l i zed hemoglobin samples also were dif
ferentiated (21). These samples were commercial ly obtained bovine, 
horse, rabbit, and dog hemoglobin and c l in ica l ly obtained human he
moglobin. These hemoglobins a l l contained the same number of 
amino acids i n the a- and β-chains wi th the exception of the bovine 
hemoglobin, w h i c h contains only 145 amino acid residues i n its β-
chain as opposed to 146 for the other species. The difference between 
the various hemoglobins again lies i n the sequence of the ind iv idua l 
amino acid residues. Variations i n the sequencing between the var i 
ous hemoglobins is from 10 to 20 amino acid residues per polypeptide 
chain. Based on the work of Merr i t t (8) and others invo lv ing the 
sequencing of dipeptides, we know that the sequence linkage is i m 
portant w i t h respect to the f inal product. Therefore, Bayer was able to 
f ind subtle differences i n the peak height ratios for the five vertebrate 
hemoglobins, w h i c h a l lowed differentiation of the samples. 

Enzymes 
A l imi ted number of investigations on the P G L C enzymes have 

appeared i n the literature (8, 21-24). Merr i t t (8) and Oyama (28) s i 
multaneously publ i shed the first reports on the pyrolysis of enzymes. 
In both instances, the substrate was bovine insu l in . The first report 
concerning the differentiation of enzymes v ia P G L C was conducted 
by Bayer (21). In this particular study, three commercial ly available 
enzymes, α-chymotrypsin, trypsin, and trypsinogen were pyrolyzed 
using a filament discharge system. Both α-chymotrypsin and trypsin 
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702 POLYMER CHARACTERIZATION 

are digestive enzymes containing 245 and 223 amino acid residues, 
respectively. Trypsinogen, on the other hand, is the inactive precursor 
enzyme containing 229 amino acid residues. 

Cleavage of the sixth terminal amino acid residue of trypsinogen 
yields the active trypsin molecule. These two molecules therefore 
differ by less than 3% i n their primary structure. Comparison of the 
three pyrochromatograms a l lowed for differentiation of the two en
zymes and one proenzyme (22). Repeatability retention time for tryp
sin pyrolyzed at 900 °C is shown i n Table II . M a x i m u m relative stan
dard deviations of less than 0.1% were achieved. 

Danie lson et al . (23) extended the work on enzyme differentiation 
by studying a series of six enzymes ranging i n molecular weight from 
22,600 to 483,000. The enzymes investigated inc luded a-chymo-
trypsin, creatine kinase, lactate dehydrogenase ( L D H ) , catalase, and 
acetylcholinesterase. In addit ion, their studies inc luded the L D H 
enzymes from various sources as these enzymes vary i n structure 
depending on the particular source. They also pyrolyzed some L D H 
isoenzymes. 

Pyrolysis of the enzymes at 800 °C using a filament discharge-type 
pyrolyzer y ie lded five prominent peaks whose peak height ratios 
could be used to dist inguish the enzymes α-chymotrypsin, jack bean 
urase, creatine kinase, lactate dehydrogenase, catalase, and acetyl
cholinesterase. They identi f ied four out of five of the major peaks as 
phenol , p-cresol, indole , and skatole. Differentiation was achieved for 
a l l of the isoenzymes except the p ig H 4 and M 4 enzymes. These au
thors also employed an alkal i flame ionization detector and found 
significant differences for a few of the peaks, but overall the variations 
were not as striking as expected. 

One of the more practical applications for the use of P G L C i n the 
study of enzymes and proteins is that of Danie lson and Rogers (24). 
They previously reported that the pyrolysis of tryptophan y ie lded the 
unique pyrolysis product skatole (23). Skatole first was reported as a 
pyrolysis product of tryptophan by Shulman and Simmonds (II) . 
Danie lson et a l . calibrated their P G L C system to the height of the 
skatole peak vs. micrograms of pyrolyzed tryptophan. They then were 
able to determine the number of tryptophan residues present i n sev-

Table I I . Repeatability Retention T i m e 
for Tryps in Pyro lyzed at 900 °C 

Peak Retention Time (s) 

Peak 1 Peak 2 Peak 3 Peak 4 
M e a n 1734.8 1945.2 4022.8 4533.6 
S D 0.692 0.599 2.42 3.71 
R S D 0.039 0.030 0.06 0.081 
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39. BAYER Biopolymers and Pyrolysis Gas Chromatography 703 

eral enzymes based on the concentration of skatole l iberated during 
pyrolysis. They compared the results from the pyrolysis technique 
w i t h those of the more standard Spies and Chambers method and 
obtained good agreement. 

Investigations invo lv ing dental research by Stack (29) demon
strated the potential of dist inguishing normal from abnormal (chalky) 
enamel i n patients. In addit ion to pyro lyz ing teeth enamel and dent in , 
this researcher pyrolyzed collagen, gelatin, crystalline bovine a lbu 
m i n , horse α-globulin, and bovine γ-globulin; a l l the various proteins 
except collagen and gelatin were differentiated. 

H a i r has been the subject of pyrolysis investigations from a poten
tial forensic standpoint (30, 31). H a i r often is found at the scene of a 
crime, and owing to the bel ie f that everyone has unique hair just as they 
have unique fingerprints, it is considered a highly valuable piece of ev i 
dence relating to a crime. Thus , differentiation of hair by P G L C w o u l d 
add a very strong piece of instrumentation to the array of techniques 
used by the forensic chemist. Init ia l P G L C work by Ki rk (30) i n d i 
cated that considerable discrimination of samples from 50 indiv iduals 
could be found. More extensive work by Deforest (31) and Kirk (30) 
was not quite as gratifying. They found that one of the l imi t ing factors 
was lack of resolution of the constituents. Keratinaceous substances 
such as fingernail gave similar pyrograms to hair. Pyrolysis of finger
nai l casein and gelatin at 400 °C also gave similar but distinguishable 
pyrograms. 

P G L C / M S has been ut i l i zed i n the search for extraterrestrial l i fe. 
The V i k i n g mission to Mars had a highly compact system that a l lowed 
for the 500 °C pyrolysis of samples fo l lowed by separation and mass 
spectral detection of up to 200 amu. The ground work for this project 
was primari ly due to the efforts of Simmonds and coworkers (11 —14). 
They investigated the P G L C / M S of a number of bioorganic terrestrial 
substances such as proteins, carbohydrates, nucleic acids, l ip ids , and 
porphyrins. Simmonds and coworkers characterized the predominant 
molecules l iberated from the pyrolysis of the just mentioned terres
trial bioorganic materials. These data coupled w i t h a comprehensive 
literature survey resulted i n a list of substances that wou ld be ob
tained on pyrolysis of various types of terrestrial bioorganic materials. 
Thus , pyrolysis of an unknown sample should y i e l d characteristic 
fragments that then could be attributed to a particular type of bioor
ganic matter. 

Chemotaxonomic applications to proteinaceous matrices using 
pyrolysis were investigated by H a l l and Bennett (26). These inves
tigators pyrolyzed 2-mg samples of cockroaches spiked w i t h 10 μg of 
C 1 8 plus 30 /xg of C 3 2 n-alkane standards at 600 °C using a curie point 
pyrolyzer. The authors were able to identify specimens at the species 
level w i th 100% accuracy i n those instances where reference pyro-
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704 POLYMER CHARACTERIZATION 

grams were available. In the pyrolysis of the 52 coded samples, speci
mens for w h i c h no reference pyrograms were available were placed 
easily into groups of unknowns. 

The pyrolysis of toxic mushrooms has been investigated (27). Py
rolysis studies were conducted on the ethanol extracts of toxic mush
rooms using a homemade temperature-regulated filament pyrolyzer. 
Chromatographic resolution of the pyrolyzed entities was not very 
gratifying; however, the authors indicated that they could differentiate 
16 different mushroom extracts. 
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40 
Pyrolysis/Gas Chromatography/Mass 
Spectrometry of 
Biological Macromolecules 

E. REINER1 and T. F. MORAN 
Georgia Institute of Technology, School of Chemistry, Atlanta, GA 30332 

In pyrolysis/gas chromatographic studies of biological 
macromolecules, more definitive information is attained 
by adding a mass spectrometer and data system to the 
combined instrument. Key peaks that impart specificity 
or uniqueness to the pyrogram (fingerprints) can be 
identified by mass spectrometry. Consequently, micro
bial or mammalian cells can be characterized with 
greater confidence through their pyrolysis fragments. 
Highlights of studies on pathogenic microorganisms 
and mammalian cells are discussed. The latter include 
primary normal human tissue cells, cultured cells re
flecting genetic disease, e.g., cystic fibrosis, and cells 
involved with malignant disease processes. Also in
cluded is a discussion of the possible use of computers in 
disease diagnosis. 

F R O M OUR INITIAL WORK w i t h pyrolysis/gas chromatography (Py /GC) 
techniques i n 1964, we suspected that the small molecular weight 
series of peaks that comprise the pyrogram were undoubtedly frag
ments split off from macromolecular structures. Several l ines of ev i 
dence pointed i n this direction. The peaks that proved to be unique or 
specific for a strain of pathogenic microorganisms were also closely 
associated wi th their antigenic structure. (See Table I.) Considerable 
antigenic activity resides i n ce l l w a l l biopolymers, and the association 
has been confirmed by numerous structural studies on the chemistry 
of ce l l walls (1). 

More evidence emerged from comparison of pyrograms der ived 
from pure bacterial ce l l walls w i th those derived from whole cells. 

1 Current address: Emory University, Department of Chemistry, Atlanta, G A 30322. 

0065-2393/83/0203-0705$06.00/0 
© 1983 American Chemical Society 
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708 POLYMER CHARACTERIZATION 

The pyrograms were very similar, but the former proved more def in i 
tive i n their fingerprint characteristics (2). However , i n a study of 
Salmonella organisms an opposite conclusion was reached (3). 

The most important l ine of evidence, of course, came directly 
from mass spectrometric (MS) identification of pyrolysis fragments. 
Simmonds (4) had deduced the probable macromolecular or ig in of 
fragments from the pyrolysis of two microorganisms (Table II). Other 
studies (5, 6) have enabled investigators to catalog the identi f ied frag
ments from protein thermal decomposition and other sources of b io 
logical macromolecules. There is considerable agreement on the iden
tity of these macromolecule fragments. 

Before undertaking M S identification of pyrolysis fragments, 
certain aspects of the technique had to be evaluated. These inc luded 
variabil ity i n ce l l cultures and gas chromatograph (GC) instrumental 
parameters. 

Experimental 
Cultured cells were washed three times in a small volume of distilled 

water. The heavy cell suspension was lyophilized and samples ranging from 
40 to 120 μg were transferred to a tared quartz boat and weighed to the nearest 
microgram on an electrobalance. After completion of a pyrolysis run, the re
sidual coke was weighed to determine the quantity of gaseous degradation 
products analyzed from each sample. Py/GC conditions have evolved over the 
years. A typical recent set of parameters is listed for a Chemical Data Systems 
Pyroprobe 100 Unit linked to a Varian 3700 GC. The G C was in turn coupled 
to a Varian M A T 112-S MS. 

The temperatures were as follows: pyrolyzer interface, 200 °C.; pyrolysis 
sample, 800 °C for 10.0 s. The temperature program began at 65 °C and was 
held for 4 min. It was then raised 6 °C/min to a final temperature of 165 °C., 
which was maintained isothermally. 

Recent work with a Carbowax 20M SCOT capillary column (43 m x 0.5 
mm ID) had a resolution capability of 37,600 effective plates. Helium carrier 
gas velocity was measured at 38.5 cm/s. G C inlet and flame ionization detector 
(FID) temperatures were maintained at 250 °C. Electrometer amplifier was 
operated at a setting of 10~12 amps full scale. 

The G C was connected to the MS by means of an open-split coupling. 
Interface and ion source temperatures were 250 °C. The electron beam was 80 
eV and 1.5 mA. Ion accelerating voltage was 850 eV, resolution was 700, scan
ning range was 1 s per mass decade. Spectra were acquired and stored by 
means of a Varian M A T S S 200 data system. In addition, exact mass mea
surements of significant ions were obtained as well as chemical ionization 
spectra. 

Since undertaking these studies, we have examined several thousand 
samples of microbial and mammalian cells. From their pyrograms, we came to 
a number of general conclusions, some of which wi l l be discussed here. 
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PylGC: A Simple, Rapid Technique 
Samples are prepared by washing and lyoph i l i z ing the cells. L y -

ophi l i zed cells store w e l l w i th no discernable change when examined 
over yearly intervals (7). Oxborrow cultured cells on moistened filter 
paper are placed over the medium. Inoculating several different 
strains, e.g., Pseudomonas, on one paper membrane is feasible. This 
method favors the inc lusion of metabolic products as w e l l as structural 
elements. Ce l l s completely free of contaminating media were re
moved w i t h a spatula and aseptically dr ied i n 7 m i n i n a stream of 
warm nitrogen (8,9). The technique must be rigorously standardized. 
P y / G C analysis time requires about 1 h to achieve a classification or 
identification. Ordinar i ly , m i n i m u m time from harvesting cells to end 
of analysis is about 2 h. B y traditional methodology, such identif ica
t ion w o u l d require several days. 

Pyrolysis Fragments Are Immutable 
The same structures were recognized i n the pyrogram of microor

ganisms even w h e n operating parameters, co lumn, or different culture 
of the same strain of bacteria were used. These phenomena have been 
observed on numerous occasions. The avian and Battey strains of 
mycobacteria (now col lectively cal led M. intracellare) gave charac
teristic triple end peaks that differed only i n amplitude. Over a per iod 
of years (10—13), these characteristic end peaks were observed con
sistently and remained essentially unchanged. 

In another case, the anaerobic organism causing botul ism can 
produce spores that can elaborate simple globular protein toxins. 
P y / G C enabled us to differentiate toxin types, and the toxic (proteo
lytic) strains proved to be different from nonproteolytic strains by the 
increasing amplitude of three high bo i l ing compounds (a staircase 
effect) of the proteolytic strains. In two laboratories, w i t h different 
instrumentation (capillary vs. packed column), and analyses per
formed 3 years apart, the staircase as a marker for proteolytic activity 
persisted (9, 14). 

Reproducibility of PylGC and PylGC IMS Techniques 
Pyrolysis techniques are so highly reproducible (15) that profiles 

can be superimposed to give essentially a single l ine . I f operating 
conditions were closely controlled, relative standard deviations of re
tention times were usually i n the 0.2% range even after a 1-h record
ing (14), and area measurements were i n the 8 - 2 0 % range. Good 
sample preparation, uniform, carefully controlled procedures, and 
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microprocessor instrumentation a l l contribute to this extraordinary 
reproducibi l ity. These precise results have inevitably l ed several i n 
vestigators to consider apply ing computer methodology to the charac
terization of biological samples. 

Computer Applications: Cell Characterization or Identification 
Menger and coworkers (16) devised a simple program to differ

entiate pathogenic bacteria. The algorithm used was based solely on 
retention time and the area of a few key peaks of the profile. Similar 
attempts have been undertaken by others (17—21). 

A scheme for automatic identification or classification of cells 
from their recorded mass pyrograms has been conceived (22). Brie f ly , 
the scheme calls for establishing a reference pattern for each ce l l type. 
U n k n o w n samples w o u l d be compared systematically to appropriate 
sets of mass pyrograms. F i n a l l y , statistical techniques w o u l d be i n 
voked to arrive at a diagnosis. Schafer also describes a t ime-warping 
function w h i c h permits alignment of mass pyrograms recorded under 
different operating conditions (22). 

Microbial Studies 
Heretofore, ce l l characterization has been accomplished by s im

ple visual comparison of test and reference pyrograms. It is perhaps 
fortuitous that simple diagnostic information can be obtained from 
pyrolysis of an extremely complex matrix. 

In contrast to nonpyrolytic chromatographic studies recorded i n 
the literature, a l l of our investigations except those u t i l i z ing primary 
mammalian cells have been completed w i t h coded samples. One no
table study invo lved double b l i n d samples of human tuberculosis and 
other mycobacterial cells. Th is was the extent of the information pro
v ided to the analysts, who were given no clues w i t h regard to w h i c h of 
the 50 samples were of the same or different strain, how they were 
grown, how inactivated, etc. The cells were subjected to P y / G C on 
two different instrumental systems and each sample was analyzed at 
least twice. Except for some uniform variation i n retention t ime, the 
two sets of profiles were remarkably similar. B y laborious v isual com
parisons of over 200 pyrograms, we were able to select certain key 
peaks i n the profiles that we considered to be significant. Pyrograms 
were sorted into five groups of 10 samples each. The criteria for differ
entiation, the key peaks, proved to be a simple process once a pattern 
was recognized. F o r example, l yophi l i zed cells of Mycobacterium 
tuberculosis always y ie lded a pyrogram having a short peak flanked 
by two peaks of greater amplitude i n a specific retention time band. 
The relationship always held . 

W h e n the decoding took place, it was learned that a l l 48 cultures 
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40. R E I N E R A N D M O R A N Biological Macromolecules 713 

had been classified correctly—or identif ied i f reference profiles had 
been available. (We had indicated to the bacteriologist that two of the 
cultures had given bizarre profiles; on examination, it was learned 
that these two came from tubes contaminated by a mold.) 

The work on mycobacterial identification has great practical sig
nificance. For those suspected of harboring the tuberculosis baci l lus , 
a diagnosis can take from 3 to 6 weeks or more. (The organism is 
slow growing.) In only 2 weeks' subculture, P y / G C enabled the analyst 
to make a definitive diagnosis. Moreover, essentially the same pat
terns were produced w h e n cultured i n three different media. Th i s 
phenomenon appears to be unusual because most workers report that 
each medium gives it own pyrogram pattern. 

The mycobacteria, w h i c h include the leprosy baci l lus, are unique 
i n their ce l l w a l l structure, some 40% or more be ing of complex l i p i d . 
Some of these, the mycol ic acids, have chains or rings numbering 88 
carbon atoms. Structural studies are st i l l incomplete but excellent 
P y / G C / M S investigations on mycol ic acids have been carried out (23). 

Another study of pathogenic bacteria proved to be interesting. 
This study invo lved the enteric organisms, Salmonellae, w h i c h com
monly cause food poisoning. Fifty-four of the most commonly en
countered (coded) strains were subjected to P y / G C . They were cor
rectly sorted and classified. Results are summarized i n Table I (24). In 
most studies, P y / G C differences are attributed to changes i n relative 
peak height. In this study, however, some of the strains were charac
terized by the presence or absence of peaks. 

O f special interest was the close correlation between antigenic 
structures and unique pyrolysis peaks. The pyrolysis peaks also 
showed a close relationship w i th the so-called chemotypes. The 
chemotypes are unusual dideoxy hexoses such as paratose, abequose, 
and tyvelose sugars that are found i n their ce l l walls (25). These sugars 
are considered to be prominent markers. 

The pyrolysis technique, when appl ied to biological macro
molecules, can br ing out small yet significant marker peaks. In a 
different context, the neurotransmitter, acetylcholine, has been iso
lated from neural tissue (26). D i p i c o l i n i c acid has served as a marker 
for the bursting forth or release of bacterial spores (8). In a most i n 
teresting study deal ing w i t h pyrolysis of enzymes, four major peaks 
were tentatively identi f ied as compounds derived from tyrosine and 
tryptophan (27). 

Mammalian Cells 
Several investigations were undertaken on both cultured and 

primary cells. P y / G C profiles were recorded for mouse and rabbit 
k idney and red b lood cells , and for normal and leukemic white b lood 
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714 POLYMER CHARACTERIZATION 

cells. In addition, carcinogenic experiments were performed on 
Chinese and Syrian hamster cells (28)? Rel iable f ingerprinting, i.e., 
differentiation, was achieved i n those studies and lends some encour
agement to the proposition that chemical differences between normal 
and cancer cells do exist. 

D u r i n g this period, another l ine of investigation was fol lowed. 
We received a batch of cultured cells derived from human patients 
afflicted w i th various inherited biochemical disorders. These cells 
(fibroblasts) were examined by P y / G C and their profiles showed dis
tinct differences, although the G C columns used at that time were 
quite inefficient by present day standards (29). 

We reported on a study of cultured fibroblasts from patients w i t h 
the inherited disease, cystic fibrosis (CF) (30). C F is an autosomal 
genetic disease w h i c h afflicts one out of every 2000 l ive births among 
Caucasians. The cause of the disease is unknown. I f hétérozygotes 
(gene carriers, but the indiv iduals themselves are not afflicted) could 
be designated, such designation wou ld constitute a major advance i n 
diagnosis. 

The pyrograms d i d indeed show slight but repeatable differences 
between a heterozygous father and his two C F sons. The pyrograms 
were compared to that of a normal female subject. A l l of the C F c u l 
tured cells appeared to have the same profile characteristics. Results 
on a l imi ted number of samples (nine) were encouraging, and future 
work i n this area is contemplated ut i l i z ing the combined P y / G C / M S 
system. 

The first report on P y / G C / M S of normal human tissue cells ap
peared i n 1979 (22). In this work, frozen, unfixed samples of l iver , 
brain, spleen, and kidney taken from recent accident victims were 
converted into analytical samples. The conversion consisted merely of 
gr inding small portions of tissue i n d ist i l led water and lyoph i l i z ing 
the resultant suspension. Results of this investigation brought some 
interesting facts to light. T h e four tissues could be clearly differ
entiated and, quite unexpectedly, the same tissue obtained from dif
ferent individuals gave very similar profiles. Molecular pyrolysis 
products, 44 i n number, were identi f ied by M S . Not surprisingly, 
many of the identi f ied fragments have been found i n microorganisms 
and even i n geological samples. 

Single and mult iple ion mass chromatographic techniques were 
also used to exploit the characteristic differences between tissue 
specimens. Conceivably , i n the future, baseline information such as 
that recorded i n this study could be used to discriminate normal and 
pathological cells. 

2 The caption of Figure 3, Reference 28, should read " C h . Hamster—Normal Tumor 
Cell Line . " 
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• I I • • • • I . . . . ι . . . . I . . 1 . ι ι ι I 

20 40 60 
T i m e (Minutes) 

Figure 1. Py/GC chromât ο grams of capsular typable and nontypahle 
strains of K. pneumoniae. Key: A, C2; B, C6; and C., CI. Key to peak 
identification: 1, acetonitrile; 2, toluene; 3, ethylhenzene; 4, pyridine; 

5, pyrrole; 6, furfuryl alcohol; 7, phenol; and 8, cresol. 

Epidemiological Studies 
P y / G C / M S can be used i n a practical sense for solving epidemiolog

ical problems (31). A number of samples of Klebsiella pneumoniae 
isolated from hospital-acquired infections proved to be untypeable by 
the usual serological methods. However , nine coded duplicate strains 
of capsular nontypeable K. pneumoniae were analyzed and correctly 
matched by P y / G C / M S . Pyrograms of three of the cultures are shown 
i n F igure 1. 
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716 P O L Y M E R C H A R A C T E R I Z A T I O N 

T h e large peak that appears i n Figure I C at a retention time of 12 
m i n , and precedes the prominent pyrrole peak (4), has been identi f ied 
as acetic acid. This latter peak serves as an important marker for dif
ferentiation of several Klebsiella strains. 

Assignment of the eight compounds to their probable macromo-
lecular origin can be made by referring to Table I. 

Conclusions 
Pyrolysis techniques have great potential as a means of obtaining 

important information on biological macromolecules. This potential 
extends to both pure research and practical, nonresearch applications. 
In the future it is conceivable that pyrolysis techniques could form a 
new system of taxonomy—a chemotaxonomy. Such a scheme could be 
a valuable adjunct to classical methods of classifying flora, fauna, and 
geological samples. 
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41 
Recent Advances in the Use of 
Scattering for the Study of 
Solid Polymers 

R. S. STEIN and G. P. HADZIIOANNOU1 

University of Massachusetts, Polymer Research Institute and Materials 
Research Laboratory, Amherst, MA 01003 

Polymers in the solid state may be characterized by 
scattering of light, x-rays, or neutrons. These three 
techniques may give information about the size, the 
shape, and the distribution in the space of the domains 
(or structural elements). Light scattering is useful for 
studying larger species having dimensions comparable 
with the wavelength of the radiation used. Rapid data 
acquisition techniques were developed that permit fol
lowing the time dependence of scattering accompanying 
phase transformation or sample deformation. 

General Principles of Scattering 
Origin of Scattering. W h e n a beam of radiation impinges on a 

sample, a portion of the radiation is scattered. This scattered fraction 
depends on both the nature of the radiation and the composition of the 
sample. 

The scattering of v is ib le l ight is related to the fluctuation of the 
refractive index or polarizabi l i ty of the sample and its anisotropy. Th i s 
polarizabil ity is related to the mobi l i ty of the electrons, w h i c h is af
fected by the molecular structure of the sample. The scattering of 
x-rays, however, is related only to the fluctuation of the electron den
sity and is not affected by the electron strength of b ind ing to the 
nucle i . Neutron scattering power, on the other hand, is a nuclear 
property, that varies with the composition of the nucleus and is indepen
dent of the chemical nature of the species w i t h in w h i c h these nuc le i 
reside. Thus , it may be affected by isotopic substitution, w h i c h proves 
to be a useful label ing technique as w i l l be discussed. 

1 Current address: IBM Research Laboratories, San Jose, C A 95193. 

0065-2393/83/0203-0721$10.00/0 
© 1983 American Chemical Society 
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722 P O L Y M E R C H A R A C T E R I Z A T I O N 

Scattering Theory. AMPLITUDE OF T H E SCATTERING POWER . In 
a l l cases, the amplitude of the scattering may be described by an 
equation of the type: 

E«(q) = ^ p5 exp [t(q · τ,)] (1) 
3 

where p5 is the scattering power of the jth scattering element of the 
system located at position η, q is the scattering vector of the system 
defined by 

q = Qi ~ Qo (2) 

where qx = (2π/λ)§ι and q0 = (27r/X)s0 where s 0 and Si are unit vectors 
along the incident and scattered rays, and λ is the wavelength of radi 
ation w i t h i n the scattering medium (Figure 1). The magnitude of q is 

q = |q| = (4ττ/λ) s in (β/2) (3) 

where θ is the scattering angle between the incident and scattered 
rays measured w i t h i n the medium. (The parameter q often is desig
nated elsewhere by Q, h, K, or μ. For x-ray scattering, the angle 
normally is designated by the Bragg angle, ΘΒ, equal to half of 0.) 

For l ight (J), x-ray (2), and neutron (3) scattering, p5 is propor
tional to the polarizabil ity (a5), the electron density (pj), and to the 
neutron scattering length (bj) at position j . 

For l ight scattering, the l ight interacts w i th the valence electrons, 
so the scattering power may be dependent on the molecular orienta
tion. In such cases, the pô w i l l be a tensor quantity given by: 

P i = KL(Mj · O) (4) 

where KL is a constant, M , is the induced dipole at position j g iven by 

Μ, = |«,|Ε (5) 

where a5 is the polarizability tensor at position^, and Ε is the electrical 
f ie ld of the incident l ight wave w i t h i n the med ium acting on the 
scattering element. For uniaxial ly symmetrical scattering elements 
w i th principal polarizabil it ies αυ and CL%, M J proves to be 

Mj = δ,· (Ε · a3) αά + a%E (6) 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 723 

Ζ 

Y 

χ 

Figure 1. Geometrical configuration of a scattering experiment. 

where δ, = atj — a2j and is the anisotropy at position and a$ is a unit 
vector along the principal polarizability axis at position j . The vector Ο 
is a unit vector along the polarization direction of an analyzer i n the 
scattered l ight beam. A consequence of anisotropy is that the l ight 
scattering from an anisotropic system is dependent on the polarization 
of the incident and scattered rays. 

For neutron scattering, the neutrons interact w i t h the matter 
through nuclear or magnetic interaction (3, 70—72). The neutron 
scattering cross-section, w h i c h is the ratio between the scattered neu
tron flux to the incident one, is given by the relation σ = Airb2 and 
contains two components, one coherent (acoh) and one incoherent 
(o"inc) cross-section. O n l y part of the scattered neutrons take part i n the 
interference process, w h i c h is described by the coherent scattering 
cross-section (acoh = 4nb2

coh). The incoherent cross-section is related to 
the neutron or nuclear spin. This incoherent cross-section does not 
exist for zero-spin nucleus, such as 1 2 C or 1 6 0 but is very important for 
hydrogen (101). 

SCATTERING INTENSITY IN A DISCRETE APPROACH . The intensity of 
scattering, energy per unit area per unit t ime, is obtained from 

where the constant Κ depends on the nature of the radiation, and 
E s*(q) is the complex conjugate o fE s (q ) . 

The calculation of the scattering from any system involves the 
summation of Equat ion 1 over a l l scattering elements. This step re
quires a knowledge of p5 for 

I.(q) = K [E s ( q ) · E,*(q)] (7) 
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724 P O L Y M E R C H A R A C T E R I Z A T I O N 

EM = / p ( r ) e x p [ i ( q · r)]dh (8) 

The integral is three-dimensional over a l l orientations and lengths of 
the vector r. For spherically symmetrical systems where p(r) = p(r), 
the integral becomes one-dimensional as 

00 / \ 

E,(q) =4π( p ( r ) £ î 5 - ^ r V r (9) 

and depends only on the variation of p(r) w i th r. Th i s expression may 
be evaluated readily for particular model systems, for example, for 
isolated spheres of radius Rs and scattering power ps imbedded i n a 
med ium of scattering power p0, leading to (2, 5) 

Es(q) = Vs (ps - p 0) (3/L73) (sin U - U cos U) (10) 

where Vs = (4J3)nRs
3 is the volume of the sphere and U = qRs. Th i s 

treatment results i n a scattering intensity that oscillates w i th U (and as 
a consequence w i th angle Θ) but generally decreases w i th θ at a rate 
that depends on (R s/X). The scattering falls off more rapidly w i t h large 
(R s/X). 

[This result impl ies the R a y l e i g h - G a n s - D e b y e approximation, 
that is, that the direction of the incident f ie ld Ε is unmodi f ied i n 
crossing the boundary of the scattering particle. Th is approximation is 
good for x-rays and neutrons and applies for l ight provided that too 
great a polarizabil ity difference does not exist between the particle 
and its surroundings and thatR s /X is not too large. More exact theories 
have been advanced by M i e and others (1, 5).] 

Equiva lent expressions have been found for other shape particles 
(6 -9) . In general, this observation of the rate of fall off of scattered 
intensity w i th scattering angle provides a measure of the particle size. 

For isotropic spherically symmetrical particles, the scattered i n 
tensity is circularly symmetrical around the incident beam and is i n 
dependent of the azimuthal angle μ (Figure 1). Th i s observation also 
w i l l be true for anisotropically shaped particles such as rods that are 
randomly oriented. However , for oriented anisotropically shaped par
ticles, the variation of the intensity w i th θ depends on μ. Th is relation
ship provides a means for the measure of the dimensions of particles 
i n different directions. 

For polarized l ight scattering from isotropic particles, the scat
tered l ight is polarized i n the same direction as the incident l ight. 
Thus , intensity is observed for Vv polarization (vertically polarized 
incident and scattered l ight where vertical is the direction perpen-
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 725 

dicular to the plane i n w h i c h θ is measured), but intensity is zero for 
Hv polarization (scattered l ight v i ewed through a horizontal analyzer). 

SCATTERING FROM SPHERULITIC-TYPE MORPHOLOGY. Crystall ine poly
mers often exhibit spherulitic morphology (10). These spherulite s 
are spherically symmetrical aggregates of crystalline and amorphous 
regions (Figure 2). They are anisotropic and exhibit different po-
larizabilit ies i n the radial , c ^ , and tangential, ctu directions. T h e i r 
scattering can be approximated quite w e l l by that from an anisotropic 
sphere leading to the equations (4, 11) 

Figure 2. Spherulites of polyethylene. 
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726 P O L Y M E R C H A R A C T E R I Z A T I O N 

l„v = KV2{(3/U3)(ok — Or) cos 2 (0/2) sin μ cos μ 
• (4 sin 17 - U cos U - 3 Sri / ) } 2 (11) 

Zr, = K V 2 {(3/L73) (a, - a.) (2 sin 17 - U cos 17 - SiU) 
+ (or - as) (SiU - s in 17) - (a* - ar) cos 2 (0/2) (12) 
• cos2//, (4 sin L7 - U cos 17 - 3 SiC7)}2 

where V is the volume of the spherulite, 17 = qR, R is the radius of the 
spherulite, SiC7 = Ju

0 (sin xlx)dx, and μ is the azirriuthal scattering 
angle. In this case, the polarized scattering patterns depend on μ 
being fourfold symmetric for Hv (Figure 3) and twofold for Vv. The Hv 

intensity is finite and depends on the anisotropy (ctr — at) of the 
spherulite. It exhibits a maximum wi th 0 at a value of U = 4.08 such 
that 

Figure 3. A theoretically calculated H v scattering pattern from an iso
lated ideal spherulite (100). 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 727 

4.08 = (4nRA) s in (flU/2) (13) 

This equation provides a means for the determination of spherulite 
size, as discussed later. The intensity of scattering varies w i th (c^ -
a*)2, w h i c h depends on the degree of crystallinity of the spherulite and 
may be used for fo l lowing its change w i t h temperature or time. 

T w o of the terms i n the Vv expression (which are independent of 
μ) depend on a 0 , the polarizabil ity of the surrounding of the spheru
lite. These surroundings may be amorphous phase w i t h a polar izabi l 
ity da or other spherulites w i t h an average polarizabil ity (ov + 2at)/3. 
Results indicated (12) that 

= Φ8(αν + 2c%)/3 + (1 - Φ*) ota (14) 

where φ8 is the volume fraction of spherulites. Thus , the shape of the 
Vv scattering pattern w i l l change wi th φ8 as the spherulites grow, as 
was observed (13). 

W h e n spherulit ic samples are deformed, the spherulites change 
from spherical to e l l ipso idal objects. This change may be modeled to 
y i e l d deformed scattering patterns as shown i n Figure 4 (14). T h e i r 
study during deformation permits the analysis of deformation mecha
nisms. 

SCATTERING INTENSITY IN A D E B Y E - B U E C H E C O N T I N U U M A PPROACH 
FOR ISOTROPIC SYSTEMS . Samples w i th randomly arranged structures 
can best be treated i n terms of a statistical description invo lv ing the 
fluctuation of their scattering power from its average value ρ 

η* =Pi ~ Ρ (15) 

Debye and Bueche (15) showed that for isotropic systems 

I.(q) = K i r \ f y(r) exp [i(q • r)]d 3r (16) 

where y(r) is a spacial correlation function def ined by 

y(r) = — ψ — (17) 

where the symbol ( ) r designates an average over a l l pairs of scatter
ing elements separated by r. The quantity r varies from unity at τ = 0 
to zero at r = o° i n a manner dependent on the structure of the system. 
F o r spherically symmetrical systems, Equat ion 16 reduces to 
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728 P O L Y M E R C H A R A C T E R I Z A T I O N 

Unoriented 

50% Elongation 

100% Elongation 

Figure 4. Theoretically predicted and experimentally determined 
changes in the H v small angle light scattering pattern of isotactic 
polypropylene film with elongation. The film stretch direction and the 
polarization of the incident beam are vertical while the scattered beam 

is viewed with a horizontal analyzer (14). 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 729 

Is(q) = 4TT Κη2 Γ y(r) ^~^r2dr (18) 

In this case, y(r) may be obtained by Fourier inversion to give 

K' r °° sin (qr) , v 

y(r) == f Is(q) — q*dq (19) 

For randomly dispersed two-phase systems, y(r) usually can be ap
proximated by an exponential function (15, 16) 

y(r) = e x p ( - r / a c ) (20) 

where ac is a correlation distance characterizing the scale of the heter
ogeneity. 

Kratky and Porod (17) showed that for a two-phase system con
taining volume fractions φχ and φ2 of the two phases, the average 
chord lengths through the phases are given by 

£λ = α€/φ2 and f2 = ααΙφ1 (21) 

The substitution of Equat ion 20 i n Equat ion 18 leads to the result (16) 

' · ( " ) = κ ν <7Τ^Ψ ( 2 2 ) 

This equation predicts an intensity that increases w i th ac
3 at small ac 

and decreases as l/ac at large ac. It passes through a maximum at ac — 
V3/e/ . At large q, this expression predicts that the intensity varies as 
1/q4. This relationship is known as Porod's law (18,19) and is charac
teristic of three-dimensional systems wi th sharp boundaries. D e v i a 
tions from this dependence may be used to characterize larger bound
ary thicknesses for systems w i t h diffuse boundaries (20-22). Equat ion 
22 indicates that a plot of I~112 vs. q2 should be l inear w i th a slope/ 
intercept equal to a2. Such a D e b y e - B u e c h e plot (16) may be used to 
test the validity of the exponential correlation function and serves as a 
convenient means for determining ac. 

Scattering Invariant. Because when r = 0 then y(r) = 1 and sin 
(qr)lqr = 1, Equat ion 19 may be rearranged to give 

V2 = K ' f 
Jo 

h(q) Q2dq (23) 
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730 POLYMER CHARACTERIZATION 

This integral is known as the total integrated intensity or the scatter
ing invariant (2, 17-19) and serves as a means for experimentally 
evaluating η2. For a two-phase system 

V2 = Φ1Φ2 (ρ, - P2)2 (24) 

whi le for a multiphase system 

^ =11φ,φ((ρ,-ρ,)2 (25) 

Thus , for the two-phase system, i f 0 j and φ2 are known, an experi
mental determination of if serves to characterize (px — ρ2), w h i c h 
depends on the composition difference between the phases. 

SCATTERING INTENSITY IN A D E B Y E — B U E C H E C O N T I N U U M APPROACH 
FOR RANDOMLY ANISOTROPIC SYSTEMS. The D e b y e - B u e c h e formulation 
suffices for isotropic systems. For randomly anisotropic systems, it has 
been generalized to give approximately for spherically symmetrical 
systems (23) 

[̂ -J J(r)—^r-r2dr (26) 

and 

r °° s in (or) — r°° s in (qr) 
îv (q) =4πΚ) η 2 Γ y(r) —rWr + 4/45 δ 2 Γ f(r) —rWr 

(27) 

( A randomly anisotropic system is one where the correlation of 
orientation of optic axes depends only on their separation, r , and not 
on the angle that the optic axis vector a5 makes w i t h r. The domains of 
correlation possess spherical symmetry.) 

These equations reduce to the D e b y e - B u e c h e case whenjthe 
mean-squared anisotropy of the anisotropic scattering element δ 2 is 
equal to zero, i n w h i c h case IHV(Q) = 0 and lvv(q) =I8(q). The correla
tion function, / (r ) , is an optic axis orientation correlation function de
fined as 

f(r) = [3{cos 2 e„)r - l ] / 2 (28) 

where 6j€ is the angle between the optic axis of the j t h and / h scattering 
elements. This function, l ike y(r), varies from unity at r = 0 (perfect 
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41. STEIN AND HADZIIOANNOU Solid Scattering Studies 731 

correlation when 6j€ = 0°) toward zero as angular orientation becomes 
uncorrelated ((cos 2 BS€) = 1/3) as r becomes large. 

Thus , IHv(Q) depends on orientation correlations and its Four ier 
transform y ie lds / ( r ) characterizing the size of the region of correlated 
orientation. The term lvv{q) depends on both orientation and average 
polarizabil ity (density) correlations. Thus , y(r) may be obtained 
from a Fourier transform of Ivv(q) ~ (4 /3 )I^(Q) . 

Density correlations predominate for phase-separated polymer 
blends or for crystalline polymers at early stages of crystallization 
when crystalline structures are not volume f i l l ing , whereas orientation 
correlations predominate w i t h highly crystalline systems and w i t h 
l i q u i d crystals. 

This theory applies to random orientation correlations and leads 
to circularly symmetrical scattering patterns (independent of μ). It was 
generalized (24, 25) to cover more complex correlations i n w h i c h the 
orientation correlation function must be expanded i n spherical har
monics and involves angular variables as w e l l as r. 

SCATTERING INTENSITY AT L o w SCATTERING ANGLES, GUINIER R E 
GION. F o r scattering at l ow angles (low q), the sin (qr) term i n E q u a 
tion 18 may be expanded i n a power series leading to 

W h e n we have low concentrations of scattering particles, y(r) = 
GP22W where is the probabil ity that two volume elements sepa
rated by distance r both reside w i th in the particle. In this case, the 
ratio of the integrals i n Equat ion 29 equals twice the average square 
radius of gyration (Rg2) of the particle so that 

where P(q) is known as the single particle interference function. Thus , 
at low q, a plot ofP(q) vs. q2 has an in i t ia l slope of Rg 2 /3 leading to a 
means for determination of Rg2 independent of the nature of the parti
cle (26). 

A n alternate approach is to notice that the first two terms of E q u a 
tion 30 are identical w i t h what is obtained by expanding the exponen
tial of 

(29) 

P(q)=Is(q)/Is(0) 1 - ^ q 2 + . . . (30) 
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732 POLYMER CHARACTERIZATION 

P(q) = e x p [ - R g 2 g 2 73] (31) 

so that Rg 2 /3 may be obtained from the in i t ia l slope of a plot of In P(q) 
vs. q2, known as a Guin ie r plot (2). Such plots do not require a k n o w l 
edge of the absolute intensities. However , the absolute intensity is 
relevant to the determination of the molecular weight of the scattering 
particle, as discussed below. 

SCATTERING INTENSITY BY A MOLECULAR APPROACH AT L O W AND W I D E 
SCATTERING ANGLES . For particular models of particles, y(r) may be 
determined. For example, for spheres of radius Rs, it proves to be 

y(r) = 1 
'ÂIL) + Ι Θ ( Κ , ) (32) 

w h i c h on substitution i n Equat ion 18 leads to the fo l lowing scattering 
expression 

Is(q) =Is(0)KVs
2V — (sin U - t / c o s U) (33) 

where V s is the sphere volume and U = qRs. 
For polymer coils, y(r) can be evaluated from the Gaussian statis

tics of polymer chains and leads, after integration i n Equat ion 17, to 
the Debye (27) result 

υ — 1 + exp(— v) (34) 

where ν = q2Rg2. At h igh υ (high q or 0), the equation approaches 

w^r-vfe- ( 3 5 ) 

Thus, a plot of q2P(q) vs. q should approach an asymptotic value 
given by Equat ion 35 at large q as shown i n Figure 5. Neutron scat
tering results verify this prediction but show deviations at very large q 
characteristic of the failure of Gaussian statistics at small separation of 
scattering elements. 

M O L E C U L A R DIMENSIONS AND THERMODYNAMIC PARAMETERS D E 
TERMINED FROM T H E SCATTERING INTENSITY OBTAINED BY POLYMERIC 
SOLUTIONS SYSTEMS . I f condensed systems were perfectly uniform, 
their scattering should vanish because of destructive interference by 
a l l pairs of scattering elements. However , real systems scatter because 
of fluctuations i n the scattering power of volume elements arising 
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q - l O ^ " 1 

20 

Figure 5. A Debye plot of I(q)q2 vs. qfor a polymer coil. 

from fluctuations i n density, orientation, and concentration (for m u l -
ticomponent systems). For a dilute solution of a scatterer i n a solvent, 
the density fluctuation contribution may be approximately subtracted 
out by subtracting the scattered intensity of the solvent from that of 
the solution. The residual scattering primari ly arises from concentra
tion fluctuations that may be related to the opposing force of osmotic 
pressure (and hence molecular weight) through the E i n s t e i n fluctua
tion theory (28). For ideal solutions, the result is that the scattered 
intensity may be expressed i n terms of the Rayle igh factor defined as 

R(q) = Is(q)dVI0V (36) 

where d is the sample to detector distance, I0 is the incident intensity, 
and V is the scattering volume. (The Rayle igh ratio conventionally 
used i n l ight scattering is equivalent to the differential scattering cross 
section used by neutron scattering.) The Rayle igh factor is propor
tional to the molecular weight, M , and the concentration, c, of the 
solute for an ideal dilute solution (29-33) 

R(q) = KiMcP(q) (37) 

The single particle interference factor, P(q), accounts for intraparticle 
interference and approaches one as q approaches zero. The constant, 
Κι, depends on the nature of the radiation, thus for l ight (31 ) 

2τΓ22η2(δη/δ^)2 , . 
K I ' K L = ^ X O 4 ( 3 8 ) 
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734 P O L Y M E R C H A R A C T E R I Z A T I O N 

where η is the solution refractive index, Jf\ is Avogadro's number, 
λ 0 is the wavelength of the radiation i n vacuo, and c is the concentra
t ion of the solute (g/cm 3). F o r x-rays (2, 34) 

K i = K x = ^ ( | ^ ) 2 (39) 

where ie is the Thomson scattering factor for an electron equal to 
(mc2le2)2, and ρ is the electron density. F i n a l l y , for neutrons (35, 36) 

= KN = (Jf/m2) (a, - a2)2 (40) 

where ax and a2 are the density of the coherent neutron scattering 
lengths of the two components, and m is the molecular weight of the 
repeat unit. General ly , K$ represents the contrast and depends on the 
difference i n scattering power of the components. 

For a dilute nonideal solution, Equat ion 37 is modif ied to give 

R(q) = — (41) 

MP(q) 2 

where A 2 is the second v i r ia l coefficient characterizing solute —solvent 
interaction. (Note that the solvent may be a large molecule, e.g., a 
polymer.) 

This equation may be rearranged to give (J, 26, 31) 

m-MM+2A* (42) 

So, as proposed by Z i m m (26,31 ), an extrapolation of KiC/R(q) to zero q 
and zero c should lead to a value of 1/M. The variation oiKiC/R(q) w i t h 
q at zero c leads to a characterization of VP(q) and thus a measure of 
R g 2 , and its variation w i th c at zero q provides a value of A 2 . A geomet
ric procedure, the Z i m m plot (26), was proposed for accomplishing 
this double extrapolation. Al though the procedure originated for the 
determination of molecular weight and size for polymer molecules i n 
a low molecular weight solvent using l ight scattering, it was extended 
to x-ray and neutron scattering (37). The latter two techniques, a l 
though experimentally more complex, have the advantage of be ing 
able to measure a smaller value of the radius of gyration (Rg) because 
of the shorter wavelength of the radiation. The solvent can be a h igh 
rather than low molecular weight compound, permitting studies of 
polymer blends (36, 38, 39). Neutron scattering has the additional 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 735 

advantage of permitt ing the enhancement of KN through isotopic sub
stitution. This substitution is pr inc ipal ly done by replacing hydrogen 
i n one of the species by deuterium, w h i c h has a considerably different 
scattering length. In fact, the molecular dimensions of a polymer i n a 
bulk state can be studied by dissolving a deuterated polymer i n a 
hydrogenous matrix of the identical polymer (or vice versa) (40). A l 
though earlier studies of this sort ut i l i zed di lute solutions of deuter
ated polymer i n a hydrogenous matrix, the technique has been ex
tended to concentrated solutions i n w h i c h it has been shown that to 
the ideal dilute solution approximation, Equat ion 37 may be replaced 
by (41 -44) 

R(q) =KNMc(l -c)P(q) (43) 

This method has the advantage that considerably greater scattered 
intensities occur at higher concentrations, resulting i n greater prec i 
sion of measurement or shorter data acquisit ion times. 

Studies may be extended to oriented systems i n w h i c h case the 
scattering becomes dependent on the azimuthal angle μ. The direc
tional dependence of Rg2 then may be dependent from the studies of 
the variation of P(q) w i th q at various μ (45—48). 

Experimental 
A l l scattering experiments have certain features in common. A radiation 

source provides a parallel monochromatic beam of radiation that passes 
through the sample. A detector measures the scattered intensity as a function 
of the angle 0 and μ. Features unique to the various radiation types are de
scribed next. 

Light Scattering. Although early light scattering experiments were per
formed using conventional light sources, these methods have been displaced 
almost entirely by lasers, which provide extremely intense parallel and 
monochromatic sources. Light from lasers may be polarized or not. In the 
former case a polarization rotator usually is desired, whereas in the latter a 
polarizer (usually a Polaroid film type) is used. The sample is best in the form 
of a film, normal to the light beam. To avoid contributions due to surface 
scattering, the film may be sandwiched between flat glass plates using a 
refractive index matching immersion fluid. The thickness of the film was such 
that it provided sufficient scattering for accurate measurement but not 
so much as to lead to appreciable multiple scattering. A film that wi l l transmit 
90-95% of incident intensity is usually desirable. Such films may be of the 
order of 100 μπι thick for typical crystalline polymer films but need be thinner 
for highly scattering liquid crystal materials or thicker for amorphous 
homopolymers. 

For quantitative intensity measurements, multiple scattering corrections 
should be made. For small amounts of multiple scattering, a correction for the 
reduction intensity due to scattering out of the incident and scattered beams 
suffices according to Reference 49. 
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736 P O L Y M E R C H A R A C T E R I Z A T I O N 

me as = 2 C 0 „ exp (-rt) (44) 

where τ is the turbidity of the sample obtained from 

Τ = (l/t) In (iotftrans) (45) 

where t is the sample thickness, and I0 and Itrans a r e the incident and trans
mitted intensities measured at normal incidence, respectively. For higher 
amounts of multiple scattering, a more complex correction including the effect 
of re scattering into the observed beam is required (50). For polarized light 
experiments, the effect of multiple scattering on the state of polarization must 
be included (51). For colored samples, a correction for intensity loss due to 
absorption analogous to Equation 44 should be employed. 

Because the theoretical expressions require values of the scattering angle 
and wavelength within the sample, corrections for those dependent on the 
refractive index of the sample are required (49). Also, a correction for the 
reflection at interfaces should be employed (49). 

For oriented samples that are biréfringent, retardation may affect the 
phase and state of polarization of the incident and scattered beams and cor
rections need to be made (52). 

Incident 
B e ? m Scattered 

Beam 

Photographic 
Y Film 

Laser 

Figure 6. The photographic light scattering apparatus (82). 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 737 

The simplest means of detection of the scattered radiation is photo
graphic, as shown in Figure 6. Polaroid instant film is convenient. Sample-to-
film distance may be adjusted to accommodate a range of scattering angles. 
Photographs permit the rapid assessment of the shape of patterns and the 
angles of scattering maxima. The angular scale may be calibrated readily by 
using a diffraction grating in place of the sample. Although intensity mea
surements may be made by densitometry of photographs, measurement of the 
intensities directly by photometry is more precise. Mechanical angular scan
ning of the intensity has been carried out but, at least for small angle scatter
ing, an electronic scanning technique proves more convenient. This tech
nique may be accomplished using a one- or two-dimensional multichannel 
analyzer (ΟΜΑ) (53, 54) as shown in Figure 7. The scattering pattern is 
scanned by a vidicon camera that is connected to a small computer. Scattered 
intensities are digitalized, stored in computer memory or on floppy disks, and 
may be computer processed as desired. For example, an intensity contour plot 
as illustrated in Figure 8 may be obtained. With present techniques, such 
output can be achieved in time scales of the order of a second. 

For absolute light scattering, intensity measurements calibration may be 
accomplished by converting data into Rayleigh factors by directly measuring 
Is/I0 and taking into account geometric factors. Because I 0 is usually very much 
greater than J s , it is usually necessary to reduce it using calibrated neutral 
filters. Alternatively, calibration may be accomplished by referring Is to the 
scattering of a reference sample of known Rayleigh factor. This sample could 
be a pure liquid or a polymer of known molecular weight in solution. How
ever, such standards scatter much more weakly than the usual samples so that 
the accuracy of establishing the intensity ratio is not great. A working stan
dard, which may be a calibrated polymer film having stable properties, may 
be employed conveniently. The scattering by the samples can be referred to 
the scattering of the working standard. 

x-Ray Scattering. x-Ray sources are usually conventional sealed anode 
or, for higher intensities, rotating anode tubes (55, 56). For time-dependent 
experiments, high intensity synchrotron sources have been employed (57,58). 
For tube sources, rough monochromatization can be accomplished by filtra
tion and pulse-height analysis, but use of a diffracting crystal monochromator 
is better. For the continuous radiation from a synchrotron, the latter method is 
necessary. 

Collimation systems are of two types, slit and pinhole. The former has the 
advantage that intensities are much higher, but it requires slit-desmearing 
procedures to correct for the distortion of I(q) by the slit geometry. A com
monly used camera with slit collimation is that due to Kratky (34). For very 
high resolution, a multiple diffracting crystal collimator of Bonse—Hart (59) 
type has advantages. 

Samples for x-rays are generally thicker than those for light scattering and 
often in the range of a few millimeters. Because of the usual small scattering 
cross section, multiple scattering is usually not a problem. Also, refraction and 
reflection corrections are usually not significant, although the change in the 
effective scattering volume of the sample with scattering angle should be 
considered (55, 56, 60). 

Photographic film often is used for detection. A commonly used pinhole 
collimation camera employing film is that due to Statton, manufactured by 
Warhus. When necessary, intensities can be obtained by densitometry. 
Point-by-point counting employing proportional or scintillation counters can 
be done with the Kratky or Rigaku—Denki apparatus, but because of the 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 739 

Figure 8. An experimental H v light scattering contour diagram ob
tained with the OMAfor a PET sample (54). 

relatively long data-gathering time at each point, the procedure is tedious and 
computer-controlled data collection is advantageous. Recently, position-
sensitive detectors have become available (61, 62). In their one-dimensional 
form, these detectors employ a counting wire several centimeters long. The 
position on the wire at which a photon arrives is encoded from the difference 
in time taken by the pulse to arrive at the two ends of the wire. In this way, 
data are acquired (through a multichannel analyzer) over many angles at once. 
This procedure reduces data gathering time and eliminates errors arising from 
incident beam intensity fluctuations. A two-dimensional position-sensitive 
detector employing a two-dimensional detector wire grid has become avail
able at the National Center for Small Angle Scattering Research at the Oak 
Ridge National Laboratories, which allows intensity measurements with 
pinhole collimation with oriented samples exhibiting μ,-dependent scatter
ing (63). 

Photon counters are often not fast enough to accommodate high intensity 
synchrotron sources. For these, ionization chambers or fluorescent screens 
with image intensifiers and OMAs (64) have been used. 

Reduction of air scattering is desirable, particularly in long path length 
cameras. This task is done by evacuation of the beam path or by filling with 
helium gas. Windows are made of x-ray transparent material such as beryl
lium. 

Calibration most often is accomplished by referring intensities to that of a 
standard polyethylene sample that was calibrated and furnished by Krat-
ky (65). 

Corrections for incoherent (Compton) scattering are more important for 
x-rays than for light (where the correction usually is neglected). This correc
tion is done either by assuming an angularly independent background or else 
by fitting its angular variation to an empirical variation fitted to the scattering 
at higher angles above which coherent small angle scattering contributes but 
below which wide angle diffraction is encountered. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

41



740 P O L Y M E R C H A R A C T E R I Z A T I O N 

Corrections should be made for angular-dependent polarization, i f data 
are to be interpreted in terms of a one-dimensional theory, a Lorentz correc
tion should be employed. Data processing computer programs have been 
offered by Vonk (66) and Glatter (67-69). 

Neutron Scattering. Neutron sources are commonly steady state nuclear 
reactors giving a black body distribution of neutron velocities (70—72). A cold 
source consisting of a liquid hydrogen or deuterium cooled finger within the 
reactor is often advantageous so as to provide a lower black body temperature 
and consequently a greater flux of longer wavelength neutrons. Such a cold 
source is employed in the I L L apparatus (73) at Grenoble but is not available 
at Oak Ridge. Because of the low energy of the neutrons, radiation damage to 
samples is negligible, in contrast to x-rays. 

Monochromatization is accomplished either by a velocity selector (Gre
noble) employing a rotating drum with hélicoïdal channels, or else by diffrac
tion from a crystal such as graphite (Oak Ridge) (74). Collimation is achieved 
through pinholes and beam guides. 

Samples for neutron scattering are often thicker than those used for x-ray 
scattering and of the order of several millimeters to a centimeter. Although 
surface quality is not important, it is important for samples to be free of mi
cro voids. Their presence often can be detected from visual turbidity or from 
their small angle x-ray scattering. As with x-rays, it is desirable to have beam 
paths evacuated. Windows can be made of pure aluminum or from silica. 

The scattered radiation usually is detected with a two-dimensional 
position-sensitive detector. Because of the necessity for converting the neu
tron beam into ionizing radiation by the detector gas, the spatial resolution of 
the detector is low, so that large sample-to-detector distances (5-30 m) are 
necessary to achieve good angular resolution. 

Counting times are usually relatively long, leading to the desirability of 
computer-assisted acquisition and automatic sample changer. 

Incoherent neutron scattering intensities are relatively high, often com
parable with or greater than those for coherent scattering. Thus, subtraction of 
incoherent neutron scattering intensity is essential. It usually is evaluated 
from observation of high q scattering, assuming q independence of the inco
herent component. 

Intensity calibration of neutron scattering usually is accomplished 
three different ways (75). First, by measuring the intensity of the direct beam 
using calibrated attenuators, gold or cadmium. Second, by measuring the in
coherent scattering from water or vanadium. This scattering is monotonie but 
for water it must be corrected for the high inelastic scattering contribution that 
is wavelength dependent. When vanadium is used, correction for multiple 
scattering due to the presence of strong absorption should be made. The most 
accurate method is the third, to use a standard polymer sample with known 
molecular weight measured by the conventional light scattering technique. 
For our experiments, we use a polystyrene of Mw = 80,000 and MJMn = 1.05 
(where Mw and Mn represent the weight-average and the number-average 
molecular weight, respectively) (90, 91). 

Some Recent Applications of Scattering Measurements on 
Solid Polymers 

We shall not attempt to review exhaustively applications of scat
tering methods, but shall select some specific examples i l lustrating 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 741 

particular features of the scattering technique. Because of familiarity, 
undue weight shall be placed on our own work. 

W i t h L ight Scattering. M u c h of the work on light scattering from 
solid polymers has focused on studies of crystalline spherulitic poly
mers. A typical variation of the photographic Hv scattering pattern 
occurring during the crystallization of polyethylene terephthalate 
(PET) is shown i n Figure 9 (76). The decrease i n the angle of the 
scattering maximum wi th time reflects the growth i n the spherulite 
radius, according to Equat ion 13. Photometric measurements indicate 
that the intensity of the scattering maxima increases w i th t ime, as
sociated wi th the increase i n number and anisotropy of the spheru
lites. 

The change i n intensity obtained w i t h an O M A scan of the μ = 45° 
l ine of the Hv pattern dur ing the melt ing of the P E T is shown i n 
Figure 10. Because the number and size (estimated from the posit ion 
of the scattering maximum) remain constant w i th melt ing, the de
crease i n intensity is associated wi th the decrease i n spherulite aniso
tropy (at — Or) i n Equation 11. This anisotropy primarily arises from the 
contribution of oriented crystals w i th in the spherulites. This contri
bution leads to the expectation that as a first approximation, the inten
sity should drop w i th φ0

2, where φ0 is the volume fraction crystallinity. 

Figure 9. The variation in H v light scattering patterns during the 
course of crystallization of PET (76). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

41
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20Ό 

Scattering Vector, U 

Figure 10. The variation of H v light scattering intensity with θ at μ = 
45 °C during the melting of PET (99). Τ (°C): O,40.0; A, 200.0; ·, 240.0; 

and •, 245.0. 

A comparison of a quadrant of the Hv scattering pattern from un -
stretched and a 60% stretched polyethylene sample is shown i n F i g 
ure 11 (54). In agreement w i t h Equat ion 11, the maximum occurs at μ 
= 45° for the unstretched sample but moves to larger μ for the 
stretched one. Th is behavior is consistent w i th the deformation of the 
spherulite from a sphere to an e l l ipso id w i t h its major axis i n the 
stretch direction. The detailed analysis of this pattern and its consis
tency w i th the theory provide a means for analysis of the spherulit ic 
deformation mechanism (77, 78). The analysis of rapid deformation 
was accomplished previously using cinematography (79). Th is analy
sis is being repeated quantitatively using the O M A . 

A recent application of l ight scattering from amorphous systems is 
i n examining the morphology of polymer blends dur ing phase separa
t ion as shown i n Figure 12 (54). The pattern is μ,-independent so 
precision was improved by circularly averaging (over μ) the two-
dimensional O M A data. The intensity maximum is associated w i t h a 
persistent spacing of the phase-separated domain, and it is found to 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 743 

Figure 11. A quadrant of an H v scattering pattern for unstretched 
high density polyethylene film (left) and stretched high density poly

ethylene film (right) (54). 

1 6 0 0 0 

H 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

S C A T T E R I N G V E C T O R Η ( μ η Υ 1 ) 

Figure 12. A typical variation of scattered intensity with θ for a phase-
separated sample of a blend of 40% poly(o-chlorostyrene) (FOCS) with 

60% polystyrene (PS) (54). 

shift to smaller angles and to grow i n intensity w i t h time as the do
mains grow and change i n composition. 

Phase-separated blends were studied by Yuen and Kinsinger (80) 
using the Debye-Bueche correlation function technique. 

Anisotropic shock-cooled polypropylene samples were studied by 
Keijzers et a l . (81). F r o m measurements of Hv and Vv scattering, 
orientation and density correlation functions were obtained. 
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744 P O L Y M E R C H A R A C T E R I Z A T I O N 

W i t h x-Ray Scattering. x-Ray scattering studies may be d iv ided 
into those of disordered systems, analyzed by statistical procedures, 
and those from structured systems i n w h i c h the scattering is inter
preted i n terms of a model structure such as lamellar. 

A recent example i n the former category is the scattering from an 
amorphous b lend of polycaprolactone ( P C L ) i n po lyv iny l chloride 
(PVC) (82). The scattering intensity increases w i th P C L content ( F i g 
ure 13) (38). D e b y e - B u e c h e plots were obtained leading to correla
tion distances found using Equat ion 22 and were resolved into chord 
lengths through the two phases using Equat ion 21. Those results are 
plotted vs. composition i n Figure 14. In dilute P C L , the chord length, 
£PCL> of the P C L is of molecular dimensions, suggesting that the scat
tering units are ind iv idua l molecules. A n alternative approach is to 
perform a Guin ie r plot using Equat ion 31, as shown i n Figure 15. 
From the in i t ia l slope at low P C L concentration, a Rg of 10.0 n m was 
obtained (38,39), w h i c h compares wi th a value of 6.7 nm estimated for 
this unperturbed molecule from its molecular weight (83). 

κ. 

—ι 

1 
I 
Ο 
Ο 

-7 

-2 

P C L / P V C 

1 2 3 4 5 6 7 â 9 10 1Π213 

• • 2G(mrad), , , , , 
7 2 3 j 5 

hxW2nm' 

Figure 13. The variation of normalized small angle x-ray scattered 
intensity with Θ for a blend of PCL with PVC for various PVC concen
trations: ·, 0; M, 1.05 x 10~2; O, 1.46 x 10~2; and A, 6.16 x 10~2 g 

PCL/cm3 PVC (38). 
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Figure 15. A Guinier plot for the small angle x-ray scattering from the 
PCL/PVC blend at concentrations: ·, 1.05 x 10~2; A, 1.46 X 10~2; O, 
1.70 x 10~2; 3,1.74 x ΙΟ"2; and Q, 6.16 χ 10" 2 g PCL/cm3 PVC (38). 
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746 P O L Y M E R C H A R A C T E R I Z A T I O N 

The molecular weight of the P C L i n the b lend also was deter
mined by x-ray scattering using Equations 39 and 42. Its value was 
50,000, as compared w i t h a value of 43,000 obtained for this polymer 
i n dilute solution i n a low molecular weight solvent. The agreement is 
consistent wi th dispersion of ind iv idua l molecules. This technique 
has proved to be of l imi ted appl icabi l i ty because of the relatively few 
systems having sufficient contrast to give a large enough value of Kx 

(Equation 39) to permit precise measurement. 
A n example of a study on structured systems is that from a b l e n d 

of crystall ized po lyvinyl idene fluoride ( P V F 2 ) w i t h amorphous poly-
methyl methacrylate ( P M M A ) . Typ i ca l Lorentz-corrected small angle 
x-ray scattering curves for this b l end are shown i n Figure 16 (84). The 
presence of a maximum that shifts to smaller angles w i t h increasing 
P M M A concentration is indicative of an increasing repeat distance. 
The results are interpreted i n terms of a lamellar model i n w h i c h 
stacks of crystalline P V F 2 lamellae are postulated to be separated by 
amorphous layers of compatible P V F 2 and P M M A . Scattering from 
such systems can be interpreted using a one-dimensional correlation 
function as described by Vonk (85-87) , or by a Hosemann (88) one-
dimensional paracrystalline model invo lv ing as parameters the num
ber of crystals i n a stack, the thickness of the amorphous and crystalline 
layers, and the statistics of their distribution. E i ther approach leads to 
the conclusion that the thickness of the amorphous layer increases 

S * 1E2 l Ν M "1 ) 

Figure 16. The variation in small angle x-ray scattered intensity with s 
[2 sin (ΘΙ2)/λ] for PVF2 and two of its blends with PMMA. Volume % 

PVF2: Q , 100.0; Δ, 85.8; and+, 50.1 (84). 
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41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 747 

wi th P M M A content, as shown i n Figure 17 (84). The result is i n quan
titative agreement wi th the P M M A residing i n these interlamellar 
layers. 

Figure 16 shows that the x-ray scattered intensities increase w i t h 
P M M A content. This evidence may be quantized by calculating the 
invariant using Equat ion 23 and leads to the obvious result that η 2 

increases wi th P M M A content. Th i s phenomenon may be understood 
using a modification of Equat ion 24 

η 2 = φ Ρ ν ρ 2 ΦΒ ( P P V F 2 ~ PB)2 (46) 

where the subscript Β refers to the amorphous b l end of P V F 2 and 
P M M A , 0 P V F 2 is the volume fraction of crystalline P V F 2 w i th electron 
density p P V F 2 > and φΒ = 1 — 0 P V F 2 is the volume fraction of the amor
phous phase having electron density pB. Th is relationship is g iven by 

ro i 

Figure 17. The variation of the correlation function peak, the long pe
riod, and the crystal thickness with composition for a PVF2/PMMA 
blend. Key: O, correlation function peak; •, long period; and A, crys

talline thickness (84). 
mmfl&m chemical 

«®eiety Library 
1455 16Λ St. N. W. 

Washington. 0. C. 2003B 
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748 P O L Y M E R C H A R A C T E R I Z A T I O N 

PB ~ <f>a-PVF2 * P e - P V F 2 + Φα—PMMA * P a — P M M A 

(47) 
where φα-ργ¥2 and φ α — P M M A are the volume fractions of P V F 2 and 
P M M A i n the amorphous phase, respectively. The electron densities 
of those amorphous polymers are p a-pvF 2 and P « - P M M A -

Because P « - P M M A < Pa - p v F 2 , an increase i n Φ « - Ρ Μ Μ Α leads to a de
crease i n pB and hence an increase i n the difference ( p P V F 2 ~~ PB) and as 
a consequence an increase i n η 2 . Th is calculation quantitatively sup
ports the increase i n observed η 2 w i th P M M A content. 

The opposite trend is seen for the b lend of crystalline P C L w i t h 
P V C . The parameter n 2 is found to decrease w i t h increasing P V C 
concentration. This difference occurs i n this case because the electron 
density of the P V C is greater than that of the P C L (38, 39). 

A n il lustration of the application of the pinhole col l imated small 
angle x-ray apparatus at Oak Ridge to the study of oriented systems is 
shown i n Figure 18 (89). The intensity contour diagrams for a series of 
low density polyethylene samples drawn at room temperature to the 
indicated percentages is shown. The circular contours for the un -
oriented sample indicate that the repeat distance for lamellar structure 
is equal i n a l l directions. T h e distortion of the patterns for the oriented 
samples is a consequence of the variation i n interlamellar spacing 
w i t h lamellar orientation, as is consistent w i th the model of the 
spherulite deformation shown i n Figure 19. The deformation proves 
not to be affine w i t h the percentage increase i n spacing for those 
lamellae oriented perpendicularly to the stretching direction be ing 
greater than affine. 

W i t h Neutron Scattering. A n application of neutron scattering is 
i n the study of the b lend of amorphous isotactic polystyrene (IPS) w i th 
atactic polystyrene (APS) (90, 91). Various ratios of A P S / I P S were 
taken, and the neutron scattering variation was observed as a function 
of concentration of added deuterated atactic polystyrene (APSD) . The 
results were represented by a Z i m m plot as shown i n Figure 20. R a d i i 
of gyration and molecular weights of the A P S D were obtained as i n d i 
cated i n Equat ion 42, and the results are summarized i n Table I. The 
molecular weights and radi i of gyration of the A P S D i n the b l end are 
relatively independent of composition and are approximately equal to 
the values obtained i n A P S alone. Furthermore, the zero slope of the 
bottom l ine suggests a zero value of A 2 , indicating a zero value of the 
F lo ry χ 1 2 parameter. Thus , the indication is that A P S and IPS are 
compatible and that a negl igible interaction occurs between the com
ponents. 

Similar results were obtained for the amorphous P V F 2 / P M M A 
b lend and the b lend of A P S wi th po lyv iny l methyl ether ( P V M E ) . 

A n extensive study of the compatibil ity of A P S wi th P V M E by 
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2.8 h 

0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

q • 0.01 (c ) X 10 

Figure 20. A Zimm plot for the blend of 25% IPS with 75% APS con
taining various amounts of APSD (91). 

neutron scattering was carried out by Schmitt and Kirste (92), who 
obtained a Z i m m plot as a function of temperature for this b lend and 
showed that A 2 varies from a positive to a negative value w i t h i n 
creasing temperature as the b l end becomes more incompatible. 

A study of orientation by the neutron scattering technique is i l 
lustrated i n Figure 21, where scattering intensity contours are plotted 
for unoriented A P S containing 5% A P S D and that of a similar sample 
oriented to a draw ratio of 4.2 using Porter's extrusion orientation 
technique (93). The marked anisotropy of the scattering intensity is 
seen w i t h the intensity fal l ing off more rapidly w i t h q i n the draw 

Table I. Small Angle Neutron Scattering Results for IPS/APS Blends 
Composition _ 

(iyw,A o
 m w X J O - 5 APS/IPS 

Pure IPS 
25/75 
50/50 
75/25 

0-Condition 

236 ± 43 
175 ± 14 
229 ± 27 
201 ± 19 

203 

4.59 ± 0.71 
5.14 ± 2.96 
7.61 ± 2.09 
6.09 ± 1.09 

5.47 
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752 P O L Y M E R C H A R A C T E R I Z A T I O N 

Figure 21a. A small angle neutron scattering intensity contour dia
gram for an unoriented polystyrene sample containing 5% deuterated 

polystyrene (45). 

Figure 21b. A small angle neutron scattering intensity contour dia
gram for an extrusion-oriented (drau) ratio = 4.2) polystyrene sample 

containing 5% deuterated polystyrene (45). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.c
h0

41



41. S T E I N A N D H A D Z I I O A N N O U Solid Scattering Studies 753 

direction than i n the perpendicular direction. By performing G u i n i e r 
plots i n these two directions, we concluded that the radius of gyration 
parallel to draw Rg,| increases w i t h elongation whi le that perpendicu
lar to draw Rg± decreases, as shown i n Figure 22. The changes are i n 
approximate agreement w i t h an affine deformation model (45). 

The neutron scattering technique was appl ied to the study of the 
conformation of chains i n crystalline polymer to define the regularity 
of chain folding i n polymer crystals grown from solution (94) and from 
the melt (95). The earlier work on polyethylene recently was extended 
to polypropylene (96). Prel iminary reports were made of the aniso
tropy of scattering from deformed crystalline polymer samples (97,98). 

Conclusions 
We illustrated applications of the light, x-ray, and neutron scat

tering techniques for studying a number of phenomena invo lv ing 
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754 P O L Y M E R C H A R A C T E R I Z A T I O N 

sol id polymers. These phenomena involve studies of crystallization 
kinetics, deformation, b l end compatibil ity, and phase separation. A d 
vances i n experimental methods for such measurements permit their 
more convenient application to the elucidation of polymer structures 
and their changes. 
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42 
Excimer Fluorescence as a Molecular 
Probe of Blend Miscibility 
Comparison with Differential 
Scanning Calorimetry 

STEVEN N. SEMERAK and CURTIS W. FRANK 
Stanford University, Department of Chemical Engineering, 
Stanford, CA 94305 

Results obtained using differential scanning calorimetry 
(DSC) on toluene-cast blends containing 3 5 % poly(2-
vinylnaphthalene) (P2VN) indicate miscibility with poly
styrene (PS) and immiscibility with polymethyl meth
acrylate (PMMA) when the latter two polymers have 
molecular weights of 2000. The same conclusions are 
reached when excimer fluorescence of the P2VN compo
nents is used to analyze similar blends containing only 
0.3% P2VN. As the molecular weight of the nonfluores-
cent host polymer is increased, the increase in the ex
cimer to monomer intensity ratio of the guest P2VN sug
gests that the 0.3% blends move toward greater immis
cibility. A fluorescence study of these blends during the 
solvent-casting process showed that no major differences 
exist in the drying behavior of the low and high molecu
lar weight PS and PMMA matrices, and that phase sep
aration occurs before the solvent concentration drops 
below 25%. 

JL HE CONSIDERABLE TECHNOLOGICAL SIGNIFICANCE of polymer blends 
has resulted i n a continuing challenge to the polymer physicist to 
describe b lend structure on the molecular leve l (I —5). A host of tech
niques, inc lud ing differential scanning calorimetry (DSC) , dynamic 
mechanical and dielectric spectroscopy, N M R spectroscopy, and light, 
x-ray, and neutron scattering have been employed to determine the 
degree of mix ing i n presumably miscible blends and the size of the 

N O T E : T h i s is part V i n a series. 

0065-2393/83/0203-0757$06.00/0 
© 1983 American Chemical Society 
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758 P O L Y M E R C H A R A C T E R I Z A T I O N 

domain structure i n partially miscible or immisc ib le blends. In gen
eral , however, existing methods are l imi ted to systems i n w h i c h the 
minor component must be at a concentration of at least 1%, or even as 
h igh as 10%, for its presence to be detected. Al though some low-
concentration studies have been performed (6 -8) , new approaches 
must be developed to elucidate the details of the component interac
tion on the segmental leve l . 

One class of methods that shows considerable promise for study of 
dilute blends is based on the emission behavior. Fluorescence spec
troscopy can provide both h igh sensitivity at low concentrations and 
experimental flexibility w i th respect to a variety of parameters. The 
most common techniques are fluorescence and phosphorescence 
quenching (9) and depolarization (10 -15 ) . In addition, a recently de
veloped approach uti l izes nonradiative energy transfer (16-18). 
These methods have i n common the use of specific chemical moieties, 
usually aromatic, that are either free dopants i n the polymer system or 
chemical ly bound to one or more polymer chains. 

Before the information derived from a procedure that employs such 
probes to infer the details of molecular structure can be accepted, 
however, the influence of the probe itself on the phenomenon under 
study must be understood. F o r example, the use of small-molecule 
probes may be hindered by difficulties i n determining the precise 
location of the molecules i n the blends owing to aggregation effects. 
Th is difficulty may be avoided by attaching the luminescent tag or 
label to the polymer molecule by copolymerization or grafting. The 
latter approach is particularly appealing for development of fluores
cence methods as general purpose analytical tools. However , the 
number of such labels on any given chain must be small i f the tagged 
polymer is to behave chemical ly l ike an untagged species. C o n 
sequently, the overall concentration of the tagged polymer must be 
increased generally beyond the dilute region of interest for studies on 
the early stages of phase separation. 

The low-concentration advantage is regained w h e n the fluores
cent probe polymer contains a large number of chromophores, as is the 
case for the aromatic v i n y l polymers. The formation of excited dimers, 
or excimers, is w e l l known i n these polymers (19, 20). In solution, an 
excimer may form between an electronically excited aromatic r ing and 
an adjacent ground-state r ing , w h i c h move into a coplanar sandwich 
arrangement because of backbone motions occurring during the 
li fetime of the excited state. In r ig id media, on the other hand, seg
mental motion is restricted so that suitable excimer-forming sites 
(EFS) occur between two aromatic rings nominal ly situated i n a 
preexisting sandwich arrangement. Al though the number of such E F S 
is relatively small , their influence is enhanced by the occurrence of 
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42. S E M E R A K A N D F R A N K Excimer Fluorescence 759 

energy migration, w h i c h funnels a photon absorbed at an isolated r ing 
along the polymer chain into the E F S . Th i s phenomenon is common 
i n the aromatic v i n y l polymers (21). The occurrence of phase separa
tion of a fluorescent polymer from a nonfluorescent host causes addi 
tional intermolecular E F S and may increase the efficiency of the 
energy migration process as w e l l . Both factors increase the observed 
excimer fluorescence. 

The measurement of excimer fluorescence is experimentally quite 
straightforward. The broad, structureless fluorescence of the excimer 
is d ist inct ly different from the structured vibrat ional progression 
of an isolated aromatic r ing , or monomer. The ratio of excimer to 
monomer emission intensities, ID/IM, provides a convenient, albeit 
relative, experimental measure of the degree of phase separation i n a 
b l end containing an aromatic v i n y l polymer. Quantitative determina
t ion of the domain size w i l l require transient measurements of the ex
cimer and monomer emission as w e l l as a detailed understanding of 
the energy migration process. Although these points are presently 
under study, recent research has demonstrated conclusively that the 
technique has the potential of providing the molecular leve l informa
tion of interest. These works include studies of the effects of the mo
lecular weight of poly(2-vinylnaphthalene) (P2VN) i n a second poly
mer matrix (22, 23), the solubi l i ty parameter of the host po lymer 
(24, 25), and the concentration of the P 2 V N guest (23, 25, 26) on the 
b lend fluorescence. 

The objective of the present work was to relate the classical 
methods of optical clarity and D S C to excimer fluorescence from the 
guest i n a study of the effect of host molecular weight on b lend misc i 
b i l i ty . The host polymers used are polystyrene (PS) and polymethyl 
methacrylate ( P M M A ) having molecular weights ranging between 
1100 and 390,000. In addition, excimer fluorescence from the blends 
was monitored dur ing the solvent-casting process to determine the 
point of phase separation and the moment at w h i c h the amorphous 
blends become glassy. 

Experimental 
The P2VN guest polymer sample, prepared as described previously (24), 

had a viscosity-average molecular weight of 70,000. The l,3-bis(2-naph-
thyl)propane (£/3DNP) was prepared using a published procedure (27). The 
PS host samples were obtained from the Pressure Chemical Co. with Mn 

(the number-average molecular weight) = 2200, 4000, 9000, 17,500, 35,000, 
100,000,233,000, and 390,000. They all had MJMn values less than 1.1 (where 
Mw represents the weight-average molecular weight). The P M M A host sam
ples with Mn = 54,000, 79,000, 92,000, 180,000, and 350,000 also were ob
tained from the Pressure Chemical Co., and had Mw/Mn values less than 1.15. 
In addition, a broad molecular weight distribution P M M A sample having Mw 

= 12,000 was obtained from Scientific Polymer Products. Finally, a second 
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760 P O L Y M E R C H A R A C T E R I Z A T I O N 

broad-distribution P M M A sample with Mw = 20,000 was received from Rohm 
and Haas Co., as were P M M A samples having Mw = 1100 and 2500 with 
MJMn values less than 1.2. The P2VN and PS samples were repeatedly pre
cipitated from toluene into methanol to remove residual fluorescent im
purities, but the P M M A samples were clean enough to be used as received. 

Low-concentration blends containing 0.3 wt % P2VN were prepared by 
solvent casting from toluene onto sapphire disks at room temperature to pro
duce film thicknesses of 25 μ,ηι. The films subsequently were examined using 
backface illumination with a spectrofluorometer that has been described pre
viously (24). An alternate procedure utilized glass microscope slides for the 
casting substrate. In this case, frontface illumination was required to obtain 
fluorescence spectra. Both methods gave identical results, within experi
mental error. Films were dried in air at room temperature for 24 h, at which 
point they typically contained 5-8% residual solvent. 

Results and Discussion 
Effect of Molecular Weight of the Host Matrix on the P 2 V N Guest 

Fluorescence. T y p i c a l fluorescence spectra of P 2 V N i n blends w i t h 
PS (2200) and PS (233,000) are shown i n Figure 1 as Curves A and B , 
respectively. E a c h spectrum consists of a broad structureless band, 
corresponding to the excimer emission, superimposed on a structured 
high-energy (monomer) emission similar to that of 2-ethylnaphthalene. 
For comparison, the spectrum of 2-ethylnaphthalene i n PS is g iven by 

3 0 0 3 5 0 4 0 0 
WAVELENGTH, NM 

4 5 0 

Figure 1. Uncorrected fluorescence spectra of 0.3 wt % P2VN (70,000) 
and 2-ethylnaphthalene in PS. Excitation wavelength was 290 nm. 
Curve A, P2VN in PS (2200); Curve B, P2VN in PS (233,000); and Curve 
C., 2-ethylnaphthalene in PS (158,000). D and M refer to dimer and 
monomer, respectively. Curve Β is normalized to Curve A at 398 nm; 
Curve C is normalized to Curve Β at 323 nm. (Reproduced from Ref. 23. 

Copyright 1981, American Chemical Society.) 
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42. S E M E R A K A N D F R A N K Excimer Fluorescence 761 

1.3 I I I Mi l l I I I I 1111| 1 I I M i l l 

M 

0.9 

ι ι ι 11 ml M i l l 

I0 4 

PS MOL 

10 

Figure 2. Fluorescence ratio, ID/I M > of 0.3 wt % P2VN (70,000) in PS vs. 
PS mol wt. The "knee" of the curve is indicated by the arrow. (Repro

duced from Ref. 23. Copyright 1981, American Chemical Society.) 

the dashed l ine , Curve C. The intensities of the monomer emission, 
IM, and the excimer emission, ID, were measured at 337 and 398 nm, 
respectively. 

The effects on the fluorescence caused by increasing the molec
ular weight of the host matrix for the PS and P M M A host polymers are 
presented i n Figures 2 and 3, respectively. T w o observations are sig
nificant. First , ID/IM for the P 2 V N guest appears to leve l off at host 
molecular weights below 4000. A n upper l imi t of the ratio is obtained 
for both host polymers at molecular weights above 20,000, and sig-
moidal curves describe the ratio at intermediate molecular weights. 
Second, the fluorescence ratio is consistently higher for the P M M A 
host compared w i t h P S , be ing 100% higher at the l ow molecular 
weight l imi t and 180% higher at the h igh molecular weight l imit . 

In previous work (26), the IDIIM ratio was shown to depend on 
both the number of E F S and the efficiency w i th w h i c h these sites are 
sampled by the randomly migrating exciton. A t present, it is not possi
ble to distinguish unambiguously between an increase i n the number 
of intermolecular E F S or an increase i n the l ike l ihood of exciton hop
p ing across loops of the same chain or between different chains as 
sources of explanation for an increase i n ID/IM- This point is of l itt le 
importance for this study, however, because both phenomena could 
result from aggregation of guest polymer chains i n a thermodynami-
cal ly incompatible host polymer matrix. Because an increase i n host 
molecular weight w i l l lead to a reduction i n the combinatorial entropy 
of mixing , phase separation of an in i t ia l ly miscible b l end could result 
for modest molecular weights i f the binary interaction parameter is 
small and positive (28, 29). In earlier work on polystyrene hosts, part 
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I I I I 11Β11 1 I I I 1IM| 1 Ι I I MM 

'Γ 
« ' ' ' • "»l ι » ι m i l l Ι I Ι I Mil 

io3 io4 io5 io6 

PMMA MOL WT 

Figure 3. Fluorescence ratio, I D / I M , of 0.3 wt % P2VN (70,000) in PMMA 
vs. PMMA mol wt. 

of w h i c h is reproduced i n Figure 2, the high molecular weight break 
point i n IDllM could be explained satisfactorily from binodals calcu
lated using classical Flory—Huggins theory w i th a binary interaction 
parameter based on the solubil ity parameters of H i ldebrand regular 
solution theory (23). Corresponding calculations for the P 2 V N / P M M A 
system w i l l be reported separately (30). 

In earlier studies on low- and moderate-concentration blends of 
P 2 V N w i t h PS and P M M A , the fluorescence behavior and optical 
quality of the blends l ed to the conclusion that the P 2 V N / P S blends 
were apparently more thermodynamically compatible than the 
P 2 V N / P M M A blends (24, 25). Al though there is essentially no differ
ence i n the high molecular weight break points i n Figures 2 and 3, the 
larger values of lDIIM for P 2 V N / P M M A blends are consistent w i t h a 
higher degree of P 2 V N segmental clustering i n the P M M A host. 

One of the main theses of the present research effort is that the 
excimer fluorescence method shows considerable potential for e luc i 
dation of molecular structure i n the amorphous sol id state. To estab
l i sh credibi l i ty for any new method, however, correlating the results 
w i t h more established classical techniques is necessary. T w o such 
methods relevant to the study of immisc ible polymer blends are the 
use of optical clarity to observe vis ible phase separation and D S C to 
detect mult iple glass transition temperatures. Both approaches are 
pursued i n this work. 

In consideration of the first method, only those P M M A blends 
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42. S E M E R A K A N D F R A N K Excimer Fluorescence 763 

having molecular weights greater than 12,000 show vis ib le signs of 
immisc ib i l i ty w i th a faint b lu ish tint, whereas the remaining P M M A 
blends and a l l PS blends are optically clear. In the v is ib ly cloudy 
blends, phase separation probably has occurred. O n the other hand, 
the interpretation of optically clear films is ambiguous because i n fact 
a two-phase system may st i l l exist w i th domains that are either very 
small or arranged i n a bi layer structure. Also , the refractive index 
difference between b lend polymers may be small enough for virtual 
e l imination of scattered light, independent of domain size or amount. 
Nevertheless, the use of visual appearance is widespread, for exam
ple, i n the generation of equ i l ibr ium c loud point curves to represent 
the system binodal . Thus , correlation of the fluorescence results w i th 
the optical quality is of interest. 

In previous work on blends w i t h P 2 V N i n a series of poly(alkyl 
methacrylates) and i n P S , films w i t h lDllM ratios less than 3.0 ± 0.5 
were optically clear although those w i th larger values were cloudy 
(26). The present results are consistent wi th these observations. A 
detailed model of the significance of the absolute value of IDIIM i n the 
blends is under study (31). The important point for this work is that, 
although a l l of the P 2 V N / P S blends are optically clear, the same qual 
itative increase i n ID/IM w i t h increasing host molecular weight is ob
served i n both host systems. Apparently, phase separation is occurring 
i n both cases. Thus , excimer fluorescence is sensitive to phase sep
aration, w h i c h is not apparent from the optical quality of the 0.3% 
P 2 V N / P S b lend. 

To obtain a better understanding of the morphological state of the 
blends wi th the low molecular weight hosts that exhibit clear films 
and low values of ID/IM, D S C was employed to search for mult ip le 
glass transitions. Figure 4 presents D S C thermograms of the pure 
polymers PS (2200), P M M A (2500), and P 2 V N (70,000). The glass 
transition temperatures, as determined from the midpoint between 
the arrows designating deviation from the low- and high-temperature 
heat capacity slopes, are 60 °C for P M M A (2500), 64 °C for PS (2200), 
and 152 °C for P 2 V N (70,000). Unfortunately, as noted earlier, D S C is 
totally insensitive to the existence of mult ip le phases i n the low-
concentration regime of interest for the fluorescence work. As a result, 
it was necessary to increase the amount of P 2 V N i n the blends to 35 wt % 
to detect two separate phases, should they exist. Because these blends 
are two orders of magnitude more concentrated i n P 2 V N than those 
examined i n the fluorescence work, the experiment presents a stringent 
test of misc ib i l i ty of the low molecular weight host systems. 

Thermograms for 35% blends of P 2 V N (70,000) w i t h P M M A 
(2500) and PS (2200) are shown i n Figure 5. The lower curve indicates 
that the P 2 V N (70,000)/PS (2200) b l end is misc ible because a single, 
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0.7 

0.1 20 60 100 
TEMPERATURE(°C) 

140 180 

Figure 4. Heat capacity, C p , of unblended polymers vs. temperature 
for samples heated at 20 °C/min. Curve A, PMMA (2500); Curve B, PS 
(2200); and Curve C., P2VN (70,000). Curve C is true; the other curves 
have been displaced 0.1 callg °C from the curves immediately beneath 

them. (See text for scheme used to locate the arrows.) 

0.5 ι 

0, I 1 1 1 1 
40 60 100 140 180 

TEMPERATURE (°C) 

Figure 5. Heat capacity, C p , of solvent-cast blends containing 35 wt % 
P2VN (70,000) vs. Τ for samples heated at 20 °C/min. The second compo
nent of the blend is given for each curve. The upper curve [PMMA 
(2500)] has been displaced 0.1 callg °Cfrom the lower curve [PS (2200)]. 
The upper temperature arrow for the P2VN/PS blend is found by ex
trapolating the data between 80 and 95 °C and the data above 145 °C. 
Other transition arrows are located using the same scheme as for 

Figure 4. 
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42. S E M E R A K A N D F R A N K Excimer Fluorescence 765 

broad transition having Tg = 91 °C., w h i c h is intermediate between the 
transitions of the unblended polymers, is shown. In addition, this 
b lend was optically clear. O n the other hand, the b lend containing low 
molecular weight P M M A proved to be immisc ib le , as shown i n the 
upper curve of Figure 5. Transitions at 75 and 125 °C were observed i n 
the D S C trace. Although this b lend was hazy and white , the fact that 
the transition temperatures of P M M A and P 2 V N i n the b lend are 
shifted toward each other indicates a small degree of mix ing . Th i s 
solvent-cast b lend was originally clear before it was heated i n prepa
ration for the D S C experiments. 

The relevance of the D S C results for 35% P 2 V N blends to the 
misc ib i l i ty of 0.3% P 2 V N blends requires extrapolation of tempera
ture and concentration. The D S C results are interpreted to indicate 
that the 0.3% P 2 V N / P S (2200) b lend is miscible, and the correspond
ing b lend wi th P M M A (2500) is nearly miscible . The deviation from 
misc ib i l i ty i n the latter case presumably is reflected i n the increase i n 
IDIIM at low host molecular weight. 

The major difference between the fluorescence technique and 
the use of optical clarity should now be apparent: P 2 V N / P S (> 15,000) 
blends appear immisc ib le using excimer fluorescence, and appear 
miscible (clear) under vis ible light. Furthermore, for identical molec
ular weight, P M M A blends are less miscible than PS blends. A small 
domain size i n the P 2 V N / P S blends probably is responsible for the 
insensitivity of the optical technique, although a small refractive index 
difference between P 2 V N and PS may also be a factor. Data for the 
refractive index of P 2 V N were unavailable. Nevertheless, the fluores
cence technique w i l l be more sensitive to phase separation than a 
l ight scattering method i n such cases. Al though l ight scattering is s t i l l 
the most flexible technique for studying low-concentration blends 
because neither polymer is required to be fluorescent, this study pro
vides additional evidence for the proposal that excimer fluorescence 
can signal immisc ib i l i ty before conventional techniques are able to 
detect such a change. 

Correlation of P 2 V N Fluorescence and Solvent Content D u r i n g 
Casting. In the previous section, the blends were treated as binary 
systems, i n spite of the fact that residual solvent is l ike ly to remain i n 
the solvent-cast f i lms. Because the presence of residual solvent has a 
strong plasticizing effect on the Tg of the b lend and, i n addition, the Tg 

values of the host polymers vary over a 60 °C range, it is quite possible 
that there may be kinet ical ly caused differences i n the glassy blends 
that are cast at the same temperature. The objective of this section is to 
examine the solvent-casting process i n more detail , w i th particular 
attention to the solvent concentration at w h i c h the phase structure of 
the resulting b lend is fixed. The fluorescence behavior and the sol-
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vent evaporation were monitored continuously, i n separate experi
ments, during the casting of 0.6 wt % blends of P 2 V N w i t h PS (2200), 
PS (233,000), P M M A (2500), and P M M A (180,000). 

In the first set of experiments, glass slides used as f i lm substrates 
were mounted horizontally i n the spectrofluorometer sample chamber 
and a casting solution prepared i n the usual manner was spread onto 
the slide at time zero. Although the basic spectrofluorometer has been 
described previously (24), the sample i l luminat ion optics had to be 
modif ied to al low front face excitation i n the horizontal plane. A spec
tral scan, lasting 2 m i n , was begun immediately. A l l spectra were 
taken w i th exciting l ight at 290 nm and were not corrected for instru
mental response. Repeat scans were made at intervals of 10 m i n or 
more, w i th the sample uni l luminated between scans. N o attempts 
were made to exclude oxygen from the casting solution or sample 
chamber. 

In these experiments, the fluorescence ratio lDIIM is expected to 
be init ia l ly large because, i n f lu id solution, backbone rotations i n 
P 2 V N facilitate rapid sampling of conformations (both excimer-
forming and non-excimer-forming). Th is process effectively moves 
the small number of E F S to the excited aromatic rings. W h e n 
backbone rotations slow down relative to the lifetime of the excited 
r ing, the fluorescence ratio should decrease. Energy migration, w h i c h 
is less important i n f lu id solution, then becomes the sole mechanism 
for transferring electronic energy to the E F S . Consequently, the fluo
rescence ratio decreases as long as no phase separation occurs. I f 
phase separation does occur, however, the ratio should increase owing 
to an increased number of excimer-forming sites. These opposing ef
fects w i l l control the fluorescence ratio of an immisc ib le b lend during 
the casting process. 

The fluorescence results for P 2 V N blends w i th low and high mo
lecular weight PS and P M M A are presented i n Figure 6. As expected, 
a l l blends exhibit a sharp drop i n IDIIM between 10 and 20 m i n of 
drying time. Th is behavior also is shown by the double-ring model 
compound for P 2 V N , w h i c h is jSjSDNP. The fluorescence behavior of 
/3/3DNP i n PS (2200) was identical to the behavior observed i n the 
other three polymer hosts. After the fluorescence freeze i n point, 
small , noticeable decreases i n the ratio for a l l P 2 V N blends were 
observed up to 100 m i n of drying time. L i t t l e change was observed i n 
the fluorescence behavior between 100 m i n and 24 h except for the 
P M M A (2500) sample, w h i c h showed a modest decrease i n the ratio 
and for the PS (233,000) sample, w h i c h showed a slight increase i n the 
ratio. After 24 h , a l l blends were optically clear except the P M M A 
(180,000) host, w h i c h had a b lu i sh tinge. 

In the second experiment, a weight-loss study was performed to 
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Oh 

1 U X H > D - D • 

iv......._. 

-Δ-Δ 

ΧΔ-Δ-Δ-Δ-Δ-Δ-
2 0 4 0 60 8 0 

TIME (MINUTES) 
1 0 0 ^ 4 4 0 

Figure 6. Fluorescence ratio, lO/lM, of solvent-cast blends containing 0.6 
wt % P2VN (70,000) or ββΌΝΡ vs. drying time. P2VN blends with PS 
(2200), O; PMMA (2500), •; PS (233,000), Φ; PMMA (180,000), •. 
ββΌΝΡ blends with any of the preceding polymers, A. All casting solu
tions initially contain 8 g/dL polymer in toluene. (See Figure 7 for more 

details.) 

estimate the solvent concentration as a function of time i n the fluores
cence casting experiment. To do so, a sample slide was placed on the 
pan of a Sartorius model 2432 balance, and a casting solution contain
ing PS (233,000) was spread onto the slide i n a manner identical to the 
fluorescence study. The weight of the solvent-cast f i lm subsequently 
was recorded vs. t ime. W h e n other host polymers were used, virtual ly 
no change i n the dry ing behavior was observed. D u r i n g the first 20 
m i n of drying, a constant rate of solvent evaporation (in mass per time 
unit) was recorded. I f the balance chamber were airtight, then the 
amount of toluene vapor contained i n the chamber after one f i lm had 
been cast and completely dr ied wou ld be only one-sixth of the amount 
contained i n the chamber when f i l l ed w i th toluene-saturated air. 
Thus , the solvent evaporates into essentially toluene-free air, as re
flected by the constant dry ing rate. Al though the sample chamber of 
the fluorescence spectrometer is only one-half as large as the balance 
chamber, constant-rate dry ing also is expected for the fluorescence 
samples. 

The concentration of solvent i n the blends during the fluorés-
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0 2 0 4 0 60 8 0 

Τ Ι ME (MINUTES) 

Figure 7. Solvent content and estimated glass transition temperature 
for a solvent-cast PS (233,000) film vs. drying time. Solvent content and 
T g are given on the left and right ordinates, respectively. Glass transi

tion temperatures are computed using Equation 1. 

cence study of the casting process can be estimated from these 
weight-loss measurements, w h i c h are given i n Figure 7. Also shown 
are estimates of the glass transition temperature for the P S - t o l u e n e 
solution during drying. These temperatures were calculated from 
Equat ion 1, w h i c h is an empirical K e l l y - B u e c h e equation drawn 
from the data of Adachi et a l . (32): 

TQ = 373 
1 + 0.13K; 

1 + 2.22u; (1) 

i n w h i c h T0 is the glass transition temperature i n Κ and w is the weight 
fraction of solvent. Although these temperatures are l iable to have an 
error of ±50 °C., they should provide an estimate of the effective cool
ing rate, that is, how rapidly the Tg of the P S - t o l u e n e solution i n 
creases w i t h t ime. As seen i n F igure 7, the dry ing f i lm changes 
rapidly between 15 and 30 m i n elapsed drying t ime, going from 80% 
to 20% solvent and showing an increase i n Tg of 110 °C. The effective 
cool ing rate is about 10 °C/min. 

Analysis of the dynamics of the guest -host co i l interaction as the 
solution becomes more concentrated on solvent evaporation w i l l not 
be dealt with i n this chapter. Rather, the important point of interest is 
to characterize the point at w h i c h phase separation occurs i n the ter
nary system. Comparison of the weight loss and lDllM measurements 
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shows that the decrease i n ID/IM coincides closely w i t h the loss of 
solvent and subsequent increase i n Tg. The high rate of decrease i n 
both parameters and the slight ambiguities associated w i t h use of two 
different, albeit similar, dry ing environments make it difficult to state 
precisely the solvent content i n the f i lm at the time that ID/IM becomes 
fixed. A realistic lower l imi t w o u l d be that present after 25 m i n , about 
25 wt %. The upper l imi t is more difficult to discern, but it could be as 
large as 60%. Although a more detailed study of the nonequil ibrium 
aspects of the casting process is necessary, analysis of the ther
modynamics of the resulting solvent cast b l end must expl ic it ly i n 
clude the residual solvent. A first attempt at this analysis was made 
recently (33), and the effects of other casting solvents now are be ing 
studied (34). 

Summary 
Solvent-cast blends containing 0.3% P 2 V N i n both PS and P M M A 

hosts were examined using the techniques of optical clarity, DSC., and 
excimer fluorescence of the P 2 V N component. The results of the dif
ferent methods are compared i n Table I. L o w e r i n g the molecular 
weight of the host polymer appears to encourage b lend misc ib i l i ty , 
but the effect is relatively minor compared to differences i n misc i 
b i l i ty caused by chemical ly different host polymers. The results ob
tained using the fluorescence technique are consistent w i t h previous 
studies and add support to the interpretation that changes i n the fluo
rescence ratio precede v is ib le signs of phase separation. The fluo
rescence study of the solvent-casting process showed that most phase 
separation occurs before the solvent concentration drops below 25%, 
at w h i c h point the backbone motions of the P 2 V N guest become i n 
frequent on a nanosecond timescale. 

Table I. M i s c i b i l i t y of 0.3% P 2 V N Blends Cast from Toluene 
Technique 

Host 
(Molecular Weight) Optical DSCa Fluorescence 

PS(< 15,000) 
PS(> 15,000) 
P M M A ( < 15,000) 

c lear 6 

clear 6 

clear 

miscible 
c 

immisc ib le 

P M M A ( > 15,000) cloudy 

miscible 
immisc ib le 
partially 

miscible 
very 

immisc ib le 
a P 2 V N is not detectible at 0.3%; D S C blends are annealed at 150 °C. 
b Refractive index difference may be small e n o u g h to feign misc ibi l i ty . 
c Glass transition temperatures o f b l e n d polymers are not sufficiently different. 
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for heat capacity measurement . 202 

Additives 18 
Adsorption 272,313 

at the gas-liquid interface 274 
selective 274 

Adsorption mechanisms, gel 
permeation chromatography . 288 

Aggregation, microscopic 87 
AlBN—See 2,2'-Azobis(isobuty-

ronitrile) 
n-Alkanes 
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mismatch 524/ 

C H 2 splitting 523 
longitudinal acoustic modes 504/ 
Raman spectrum 521 

Alkyd amino-based resin 250 
Aluminum siding defect, 

cross-section 371/ 
Anelastic behavior 5 
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corrections 413i 
Aquapore 346 
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efficiency 355 
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plate height dependence 356 
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Aqueous size exclusion—Continued 
solute-support interactions . . . . 349-51 
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temperature dependence 212-14 
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determination 84 
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thermally stimulated current 
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Atactic polypropylene, 1 3 C NMR 
spectra 423/ 

Automated dynamic mechanical 
testing 1-23 

acoustic energy absorption . . . . 13 
dielectric methods 7-10 
frequency variation 14 
porous substrates 20 
resolving power 15-19 
resonant-type apparatus 14 
specimen types lit 
temperature ranges 11* 
temperature vs. frequency 11-12 
testing frequency 13-15 
thermally stimulated creep . . . . 6-7 
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interfaced with a computer . . . . 33/ 
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scheme 29/ 

Autovibron 109-22 
block diagram 112/ 
instrumentation 110-13 
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sample tension control 113 
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decomposition 239 
thermal decomposition kinetics . 240i 
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wax 411 

η-Beam dynamical scattering . . . .410-12 
Beers law 291 
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Bis ( 4-aminophenyl ) methane— 
Continued 

reaction kinetics for curing 92i 
Blends, polymer, shear data 

results 160-61 
Block copolymers, identification . . . 180 
Boltzmann exponential function . . . 213 
Braid, use in torsion pendulum . . . 30 
Braid specimens, unimpregnated . . 31/ 
Branching in polyvinyl chloride, 

determination by 1 3 C NMR .. 429 
Broad-distribution polymers 

separation with surfactant 276i 
separation without surfactant . . . 276f 

C 
1 3 C-NMR chemical shifts 

fluoropolymer microstructures .441-53 
γ effect method 443 

1 3 C-NMR relaxation data, poly-
tetrafluoroethylene 460/ 

1 3 C-NMR relaxation studies, proton-
decoupled 

glass temperature studies 468 
studies of secondary relaxation 

processes 468 
1 3 C-NMR relaxation times 

cross-linked styrene/ chloro-
methylstyrenes 477i 

polypropylene 458/ 
polytetrafluoroethylene 461/ 

1 3 C-NMR spectra 
atactic polypropylene 423/ 
fibrous proteins 481 
high-pressure polyethylene 428/ 
hydrophilic polymer gels 481 
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elastomers 434/, 436/, 437/ 
polystyrene, cross-linked with 

divinylbenzene 480/ 
polyvinyl bromide 425/ 
polyvinyl chloride 425/ 

reduced 431/ 
proton-decoupled polypropylene 458 
relation to glass temperature . . . 470i 
of cross-linked poly( styrene-co-

chloromethylstyrene ) gels .475-83 
of cross-linked styrene/chloro-

methylstyrenes, line widths . 477i 
1 3 C-NMR spectroscopy 

conformational dependence . . . 422-28 
dependence on stereochemical 

configuration 422-28 
d-effect model 422 
of Hytrel thermoplastic 

elastomers 433 
sensitivity 422,453 
structural and dynamic 

characterization 421-39 
1 3 C-NMR spectrum 

poly(fluoromethylene) 445/ 
poly ( trifluorethylene ) 447/, 450 

1 3 C-NMR spectrum— 
Continued 

poly (vinyl fluoride) 446/, 450 
poly(vinylidene fluoride) 444/ 
triple-resonance, poly(fluoro-

methylene ) 449 
13C-spin-lattice relaxation time . . . 456 

polypropylene 459 
Calcium oxalate, decomposition . . 239 
Calcium oxalate monohydrate 

decomposition 239 
DSC thermogram 238/ 

thermal decomposition kinetics . 239i 
Calcium stéarate 

Raman spectra 397/ 
scanning electron micrograph . . 396/ 

Calcium zinc phosphate 
pretreatment 

energy dispersive x-ray analysis . 378/ 
scanning electron microscopy . . 378/ 

Calibration index, torsion impreg
nated cloth analysis 75/ 

Calibration methods, size exclusion 
chromatography 317-20 

Calorimeters 
constant heating rate 196 
twin 196 

Can, formation , 86 
Capillary viscometers 167 
Carbon-epoxy laminate 

dynamic tests 140 
in-phase stiffness 143/, 145/ 
load-control dynamic test 141/ 
out-of-phase stiffness 144/, 146/ 

Carbon rotating frame relaxation 
times 456 

Carbon tetrachloride 
depolarization ratios 393i 
polarized Raman spectra 392 
use 391 

Casket varnish coatings, conversion 
curves 251/ 

Casket varnish explosion 250 
kinetics 250i 

CCD—See Copolymer composition 
distribution 

Can coating substrate corrosion . . 379 
Can coatings 

deformation 86 
dynamic mechanical analysis . .. 88/ 
overbaking 89 
performance properties 85 

Centro symmetric deformation . . . 140 
CH stretching modes 521 
CHa, heat capacity contribution . . 203i 
Chain lengths, determination by 

longitudinal acoustic mode . . 503 
Chain molecular structure, by 

vibrational spectroscopy .. .487-531 
Chemical shift anisotropy 468 
Chloroform 476 
Chromatographic supports, high-

performance aqueous 356 
CHT—See Continuous heating 

transformation cure diagrams 
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Clear coating 
defects by SEM 372/ 
on reflective metal substrates 

energy dispersive x-ray 
analysis 371 

scanning electron microscopy . 370 
Closed-loop load control, 

Dynastat 135 
COO - , heat capacity contribution . 206i 
Coating defect, scanning electron 

microscopy 379/ 
Coating-steel substrate interactions 88/ 
Coatings, metal substrate 

pretreatment 374 
Coatings systems 247-50 
Coll-Prusinowski calibration curve 

dextrans 355/, 357/ 
sodium polystyrene sulfonate 355/, 357/ 

Coll-Prusinowski method, for 
aqueous SEC 352 

Complex dynamic viscosity 126 
Composition distribution, orthog

onal chromatography 281 
Composition fractionation, molec

ular size effects 335/ 
Compression-molded polydimethyl-

siloxane copolymers, 
mechanical properties 186i 

Condensed phase kinetics, applica
tion of Arrhenius equation . . . 212 

Condensed phase polymer systems, 
Arrhenius equation 
application 213 

Conformational disorders 500, 506 
by vibrational spectroscopy . .. 502-12 

Conformational distortions, treat
ment by numerical technique . 506 

Conformational mobility of poly-
methylene chains 

calculated resonance frequencies 5l4f 
resonance modes 512-14 

Constant heating rate calorimeters 196 
Constant heating rate experiments, 

thermogravimetry 226-31 
Continuous heating transformation 

cure diagrams 58 
features 61 
of thermosetting epoxy 61/ 

Conversion factor, integral methods 217 
Conversion function 

determination 231 
model equation 214 

Copolymer composition distribution 316 
calculation 292 

Copolymer property distributions 
ternary diagram 284/ 
use of ternary diagram 283 

Copolymers, heterogeneity 103 
Copper deposit 

energy dispersive x-ray 
analysis 373/, 374/ 

metallic, by SEM 371/ 
Correlation times, calculation 470 
Couette viscometer 150 
CP—See Cross-polarization 

Crack resistance, gel coat systems . 90 
Craze fibril extension ratio, vs. 

distance along craze 405/ 
Craze fibrils, volume calculation .. 403 
Craze formation 401 
Craze midrib 403 
Craze opening displacement profile, 

vs. distance along craze 405/ 
Craze surface stress profile 406/ 
Crazes 401 

growing 403 
self stress, computation 402 
transmission electron micrograph 402/ 

Creep compliance 124 
Creep test 124 
Critical pigment volume 

concentration 364 
effect on paint properties 364 

Cross-fractionation, orthogonal 
chromatography 287/ 

Cross-linked polystyrene gels, effect 
of cross-linking on 1 3 C-NMR 
spectra 481 

Cross-linked poly(styrene-co-
chloromethylstyrene ) gels, 
1 3 C-NMR spectra 475-83 

Cross-linked polystyrenes 
aromatic and aliphatic 1 3 C-NMR 

signals 478i 
use 476 

Cross-linked styrene copolymers, 
heterogeneity . .. 482 

Cross-linked styrene/ chloromethyl-
styrènes 

1 3 C-NMR relaxation times 477f 
line widths in 1 3 C-NMR spectra . 477i 
nuclear Overhauser enhancement 477i 

Cross-linking, in aromatic region 
of the spectra 476 

Cross-linking effects 
on line widths 479 
on nuclear Overhauser 

enhancement 479 
Cross-polarization 456 

magic angle spinning, line width 468 
Cross-relaxation time 456 
Crystal formation, in dilute solution 464 
Crystal structure analysis 414-15 

corrections 414 
Crystalline regions 459 
Crystallinity influence, on super-

molecular structure 464 
Crystallinity, determination with 

factor group splitting 499 
13C-scalar proton-decoupled 

NMR 463-73 
CSD—See Centro symmetric 

deformation 
Cured resins, characteristic 

parameters 50t 
Curing agents, indication of 

reactivity difference 62 
Curing studies 65 
Cyclohexane 181 
Cytosine, η-beam dynamical 

calculations 411 
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D 
Datalyzer 138 
DecaHn, preparation for ultrahigh 

molecular weight poly
ethylene characterization . . . . 173 

Defects, resonance 507 
Degradation 211 

initial stage, activation energy . . 230 
loss of volatiles 220 

Degradation reactions, kinetics 
modeling 213 

Degree of cure 82 
relationship to temperature 

rate of cure 84/ 
Detector response, dual detector gel 

permeation chromatography . 283 
Devitrification 58 
Dextrans 346 

Coll-Prusinowski calibration 
curve 355/, 357/ 

elution volume plots 353/ 
sodium hydroxide effects 

on SEC 354/ 
Dielectric bridge 9 
Dielectric loss peaks 5-6 
Dielectric methods, dynamic 

mechanical testing 7-10 
Dielectric quantities β 
Dielectric stress, polar polymer . . . 5 
Differential scanning calorimetry 

See also Differential thermal 
analysis 

below the glass transition 
temperature 245 

cure kinetics 92 
electrical calibration heat pulses 197 
error in heat capacity 

measurements 198 
experimental conditions 82 
of flexible, linear macro

molecules 195-208 
group vibration contributions . . . 200 
handicaps 196 
heat capacity contribution, 

COO" 206* 
history 196-97 
instrumentation 197-98 
isothermal, vs. single tempera

ture scan kinetics 240 
isothermal mode 245 
multiple dynamic temperature 

scans 234 
polydimethylsiloxane-polystyrene 

copolymers 186 
schematic of an exothermic peak 235/ 
single dynamic temperature 

scan 234-37 
method 233-53 

skeletal vibrations 207 
temperature measurement 196 

Differential thermal analysis 234 
See also Differential scanning 

calorimetry 
data analysis methods 237-39 

Diffusion coefficient, separation by 265 
Dilute solution viscosity 167 
Dimethylsiloxane-styrene 

copolymers 
characterization data 182i 
molecular weight distribution . . 182 
morphology and properties . . . 179-91 

Dipole moment 450 
Direct-reading viscoelastometer . . . 109 
Disorder, conformational 500 
Disordered polymers, by vibrational 

spectroscopy 500-5 
Dispersion curves 

calculation 491 
derivation 492 
polyethylene 513/ 
in three-dimensional polymers .. 496 

Displacement control, Dynastat . . 140 
Displacement transducers 135 
Divinylbenzene cross-linking of 

styrene copolymer gels 475 
DMA—See Dynamic mechanical 

analyzer 
DMTA—See Dynamic mechanical 

thermal analysis 
Donnon equilibrium 351 
DSC—See Differential scanning 

calorimetry 
Dual calibrations 317 
Dual detector gel permeation 

chromatography 
copolymer analysis 282/ 
detection problems 283 
detector response 283 
fractionation 283-90 

problems 283 
problems 283 

DVB—See Divinylbenzene 
Dynalyzer 137 

frequency range 137 
Dynamic, definition 149 
Dynamic heating rate methods . .. 226 
Dynamic loss moduli, calculation . 6 
Dynamic mechanical analysis 

can coatings 88/ 
coating failure analysis 93 
high-solids coatings 91/, 92/ 
styrene-acrylic-acrylonitrile 

terpolymer 88/ 
torsion pendulum 30 

Dynamic mechanical analyzer, for 
characterization of organic 
coatings 77-94 

comparison with torsion 
pendulum 84-85 

cure kinetics 92 
experimental conditions 80, 82 
exterior latex 85, 86/ 
gel coat system 89 
instrumentation 78-80 
polymer-coated metal strips . . . . 21 
reaction kinetics 82-84 
relative modulus profile 83/ 
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INDEX 777 

Dynamic mechanical analyzer, 
for characterization of 
organic coatings— 
Continued 

scheme 81/ 
supports 82-84 

Dynamic mechanical data, common 
terms and symbols 7* 

Dynamic mechanical equipment, 
competitive techniques 6-10 

Dynamic mechanical peaks 5-6 
Dynamic mechanical spectra 

frequency effects, Minion 12T . . 120/ 
poly (vinyl chloride) . .114/, 115/, 117/ 
thermosetting epoxy 42/ 
water effects, Minion 12T 121/ 

Dynamic mechanical 
spectroscopy 109-22 

in-phase components 113 
instrumentation 110-13 
problems 113 
quadrature components 113/ 
sample tension control 113 

Dynamic mechanical testing 
frequency variation 14 
heating effects 5 
use of instrumentation 6 

Dynamic mechanical testing, 
automated 1-23 

acoustic energy absorption 13 
dielectric methods 7-10 
frequency variation 14 
porous substrates 20 
resolving power 15-19 
resonant-type apparatus 14 
specimen types 11* 
temperature ranges 11* 
temperature vs. frequency 11-12 
testing frequency 13-15 
thermally stimulated creep 6-7 

Dynamic mechanical thermal 
analysis 99 

Dynamic melt viscosity data, 
common terms and symbols . . 7* 

Dynamic modulus, relation to 
dynamic stiffness 130 

Dynamic spring analysis 13 
Dynamic stiffness 

in-phase and out-of-phase 
components 142/ 

relation to dynamic modulus . . . 130 
Dynamic viscosimeter 20 
Dynamic viscosity, complex 126 
Dynamical scattering, n-beam .. .410-12 
Dynastat 

closed-loop load control 135 
displacement control 140 
load control 140 
overshoot 138 
system 133,134/ 

load cell 133 
Dynatherm 136 

servo settings 136 

£ 
EDXRA—See Energy dispersive 

x-ray analysis 
Elastic, Hookean 125 
Elastic behavior, molecular 

weight effects 159 
Elastic crystal bending 412-14 
Elastic samples, machine 

compliance 132 
Elasticity, stress-strain plots 5/ 
Elastomeric properties, cure 

temperature 35 
Electrical field-flow fractionation . 265 

retention parameter 265 
Electron beams, high-energy, 

comparison to x-ray beams . . . 410 
Electron crystal structure analysis . 411 

See also Electron diffraction 
linear polymers 409-15 

Electron diffraction 409 
elastic bending correction 414 
Lorentz factor corrections 414 
mosaic block size 411 
underutilization 410 
use of kinematical 

approximation 410 
Electron microscopy, mounting 

nonconductive samples . . . . . . 384 
Electrophoretic mobility, 

separation by 265 
Electrostatic repulsion, effects 

in SEC 350 
End-to-end distance 450 
Energy of activation, calculation 

from a single DSC scan 235 
Energy barriers 213 
Energy dispersive x-ray analysis 

calcium zinc phosphate 
pretreatment 378/ 

clear coatings on reflective 
metal substrates 371 

copper deposit 373/, 374/ 
organic coatings analysis 363-82 
sample preparation 382 
zinc phosphate 

with calcium pretreatment . . . 375/ 
without calcium pretreatment 376/ 

zinc phosphate pretreatment 
with chrome rinse 377/ 
without chrome rinse 377/ 

Epitaxial crystal growth, in diffrac
tion data collection 412 

Epon 825 
curing with bis(4-aminophenyl)-

methane 93 
reaction kinetics for curing 92* 

Epoxy acrylic graft copolymers, 
water-borne 87 

Epoxy resin, torsion impregnated 
cloth analysis results 69/ 

Epoxy systems, fully cured, 
torsional braid analysis 
spectra .45/, 46/ 
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778 POLYMER CHARACTERIZATION 

Epoxy-amine reaction, conversion 
curves 93/ 

Epoxy-amine systems, thermoset
ting, time-temperature-trans
formation cure diagrams 27-63 

Epoxy-polyester powder coatings, 
cure kinetics 247 

Equation of motion 490 
Ethylene-propylene copolymers, 

composition effects on elution 
behavior 316 

Ethylene-vinyl acetate copolymer 
crystallinity level changes 103 
loss peak position 103/ 
PL-dynamic mechanical thermal 

analysis 102 
2-Ethyl-4-methylimidazole 

isothermal heats of reaction . . . . 243i 
reaction with phenyl glycidyl 

ether 241-42/ 
Extent of conversion, fractional . .. 236 
Exterior latex 

dynamic mechanical analyzer .. 85, 86/ 
logarithmic decrement 85/ 
shear modulus 85/ 
torsion pendulum results 85 

External computer control, PL-
dynamic mechanical thermal 
analyzer 97,98/ 

F 
1 9 F-NMR chemical shifts 

fluoropolymer microstructures .441-53 
observed vs. calculated 450 
sensitivity to microstructure . . . . 443 

1 9 F-NMR spectra, poly(vinylidene 
fluoride) 448/ 

1 9 F-NMR spectroscopy 
conformational dependence . .. 422-28 
dependence on stereochemical 

configuration 422-28 
polyfluoromethylene 427/ 
sensitivity 453 
structural and dynamic 

characterization 421-39 
1 9 F-NMR spectrum 

poly(fluoromethylene) 449/ 
poly(trifluoroethylene) 452/ 
poly (vinyl fluoride) 451/ 

Factor group splitting 497,499 
in polyethylene, scheme 498/ 
polymethylene chains 497 
in three-dimensional polymers . . 522 

Factor-jump method, automation . . 220 
Factor-jump thermogravimetry .209,219 

apparatus 220/ 
automation 224/ 

Fermi resonance(s) 
C H stretching region 519/ 
in polyethylene 516/ 
polymethylene chains 515,520/ 
in polymethylene 517/ 

FFF—See Field-flow fractionation 

Fibril formation process 402 
Fibrous proteins, 1 3 C-NMR spectra 481 
Field-flow fractionation 257-69 

advantages 259 
apparatus 267 
electrical 265 

retention parameter 265 
flow 266-67 

retention parameter 266 
number of theoretical plates . . . 261 
retention 260 
retention ratio 260 
scheme 258/ 
sedimentation 265-66 

retention parameter 265 
selectivity and resolution 261 
separation theory 259 
thermal 262-65 

retention parameter 262 
zone spreading 261 

Film preparation, solvents 181 
Finite chains, determination of 

chain length by vibrational 
spectroscopy 502-5 

Five-layer laminate 
molecular optical laser 

examiner map 390/, 391/ 
Raman spectra 387/ 
SEM micrograph 386/ 

Flexible, linear macromolecules, 
differential scanning calorim
etry 195-208 

Flexural stress 80 
Flow field-flow fractionation 266-67 

retention parameter 266 
Fluorine nuclei, 7 effects 450 
Fluoropolymer microstructures 

1 3 C-NMR chemical shifts 441-53 
1 9 F-NMR chemical shifts 441-53 
spin-spin coupling 444 

Fluoropolymers, 7-gauche inter
actions 442/ 

Foam entrapment 91,92 
Foam fractionation 

apparatus 275/ 
attempted separations 272 
explanation 272 
foam generation 278/ 
in nonaqueous solvent 

systems 271-80 
polymethyl methacrylate 279 
polystyrene 279 
relevant literature 273i 

Foamate . 272 
Fractional extent of conversion . . . 236 
Fractionation complications 

gel permeation chromatography . 289 
orthogonal chromatography 289 

Fractionation mechanism, 
evaluation 322 

Fractionation 
dual detector gel permeation 

chromatography 283-90 
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INDEX 779 

Fractionation—C ontinued 
polystyrene 330/ 
size exclusion chromatography .321-24 
of styrene-n-butylmethacrylate 

copolymers 313 
Fractogram 259 
Fully cured epoxy systems, tor

sional braid analysis spectra . 45/, 46/ 
Furnace, rapid response 222/ 
Furnace inhomogeneity, thermo-

gravimetry 223 

G 
Gamma effect method, 1 3 C-NMR 

chemical shifts 443 
Gamma effect model 422 
Gamma interactions, use in predict

ing 1 3 C-NMR spectra 441 
Gamma interactions, gauche, 

fluoropolymers 442/ 
Gap mode 508 

in one-dimensional lattice 507/ 
Gas-liquid interface, adsorption 

theory 274 
Gel coats 89,248 

Arrhenius plot 249/ 
conversion curves 249/ 
reaction kinetics 250* 
varying application 

temperatures 249/ 
Gel coat system 

dynamic mechanical analyzer . . 89 
end-use performance 90 
stress-cracked, dynamic 

mechanical analysis 89/, 90/ 
Gel glass transition temperature .. 38 
Gel permeation chromatography 

See also Orthogonal chroma
tography 

adsorption mechanisms 288 
dual detector, copolymer 

analysis 282/ 
fractionation complications . . . . 289 
partition mechanisms 288 
quantitative detection and 

interpretation 290 
resolution index 289 
single homopolymer injection . .. 288 
spectra analysis 290 

Gelation, macroscopic, 
identification 58 

Gelation curve 62 
Gels, shear sandwich geometry . . . 97/ 
Glass braid, impregnation with 

a solution 28 
Glass temperature, relation to 

1 3 C-NMR spectra collapse . . . 470* 
Glass transition effect on heat 

capacity 
polyacrylates 202*, 203*, 204*, 205* 
polyalkenes 202*, 203*, 204*, 205* 

Glass transition region, torsion 
impregnated cloth analysis . . . 69 

Glass transition temperature 35 
calibration method 73-76 
gel 38 
thermosetting epoxy 48/, 49/ 

Glass-forming substances, collapse 
of backbone carbon resonances 468 

Glassy polymers 
plastic deformation 401 
viscoelastic characterization . . . . 133 

Glassy poly (methyl methacrylate ) . 136 
stress relaxation experiment . . . . 139/ 

Group vibration contributions^ 
differential scanning 
calorimetry 200 

H 
Heat capacities, development of 

addition scheme 201, 202 
Heptads, resolution 422 
Heterogeneity in copolymers 103 
Heterogeneous kinetics 210 
High-density polyethylene, 

Raman spectra 389/ 
High-energy electron beams, com

parison to x-ray beams 410 
High-performance aqueous chroma

tographic supports 356 
High-performance gel permeation 

chromatography 246 
High-performance liquid 

chromatography 281 
See also Orthogonal chroma

tography 
size exclusion mechanism 282 

High-pressure polyethylene 
branch composition 429* 
branch formation 430/ 
1 3 C-NMR spectra 428/ 

High-solids coatings, dynamic 
mechanical analysis . . . .90, 91/, 92/ 

High-temperature-low-shear 
viscometer 

apparatus 168-70 
scheme 169/ 
shear rate effects on viscosity . .. 175 
torque 171 
use 168-70 

Hookean elastic 125 
HPGPC—See High-performance gel 

permeation chromatography 
HPLC—See High-performance 

liquid chromatography 
η-Hydrocarbons, IR measurements 526 
Hydrodynamic volume 

dependence on comonomer 
content 314 

effective, equation 318 
methanol effects 332 
relation to molecular size 288 

Hydrogen bonding 313 
Hydrophilic polymer gels, 

* 3C-NMR spectra 481 
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780 P O L Y M E R C H A R A C T E R I Z A T I O N 

Hysteresis loop 5 
Hytrel thermoplastic elastomers . . . 433 

1 3 C-NMR spectra . . . .434/, 436/, 437/ 
mobile domains 433-35 
rigid domains 435-39 

I 
Inclusions 395 
Infinite perfect polymers, by 

vibrational spectroscopy . . . 488-500 
Initial stage of degradation, 

activation energy 230 
Initiation 212 
Intensity parameters 526 
Intensity spectroscopy 514 
Interatomic distances, measurement 496 
Intermolecular coupling 497 

vibrational spectroscopy 491 
Intermolecular interactions 489 
Intramolecular forces 489 
Intramolecular mechanics, deter

mination from dispersion 
curves 492 

Ion exclusion 350-51 
Ion inclusion 351 
In-phase component, viscoelastic 

solids 128 
In-phase stiffness 143/, 145/ 
IR spectra, phonons 495 
IR spectroscopy 

polyvinylidene fluoride 496 
vibrational intensities ...525-28 

Isochronal plot, dynamic mechan
ical testing 11 

Isoconversional diagnostic plots % 209, 227 
disadvantages 228 
weight-loss kinetics 228 

Iso-cure state curves, from torsion 
impregnated cloth analysis .. 73 

Isothermal cure, thermosetting 
epoxy 41/ 

Isothermal curing 
of thermosetting systems 67-71 
uncured resin experiments 67 

Isothermal differential scanning 
calorimetry 

kinetics vs. single temperature 
scans 245t 

single temperature scan kinetics . . . 240 
Isothermal experiments, 

thermogravimetry 226-31 
Isothermal plot, dynamic 

mechanical testing 11 
Isotopic dilution, in vibrational 

spectroscopy 499 
Isoviscosity contour curve 35, 36/ 
Isoviscosity level . . 58 

Kelvin-Voight body 125 
Kinetic effect, loss peaks 71, 72/ 

Kinetics 
condensed phase, application of 

Arrhenius equation 212 
heterogeneous 210 
representative equation 210 
weight-loss 212 

Kinks 506 

L 
LALLS—See Low angle laser 

light scattering 
LAM—See Longitudinal acoustic 

mode 
Laminate, five-layer 

molecular optical laser examiner 
map 390/, 391/ 

SEM micrograph 386/ 
Latex paint 

pigment volume concentration 
by SEM 365/, 366/ 

scanning electron 
microscopy 365/, 366/ 

Latex, exterior 
dynamic mechanical analyzer .. 85, 86/ 
logarithmic decrement 85/ 
shear modulus 85/ 
torsion pendulum results 85 

Lattices with tridimensional 
disorder 522-25 

Light scattering 319 
Limiting viscosity number 

calculation 171 
indicator for molecular weight . . 167 
various viscometers 177£ 

Line widths 
in 1 3 C-NMR spectra of cross-

linked styrene/chloro-
methylstyrenes 477i 

component resolution 468 
cross-linking effects 479 
crystallinity dependence 467 
due to cross-links 476 
increasing decoupling power 

effects 468 
Linear, flexible macromolecules, 

DSC 195-208 
Linear polymers, electron crystal 

structure analysis 409-15 
Linear polystyrene, separation by 

thermal field-flow 
fractionation 263/, 264/ 

Linear variable differential 
transformer 80 

Linear viscoelastic methods 123 
Linear viscoelasticity, one-dimen

sional theory 124 
Liquid-to-rubber curve 36/ 
Liquid-to-rubber transition, 

activation energies 62 
Liquid-to-rubber transition curve . 56 
Lithium aluminum hydride 429 
Load control, Dynastat 140 
Longitudinal acoustic mode 

n-alkanes 504/ 
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INDEX 781 

Longitudinal acoustic mode—Continued 
chain length determination . . . . 503 
conformational irregularities . . . . 505 
frequency relationship 503 

Loss factor, equation 126 
Low angle laser light scattering 

detectors 319-20 
photometers 317 

Low conversion copolymers, size 
exclusion chromatography of . 340 

Low shear, high temperature 
rotational viscometer 167-78 

M 
Machine compliance, obtaining . . . 132 
Macroscopic gelation, identification 58 
Macro-Raman spectroscopy 383-84 
Magic angle spinning 419 

polypropylene 457/ 
proton-decoupled 457/ 

Magic angle spinning 1 3 C-NMR 
spectroscopy, variable 
temperature 455-62 

Main-chain scission process, 
kinetics investigation 230 

Mark-Houwink equation 318,321 
Mark-Houwink exponent 347 

ionic strength effects 352 
Mark-Houwink parameters 

determining 321 
estimation 332—34 

MAS—See Magic angle spinning 
Material response, defining 124 
Mechanical properties 

characterization, supports 82 
relationship to molecular 

structure 384 
Mechanical properties studies, 

thermosetting resins during 
cure 66 

Mechanical thermal analyzer, 
PL-dynamic 

application to polymer transition 
studies 95-108 

external computer control 108 
Megahertz spectral density, methyl 

protons contribution 459 
MEK—See Methyl ethyl ketone 
Melt viscosity data, dynamic, 

common terms and symbols .. 7i 
Melt yield stress, polystyrene 154/ 
Methanol, effect on hydrodynamic 

volume 332 
Methyl ethyl ketone 181, 334 
Micromechanical measurements, 

transmission electron 
microscopy 401 

Microscopic aggregation 87 
Microstructure, effects on 1 3 C NMR 443 
Mildew, scrubbed, scanning elec

tron microscopy 369/ 
Mildew defacement 367 
Mildew growth, scanning electron 

microscopy 368/ 

Minion 12T 121 
dynamic mechanical spectra 

frequency effects 120/ 
water effects 121/ 

MOLE—See Molecular optical laser 
examiner and Raman spectros
copy 

Molecular mobility, determining .. 99 
Molecular motion, characterization 455 
Molecular optical laser examiner 383-400 

dielectric beam splitter 390 
schematic of microscope 384/ 

Molecular optical laser examiner 
map, five-layer larriinate 390/ 

Molecular orientation 
determining 390 
effect on polymer properties . .. 390 

Molecular size 
effect on composition 

fractionation 335/ 
relation to hydrodynamic volume 288 

Molecular structure, relationship 
to physical properties 384 

Molecular weight 
determining 345 
relationship to molecular volume 347 

Molecular weight distribution 
calculation 313 
determining 345 

Monodisperse polyelectrolytes . . . . 346 
Motion equation 490 
Multiblock copolymers 

mechanical properties 185i 
morphology and properties . . . 179-91 

Multiplicity, vibrational 
spectroscopy 497 

MWD—See Molecular weight 
distribution 

Ν 
NaPSS—See Sodium polystyrene 

sulfonate 
Narrow-distribution polymers, sepa

ration, effect of orifice 
diameter 277i 

Negative eigenvalue theorem 
method 508 

NMR spectroscopy, introductory 
material 419-20 

NOE—See Nuclear Overhauser 
enhancement 

Nonaqueous solvent systems, foam 
fractionation 271-80 

Nonhomogeneous system, time-
temperature-transition cure 
diagrams ., 38 

Nonideal polymerization, 
consequences 500 

Nonisothermal data, analysis . . . 214,215 
Nonordered regions of semicrystal-

line polymers, 1 3 C-NMR 
studies 463-73 
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782 P O L Y M E R C H A R A C T E R I Z A T I O N 

Normalized absorption spectra, 
spectral shape changes 305/ 

Nuclear Overhauser enhancement . 456 
cross-linked styrene/chloro-

methylstyrenes 477i 
cross-linking effects 479 

Nuclear Overhauser enhancement 
factor, influence of crystal
linity parameters 465 

Numerical techniques, treatment of 
conformational disorders in 
vibrational spectroscopy 506 

Nylon fiber, polarized Raman 
spectra 393/ 

Nylons, melting 100 

Ο 
OC—See Orthogonal chroma

tography 
One-dimensional crystals 489 

dispersion curve calculation . . . . 492 
phonon frequencies 493 
by vibrational spectroscopy . . . 488-96 

One-dimensional lattice 
gap modes 507/ 
phonon modes 507/ 
resonance modes 507/ 

Optical branches 493 
Optical transducer 28 
Order of reaction, calculation from 

a single DSC scan 235 
Organic coatings 

metal substrate pretreatment . . . 374 
thermal mechanical property 

characterization . 77-94 
Organic coating analysis 

can coatings substrate corrosion . 379 
by energy dispersive x-ray 

analysis 363-82 
by scanning electron 

microscopy . 363-82 
Orientation of molecules 

determining 390 
effect on polymer properties . . . . 390 

Orthogonal chromatography . . . .281-310 
calculation of copolymer 

composition 292 
calculation of property 

distribution 292 
calibration 291 

absorbance ratios 306/ 
combining fractionation 

mechanisms 285-89 
complications 285 
composition distribution 281 

by summing slice contributions 308/ 
copolymer composition calculation 307/ 
cross-fractionation 285,287/ 
exclusion mechanism 299 
fractionation 285 
fractionation complications . . . . 289 
η-heptane concentration effects.. 296 

Orthogonal chromatography— 
Continued 

modified resolution index 
polymer concentration effect. . 301/ 

slice location effect 301/ 
peak separation 

polymer concentration effects . 300/ 
slice location effects 300/ 

polystyrene retention 299/ 
quantitative detection and 

intepretation 290,302 
retention times, η-heptane effects 296 
scheme of apparatus 286/ 
sequence length distribution . . . 281 
spectra analysis 290 

Orthorhombic polyoxymethylene, 
geometrical relationships . . . . 489 

Oscillatory experiment 149 
Out-of-band mode 508 
Out-of-phase stiffness 144/, 146/ 

Ρ 
Paint film, pigment volume con

centration effects 364 
Partition coefficient 313 
Partition mechanisms, gel permea

tion chromatography 288 
Partition of polymer solute 313 
PC—See Polycarbonate 
PDMS—See Polydimethylsiloxane 
PL-dynamic mechanical thermal 

analyzer 96/ 
aging characteristics studies . . . . 107 
application to polymer transition 

studies 95-108 
B-relaxation process 100 
clamping arrangement 97/ 
dynamic analyzer unit 96 
external computer control . 97, 98/, 108 
frequency selection 97 
instrumentation 96 
isothermal experiments 100 
polyethylene oxide 101/, 102/ 
poly(ethylene terephthalate) . . . 99 
rubber modified polypropylene 

films 106/ 
Shif factor 101 
temperature control 97 

PE-See Polyethylene 
Pentads, resolution 422 
Perfect polymer, assumptions . . . . 488-89 
PFgE-See Poly(trifluorethylene) 
PFM—See Poly(fluoromethylene) 
Phenyl glycidyl ether 

isothermal heats of reaction . . . . 243i 
reaction with 2-ethyl-4-

methylimidazole 241-42/ 
N-Phenyl-2-naphthylamine 173 
Phonon modes, in one-dimensional 

lattice 507/ 
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INDEX 783 

Phonons 493 
interaction with electromagnetic 

field 493 
IR spectra 495 
Raman spectroscopy 495 
in stretch-oriented sample 493 

Phospholipid system, Raman 
spectrum 521 

Physical properties, relationship to 
molecular structure 384 

Pigment volume concentration, 
critical 364 

effect on paint properties 364 
Pigment volume concentration 

ladders 364̂ -66 
Plastic deformation 402 
PMMA—See Poly (methyl metha-

crylate ) 
Polar polymer, dielectric stress . . . . 5 
Polarizability, changes 503 
Polyacrylates 

glass transition effect on heat 
capacity . . . 202*, 203*, 204*, 205* 

heat capacity contribution 
of CH 8 202*, 203* 

heat capacity contribution 
of C H 2 204*, 205* 

heat capacity measurements . . . . 200* 
Polyacrylonitrile, solvent use 

in SEC 325 
Polyalkenes 

glass transition effect on heât 
capacity 202*, 203*, 204*, 205* 

heat capacity contribution 
of C H 3 202*, 203* 
of C H 2 204*, 205* 

α-Poly [3,3-bis ( chloromethyl ) oxa-
cyclobutane], intensity data 
corrections 413* 

Poly(n-butyl methacrylate ) 
fractionation 293 
orthogonal chromatography 

column reordering effects .. 298/ 
separation by orthogonal 

chromatography .294r-95/ 
UV scans 303/ 

Poly( E-caprolactone), intensity 
data corrections 413* 

Polycarbonate, low-temperature 
loss peaks 9 

Polydimethylsiloxane 
crystalline melting point 186 
solution casting 185 
stress-strain behavior 185 

Polydimethylsiloxane copolymers, 
mechanical properties, com
pression-molded 186* 

Poly ( dimethylsiloxane-carbonate ) 
copolymers, glass transition 
temperatures 185 

Polydimethylsiloxane-polystyrene 
copolymers 183* 

Polydimethylsiloxane-polystyrene 
copolymers— 
Continued 

differential scanning calorimetry 186 
dynamic mechanical properties . 184/ 
electron micrographs 189/, 190/ 
glass transition temperature . . . . 187 
mechanical properties 185* 

Poly ( dimethylsiloxane-fc-styrene-fc-
dimethylsiloxane ) 

polymerization scheme 181/ 
stress-strain curves 187/ 
synthesis 180 
thermomechanical curves 188/ 

Polyelectrolytes 
detenriination of molecular 

weight 348 
electrostatic repulsion effects . .. 350 
local chain stiffness in solution . . 348 
separation by size exclusion 

chromatography 347 
in solutions of low ionic strength 349 

Polyester(s) 
determining crystallinity 389 
melting 100 

Polyester-melamine coating, 
dynamic mechanical analysis . 90 

Polyethylene 
acoustical branches 503 
branching 42δν=53 
1 3 C Fourier transform NMR 

spectra 469/ 
CD 2 rocking gap modes 513/ 
chemical repeat unit 489 
1 3 C-NMR spin-lattice relaxation 

times 465* 
crystallographic repeat unit . . . . 489 
deformation resonance modes . . 513/ 
dispersion branch . . . . . . . . . . . . 504/ 
dispersion curve 494/, 513/ 
factor group splitting, scheme . . 498/ 
high density, Raman spectra . . . 389/ 
high-pressure 

branch composition 429* 
branch formation 430/ 
1 3 C-NMR spectra 428/ 

line widths 467 
melt stress vs. strain curves . . . . 158/ 
nuclear Overhauser enhancement 467 
nuclear Overhauser enhancement 

factor 465 
Raman spectrum 518/ 
recoverable strain vs. time 159/ 
resonant line width 469/ 
scheme of Fermi resonances . . . 516/ 
shear data results 157-59 
spin-lattice relaxation time . .465,466* 
surface defect 509 
temperature effect on 

crystallinity 464 
temperature effect on 

crystallization 465* 
thermogravimetric curves 216/ 
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784 P O L Y M E R C H A R A C T E R I Z A T I O N 

Polyethylene—Continued 
ultrahigh molecular weight 

probable molecular weight . . . 167 
viscosity 167-78 
viscosity number vs. shear 

rate 166/ 
Polyethylene oxide 100 

PL-dynamic mechanical thermal 
analysis 101/, 102/ 

Poly (ethylene terephthalate), PL-
dynamic mechanical thermal 
analyzer 99 

Poly ( ethylene terephthalate ), 
Raman spectra 388/ 

Poly ( fluoromethylene ) 
calculated chemical shifts ..445/, 449/ 
1 3 C-NMR spectrum 445/ 
1 9 F-NMR spectra 427/, 449/ 
triple-resonance 1 3 C-NMR 

spectrum 449 
cw-Polyisoprene 464 

spin-lattice relaxation time 465 
Polymer blends 

melt stress vs. strain curves . . . . 163/ 
recoverable strain 164/ 
shear data results 160-61 

Polymer degradation kinetics and 
thermogravimetry 209-31 

Polymer glasses, aging charac
teristics studies 107 

Polymer melts, dynamic response 
to shear 149-64 

Polymer microstructure, effects, 
on 1 3 C-NMR 443 

Polymer transitions, analysis by 
PL-dynamic mechanical 
thermal analyzer 95-108 

Polymer-solvent-packing inter
actions, indication of presence 321 

Polymethacrylates, heat capacity 
measurements 201i 

Poly ( methyl methacrylate ) 
activation energy 229/ 
atactic, thermally stimulated 

current trace 8/ 
B-peak 18 
foam fractionation 279 
glassy 136 
glassy, stress relaxation 

experiment 139/ 
heating rate vs. temperature . . . . 228/ 
melt stress vs. strain curves . . . . 163/ 
melt yield stress 160/ 
recoverable strain vs. 

temperature 161/ 
shear data results 159-60 
steady state stress 160/ 

Poly (methyl methacrylate) blends 
recoverable strain 164/ 
shear data results 160 

Polymethylene 
CD 2 rocking gap frequencies . . . 51 It 
Fermi resonances 517/ 

Polymethylene chain, Fermi 
resonances 520/ 

Polymethylene chain conformation 
by Raman spectroscopy 514-22 

irans-polymethylene chain 
detailed conformational 

information 508-10 
gap modes 510 
gauche defects 508 
spectrum 520/ 
resonance modes 508-10 
surface defect 509 

Polymethylene chains 
conformation by CD 2 rocking 

modes 510-12 
conformational mobility 

calculated resonance 
frequencies 5l4i 

resonance modes 512-14 
crystallization 515 
factor group splitting 497 
Fermi resonances 520/ 
gauche distortions 520 
Raman spectrum, state of 

the art 517-21 
Polyoxymethylene 

crystallographic repeat unit . . . . 489 
orthorhombic, geometrical 

relationships 489 
Polyphenylsulfone 

resin-substrate interactions . . . . 67 
rheometrics mechanical spec

trometer studies 67 
torsion impregnated cloth 

analysis results 68/ 
transition temperatures 6St 

Polypropylene 
atactic, 1 3 C-NMR spectra 423/ 
1 3 C spin-lattice relaxation time .. 459 
1 3 C-NMR relaxation times 458/ 
geometrical relationships 489 
magic angle spinning 457/ 
proton-decoupled 1 3 C-NMR 

spectra 458 
Raman spectra 387/, 501/ 

identification 386 
Polypropylene films, rubber modi

fied, PL-dynamic thermal 
analysis 106/ 

Polysaccharide hydrolysis, use of 
aqueous SEC 357 

Polystyrene 
concentration effect on 

chromatograms 331/ 
cross-linked 

aromatic and aliphatic 
i 3 C-NMR 478* 

use 476 
with divinylbenzene, 1 3 C-NMR 

spectra 480/ 
fibril extension ratio profile . . . . 403 
foam fractionation 279 
fractionation 293,330/ 
high-impact 

photomicrograph of inclusion . 394/ 
Raman spectra 395/ 
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INDEX 785 

Polystyrene —C ontinued 
linear, separation by thermal 

field-flow fractionation .263/,264/ 
melt stress vs. strain 

curves 152/, 153/, 163/ 
melt yield stress 154/ 
orthogonal chromatography 

calibration curves 297/ 
orthogonal chromatography 

column reordering effects .. 298/ 
quiescent melts, shear vs. stress . 150 
recoverable strain 

time-to-finish 157/ 
vs. temperature 156/ 
vs. time 155/ 

separation by orthogonal 
chromatography 294 -̂95/ 

shear data results 150-57 
spreading parameter 332/ 
steady state stress 154/ 
thermomechanical curves 188/ 
UV scans 303/ 
viscosity 174* 
viscosity number vs. 

concentration 175/ 
Polystyrene blends 

recoverable strain 164/ 
shear data results 160 

Polystyrene crazes 403 
grown under tensile stress 407 
microstructure comparison 406/ 
thickness profile 404/ 

Polystyrene equivalent calibration 
and interpretation 317 

Polystyrene gels, cross-linked, effect 
of cross-linking on 1 3 C-NMR 
spectra 481 

Polystyrene melts, recoverable 
strain 162 

Polystyrene retention, orthogonal 
chromatography 299/ 

Polystyrene-n-butyl methacrylate 
fractionation 293 
separation by orthogonal 

chromatography . . . . . . . . 294-95/ 
Poly ( styrene-co-chloromethyl-

styrene) gels, 1 3 C-NMR 
spectra of cross-linked 475-83 

Polytetrafluoroethylene 
1 3 C-NMR relaxation data 460/ 
1 3 C-NMR relaxation times 461/ 
geometrical relationships 489 
motional broadening 458 
relaxation parameters, decays . .. 459 
thermal degradation 212 

Poly ( trifluorethylene ) 
calculated chemical shifts . .447/, 452/ 
1 3 C-NMR spectrum 447/, 450 
1 9 F-NMR spectrum 452/ 

Polytrimethylene terephthalate, 
intensity data corrections . . . . 413* 

Polyurethane, PL-dynamic mechan
ical thermal analysis 105/ 

Polyurethane systems 104 
Polyvinyl bromide 

1 3 C NMR spectra 425,425/ 
configuration dependence on 

temperature 426/ 
Polyvinyl chloride 

branches 432/ 
branching 428-33 

determination by 1 3 C NMR . . 429 
*3C NMR spectra 425/ 
1 3 C NMR spectroscopy 425 
chain ends 432/ 
characterization 115* 
comparison of Autovibron and 

Rheovibron data 116* 
comparison of dynamic mechan

ical spectra 118/ 
configuration dependence on 

temperature 426/ 
dynamic mechanical 

spectra 114/, 115/, 117/ 
MBS-modified, dynamic 

mechanical spectra 119/ 
reduced, 1 3 C NMR spectra 431/ 
reduction . . . . 429 

Poly (vinyl fluoride) 
calculated chemical shifts . .446/, 451/ 
1 3 C-NMR spectrum 446/, 450 
1 9 F-NMR spectrum 451/ 

Poly(vinylidene fluoride) 
calculated chemical shifts . .444/, 448/ 
CH 2 defect resonance 448 
1SC-NMR spectrum 444/ 
dynamic mechanical loss data .. 16/ 
™F NMR spectra 448/ 
IR spectroscopy 496 

Post-cure behavior 75/, 76 
Powder coatings 247-48 

conversion curves 248/ 
rate constant vs. temperature 

profile 247/ 
PP—See Polypropylene 
Property distribution ordinate, 

calculation 292 
Proton-decoupled 1 3 C-NMR 

relaxation studies 
glass temperature studies 468 
studies of secondary relaxation 

processes 468 
Proton-decoupled, magic angle 

spinning 457/ 
Proton relaxation time, in a dipolar 

field 456 
Proton rotating frame relaxation 

times , 456 
PS—See Polystyrene 
PTFE-See Polytetrafluoroethylene 
Ptitsyn-Eizner theory 348 
PVC-See Poly (vinyl chloride) 
PVC—See Pigment volume 

concentration 
PVC ladders—See Pigment volume 

concentration ladders 
PVDF-See Poly (vinylidene 

fluoride ) 
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786 P O L Y M E R C H A R A C T E R I Z A T I O N 

PVF-See Poly (vinyl fluoride) 
PVF2—See Poly(vinylidene fluoride 

Q 
Quantitative reaction kinetics 

data analysis methods 237-39 
differential scanning 

calorimetry 233-53 
Quiescent state and applied shear 149-64 

R 

Raman bands, birefringence effects 394 
Raman spectra 

calcium stéarate 397/ 
CH stretching region 519/ 
five-layer laminate 387/ 
high density polyethylene 389/ 
polarized 

carbon tetrachloride 392 
nylon fiber 393/ 

polyethylene terephthalate 388/ 
polymethylene chain ...517-21,520/ 
polypropylene 387/ 

Raman spectroscopy 
See also Molecular optical laser 

examiner 
phonons 495 
polymethylene chain 

conformation 514-22 
from smectic to crystalline orders 501/ 
vibrational intensities 525-28 
polyethylene 518/ 

Reaction rate, temperature 
dependence 212 

Recoverable strain, polystyrene, 
time to finish 157/ 

Recoverable strain experiments, 
molecular weight effects . . . . 153 

Reduced polyvinyl chloride, 1 3 C 
NMR spectra 431/ 

Relaxation parameters 
by 13C-scalar proton decoupled 

NMR 463-73 
interpretation 459 
studies 456 

Repulsion in vibrational 
spectroscopy 497 

Resin cure studies, by torsion 
impregnated cloth analysis . .. 65-76 

Residual absorbance, definition . . . 290 
Resin-substrate interaction, effect 

on TICA liquid-state results . 66 
Resins 

cured, characteristic parameters . 50i 
thermosetting, studies of 

mechanical properties 66 
Resolution index, gel permeation 

chromatography 289 
Resolving power, dynamic 

mechanical testing 15-19 
Resonance frequency, of defects .. 507 

Resonance modes 
of defects 507 
in one-dimensional lattice 507/ 
polyethylene 513/ 
in polymethylene chains 512-14 

Resonant oscillation 80 
Response function, torsion 

pendulum 32 
Retention ratio 

calculation 260 
field-flow fractionation 260 

Rheometrics dynamic spec
trometer, shoulder 56 

Rheometrics mechanical 
spectrometer 66 

Rheovibron 
automation 110 
automation package 110 
comparison of correct sample 

size 111/ 
difficulties 109 
sample size I l l 

RMS—See Rheometrics mechanical 
spectrometer 

Rocking gap modes, CD 2 

polyethylene 513/ 
in polymethylene chains 510-12 

Rotating frame relaxation times 
carbon 456 
proton 456 

Rotational viscometer, low shear-
high temperature 167-78 

Rubber, shear sandwich geometry . 97/ 
Rubber modified polypropylene 

films, PL-dynamic mechanic 
thermal analysis 106/ 

S 
Sample loss factor 126 
Sample strain, determining 129 
SAN—See Styrene-acrylonitrile 

copolymers 
Scanning electron microscopy 

aluminum siding complaint . 367/, 370/ 
calcium stéarate 396/ 
calcium zinc phosphate 

pretreatment 378/ 
clear coating defects 372/ 
clear coatings on reflective 

metal substrates 370-74 
coating defect 379/ 
latex paint 365/, 366/ 
mildew defacement 367/ 
mildew growth 368/ 
organic coatings analysis 363-82 
sample preparation 382 
scrubbed mildew 369/ 
of styrene-acrylic basecoat . . . . 370 
tin-plated steel 379/ 
zinc phosphate pretreatment 

with chrome rinse 376/ 
without chrome rinse 376/ 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
3-

02
03

.ix
00

1



INDEX 787 

Scanning electron microscopy— 
Continued 

zinc phosphate with calcium 
pretreatment 374/ 

Scanning UV detector, calibration 
equation 291 

Scission process, main chain, 
kinetics investigation 230 

Scrubbed mildew, scanning elec
tron microscopy 369/ 

SEC—See Size exclusion 
chromatography 

Sedimentation field-flow 
fractionation 265-66 

application 266 
retention parameter 265 

Selective adsorption 274 
Selectivity, surfactant effect 277* 
SEM—See Scanning electron 

microscopy 
Semicrystalline polymers, non-

ordered regions, 1 3 C-NMR 
studies 463-73 

Separation, effect of polymer 
adsorption on resin 349 

Separation of broad-distribution 
polymers 276* 

with surfactant 276* 
Separation by molecular size, size 

exclusion chromatography .. 346-49 
Separation of narrow-distribution 

polymers, effect of orifice 
diameter 277* 

Separation techniques—See Field-
flow fractionation 

Separation theory 259 
Sequence length distribution, 

orthogonal chromatography .. 281 
Shear, dynamic response of 

polymer melts 149-64 
Shear, polystyrene melts, molecular 

weight effect 150 
Shear field 150 
Shear moduli 34 

of exterior latex 85/ 
Shear sandwich geometry 97/ 
Shift factor 101 
Silanized glass 312 
Silica columns, adsorption effects of 

styrene-acrylonitrile co
polymers 327/ 

Single dynamic temperature DSC 
vs. isothermal DSC 240 

Single dynamic temperature DSC 
method, advantages 252 

Single dynamic temperature scan 
differential scanning 

calorimetry 234-37 
kinetics vs. isothermal DSC 

kinetics 245* 
Single dynamic temperature scan 

method, in differential scan
ning calorimetry 233-53 

Sinusoidal strain 124,125 

Size exclusion chromatography 
applications to copolymer 

analysis 313—16 
aqueous 345-60 

calibration 351-54 
efficiency 355 
intrinsic viscosity constant . .. 349/ 
limitations 356 
plate height dependence . . . . 356 
separation 346-51 
separation mechanism 346 
solute-support interactions .349-51 
universal calibration procedure 352 

calibration methods 317-20 
characterization of styrene-acry

lonitrile copolymers 339/ 
chromatogram interpretation ..320-21 
column calibration 316-20 
column dispersion 320-21 
column and solvent selection . . . 324 
of copolymers 311—44 
error propagation 342 
fractionation 321-24 

of copolymers 314/ 
ideal conditions 312 
low conversion copolymers 340 
molecular geometry effect on 

calibration curves 350/ 
objective 347 
requirements 311-12 
retention volume 316-20 
separation mechanism 312-13 
separation by molecular size .. 346-49 
solvent use for acrylonitrile 

copolymers 325 
solvent use for styrene 

copolymers 324 
universal calibration 321-24 

Size exclusion mechanism, removal 282 
Skeletal vibrations, differential 

scanning calorimetry 207 
Smectic form, spectrum 500 
Smectic phase 500 
Sodium polystyrene sulfonate 

Coll-Prusinowski calibration 
curve 355/, 357/ 

elution volume plots 353/ 
ion exclusion 351 
sodium hydroxide effects 

on SEC 354/ 
Softening parameter 75, 76 
Solid materials, characterization 

methods 456 
Solid state examination, by NMR 

spectroscopy 419 
Solute partition 313 
Solute-support interactions, 

aqueous size exclusion 
chromatography 349-51 

Spectral shape changes, normalized 
absorption spectra 305/ 

Spectra analysis 
gel permeation chromatography . 290 
orthogonal chromatography . . . . 290 
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788 P O L Y M E R C H A R A C T E R I Z A T I O N 

Spin-lattice relaxation time 
polyethylene 465,466/ 
cw-polyisoprene 465 

Spin-spin coupling, fluoropolymer 
microstructures 444 

Spin-spin relaxation time 456 
Splitting, factor group 497 
Spring compliance, viscoelastic 

solids characterization 129 
Steady state stress ._.. 161 

polymethyl methacrylate 160/ 
polystyrene 154/ 

Stiff samples, bending test 140 
Stiffness 

dynamic 
in-phase and out-of-phase 

components 142/ 
relation to dynamic modulus . .. 130 

in-phase 143/, 145/ 
out-of-phase 144/, 146/ 

storage component 140 
Stokes equation 266 
Storage modulus component 128/ 
Strain 

determining 129 
linear viscoelasticity 124 
phasor representation 126/ 

Strain experiments, recoverable, 
molecular weight effects . . . . 153 

Strain recovery, time 154 
Stress 

linear viscoelasticity 124 
measurement on craze surface . . 402 

Stress-cracked gel coat systems, 
dynamic mechanical 
analysis 89/, 90/ 

Stress relaxation modulus 127 
Stress-strain curves, measurement . 181 
Styragel 312 
Styrene copolymers 

cross-linked, heterogeneity 482 
solvent use in SEC 324 

Styrene-dimethylsiloxane 
copolymers 

characterization data 182* 
glass transition temperature . . . . 187 
molecular weight distribution . . 182 
molecular weight distribution 

curves 183/ 
morphology and properties . .. 179-91 
stress-strain curves 181 

Styrene-acrylic basecoat, analysis 
by SEM 370 

Styrene-acrylic-acrylonitrile 
terpolymer 

dynamic mechanical analysis . . . 88/ 
logarithmic decrement 87/ 
shear modulus 87/ 

Styrene-acrylonitrile copolymers 
adsorption effects on silica 

columns 327/ 
calculating hydrodynamic 

volumes 318 

Styrene-acrylonitrile copolymers 
adsorption effects on 
silica columns— 
Continued 

calibration curves for 
fractionated 336/ 

copolymer composition effect on 
fractionation 337/ 

elution behavior 
in CHCL 316 
in DMF 316 

intrinsic viscosity-molecular 
weight relationship 323/ 

Mark-Houwink exponent 325/ 
Mark-Houwink parameter . 324/, 338* 
molecular properties 328-29* 
SEC characterization scheme . . . 339/ 
solubility parameters 326* 
solvent use in SEC 325 

Styrene—butadiene block co
polymers, analysis 315 

Styrene-n-butyl methacrylate 
copolymers 

analysis 286/ 
characterization 281 
separation 308/ 
fractionation 313 

Styrene-dimethylsiloxane copoly
mers, dynamic mechanical 
properties 184/ 

Styrene-isoprene copolymers, 
intrinsic viscosity-molecular 
weight relationship 322/ 

Styrene-maleic anhydride copoly
mers, analysis 315 

Styrene-methyl acrylate copoly
mers, molecular weight 
distribution ,.. 316 

Styrene-siloxane copolymers, 
tensile properties 186 

Supermolecular structure, crystal
linity influence 464 

Supports, in characterization of 
mechanical properties 82 

Τ 

Temperature measurement in differ
ential scanning calorimeters . . 196 

Temperature polynomial 225 
Temperature programming 136 
Ternary diagrams 283,285 
Tetralin 173 
Thermal analyzer, PL-dynamic 

mechanical, aging character
istics studies 107 

Thermal field-flow fractionation .262-65 
retention parameter 262 

Thermal field-flow fractionation 
separation, linear poly
styrene 263/r264/ 

Thermal mechanical property 
characterization, organic 
coatings 77-94 
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I N D E X 789 

Thermal property changes, iso-cure 
state cruve studies 73 

Thermally stimulated creep, 
dynamic mechanical testing . . 6-7 

Thermally stimulated current 
discharge 8 

Thermogravimetric curve, point 
of inflection 215 

Thermogravimetric data, kinetic 
analysis 210-11 

Thermogravimetry 
at constant heating rate 214 
constant heating rate 

experiments 226-31 
conversion function 211-12 
data collection requirements . .. 225 
for determining activation 

energies 219 
differential methods 214 
factor-jump 209,219 

apparatus 220/ 
automation 224/ 

furnace 221-23,227 
inhomogeneity 223 

integral methods 216-19 
isothermal experiments 226-31 
kinetic forms used 214-18 
and polymer degradation 

kinetics 209-31 
sample considerations 223 
temperature polynomial 225 
uses 209 
varied heating rate analysis . . . . 231 
weight-loss polynomial 225 

Thermosetting epoxy 
continuous heating transforma

tion cure diagram 61/ 
conversion data 44/ 
dynamic mechanical data 43/ 
dynamic mechanical spectra . . . . 42/ 
gel fraction data 44/ 
glass transition temperature .. 48/, 49/ 
isothermal cure 41/ 
temperature scan 59/, 60/ 
transition, activation energies .. 57* 
various transition states 51-55/ 

Thermosetting epoxy-amine sys
tems, time-temperature-trans
formation cure diagrams . . . . 27-63 

Thermosetting process 38 
Thermosetting resins, studies of 

mechanical properties 66 
Thermosetting systems 

cure 34 
isothermal curing 67-71 

Three-dimensional polymers . . .496-500 
TICA—See Torsion impregnated 

cloth analysis 
Tilt angle, measurement 503 
Time-temperature-transformation 

cure diagram 27,34-38 
macroscopic 36/ 
molecular 37/ 

Time-temperature-transformation 
cure diagram— 
Continued 

torsional braid analysis 27-63 
TICA vs. TBA results 70/ 

Tin-plated steel, scanning electron 
microscopy 379/ 

Toluene 181 
driving 180 

Torsion braid analysis 
of acrylic powder coating 80/ 
comparison with TICA 70,71 
thermosetting epoxy 41/ 

Torsion impregnated cloth analysis 
application to resin cure studies . 65-76 
calibration 75 
calibration index 75/ 
effect of glass cloth 67 
effect of heat-up procedures . . . . 70 
epoxy resin curing results 69/ 
gel peak 71 
glass transition temperature 

calibration method . . . 73-76 
in-phase component 67 
iso-cure state curves 73 
isothermal curing results 71 
loss peaks due to kinetic 

effects 71-72,72/ 
method 66 
multifrequency scan capability . 71 
out-of-phase component 69 
polyphenylsulfone results 68/ 
resin-substrate interaction 71 
sample preparation 66 
softening parameter 75 
vitrification peaks 71 

Torsion pendulum . 27 
atmosphere 30 
automated 

interfaced with a computer . . 33/ 
photograph 31/ 
scheme . .. 29/ 

comparison with dynamic 
mechanical analyzer 84-85 

computer 32 
for free paint films 78/ 
instrumentation 28 
nondrag optical transducer 28 
response function 32 
shear moduli 34 
specimen support 28 
substrate deposition 30 
substrates 30 
use of braid 30 
use as torsion braid analyzer . . . 77 

Torsion pendulum analysis 77 
Torsional braid 

instrumentation 28 
specimen support 28 

Torsional braid analysis 27-63 
controversy 19 
utilization 13 

Torsionautomat 20 
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790 P O L Y M E R C H A R A C T E R I Z A T I O N 

Transmission electron microscopy, 
micromechanical measure
ments 401-407 

Triblock copolymers, morphology 
and properties 179-91 

Tri-n-butyltin hydride 429 
Tridimensional disorder lattices . . 522-25 
Tridimensional order, factor 

group splitting 522 
Tridimensional periodicity 496 

formation 499 
TSC-See Thermally stimulated 

current discharge 8 
Tung's dispersion equation . . . .317, 320 
Twin calorimeters 196 

U 
UHMWPE-See Ultrahigh molec

ular weight polyethylene 
and Polyethylene 

Ultrahigh molecular weight 
polyethylene 

accuracy in viscosity 
measurements 177 

probable molecular weight . . . . 167 
sample preparation 173-75 
shear rate effects on viscosity . .. 175 
viscosity 167-78 
viscosity number 

vs. shear rate 166/ 
vs. concentration 168/, 176/ 

Unimpregnated braid specimens . . 31/ 
Universal calibrations 317 

equation 318 
size exclusion chromatography . 321-24 

UV detector, scanning, calibration 
equation 291 

UV scans 
poly ( η-butyl methacrylate ) . . . 303/ 
polystyrene 303/ 

V 

Variable heating rate analysis . . . . 209 
Variable temperature capability . . 456 
Variable temperature magic angle 

spinning 455-62 
Varied heating rate analysis, 

thermogravimetry 231 
Vibrational displacements, 

calculation 490 
Vibrational force field, derivation . 490 
Vibrational frequencies, calculation 490 
Vibrational intensities, relationship 

to electrical properties 526 
Vibrational normal modes, 

calculation 491 
Vibrational spectroscopy 

chain length determination . . . . 502 
chain molecular structure .. . .487-531 
conformational disorder 502-12 
disordered polymers 500-505 

Vibrational spectroscopy— 
Continued 

dispersion curve calculation . . . . 491 
dissolution 495 
infinite perfect polymers 488-500 
intramolecular coupling 491 
isotopic dilution 499 
melting 495 
multiplicity 497 
negative eigenvalue theorem . .. 508 
one-dimensional crystals 488-96 
Raman spectroscopy 51^-22 
repulsion 497 
of three-dimensional 

polymers 496-500 
Vinyl chloride polymerization 

n-butyraldehyde presence 426 
chloromethyl branch formation . 432/ 
initiation 432/ 
propagation 432/ 

Vinyl chloride-vinyl acetate 
copolymers, analysis 316 

Viscoelastic characterization 
glassy polymers 133 
temperature control 136 

Viscoelastic loss factor, phasor 
representation 132/ 

Viscoelastic solids 
dynamic modulus measurements 137 
finite machine compliance 130/ 
instrumentation for 

characterization 133-38 
in-phase component 128 
machine compliance for 

characterization 129-33 
stress relaxation component . . . . 129 
stress relaxation modulus 127 
transient and dynamic 

characterization 123-46 
Viscoelastometer, direct-reading . .. 109 
Viscosity number, limiting 

indicator for molecular weight .. 167 
various viscometers 177* 

Viscosity of polystyrene 174* 
Viscosity-molecular weight 

relationship 321 
Vitrification 56 
Vitrification curve 36/ 
Vitrification peaks, torsion 

impregnated cloth analysis . . . 71 
cure diagram indication 35 
diffusion rate 47 

VT-MAS-See Variable tempera
ture magic angle spinning 

Volatilization rate 212 

W 
Water-borne coatings 379 
Water-borne epoxy acrylic graft 

copolymers 87 
Water-soluble polymers, character

ization problems with SEC . . 346 
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I N D E X 791 

Wax, η-beam dynamical inter
actions 411 

Weight-loss, measurement 219 
Weight-loss curves, temperature 

dependence 218/ 
Weight-loss kinetics 212 
Weight-loss polynomial 225 

X 
x-RaySj measurement of inter

atomic distances 496 

Y 
Yield stress, temperature 

dependence 162 

Ζ 
Zimm-Crothers floating-rotor low 

shear viscometer 167 
Zinc phosphate 

pretreatment with chrome rinse, 
scanning electron 
microscopy 376/ 

pretreatment without chrome 
rinse, scanning electron 
microscopy 376/ 

with calcium pretreatment, 
energy dispersive x-ray 
analysis 375/ 

without calcium pretreatment, 
energy dispersive x-ray 
analysis 376/ 
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