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Structure and Optical Activity of a Crystalline
Modification of Isolactic Poly-(S)-4-methyl-1-hexene

) W BASSI S. A Montecattnl Edison, Milan, Italy,
SI% P. LORENZI d PIN
ec SCh-C emts esL . ton m H Technlsce
ocsc ule. Zurich, W|tzer P. CORRADIN and
P. A TEMUSSI, Istituto Chi mlco Un|ve rsita di Napoli, Italy

Synopsis

The results of an x-ray and polarimetrie study of a crystalline modification (form 1) of
isotactic poly-(S)-4-methyl-l-hexene are reported and discussed. The x-ray fiber spec
tra of this polymer are practically indistinguishable from those of isotactic polyé )-
(S)-4-methyl-I-hexene. Although the crystal structure of the latter can be described on
the basis of helices of different screw sense packed in a P4 space group, the crystal struc-
ture of poly-(S)-4-methyl-I-hexene is better described on the basis of a P1 space group.
The conclusion of the x-ray investigation, that in the crystals of the optically active poly-
mer an equal number of right-handed and left-handed helices must be present, is sup-
ported by the polarimetrie measurements, which have shown that the polymer in the
crystalline form | possesses a rather low rotatory power,

INTRODUCTION
ﬁmtna x-ray studiest have revealed ast S|m|Iar|2/ Ibetvveen
ence

er specra. Of Isotactic peC| ens of po methyl--exene
ttt o -
ﬁ stal StrECtUIe as een [ escribed3 on the' Dasl
%es BﬁCe Ina P space dro O(f

. Int PAIH as previou
own to be IMe at ftsotactc eth enten%P z
ruionP nat/lly[g Ib ?
space. aroup 15 possible in principle for PAIH: in fact, ow
testereos ectn%1 %f ttPe cateﬁ |cps stéms which have [) en us%Bgfor
te mer zat racemt monomer 4 macromolecule orme
Inantl S) monomeric unttsI are Aoresent In %u P
there or ecat can sume tru nttomor Ic helica con
ormat ons. . On_the contrary, sgasce gr sho con3| ten hn
Rnn %wnh SPAIH hecalise, |n thls t-handed an ale
ed elical chain are not |rror|ma9es
sugementss of optical activit aIIt e vin tpl}gmers have
st mu ate ourtnterest gnvesnoﬁt In mo ta| tire crysta estructure
|sotact|c SPAIH. " In fact, it the chain conformatton In the crystalline
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st?te and In solution ma catlons on eoo at|
solution. It aP eareﬁ 0 e ere ore oek eva -
W] 58S cone eoono rmational eqU| |br|a or SPMH |n sout|o
IC P e ut forwar revm%s Moreover, SPMH _ seemed
articu ar orastu éaack g stal *ne IS0t oﬂa
o mer ctenz com elice rofem, Tirst tac e
rank. % on 03ad ater Noet erYPas bee recentr¥
d é;ﬁssle) | Sto some eng orra |n|8on the hasis of close packing cor-

o3 c psrt%i@%%pn%%ﬁnﬁﬁ(}ﬁ 6?%%%3%}% i raysﬁ{l% el fgﬁ%b%%%# n
r ears a very close resem a“ce to th esgectIH PMP, the
gegualtssoofn g LeJn(Yestlga lon of the crystalline structure of the latter polymer

state is known the compeanson oft e o(PtlcaI activity in th c stalllne

RESULTS AND DISCUSSION

Poly-4-methyl-I-pentene
e r fiber photogr hs of| actic PIMP can be interpreted o
the éo%ttrap ‘L(I]acgeéwn the axes (a = ??Ao p1380AS
venaf) -ran ﬁ er an onn r3 n the other hand tne number
reflect ons which, canf)e opserye IQI our x-ay photographs

ined r
|so nsntenq lar ert an Was U rank e
8 ol gnbe s not only for a refinement

These Improve exgen enta
of the structure propose yFran et al.3but also to tést with complete

Fig. 1. End view of the molecular model of a chain of poly-4-methyl-I-pentene.
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structure fact?]r calfulatrons the po srbr gy discussed by thée above authors3
o acmgrnt face ug ert nrnte ose
reliable molecular model Can be built Rtlta nto acco
%n r[rterha conformational parameters which have ecome ava Ie rn
f few ears rom structural wor on ers and on mage com
pounds. D 1n conformity with the studies cr etvvo C—C—C valence

H H H R

angles along the chain 4tlor \ é and Qlor ' € were assumed
I\

t0 be resp ectrveIX it13° and 110°
etvvo Internal rotation dangvlemand a2which har terrzet he chain
con matronwe cacu at 1with.the as n]tronst Oa eC% tances
area Aan usrn eex rrm}ent v [ Tor B,t lItY<
no of t fe on Meric mt a il the rotation outt
rs The following values were found:
0= 10322

oi = 72°30', a2 193c p 1970A

Srmrlar values of the internal coor inates were used for the side gr g % (E)
[t can b?seenfrom Figure 1that rq ec%osncon ormatroh]allthe air H
atcghso the side P notdrrect% ri to the main chain are place

® ravfh 0 1t for ¢ arns?lﬁe tha} hown in(@ urel the experi-

menta nr cell eve? ver mdp acking cons trons %don the
order.o ma% Ituide cIo%est nta§] stances etvveerb foms dlongrﬂg
tj)aad jacent (Earnss W t ac roup must be rejecte

faTe orte I Ta tes reeme thetween ob-
servedr fensiti san struct re actors ¢ cu ate by using the cooralinates
reported Ta e |, ontained In the case or th f

urt er attempts were made to Im rove the calculations by means of

slight modifications ofthe molecular mocl.

TABLE |
Fractional Coordinates of One Monomeric Unit of
Poly-4-methyl-I-penlene Employed in the Calculations of Table 11°

Xa ylb e
Ci 0.250 0.306 0.925
C2 0.264 0.307 0.038
c3 0.304 0.373 0.067
cd 0.255 0.439 0.045
Cs 0.193 0.441 0.119
C6 0.300 0.507 0.054

» The coordinates of the other six monomeric units are generated through the operation
of a local 7/2 screw axis.
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. TABLE |1
Comparison between Observed Intensities | and the Calculated NF (2

where n is the Multiplicity of the Reflection) for
Poly-4-methyl-l-pentene, B = 8 A2
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TABLE 11 (continued)

nkFJ nkcl

ok | / (Pi) ko [ (Pi)
1 0 3 - 4 2 4 18
1 1 3 ms 726 5 0 4] (36
20 3 s 578 4 3 4 (81
2 1 3 — 5 1 4 66
2 2 3 16 5 2 4 46
3 0 3 7 4 4 4 62
3 1 3 mw 212 5 3 4 15
3 2 3 22 G 0 4 1
4 0 3 6 6 1 4 20
4 1 3 30 6 2 4 1
3 3 3 2 5 4 4 19
4 2 3 VW 4 1 0 5 2
5 0 3 51° 1 1 5 1
4 3 3% lio 2 0 5 —
5 1 3 13 2 1 5 $ 315
5 2 3 3 2 2 5 -

4 4 3 2 3 0 5 6
5 3 3 12 3 1 5 VW 2
6 0 3 5 3 2 5 6
6 1 3 1 4 0 5 4
6 2 3 6 4 1 5 VW -
5 4 3 9 3 3 5 1
1 0 4 — 4 2 5 22
1 1 4 ms 152 5 0 5} .
2 0 4 w 134 4 3 t 2
2 1 4 2 5 1 5 23
2 2 4 11 5 2 5 2
3 0 4 6 4 4 5 46
3 1 4 VW 42 5 3 5 52
3 2 4 32 6 0 5 4
4 0 4 3 6 1 5 2
4 1 4 VW 61 6 2 5 23
3 3 4 — 5 4 5 3

Poly-(S)-4-methyl-I-hexene and poly-(R)(S)-4-methyl-I-hexene

Two different crystalline modifications have heen qbserved for SPMH
One o? ('?orryl FI] Zz‘n}s @resent?n mflg sggtr; Ifo E sand n ow%rs

ared rinding polymer sample coolin

th mo E?nr%% arAs StS tvgn F:J UFﬁ 0 erac mcca%%r(])mgr

H[e%ecrﬂ Imoé?ftca%on orr% ¥ Er % has e l etecte

sa leso taine CI Itation om benz nesol |on3W|t methano

tter modl bg%lo es Into f rmI eatn at tem eratures

sI| above sen stu coneérms only orm' e struc-
w %hee%“rre% OeC%Bm?'f' ru‘h‘He%‘r'ga“"”

pkactlcall |nd|st|n9u13habli

and resemble verycosely that of PMP. All'the experimental reciproca
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5 D 59 B 2 5

Fig. 2. Geiger counter recorded x-ray powder spectra SCuKa) of poly-(S)-4-methyl-
1-hexene, form |, (SPMH, Mod. 1), and of poly-(R)(S)-4-methyl-I-hexene (PMHK

Istances ca e| terpreted on the basis of a tetragonal unltcellc aracter
oy e DG Bl

result hol o s)r?irr?rgetelaslmeﬁtal error oth for PMA a d SPM
?o ? %e Intensities can be consurI re(P fo be the

S'[I’H
m |, Also, the Vj)UGS of t

same inthe Spectra o rs,
o T %zaomi sy L s
re. Use efo ng intern otat| N a aro
the chain bon are co SISt nt WI erepetlt on o seve mo omerlc
u%és In two plt hes and with an Identity period per monomeric unit of

Asahematlc model is shown in Fi qure4 This model h as heen tesﬁed for
the ? roup by means, of Structure actor(i culations.  The co-
?rdmateso monomeric (JJﬂIt are rePorted In Tab 1. T ﬁtructpre
actor calculation 1S erorte In Tﬁbe V. Th eca atrlr?a]d IC |mp I6S

Er i e £ U i o
Int ﬁlandedsnse aHpears

qg onQMerIc Unlts%pJ%
eacce ta Ieas ar as the accord be eeP calcu ated and observe lntenﬁ
3|s oncerned. . However, this calculation 15 not consistent. gmt f
entica con ratlon 0 t g astmRFtrlc carhon at ms In the SI e chalns
teotl dc %dp 50 ortiego mer?terac?mlc
nome odel ¢ se Woul Im Ig/ camplet (ireose ctivity of the
1S IS hecause, In"princl

%o E“%ré gttj on 5:0 e?sces [%Csﬂe screw Sense gkp he Bu| It uEteZ

onomeric units having opposite chirality.  These considerations prom
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TABLE Il
Fractional Coordinates of One Monomeric Unit of
Poly-4-methyl-I-hexene Employed in the Calculations of Table IV*

Xla yib o
C, 0.250 0.303 0.925
c2 0.263 0.304 0.038
c3 0.302 0.368 0.067
< 0.255 0.430 0.045
€5 0.196 0.432 0.119
o 0.298 0.495 0.054
c7 0.358 0.493 0.980

a The coordinates of the other six monomeric units are generated through the operation
of a local 7/2 screw axis.

Us to n;t)erform further Cﬁlcula |oni in WhICE more apzfro riate and still con-
5|ste mmetries of the upit cell I[ en Into accou
H a structure Tactors calculation was r|eqh yusm for the
so tem |n chain, ? Ed{nate% ?onswent W|tgteP4s %(?U
fort rou our helices the coordinates co o
one o (fsm econ| urations (t s re actua

p/ofteumtc hoPR For PMH a ca ual)on erforme
frte 4 space % allowi U'[IOW ?tecon—
It can b ations do

r% ?stau tical distr|
urgtlons seen fro Table ¥ that these [ast ca
gtle etter r?ementt an the previous one. . It Is gratl |n% atéetvv?
ruc urea or SPMH and P4 for PMH) aive riseo practically identica
calcu ?te Len3|t|es In accordance with” ol previously repor ed ExperI-
mental remarks

Fig. 3. Geiger counter recorded x-ray powder spectra (Cuka) of poly-(S)-4-methyl-I-
hexene, form I, (SPMH, Mod. II), and of poly-(R)(S)-4-methyl-I-hexene (PMH).
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TABLE IV
Comparison between Observed Intensities | and Calculated nF@
(where n is the Multiﬂlicity of (he Reflection) for
Poly(R)(S)-4-methyl-I-hexene, B = SA2

=

—_
mO\IQO(.Om\l@@(-om\lm@m\lmmm\l\l@m\l\loo@@ombmmmbbwbbwwwl\)|\)I\.)|_\|_\

nF,2 _ nFe2
k I / (P'4) h 1 [ (P4)
0 0 - 0 1 0 1
1 0 - 0 2 0 42
0 0 s 673 9 5 0 4
1 0 - 0 3 0 27
2 0 m ® 1 0 1 1
0 0 1 1 1 1 4
1 0 - 2 0 1 13
2 0 5 2 1 1 VW 119
0 0 w 92 22 1w 137
1 0 28 30 1 65
30 — 3 1 1 mw 21
20 ms 286 32 1 s 849
3 o; W 549 4 0 1 98
0 o 126 41 1 mw 302
1 0 — 3 3 1 66
2 0 31 4 2 1 24
40 66 43 n 524
3 0 — 5 0 M 16
0 0 9 5 1 i 16
1 0 6 5 2 i 40
2 0 10 44 i V)
40 - 5 3 i 26
30 - 6 0 i 22
0 0 10 6 1 i 20
1 o } f. 6 2 i 62
5 o 1- 5 4 i 38
4 0 3 i ) 114
2 0 7 I 1 2 VVW -
30 2 2 0 2 -
5 0 36 2 1 2 s 1740
0 0 - 2 2 9 8
19 116 30 2 w 188
4 Of (20 diff.
20 — 3 1 2 2
6 0 2 32 2 364
30 7 L0 2 w u
5 0 2 diff.
40 13 4 12 32
0 0 — 3 3 2 99
1 0 3 L2 2 mw 50
2 £> diff,
6 Of (4 43 j 200
5 0 7 70 2 1254
30 3 5 1 2 12
40 29 5 2 2 338
70 7 442 9
00 24 5 3 2 144
G of 47 6 0 2 5
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TABLE IV (continued)

ok 1 ”(F’ﬁ ok
6 1 2 2 L1 3 3
6 2 2 3 g 3 -
5 4 2 e L2 3 14
10 3 — L3
11 3 s 1208 5 0 3 i5
2 0 3 s 270 51 3 8
213 4 5 2 3 8
22 3 g L4 B 2
30 3 18 5 3 3 2
31 3w 250 6 0 3 32
3 23 39 6 1 3 13
6 2 3 23
L0 3 102 5 4 3 45

Optical Activity of Crystalline Poly-(S)-4-methyl-l-hexene

Peﬁﬁ‘ﬁd‘éﬁ'ﬁ%‘oﬁ% 58 O e S A0 s o S

ede endence of the optical ct| ity 0 the 0I merQnthe fype of crys-
taITnestr% ure 1S iwdent?romt a t%o Tab y |chre gvrQoas -
men Inwh tere ative conten of ormlwas ra ua a|se
I{\ at su pera ure

a{w ea|-
% Ltra Sitl n ormII 0 form
d|cate |nT eVI ytelncre the ratio between the |nten3|t|es

Fig. 4. End view of the molecular model of a chain of poly-(S)-4-methyl-I-hexene, form 1
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TABLE V (continued,)

rich icZ

statig-  nF* gtatis- nFc2
hk 1 tical) (Pl k| tical)  (PI)
4 3 9 V164 j 173 3 1 3 w 222 252
5 0 s 1198 (200 3 23 25 57
5 1 27w 66 79 4 0 3 38 38
5 2 2 268 284 4 1 3 22 42
4 4 2 76 85 3 3 3 - 6
5 3 2 107 116 4 2 3 4 4
6 0 2 3 7 43 3} jo
6 1 2 22 23 5 0 3 i3 1
5 2 2 5% 63 5 1 3 39
5 4 2 12 72 5 2 3 5 7
i 0 3 - — 4 4 3 - -
i 1 3 5 179 - 1199 5 3 é 2 6
2.0 3 s 566 567 6 0 10 u
2 1 3 2 3 6 1 3 10 10
2 2 3 18 18 6 2 3 6 7
30 3 6 14 5 4 3 20 3l

e diffraction peaks at 26 = 9.0° and 26 = 8.3° which are characteristic
{orm I ancs? I res;ectl\m%als accom [anled amarck ecr(iase

bed ey Ll
erefore, tne I'O ?¥ 80W6r erives only from

{
'?on%flrb {For?g : fathe a O{gr U phaSﬁ an

§?valuatC8meutI exami %_[gon oF ad It on?l’ . “Lialet?s,ctIcwtﬁy1 ﬁoulg be
orm | on 3/ avm erent O ree? L nit afa 03
Figure 5 Indicate t ereas completely amorphous s%eumens shoul

TABLE VI
Variation of the Crystalline Structure and the Optical Activity of a
Sample of SPMH upon Stepwise Annealing at Increasing Temperatures

Annealing P20 Crystalline

temperature, °Ca =i structurel IM] 2
- 17 [+ 11 +211
90 2.0 |+ 1l + 172
90 2.1 |+ 11 + 175
100 2.1 [+ 11 + 151
130 4.1 I'l +91
130 4.0 I'l + 102

» Duration of each annealing treatment: 2 hr.

b See text.

cReferred to one monomeric unit.  The approximation of the reported values is about
£10°,

I Approximative degree of crystallinity:  60%.
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0 20 40 6 8 10

"l.C

Fig. 5. Molar optical rotation at 25°C, referred to one monomeric unit, vs._de?ree of
crystallinity for isotactic poly-(S)-4-methyl-l-hexene specimens crystallized in form |
only. ([M]d&for the polymer in hydrocarbon solution Is +288.)

have a rotatory power which is very high and practically identical to that
found in solution in hydrocarbons ([M]d = + 288), a much smaller and
negative value of [M]d (about —40) can be expected for specimens com-
pletely crystallized in form 1.*

[t is worth noting that the specimens regain the initial optical activity
after dissolution, and thus only a negligible racemization, if any, takes
place at the high temperatures used fortheir preparation.

The relatively small and possibly negative optical activity of form | does
notseem to be related to any specific vicinal effect2due to the close packing
of the chains in the crystals. In fact, the ORD study of SPMH in the
crystalline state showsé’4that the \Ovalue ofthe one-term Drude equation,
which is followed in the investigated range (from GOOm” to 310 mu) is very
close to that found previously6for the polymerin dilute solution, and there-
fore the chromophoric systems primarily responsible for the optical rotation
are very likely the same in both states. Consequently, the large difference
between the optical activity of form I and that of the polymer in solution
mustbe related to conformational differences only.

A reasonable way to explain the above difference of optical activity can
be found by considering values of the molar rotatory power which can be
calculated by Brewster’s semiempirical method3 for monomeric units of
SPMH belonging to either a right-handed or left-handed 3/1 helix (Table

*As an amorphous component deriving from the contributions of folds, chain ends
etc. is expected to be present, in the total x-rai/ scattering even of completely crystallized
specimens, the values of the degree of crrsta linity determined by us (see experimental
part) make the extrapolation of the data of Figure 5to 100% crystallinity somewhat ques-
ti_%nabtlle. The extrapolated value of [M]d can, however, be used for qualitative con-
siderations.
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TABLE VII
Experimental Molar Optical Rotation of SPMH in the Crystalline and in the
Dissolved State and Molar Optical Rotation Calculated According to
BrewsterBfor SPMH 3/1 Helices

Optical activity of SPMH 3/1 helices calculated
according to Brewster

Conformation

Physical stale [M] u Handedness of  of monomer
of polymer (obsd.)a the helices units [M]nb
_ left A + 180
Dissolved +288h left B + 300
_ right C -300
Crystalline -40' left + right A+ C -60
(form 1) left + right B+ C 0

“ Referred to one monomeric unit.
b Maximum observed value.6
0Extrapolated value (see Fig. o).

VII).* Ithasalready been observed6that the molar rotatory power experi-
mentally found for isotactic SPM H in hydrocarbon solution not only has
the same sign, butis also very close to the calculated average molar rotatory
power in the two conformations, indicated in Table VII by A and B, corre-
sponding to left-handed helices; this result has led6us to postulate for iso-
tactic SPM H in solution the existence of helical main-chain sections mainly
spiraled in the left-handed sense. It can be observed now (Table VII),
that both the above two conformations belonging to left-handed helices
and the conformation C, for a right-handed helix, have a rotatory power
which is much higher, as far as the absolute value is considered, than that
experimentally found for the crystalline polymer. However, according to
Brewster, a mixture of right-handed and left-handed helices of the same
length formed by monomeric units with the conformation C and A respec-
tively, would have a molar optical rotation, referred to one monomeric unit,
of —60, and a similar mixture consisting of helices of opposite handedness
formed by monomeric units with the conformation C and B respectively,
would be, according to Brewster’s calculations, optically inactive. In both
cases, the calculated value of the molar optical rotation compares well
enough with that of form 1.

Even if the approximation in the Brewster method and, in particular,
the difference between the type of helical conformation allowed according
to Brewster (3/1) and that found experimentally (7/2), limit the validity
of the comparison, it strongly suggests the possibility that the low rotatory

* The right-handed and the left-handed 3/1 helices are the only conformations which,
according to Brewster’s conformational analysis13 can be envisaged for the main chain
of isotactic SPMH. According to the same conformational analysis approach, as dis-
cussed in detail elsewhere,7 only one conformation (C) is allowed to monomeric units
inserted in the right-handed helix, while two conformations (A and B) are allowed, when
they are inserted in a left-handed helix.
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power of form | arises from the presence in the crystals of botli right-
handed and left-handed helical sections, and tints supports the hypothesis
putforward on the basis of the x-ray data.

EXPERIMENTAL

Polymers

The samples of isotactic poly-(S)-4-methyl- 1-hexene were prepared by
polymerizing the monomer (minimal optical purity: 93%) with catalysts
obtained from TiCL and AI(i-C4H 93 or TiCl4and Zn(i-C4H 92 Some of
the samples were akind giftof Dr. F. Ciardelliand Dr. C. Carlini, Industrial
Organic Chemistry Institute, University of Pisa. Polymer fractions
insoluble in boiling ethyl acetate and soluble in diethyl ether were used.

Measurements of Optical Activity in the Crystalline State

The determination of the optical rotatory power of crystalline SPMH
has been carried out by the techniques described in detail elsewhere. 4

Evaluation of the Degree of Crystallinity

The degree of crystallinity of the samples of SPMH crystallized
in form 1, has heen evaluated by using Geiger counter tracings of x-
ray diffraction diagrams. The points at 26 = 7° and 26 = 30° in such
diagrams were joined by a straight line and the closed surface so obtained
was separated into two regions by a suitable curve having the features of
the diffraction pattern of a completely amorphous sample, namely that of
the polymer above its melting point.  The degree of crystallinity was then
calculated as the percentage ratio between the area of the upper region,
related to the scattering of the crystalline phase, and the total area.

CONCLUSIONS

The results of the x-ray investigation, while suggesting that helices of
opposite screw sense are simultaneously present in the crystalline form | of
SPMH, do not contradict the hypothesisé that in solution the polymer
macromolecules are spiraled predominantly in one of the two possible
screw senses. In fact, the optical activity study has revealed a very
large difference between the rotatory power of the polymerin the crystalline
form 1 and in solution, and it has suggested that such a difference arises
from different positions of the conformational equilibrium. Actually, the
finding that the crystalline form I, in which, according to the x-ray in-
vestigation, helices of both screw senses are packed together, has a low
rotatory power, gives additional support to the idea that the very high
rotatory power in solution is connected with the existence of helical con-
formations in which asingle screw sense largely prevails.

The different positions of conformational equilibrium in solution and in
the crystalline form | are not surprising in view of the following considera-
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tions. In solution, each macromolecule of an isotactic polymer has a
conformationin which chain segments of right-handed helix sense alter-
nate with segments of left-handed sense, the average length of the right-
handed and left-handed segments being the same. If an isotactic polymer
has a side group containing an asymmetric carbon atom, the side group
may assume a different number of allowed conformations, depending on
whether itis pendant from a right-handed or from aleft-handed helix. In
the case of SPMH (Table VII), two stable, almost isoenergetic, confor-
mations are permitted to the S lateral group pendant from a left-
handed helix, whereas only one stable conformation is permitted when the
Slateral group ispendant from aright-handed helix.

In accordance with the statistical thermodynamic calculationsi61 in
SPMH, taking into account the cooperativeness of the phenomenon, a
very large prevalence of the left-handed helix is expected, mainly for
entropic reasons.

In the solid state, good packing is achieved in the pseudo-/L) space
group, because it allows a good fitting of bulges and hollows.8 Therefore,
in the crystals, an equal number of right-handed and left-handed helices
must be present. This is evidently in accordance with the very low
optical rotation which is observed in the most crystalline specimens of the
form 1 of SPMH.

According to the above considerations it is possible to anticipate that in
the crystalline form 11 (having a high value of optical rotation) helices
should be present which have the left-handed sense of rotation only.
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Viscoelastic Behavior of Low Molecular
W eight Polystyrene

Donald J. Plazek*and V. Michael O'Rourke, Mellon Institute,
Pittsburgh, Pennsylvania 15213

Synopsis

The shear creep and creep recovery hehavior of narrow molecular weight distribution
polystyrene samples of low molecular weight, 1.1 X 103 3.4 X 103 and 1.57 X 104are
reported as a function of temperature, near and above the glass temperature. Time-
temperature equivalence for the total creep compliance is found to be nonapplicable,
and in fact the steady-state recoverable compliance, Jg, is a strong function of tempera-
ture. The time-scale shift factors for the recoverable compliance are analyzed in the
light of free volume theory. Viscosity data are presented for samples with molecular
weights between 1.1 X 103and 6.0 X 105 The temperature dependence of the charac-
teristic time constant rjJe can be explained in terms of free volume concepts whereas
that ogviscosity i; cannot. Effectsofresidual molecular weight heterogeneity are demon-
strated.

INTRODUCTION

The availability of narrow molecular weight specimensl”3 has made it
possible to investigate the molecular weight dependence of the viscoelastic
response of polymers in the terminal zone.d A definitive study could not
be made in the past because usually the mechanical response at “long times”
is more a function of the distribution of chain lengths than it is of the
molecularweightitself.5

Stress relaxation measurements by Tobolsky, Aklonis, and Akovali6 on
anionically polymerized polystyrenes with molecular weights from 9.4 X
104to 2(3 X 105revealed that the steady-state compliance Je did not in-
crease proportionally with the molecular weight. Instead, it is sensibly
constant. This constancy of Jehas been confirmed by several groups of
investigators.7"9

Dynamic mechanical property measurements on rather dilute solutions
of similar polymers have been made by Ferry et al.”’u investigating the
terminal zone of response as a function of concentration and molecular
weight. The results have been compared with the predictions of current
dilute solution theories derived for monodisperse polymer samples.

*Present address: Department of Metallurgical and Materials Engineering, Uni-
versity of Pittsburgh, Pittsburgh, Pennsylvania 15213.
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We are reporting here the results of creep and creep recovery studies on
three low molecular weight polystyrenes of narrow molecular weight
distribution.  Our measurements on each of these samples revealed an
unexpected striking decrease in Jewith temperature in the neighborhood
of the glass temperature, TQ In addition, it was found that the upper
limits of ./, approached asymptotically with increasing temperature were
lower than the calculated Rouse values.4

Changes in the shape of the relaxation spectrum of poly (vinyl acetate)
near T, have been reported by Ivovacs, Stratton, and Ferry.22 Evidence
obtained from dielectric measurementsi3indicates a rapid loss of long-range
molecular motion with decreasing temperature near Tg, above and beyond
the shifting of the effective time scale to longer times. The large spectrum
changes with temperature that we are reporting are in accord with hoth
these sets of data.

The creep compliance curves obtained have all been analyzed according
to the classic representationd

J() = Jg+ JAF() + thy]

where the total creep compliance, J(f) (in cm2dyne), is the sum of the
recoverable contributionsJ, + Jd'&it) and that representing the permanent
viscous deformation, t/rj. J,isthe glassy compliance which isthe long-time
steady-state value for relaxations occurring at very short times and in-
cludes the stretching and bending of inter and intra-molecular honds.
'F(/), the normalized retardation function for the primary dispersion in-
creases monotonically with time tfrom zero att = 0to oneat/ = c¢° The
steady-state compliance, Je = J, + Ja whereJais the steady-state de-
layed compliance and riis the viscosity. We will identify the recoverable
compliance asJdr(t) = J(t) — tirj.

EXPERIMENTAL TECHNIQUES

All creep and recovery measurements were made with a magnetic bearing
torsional creep apparatus.i4 This instrument consists essentially of a
magnetically suspended rotor that transmits known torques, induced by a
drag cup motor, to one end of a cylindrical polymer sample. Distinctive
features of the instrument include the frictionless magnetic bearing en-
abling precise recovery measurements that may extend to very long times;
an adjustable lower sample platen permitting a manipulation of the sample
shape; and a controlled atmosphere which was essential for the removal
ofentrapped gas and residual solvent from 1he samples.

The characteristics of samples studied for this paper appear in Table L
“A" prefixed samples were prepared by T. Altares, Jr.; “L” prefixed
samples by Samuel Lee; PC-11 was obtained from Pressure Chemicals
Company (Pittsburgh, Pennsylvania 15201). The sample A1102 repre-
sents an incomplete recovery from solution of the Dow Chemical anionically
polymerized S102. The samples of polystyrene were prepared in vacuo
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by using well known anionic polymerization techniques.1-3 Because of its
low molecular weight, polymer A67 was fractionated by elution chromatog-
raphy in a silica gel-packed column.* All other fractions were precipitated
from acetone or butanone by an appropriate mixture of methyl alcohol
and water. All samples, including a mixture of ASS and A16[5], were
freeze-dried from benzene.

Viscosity-average molecular weights were determined from dilute solu-
tion viscosity measurements.f For molecular weights greater than 4000
the relationshiplused was [ij]9 = 8.5 X 10-4 A/06. For PCII and A67,
the relationship®was h]e ~ fojbeivene = 1.0 X 10~3A/°-5.

TABLE |
Sample Characterization
. (W M,
Designation* Cut gb  x i0~3 Mwmw Alethod
A-67[7 3-99%  0.0344d 11 1.03« VPO + cryoscopy'
PC-11]2 22-64%  0.058d 3.35 — —
A-61" Whole 0.1066 15.7 <1.08 Sedimentation
A-61[3] ~ 10-90%  0.1087 16.4 — -
A-58 Whole  0.118s 200 <1.08 Sedimentation
A-25 [4-6] 20-64%  0.184 46.9 1.04, Fractionation
Al-102 Whole 0.260 94 <1.08 Sedimentation
A-63 Whole 0.28 104 <1.08 Sedimentation
L-5[5,8] 125-50%)  0.297 122 1.05s Fractionation
}75-80% ) o
L-th 6-8% 0.368 189 1.01s Fractionation
A-l l -7 24-80%  0.604 592 1.05s Fractionation
A-16[5] 80-93%  0.76 800 — —

aBracketed numbers denote fractions.

b0 solvent = cyclohexane at 34.5°C.

¢ Values given apply to whole polymer. o

d Intrinsic viscosities 0fA-67[%] and PC-11[2] determined in benzene at 30°C.
eAssumes Mw~ M,

"M nobtained from vapor phase osmometry and cryoscopy.

gSometimes called A-61T. .

hIndicates cut 2 of refractionation of first cut of whole polymer.

In the post-polymerization handling of the polystyrenes, great care was
taken to avoid contamination with vacuum sealing and stopcock greases.
As previously reported,4 for measurements of the creep rate near T(
the effect of a small amount of plasticizer, lowering the glass temperature
about 1°C, is roughly equivalent to a decrease in molecular weight of more
than 30%. Although greases could apparently be removed by coacerva-
tion of the polystyrene from cyclohexane at about 20°C, whenever pos-
sible, conventional glassware joints—especially those in the freeze-drying

* Fractionations were carried out by Marguerite Fulton, Timothy Altares, Jr., Eliza-
beth Frommel, and S.-P. S, Yen. . .
t Dilute solution viscosities were determined by Elizabeth Frommel.
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glassware—were replaced by grease-free O-ring sealed joints to reduce
contamination.

Degradation of the samples was avoided by limiting the temperature to
1S0°C. This precaution and the purging of the sample chamber made it
unnecessary to add antioxidants to the polystyrene samples.

Before installation of the sample in the instrument, the freeze-dried
material was compressed and fused at an appropriate temperature (greater
than T0 in an evacuated glasstube mold. Forthese low molecular weight
samples a very short time was necessary to relax the molding stresses.
When the mold was cooled to room temperature the glass could be broken
away to yield a small cylindrical sample.

After installation of the sample, the sample chamber of the instrument
was alternately evacuated and filled with dry nitrogen several times to
eliminate oxygen and water vapor. All samples were heated under
vacuum well above their glasstem peratures to remove residual solvents and
dissolved gasses. Since measurements on one sample near its glass tem -
perature indicated that nitrogen, acting as a plasticizer, could lower the
glass temperature about 0.03°C, subsequent measurements were made
with the sample chamberevacuated to about 10~2Torr,

Atan elevated temperature (usually about 150°C), the degassed samples
were manipulated by means of the movable bottom sample platen and
applications of torque to the rotor to yield a cylinder completely filling the
gap between the sample platens. The maximum instrument sensitivity
required that measurements of compliance below about 1CD8cm2dyne be
onsamplesdrawn into a thin rod shape. 4

Sample coefficients (defined as the second moment of the cross-sectional
area, j, divided by the height, h), entering the compliance calculation, were
computed from the expression j/h = m2(2irpihd where m is the mass,
and p the density. Densities were calculated7 from expression

1/p = 0707 + 55 X 10~47'+ G43 X 10~*T/M

where T isin degrees Kelvin. Since the sample platen radius rwas known,
the sample coefficient calculation could be checked by using the equivalent
relation j/h = ‘irrif2h.  However, the former expression was normally
preferred since it partially compensates for the deviation of the sample
from a perfectly cylindrical shape.

When samples were drawn into thin rods for low compliance measure-
ments, a sample coefficient was empirically determined at some reference
temperature. For subsequent measurements at lower temperatures,
this sample coefficient was multiplied by the factor /;oW AV > where the
subscript refers to the value at the reference temperature, 70. The em-
pirical coefficient was obtained by matching data for the drawn sample
to the compliance and/or viscosity determined for an undrawn sample
at T0. To prevent sample sagging, TO was necessarily near T,. J(t) and
j?change rapidly with temperature near Tasothat great care was taken to
reproduce the reference temperature to about0.01°C.
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Fig. 1. Plots of the logarithm of the total creep compliance, J v{t) (cmﬂd{ne) vs. the
logarithm of time t (sec). Curves are for a 16,400 molecular weight sample measured
at the indicated temperatures. Subscript p indicates amﬁ)litude adjustment for the
temperature dependence of the rubberlike response: (0) calculated from the measured
recoverable compliance, [Jp{t) —I/yr] and the measured viscosity, yp; (— ) dashed
lines represent the viscous contribution to the total creep.

Although the recoverable compliance has been denoted on the graphs
by [/(() — t/t]], recoveries were normally measured directly after steady
state flow in creep had been obtained. In fact, since, forthe measurements
reported here, the viscous deformation was usually the dominant contribu-
tion to creep, the indicated subtraction would lead to imprecise recoverable
compliance values. On the other hand, by adding the known viscous
deformation to the known recoverable compliance it was possible to pre-
cisely reconstructtotal creep curves as shown in Figure 1.

When more than about 3 hr was required for steady-state flow, a tech-
nique suggested by Leaderman et al.18was often employed. Atatempera-
ture above that forwhich the recovery was desired, the torque was applied to
the sample and steady-state flow was attained in a relatively short time.
Then, the stress being maintained the sample was cooled to the tempera-
ture of interest. The torque wasthen removed to ohtain the recovery.
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Among other verifications of this technique the following may be men-
tioned: In Figure 12, discussed in a later section, one set of half-solid
circles represents measurements made by using Leaderman's technique;
the other set of half-solid circles represents the recovery obtained after
creeping at 129.3°C until steady flow had been obtained. The agreement
hetween the two sets of points indicates the possibility of applying the
technique even to materials behaving nonlinearily.

The use of this technique also simplified the shear viscosity determina-
tions. If the stress on the sample were maintained after attaining steady
state flow, it was necessary only to measure the rate of sample deforma-
tion at any desired temperature (above T() to obtain a precise viscosity
value. Other methods sometimes used for determining viscosities have
heen previously summarized.19

RESULTS

Torsional shear measurements of the recoverable creep compliance,
J(t) — tlri, were carried out at seven temperatures between 93 and 119.4°C
on the A61[3] sample (M, = 16,400). Values for the shear viscosity p
(in dynes sec/cm?2) were obtained at temperatures between 93 and 160°C,
Over this span in temperature rj decreased nearly nine orders of mag-
nitude from 1.43 X 1012to 2.97 X 103 poises. The total creep response
is presented in Figure 1in terms of the creep compliance Jv(t), cm2dyne,
over four logarithmic decades of time. The subscript p indicates that the
usual small correction was made which accounts for the temperature de-
pendence of the assumed entropic nature of the response; Jp{t) = J(t) X
Tp/Topo, where p is the density at the temperature T of the measurement
and pois the value at the chosen reference temperature 70. Dashed lines
representing the viscous contribution to the compliance, t/rJv, indicate
that only as the glass temperature, Tg = 91.5°C, for this material is ap-
proached does the recoverable part of the deformation become the domi-
nant part of the creep in the measured region of the time scale; ryv =
riTopo/Tp. It is eminently clear that very little can be concluded about
the form of the recoverable compliance from the total creep compliance
curves. Subtraction of the viscous deformation, as indicated by didactic
portrayals of creep, to ascertain the recoverable contribution is not prac-
tical in regionswhere t/i) > 0.8 J(t).

The recoverable compliance curves, J P(t) — tir]p, which were measured
directly following the attainment of steady-state deformation, are shown
in Figure 2. Reliable results were possible up to 119.4°C, where a re-
coverable deformation was seen that is too high by about 30% to be com-
patible with successful temperature superposition with the curve previously
obtained at 109.4°C. This apparent decrease in the steady-state com-
pliance with a decrease in temperature persisted down to 105.1°C. To
confirm our conclusion that these changes in the level of recoverable com-
pliance were far beyond our experimental uncertainty, which admittedly
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does increase as the viscosity decreases, extra time and trouble were taken
with the measurements made at 100.6°C. Attainment of steady state was
insured by allowing the sample to creep at 110°C for about 36 hr. After
cooling and thermally equilibrating the samples at 100.6°C, the imposed
torque was removed and the recovery was monitored for a week. Indeed,
the steady-state compliance level dropped another 80% with a tempera-
ture decrease of 4.5°C. When the transition portions of the recovery
curves are superimposed by reducing the time scale at each temperature to
100°C, the pattern of divergence becomes exceptionally clear, as seen in
Figure 3. Atthispointinourinvestigation it wasnot clear that reduction
should he attempted without normalizing the dispersion. It now appears

Fig. 2. Plots of the logarithm of the recoverable compliance, \Jp(t) — t/rjp}, (cm2-
dyne) vs. the logarithm of time t for M = 16,400 measured at the indicated temperatures.

that this procedure most correctly represents the changes in response that
occur with decreasing temperature in the neighborhood of Tg. We will
try to clarify the reasons for this conclusion below. It still remains a
point of academic, but no practical, concern whetherthe rubberlike vertical
shift should be applied to the portion of the recoverable deformation above
the glassy level. We have not made this small correction to most of the
data presented subsequently on the two lowest molecular weight samples.

Total creep measurements on sample PC Il [2], M, = 3400, show a smaller
fractional contribution of the recoverable deformation even though our
measurements were extended to times shorter than were normally mea-
sured. Results obtained at seven temperatures from 70.0 to 100.6°C,
shown in Figure 4, indicate the dominance of the viscous deformation.
Here again the 0] contributions are presented as dashed lines. Ex-
amination of the directly measured recoverable compliance curves, J (0 —
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tirj, presented logarithmically in Figure 5, reveals several unexpected
salient features.

[t is unmistakable that two dispersive regions on the time scale are
present. Only atmolecularweights substantially greater than the molecu-
lar weight between entanglements, 14,100 for polystyrene,* is a second
dispersion bejmnd the rise from a glass to a rubber plateau level expected.
Only at these high molecular weights can there exist a well developed
entanglement network, which can further delay retarded deformation
several orders of magnitude. At the same time, it is well known that the
steady-state compliance Je and the retarded deformation immediately

Fig. 3. Plots of the recoverable compliance curves of Figure 2, against the logarithm
of the reduced time, t/ar (sec). Temf)erature-dependent horizontal shift factors,
ar, relative to 100°C, have been empirically determined to give best superposition below
knees of curves.

preceding steady-state deformation can be profoundly influenced by the
molecular weight distribution of the sample.5 We will present an ex-
ample, later, of a sample where an otherwise undetectable high molecular
weight tail gave rise to an enormous second dispersion: a 1000-fold increase
in the recoverable compliance. Therefore, in spite of the fact that PCIl-
[2] is a central cut of a narrow distribution sample we believe the second
dispersion here is the result of such a tail. Continuing work at the Uni-
versity of Pittshurgh has confirmed this proposition. The first plateau
is taken to he the Jefor the predominant species present, in this case with
amolecularweight of 3400,

* Determined from recoverable compliance measurements on sample A16 (not re-
ported here).d
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Log t

Fig. 4. Logarithmic plots of the total creep compliance, J{t) (cm2dyne), against time
t (sec), for M = 3400 at the indicated temperatures. Dashed lines represent viscous
contributions to the total creep: (O) measured recoverable compliances plus calculated
viscous contributions.

Log t

Fig. 5. Logarithmic plots of recoverable creep compliances, [Ip(t) — t/vP] gcmﬂdyne),
at indicated temperatures for M = 3400 plotted against time t (sec). Subscript p
indicates amplitude correction for entropic T0 = 100°C response.
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T-T,

Fig. 6. Recoverable comPI_ian_ce shift, factors or plotted semilogarithmically against
107?T — T ) for samples of indicated molecular weight. For each sample the reference
temperature for reduction is Tgso that log or = 0'at T = T0. Equation of line is:
logor = -13.46 + 389/(r - 27).

Steady-state deformation in creep is achieved when the time independent
recoverable deformation is reached. It is sometimes assumed that this is
equivalent to a rate of deformation that is constant within experimental
accuracy. This assumption can he erroneous if the recoverable deforma-
tion is only a small part of the total creep. The response of PCII[2] as
seen in Figures 4 and 5 serves as an example of this. Note that a constant
rate of deformation (within experimental uncertainty) is reached in about 1
sec at 94.3°C but the recoverable compliance does not attain a constant
value until about 104sec.

The most startling feature seen in Figure 5 is a marked decrease in re-
coverable deformation as the temperature of measurement approaches Tg
(70°C). Thisis an exaggerated case of the behavior exhibited by A-61[3]
in Figure 2. In the interval between 100 and 70°C the Je for the 3400
molecular weight species decreases by thirtyfold. [t is evidentthat many
retardation mechanisms are lost as the temperature of measurement ap-
proaches Tg. The time scale of the response of the remaining mechanisms
still shifts rapidly toward longer times with decreasing temperature,
but because of the changing shape of the recoverable compliance curves
the amount of time scale shift is impossible to determine with this data.
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.Fi%. 7. Recoverable compliance for M = 3400 reduced to 100°C by Plottingllo jarith-
mically against the reduced time, t/ar. Horizontal shift factors ar for the indicated
temperatures have heen calculated by assuming the applicability of the results of Figure
6and T, = 70°C. The straight line is the viscous contribution to total creep at 100.6°C.

However, it was found that within experimental error the time scale shift
factors, aT, for all of the other narrow distribution polystyrene samples
studied inour laboratory could be described asthe same function of T — Tg.
This result is shown in Figure 6, where data are presented from samples
with molecular weights that range from 1.1 X 103to 8.0 X 106 The pro-
cedure used in obtaining the fit of the data in Figure 6 and its possible
significance is discussed helow in the section entitled Temperature Depen-
dences.

By using this relation, shift factors were calculated for PCII[2] and
curves from Figure 5 were plotted in Figure 7 in their appropriate position
at the reference temperature To of 100°C. The pattern of behavior can be
clearly seen as an exaggeration of the anomaly present in the response of
A61[3] (see Fig. 3). There is a limiting high temperature envelope of
recoverable compliance. Since Jeat 100.6°C is close to the high-tempera-
ture asymptotic value as seen in plot of log Jeversus T, shown below, the
curve for 100.6°C is nearly representative of this envelope. At all of the
lowertemperatures the curves fan out reflecting the disappearance of retar-
dation mechanisms to which we have alluded. The viscous contribution to
the total creep deformation, t/tj, at 100.6°C is shown plotted against the
reduced time of the recoverable compliance to indicate the amount of per-
manent deformation which accompanies the retarded elastic component
during creep. It canbeseenthatwhenlogt/aTisbetween —2.5and —1.0,
ffij is roughly an order of magnitude greater than J(t) — t/-q, so that only
about 10% of the creep deformation isrecoverable in this region of the time
scale. By using the 100.6°C viscosity value we are indicating the relative
contributions as observed at 100.6°C. We have not used the reference
temperature value of rj to emphasize the fact that not only would the re-
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coverable compliance curve be different at 100°C but quantitatively the
relative amounts of permanent and recoverable deformation at any given
reduced time would differ. This is so because the two forms of deforma-
tion, recoverable and viscous, have different temperature dependences.
This fact, which was reported earlier,19 has been found to be true for all
ofthe samplesofpolystyrene measured.

In Figure 8 the recoverable compliance curves for PC11[2] at 70.0 and
75.0°C have been plotted as functions of the cube root of time. Semi-
quantitatively the curves bear a striking resemblance to the response
found for the nonpolymeric 1,3,5-tri-a-naphthylbenzene, (TaNB) in
the neighborhood of T,. This kind of behavior has heen called terminating

Fig. 8. Plots of the recoverable compliance, [J(t) — i/»j%, (cm2dyne) for M =
3400 vs. the cube root of time t (sec). Both curves extrapolate to a value of 1.0 X
10-10 cm2dyne att = 0.

Andrade creep.2l The short-time portions of the curves are linear and ex-
trapolate to intercepts, JA, of 1.0 X 10-10 cm2dyne. This value appears
to be the short-time limiting value of the dominating dispersion. The Je
at 70.0°C is slightly greater than 4 X 10-10 cm2dyne. The corresponding
values at Tgfor TaNB are 1.0 X 10-10 and 2.5 X 10-10 cm2dyne. The
persistent appearance of Andrade creep in the viscoelastic response of
various materials continues to suggest that some unrecognized mechanism
is responsible and that fortuitous curve fitting is not involved. When it
appears as the dominating form it is usually best recognized in the log-
arithmic display of the retardation spectrum where a slope of I/z is often
present for several orders of magnitude in time. Such isthe case for poly-
styrene between log r = —1.0 and 2.0 at Tg. Empirically speaking, it
appears that the Andrade intercept has a very weak temperature depen-
dence and that the tl/l linearity is valuable to obtain an objective value of
the short time limiting compliance which immediately precedes the dis-
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Log t

Fig. 9. Logarithmic plots of the creep comFIiance, Jit), (cm2dyne) vs. time t (sec)
calculated from measured recoverable compliance and viscosity data: (— ) viscous
contributions to the total creep.

persion in question. It can also be useful in calculating the viscosity be-
fore steady-state deformation is achieved.2

The total creep compliance curves of sample AG7[7], M = 1100, at
temperatures between 30 and 4.»°C are shown with an expanded ordinate in
Figure 9. This undecamer hardly qualifies as a high polymer, and the
character of its.memory certainly is not apparent from its response under
constant torque nor would it be from stress relaxation measurements, if it
werepossible to make such measurements on this fragile material.  We wish
to emphasize that pains were taken to insure that equilibrium volume ob-
tained before creep measurements were made near and below the con-
ventional glass temperature of 40°C. For example at 30.2°C the speci-
men was held at temperature for 4 days before any measurements were
made. During the subsequent 4 days, repetitive short runs were made to
ascertain that no further time-scale shifting to longer times due to iso-
thermal volume contraction was occurring. Previous or concurrent dilato-
metric measurements on a specimen from the same stock can be used to
determine when equilibrium volume isachieved.
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Fig. 10. Logarithmic plots of the measured recoverable compliance, [J(t) — t/ij]
(cm2dyne) againsttime t.  Measurements were made on sample A67[7], M = 1100.

The recoverable response in this temperature range is presented in
Figure 10. Although the dispersion seen is not great, the dimunition of J e
is still readily apparent at this low molecular weight. Notice that at the
three highest temperatures of measurement about the same time is re-
quired to reach steady state, i.e., several thousand seconds. This is a
consequence of the increasing population of long time retardation mecha-
nisms with increasing temperature. It would have heen desirable to ob-
tain additional information on the recoverable compliance at temperatures
above 45°C because, as will be seen, the high temperature limiting behavior
apparently is substantially larger than the response measured to date.
Measurements at higher temperatures were precluded with our intrumen-
tation because of detection limitations.

If long-time retardation mechanisms are preferentially being lost with
decreasing temperature, as proposed above, then it would not, in principle,
be proper to normalize the dispersion with a simple factor to obtain com-
plete superposition with temperature reduction. Such a normalization

-9.2
.94 M = 1100
Tn = 40°C
-96
O -98
-1001
L
= 2 0 1 2

Log I/ar

Fig. 11. Data of Figure 10 shifted horizo_n.tally to the temperature reduced time,
I/ar.” Shift factors ar were determined empirically for best superposition. Pip direc-
tions correspond to temperatures indicated in Figure 10,
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would erroneously effect the level and hence the apparent shift factor of
the shorttime portion of the recovery curve. It would take data of greater
precision than that available to convincingly test this opinion. The result
of the reduction effected by a simple logarithmic time axis shiftis presented
in Figure 1f. Satisfactory reduction is achieved over five decades of re-
duced time, butatlonger timesthe same kind of spreading is observed as in
the response ofthe higher molecularweightsamples. The degree of spread-
ing is less, principally because of the limited accessible temperature range.
Of course, as the strength of the dispersion diminishes with molecular
weight—to the point that the maximum Jeis not much larger than J a1
any divergence will be correspondingly less.

DISCUSSION

Dependence on Molecular Weight Distribution

At the outset of this investigation we were of the opinion that samples
of whole anionically polymerized polystyrene had molecular weight dis-
tributions that were sufficiently narrow (MwM n ~ 1.05) to justify in-
vestigating the molecular weight dependence of the terminal viscoelastic
zone.4 The first six samples studied had molecular weights above 45,000,
One of these was a whole polymer and others were single fractionation cuts
or comhbinations of central cuts of so-called “mono-disperse” samples.

Log |
Fig. 12. Recoverable compliance of an unfractionated anionically polymerized poly-
styrene, M = 15,700. Open and marked circles correspond to separate samples. At
129.3°, maximum sample stresses are: (0) 1-3 X 103 dyne/cm2 (0, ®) 3.9 X 103
dyne/cm2 (C, ©)8.6 X 10sdyne/cm2
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The results obtained (not described in this paper) led us to suspect that the
terminal response was not necessarily representative of a single molecular
weightmoiety.

Our growing suspicion concerning the sensitivity of the terminal zone
response to molecular weight dispersity was confirmed when the recover-
able compliance of the whole polymer, designated A-61 (Mv = 15,700),
was measured. The unexpected results are presented in Figure 12, where
the results at four temperatures, 119.4, 129.3, 138.2, and 160.0°C, are de-
picted. Several features should be noted. First of all, and most impor-
tant, at the two highest temperatures, recoverable compliances approaching
2 X 10-4 cm2dyne arc obtained. This is astonishing because this level is

Fig. 13. Logarithmic plots of the recoverable compliance, [I.{l) ~ £ (cmY-
dyne% Vs, tlmet(secg forM = 2 X 104containing 2% M = 8 X 105for various maximum
sample stresses: 1_- 14,6 X 103 dynelcm?2 (O()J 3.8 X 103 dyne/cm2 (®) 1.00 X 103
dyne/cm2; solid light curves at 138.2°C correspond (from top to bottom) to 0.24 X
103 23 X 103 and 6.2 X 103dyne/cm?2, dashed curve at 129.3°C is an extrapolation.

about 100 times greater than that observed for a sample with a molecular
weight of 6 X 103 The reproducibility at 11i0°C was checked because the
instrumental limit of normal accuracy had been reached. We have found
that instrumental drift influences recovery results when the product eis
less than about 1 sec. The two sets of points shown for 100°C were ob-
tained following torsional creep deformation in opposite directions.

In addition, it can be seen from the data at 129.3°C obtained at three
levels of applied torque that the reponse of the material is highly nonlinear
with the recoverable compliance, decreasing about fivefold at long times
as the maximum stress in the sample increases from 1300 to 8000 dyne/cm 2
Since the stress in a torsionally deformed sample is not homogeneous and
since no correction was made for the nonlinearity in calculating the data
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points in Figures 12 and 13 the resultant values are somewhat in error.
The degree of error is probably less than 20% at worst and doesnot negate
any of the conclusions drawn from these two graphs. A correction
formula for such recoverable compliance data does not exist and one anal-
ogous to that of Weissenberg (often called the Rahinowitz) correction for
non-Newtonian flow2would be desirable.

The same torques were applied to the specimen at 138.2 and 160.0°C.
There is an indication that Je(Tp/T Opo) is the same at the two tempera-
tures at the same stress.

The plateau level seen between 1and 20 sec at 119.4°C is reasonable for
the steady-state compliance of a sample composed solely of species with a
molecular weight of 15,700, This factsuggeststhat the enormous enhance-
ment of the recoverable compliance isthe result of residual heterogeneity in
sample A-61. However, examination of the resultant curves from gel-
permeation chromatographic and velocity ultracentrifuge measurements
did not reveal the presence of the suspected high molecular weight tail.*
The polymerization of sample A61 had proceeded without extraordinary
incident and there was no known reason to expect an unusual tail in the
molecular weight distribution. Since direct evidence for such a tail was
wanting, indirect evidence was sought. A portion of the stock of A-61
was subjected to a molecular weight fractionation by means of solution
coacervation with the solvent-precipitant pair, benzene and methanol.
The viscoelastic response of the central cut, fraction [3] was then mea-
sured and the results that have already been presented in Figures 1 and 2
were obtained. Notice that in Figure 2 the steady-state compliance at
119.4°C is the same as the plateau seen at the same temperature in the
whole polymer; log JeP~ —6.8. The unexpected enhanced and non-
linear recoverable compliance was thus eliminated and explained.

To confirm this explanation, a blend was prepared by mixing in solution
2.0% of a high molecular weight sample, A16 (Mv =8 X 106 with 98.0%
of a low molecular weight sample of anionically polymerized polystyrene,
A58 (Mv = 2 X 104 in benzene. Sample A58 was chosen after a pre-
liminary investigation showed its behavior wasnot anomalous. The ben-
zene solution was then freeze-dried to avoid segregation upon drying. The
recoverable compliance behavior of the blend at four temperatures, 109.4,
119.4, 129.3, and 138.2°C is presented in Figure 13. All of the features
noted in the response of the whole polymer A-61 are qualitatively present
inthe blend; in fact, the Jevalues are close, quantitatively. In Figure 13
similar kinds of data point designations indicate similar stresses in the
specimen. The four maximum stresses present in the specimen during the
four creep measurementsat 138.2°C are 240,1000, 2300, and 6200 dyne/cm 2.
Again the lowest recoverable compliance is associated with the highest
stress, and the reduced Jevalues are, within the experimental precision, the
same at different temperatures, when the stresses are the same.

*The GPC analysis was directed by Dorothy J. Pollack at Koppers Company, Inc.
Research Center, Monroeville, Pennsylvania.
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[t is significant that while the recoverable compliance is highly non-
linear, the viscous contribution is linear for both the blend and the whole
polymer A-61; i.e., at the highest applied torques the viscosity was only a
few per cent lower than the limiting low rate of shear value. It is, there-
fore, clear that the predominant species present, the low molecular weight
molecules, principally determine the steady state rate of shear and do not
contribute additional increments to the recoverable deformation at rela-
tive long times. The large recoverable compliances seen in Figure 13
can be attributed only to the high molecular weight molecules present in a
diluted state, with the polymer A58 playing the role of diluent at long
times. The viscosity or alternatively the fractional free volume of the
diluent plays an influential role in determining where on the time scale a
recoverable response will be found, but obviously in the linear range of
response the rate of shear plays no role in determining the level of recover-
able compliance attained. The requirement of stress-strain linearity
precludes such a dependence. Accurate values of the true Jevalues of the
blend and A16 have not been obtained but the recoverable deformations
obtained are not inconsistent with a simple linear dependence of Jeupon
the concentration of the high molecular species. Since at a concentration
of 2% an entanglement network is not expected to be well developed, the
decrease in apparent Jeis believed to be associated with molecular coil
extensionsinto anon-Gaussian segment distribution regime.

At the time of our investigation, the A-61 sample was unique in its
anomalous behavior. However, at the 39th Annual Meeting of the
Society of Rheology Stratton2 reported some unexpectedly high die swell
results obtained on two low molecular weight polystyrene samples. They
were anionically polymerized narrow distribution samples whose molecular
weights were 1.05 X 104 and 1.98 X 104 In a discussion following his
report the possibility of the presence of some high molecular weight species
was considered. Stratton’s subsequent investigations revealed the same
kind of recoverable compliance behavior as found for the A-61 sample:
a nonlinear response and steady-state compliances that were far too large
for the molecular weights of the specimens.25> His search for the then
suspected high molecular component was successful. A gel-permeation
chromatographic analysis of the 1.98 X 104molecular weight sample made
at 16 times tire normal sensitivity revealed a distinct small satellite peak
with a molecular weight of about 7 X 105 The material responsible for
the peak constituted 0.3% by weight of the sample. Apparently the
polymerization procedures used to prepare these low molecular weight
samples not infrequently lead to a small amount of high molecular weight
contaminant, which for some studies must be removed.

Temperature Dependences

The temperature dependence of the recoverable compliance, JT(t) =
[J(t) — t/rj], is measured by aT, the relative rates of recovery for a given
JM level. On alogarithmic plot the shift along the time scale necessary
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to obtain superposition of the log J r(t) curves with the one measured at a
chosen reference temperature, To, iS —log aT. Strict adherence to the
principles of temperature reduction requires that the amplitude dependence
of the compliance (the vertical shift factor) be taken into account and that
all of the retardation mechanisms contributing to the recoverable deforma-
tion have the same temperature dependence.4 It is usually assumed, with
good reason, that the recovery of a polymerisrubberlike in nature. There-
fore, the amplitude temperature dependence of the compliance is reduced
with the elasticity factor Tp/T Opo, where p0is the density at the chosen
reference temperature, r0°K, and p is the density at the temperature of
measurement T.4 The data for the samples of higher molecular weight
were multiplied by this factor. Upon finding strong decreases in J T{t)
at relative long times in the response of the low molecular weight samples,
we were reluctant to (and did not) apply this amplitude factor, since it
enhanced the unexpected anomalous behavior. At this writing we still
feel, in principle, that the rubberlike correction should be made to that
portion of the compliance above the glassy level. The derived parameters
presented below may bein slighterror because of this omission.

We propose that our reduction of recoverable compliance curves with
slopes differing at relative long times may notviolate the requirement that
all the mechanisms contributing to the retarded deformation have the
same temperature dependence. In fact, we are assuming that those
present do, but that the population of mechanisms diminishes with tie-
creasing temperature. This loss of mechanisms is biased toward those
with large retardation times. Thus, the shape of the curve is maintained
at relative short times and the time scale shifts obtained reflect the tem-
perature dependence of all the mechanisms operative at the temperature
of measurement.

Since the temperature dependence of a viscoelastic mechanism can he
measured by the magnitude of its retardation time, tu we can follow the
example of Williams, Landel, and Ferry2% and make explicit the indirect
effect of temperature on t,, which is a function of free volume. Assuming
that the volume, v, is a linear function of temperature, the Doolittle free
volume equation, 2/

log Ti = log A + 1(Z?/2.303)/4>] (1)
is easily shown to be equivalentto the Vogelequation,26'28
logu = log A + [(C/2.303)/(T - T1IJ] (2)

A, B, C, and T., are characterizing constants and <is the relative free
volume,

$ = (« — Vo)lvo (3)

where v0is the occupied volume. v0is considered operationally to be that
volume which is unavailable to the molecular process of interest. In this
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TABLE Il
Temperature Dependences

M To, °C T,°C log ij log ar* log Je

1.10 X 103 40 30.2 - 3.66 -

32.5 - 2.90 —

34.9 — 1.75 —

37.5 12.113 0.88 -9.45

40.0 11.283 0.00 -9.41

43.0 - -0.86 —

45.0 9.936 -1.62 -9.28
47.6 9.252 - —9.22b
50.0 8.705 - —9.10b
55.0 1.716 - —8.95b
60.0 6.817 - —8.78D
65.0 6.055 - —8.66D
70.0 5.355 - —8.51h
80.0 4.294 - —8.42b
90.0 3.317 - —8.24b
100.0 2.603 - —8.1%
110.0 2.011 - —8.15h
11200 1518 - —8.22b
130.0 1.120 - —8.15b
140.0 0.797 - —8.1%
150.0 0.510 - —8.22b
165.0 0.162 - —8.28b
180.0 -0.113 - —8.37b

3.4 X 103 100 70.0 12.967 - -9.37
75.0 11.152 — -9.15

79.8 9.749 - -8.80

84.3 8.619 — -8.40

89.9 7.609 - -8.23

94.3 6.888 - -8.03

100.6 5.995 - -7.89

109.4 5.047 — —1.17
130.3 3.418 - -7.71"
144.6 2.627 - -1.72¢

157 X 104 100 109.4 7.966 - -

1114 6.628 - -

129.3 5.593 - -

138.2 4.837 - —

160.0 3.463 - -

180.0 2,578 — —
1.64 X 104 100 93.0 12.156 2.62 -7.94¢
96.0 11.088 1.43 -7.54"

100.6 9.820 -0.21 -7.16
102.9 9.270 -0.91 —T7.05d

105.1 8.882 -1.41 -6.96

109.4 8.116 -2.28 -6.90

119.4 6.730 - -6.79
1341 5.257 -6.75"
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Temperature Dependences
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TABLE I (continued)

T,°C

97.0
100.6
101.8
104.5
106.7
109.5
1145
125.0
1338
144.9
160.0

97.9
102.9
105.7
1094
1134
1194
134.1
1446
160.0
180.0
100.7
102.9
105.1
109.4
1137
116.0
119.7
1449
160.3
180.3
100.6
102.9
105.1
1094
113.4
1194
144.6
160.0
150.0

99.8
102.9
105.6
109.4
1194
160.0
180.0

aFrom recoverahle compliance data.

b Calculated from extrapolations in Figure 18,

¢ Value from reasonable extrapolations.

dInterpolated values.

log v

5.661
1,668

11.085

10.244
7.700
6.657
5.665

12.077
9.491
8.434
7.386
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context different kinds of molecular motions would see different vovalues.
If Vois substantially insensitive to temperature2lthen

v+ oap(T - T (4)

where a, = clv/dT, for the polymer melt and T, is the temperature at
which the free volume, v — v0, would disappear were it not for the interven-
tion of glass formation.  Substitution for &in eq. (1) yields

log ri = log A + {(BvO/2.:map)/(T - Ta)] (5)
Therefore,
C = vaB/av (6)

Since aT = Tilr,,0, where Tt,0is the value of the retardation time of the
mechanism of interest at the chosen reference temperature T0,

logaT =1 + [(CI2.303)/(T - Ta)] (7)

wherel = -C /(T 0- 7V)2.303.
The original Williams-Landel-Ferry (WLF) equation is

log aT = —Ci(T - To)/(c2+ T - T,)

where To is an arbitrarily chosen reference temperature. When T, is
chosen for the reference temperature the constants Ciand c2are designated
as Cig and Ci° and are related to the fractional free volume at the glass
temperature, 0, and the thermal expansion coefficient of the free volume /
which is denoted as af.

The relations between the Vogel parameters, C and 7T; the WLF
parameters ci, c2 fgand ar] and the Doolittle relative free volume, 3 and
B are

C = 2303 ¢ic, = (W)A = Laf= (BI4>)T - T,) = (B/0)A

where A= Tg — T,. Williams, Landel, and Ferry assumed B = 1.
Note that

ct=T,- T,
Ci=dg(Ts- TON(TO- TIL).

When the experimentally determined shift factors for each sample
listed in Table Il are fitted to eq. (7), the free volume parameters presented
in Table Il are obtained. The temperature difference Aris determined
from Jr{t) data; the relative free volume at the glass temperature, $t, is
equal to apA/v0. To determine values for B it is necessary to make some
additional assumption about the temperature dependence of v0. We have
chosen, as mentioned above, to hold voconstant. Then with values of the
Vogel parameters, ap, and Tga value for B can be calculated from B =
C<j>JA. Except for the lowest molecular weight sample, A67[7], va is
remarkably constant. There is no doubt that the decrease in v0 at very
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low molecular weights is real. Because the degree of purity of a polymer is
not generally known and because small amounts of residual solvent or
gven ahsorbed moisture can significantly decrease the T, of any given
sample, normally one cannot be sure of the actual T, of a sample being
studied within a degree or two.

Positions of J T(t) curves on the unreduced time scale indicate that the
values of our Tg's for sampleswith M > 3 X 104are relatively correctwithin
+0.3°C. Such comparisons are not possible at lower M hecause the shape
of the primary dispersion varies with temperature.

In addition, any T, value cannot be considered dependable to better
than a few degrees. W ith these limitations in mind, examination of the
free volume parameters obtained from individual samples indicates suffi-
cient latitude for one equation to serve adequately well for all of the shift
data relative to Tgor A, can be seen to be asindependent of molecular
weight aswe could expect. Minor manipulations of T, values allowed all
of the aTdata to adoptthe slope of the line in Figure 6 (referred to in Table
[11 as “combined fit” values). The T, and Ar for sample M102 were
assumed to be correct so that the reference temperature chosen would be a
reliable T,. Only two of our points, which are among our least reliable,
are significantly off the line. The assumption of a constant Arallows one

Fig. 14. Plots of the logarithm of the viscosity jj E]poise) vs. temperature 7. Molecular
weights of indicated samples are tabulated in Table I.
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Fig. 15. Semilogarithmic plots of the reduced (corrected for entropic forces) viscosity
Vp against the reciprocal of the temperature difference, (T —T,). Molecular weights
of samples are given in Table I. T, values empirically determined to give best straight
lines are indicated in parentheses.

to calculate effective relative Tgvalues as determined by the recoverable
compliance measurements (see Table I11). It is, therefore, expected that
with one determined Tg for any given polymer the value for any other
molecular weight can be determined from the temperature dependence of
viscoelastic data. A glass temperature of 70°C is deduced for sample PC
11[2]. We wish to emphasize that no deviation from the free volume equa-
tion (7) is found helow the conventional glass temperature so long as an
equilibrium density is obtained.2l The equation for the line in Figure 6
islogar = -13.46 + 389 (T - 7+)-1

Letusnow turn to the temperature dependence of the viscosity and note
that it is the viscosity which is most often used in testing rate process
theories. All of the viscosities that have been determined on the samples
described in Table | are shown in Figure 14 and listed in Table Il as a
function of temperature. Most of the samples were measured from the
neighborhood of Tgup to 180°C. We include in this paper on low mo-
lecular weight samples our data on high molecular weight polystyrenes so
that a more complete picture of the viscosity temperature dependence for
the polystyrene system can be given. Over the entire molecular weight
range studied the usual characteristic increase in temperature sensitivity
is seen as Tgis approached. Plots of log 7versus 1/T show strong positive
curvature, so, as is well known, Arrhenius temperature dependence is not
observed. This viscosity behavior is therefore not simply thermally acti-
vated process behavior. However, the data for all the samples with the
exception of that of the lowest molecular weight sample, A67[7], can be
satisfactorily fitted to a Vogel equation. Figure 15 presents five examples
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Fig. 16. Plots of the logarithm of the viscosity A (poise) vs. the reciprocal of the
temperature, T — [T, —60°C] for the molecular weights as indicated.

of the excellent fits that were obtained over a large range of molecular
weights, 3.4 X 103to 6.0 X 105 As far aswe know, all polymer viscosity
data in the literature can be accommodated by the Vogel expression within
experimental scatter.

The Vogel expression is just one of the expressions that is associated with
WLF free volume theory.21'2627 We have chosen to work with this form
because the quality of the fit can be judged by means of simple visual in-
spection. W ith the Vogel parameters C and T,, the free volume param -
eters can be determined; see relations given above. The best values that
we could determine graphically, treating the viscosity values determined
for each sample separately, are presented in Table IV. In the last four
columns, for comparison, are objective computer determinations of the
best Vogel parameters carried out through the kindness of André Kovacs.*
Examination of the resultant parameters reveals that as a function of
molecular weight they make no more sense than does human behavior,
T, doesn’t parallel Tg it goesthrough a maximum as does the insensitive
To- The parameter B, which Turnbull and Cohen associate with the

*Computer calculations were carried out at the Centre de Recherches sur les Macro-
molecules, Strashourg, France, by R. Suzuki.
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Fig. 17. Semilogarithmic plots of the equilibrium recoverable compliance Je cm2-
dyne% as a function of the temperature, T — Tg for the identified molecular werrfthts
(*) measured values, (® )mterpolated or extrapolated values; (O) calculated from
analysis of Fig. 18.
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W\Xﬁtﬁ? ?é‘éu?ﬁrrhﬁ‘éqht%% o ﬁt’ﬁpce?ahnté’ﬁ?eah%?sst?'e% énTthe oo

%ecause 0 eexcesswe onq times required to achigve stea ay
state creeép CreR ecovery studies On ve mol ﬁcu ar weight n}]
tertals are exceedl goy ndtnﬂ]at tem eaturesvve a0ove T
vlsc03|t¥ iage I Increas gtem[periture thattecon
dition o g emertt fscannot e met. 11 1S )é % %mtc
rﬂec mca asurements wi ssible at temperatures 30-40°C ahove
the glass tem erathre doesn t appear t\at resent da msttH enta-
tton can extract Information on the recoverable eformatto at still nigner
temperatures.

OW IT We stoP to consider the dictates of thﬁ emt{tehtl successful theor
F of linear viscoe asthmt aar2.the measure ? e relative time scFIe or rate
rer%p nse |sr} |scos(§ but the re gxatton fimes r* (nvolved. . We
an ake Use of t eme sured temperature cepen enCﬁOfJeln eermmmP
etem er?ture endence of the re atton ttmest at qovern the term
nal zones of vIscoe ﬁtlc res [1 da F \{fscous eforma OR Bto
esges lntermf [e eneraljzed M emoe iwscoelasttc ea?
a existing molecular mode It eorjes the fast ewr%axat on times ar?g
éermme eVlSC%?It¥ ovitz Qass ownas that wnen temperatur
reduction is applicable the t|me sca e reduction factor s

al = v(T)Je(T)MTOJe(TO) (8)
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L1
J_P_S__lc_]m'lz_—m_ 16

T-[T,- 60]

F|P 18. Semilogarithmic plots of the product of the viscosity ij (poise) and the
equilibrium recoverable compliance Je(cm dYne against the reciprocal of the tempera-
ture, T — (gT,, —60,C]. Viscosities for al #)Iotted points were measured. (¢) J,
measured, (0)"J e extrapolated or interpolated from creep data; (O) extrapolations to
permit calculation of Je. Molecular We’\?hts of samples are shown. ~ The line for M =
1100 has been drawn parallel to that for M = 3400.
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SI a eforrgatlonﬁ attetermmal re axall|on time s ec
ated as Kl er. tem erabt|ures nd mo efc gr welg s the
erence betweenJ an ﬂms nedli eusri é) ESUI re ered
ol ee e L aﬂgnuc e Sooact e
(ien eoEmec anisms cont ﬁbuu %J,,IS gmctf dlfefm Ent rom t zftof
the mechanisms contributing to trie principal ispersion,
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TABLE V. o
Free-Volume Parameters from Terminal Characteristic Times

log rde = logA + <2303 [T - (T, - 60)]

Mol. wl. 4B X
X i0-3  -log A Cl2303  w (mJg 4gXx 102 B 102
11 12.62 — 0.908 4,02 1.34 3.00
34 11.35 874 0.928 3.68 1.24 2.98
16.4 9.87 877 0.937 354 1.20 2.97
47 8.53 877 0.937 3.54 1.19 2.98
94 1.13 876 0.938 3.53 1.19 2.98
189 6.23 886 0.938 3.52 1.20 2.94
600 4.49 887 0.938 3.52 1.20 2.94

878 Avg.

h lji. Table V. we se? the SJ?Pes ob ervedI in Figure IS are constant to
Within +ft% Therefore, witflin our hom iJous stem, the gata for the
“termina (iharactenstlctlmes are comﬁ)atl ewith constantAtan a.con-
sta(n oge para ﬁ s be noted that the arameters At

02 (g)nY e term|naI ch ractenstmt) are
Bu stantla rent tose that tot e recovera 08 liance
enavl ec easmﬂ

n atBan be ependent o
mo ecu rwelgnt

[ aP Increasg W|tﬁ
mo euﬂar we%tt a constant A ema
vious that if Aand Care constants for the entjre range of molecular
’Ltcovere nthepa{] q dl‘n

\S/voeﬁg1 o olystyrene system, their ratio Is constant and hence
ree eveIs 0 congtancg of fﬁee volum rametes must be reeo
nized: ( conshan en mo ar mec anisms;
stancy wi 0logous Seri 30 g Mers; 1., constanc WI a
vaHa lon 0 mole cular Welght ‘) nstancy between difter tmaten
It has heen mnte out ﬁbo AandCae onstans rt{}) St ren f
ous molecular w% t It can eseen om a tat
erntvaues reo |ne romteana soth an ata ow
eY]er 1(5 0.0324 an
; erence# amere 9% that could res tfrom enm etror an
mlany one of the specific assumPtlons We ave made n our ana VSIS WhIC
Isonly dpproximate.~ However, since
4B = AC 9
and A and C are the.primary parameters extracted from the data, the
assumt atv0|3| sensitive to t?]mperature IS ot Invalve |ndter
minin LF constant ¢/, so en out

0°C é)?# merm I?) e(b,t‘tlllva e measure |eren

rates or diterent matena COUI’SG C USE a variation Oft e ratio
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The LF free volumee uations with “universal” constants, cff =
1744 an oL IS |m”pJ SSIVe In ap roxrmatrn the temperature de-
Egdence o relaation a ransport eavr r? aﬂ¥ ass-for tn

st cef Ut even In |tsong|n resentation the [ack of trué universall
Was clear ater geqree of constancy from s

stem
S steorn q 0 g (%.r . SHEETTY (1(%66 volu e(PalrgHretetrtha S n&l (? OVer

and Fer the e |stence ?I
%) IStent Wrt the View N

a unrver aI V ue 15, 0 COUTSQ G
rfl‘&lﬂSl'[lO[t |san| eev |lume state. " Wewrs {0

suag‘?%st erent criterion or the gass temperature; the con
one Ai Tg the free volume is a |xed

o ron of
crrtrcal volume nece 21ryf r a m ecula]r reIaxatrotF proceslp Q/Ve Inter ret
this to [nean that oles ar ert r] uire cntrca size must s on
taneow epe(ar ataratea m ath e with the rate of measyrement of. T g
Since we have demonstrated that t efreevoulm F [ession IS akgrotpnat
stnctlg Iecu ar relaxation anct not to molecula tranwrﬂ are |
gosrtrn \g/aeqrreater nIversa |txot B than could Williams, LanF
na Fer \)/ an 1 Table VI, we have selecte exam es
f free-volyme para eters er%the tem erature eg%nrzenceo Ft) ar
re axagon een etermrne ymore { H
ature epneneo evrscosrtyc enera ut notawas e used to
escrihe 't at o he re axatrn eneces arg/ |t|ﬁns ap-
arent are that the er eo moecularwer tang that t
oF tem erature c?T rfre |a ove xa |nat|on 0 t
st el atenﬁ |ste rev st at the paramefers ¢ an var}/ %v%r
ractor 5 utt W ard ﬁvratrri rom the mean of
]hOAJ We can conclude that this value agpearstob the § ecntenon or
the glass temperaéure g the most eqen sense [isted ahove. fte
narameters T, an r atron are Known, |h

rimar
nossible.to e?frmate an nkﬁowg % is likely to be within 5°C of a
conventionally measured value, by using

Tg= N+ 007%C (10

The last three maberrals entered in Table VI are e(amptes of the sub-
stances tha exhrbrt ehavior t ata ears odern t criterion of
con fant However th QP ﬁ% trest at | cate@ eparture are
of re

tota Creep an 1SC0 rty an served temp ratur en ences ae
not een prove to axation In act tetmperatur
ence of t etra ort ator Invo ve%rn e Cf sta %ro

on oxmenc vr%hﬁ merl tnana thylbenzene reIda

rati dat thin 2% of thea ove

assumed to be roportro al 10 se usron |c ha en as e to
lnvo Ve r axat ono It has aIread een S estedt at the drtference
etween t eterggerature depen frrg sar sult of stron tem-
perature depenagnce of the mo uso 1] ty |nvoved rntepe inent
reIaxatron times.2
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CONCLUSIONS

_The tm]e-scale shift factors for th rec?verable and the viscous, defoma—
tion of polys rePe are (Iifferent,  Therefore, temperature reduction of the
tota] cr eg%p guance ati\ IS Nt correct, .

The steaqy-state corﬂp lance of low molecular weﬁght §50|¥s rene. ge-
fsr%asersog ﬁer clably with” decreasing temperature as the glass temperature
. A{)psm e m ?f free v?Iuhne #oarame%e[s can ﬁuccessfull descrlb? tpe
time scale shift factors of t de ecoverable compliance over most of the
mole%ular We'r?hé ran estudlg . .

|t has beert demonstrated that a fee-vglume gnal¥5|s should not he
ap led to th? VISCRSI tem[[).erature epenaence, but to the temperature
epe ence?thecar cterhsmtlme Jef . L
_Additigna eY,dence ort econ$e § a%%lfgcmenon for glass forma-

tion, aniversally constant value IS presented.
Wesl&att% eﬁectsyon tﬁe [eC0 ﬁra |2 compliance froﬁ1 resufual molecular

eterogeneity are possible,
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characterization and preParatlon. Valuable discussions with Drs. Hershel Markovitz
and Guy Berry are gratefully acknowledged.
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Synopsis

The two essential aspects of axial dispersion in gel permeation chromatography have
been studied: (1 2 1) the reIat|0nsh|g of axial dispersion to the continuity e(iuatlons of
chromatogra?hm ransport, and (2) the relationship to molecular size and the system
parameters of an individual column.” Theoretical analyses are presented for both of these
problems and are applied to an experimental study of axial dispersion by both zonal
(small-zone) and frontal ﬁlarge z0ng) exFerlments with a series of macromolecular species
having discrete, precisely known ‘molecular We|?hts Theoretically predicted non-
Gaussian elution profiles were observed for the small-zone experiments, and axial disper-
sion coefficients for each molecular species were determined as a function of flow rate. Re-
sulting values were found to be in good agreement with the theoretical equation relating
axial dispersion to molecular size, flow rate, and two “calibration constants” of the
column. ' These results provide a rational basis for axial dispersion effects in terms of the
fundamental processes and system parameters of gel columns. Extension of the anal-
ysis to multicomponent systems is discussed.

INTRODUCTION
Gel. permeation chromatogra used extensively for er frac-
t|onafl n, ﬁ actenzat?(? 8{1 }lrloiecufar sf(ze and \%f pﬂﬂe i

ributigns,
and for stu |es 0 macn]omo ecular Interaction. In eac 8f%a
Pon Itis| portantto Ve an a Lirate guan%tatlve un erstandln f
ament [OCESSES |ch underfie the technique so that ex men
e3|gn ma¥ t|m|ze and maximum_ inform tlon ext(acte romt
his pa resent results of z1n exg rimental sty y el
ter H}h f axia |38er5|on |n%e columns has e? erife
?ﬂ of smglec onent %Iute zonef n gf romatograp
an be r}/chﬁracte Ized enomenolo ? eter
[par fitlon coe ?lent whic eterm nest e avera eraeo solute tra s-
Eor within t ne column and re ectﬁ edegree of Iloene ration by t
u(teehgllo ﬁ the axial dispe honc iclent (or equi f\lent

N
(}/vnlc?] 8esc |bess readlng the. solute zone on the column
ers eratl n|tons ar noninter cth muItn:omP Hent

N
t\)cstem the eheﬁnor oﬁso ute zonfs IS etermlnel gfnlueso esg
0 parameters for each species plus the weignt fraction of each Speces
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inthe sa(mg ith it %ractlng systems of macromolecules it is ne dessa
so to know va e of the_Inte t|on constants mvéave Instu
rﬂacromo efu ar SB utes primary attentiqn een focused on
the first of the a 3 garamee gartltlon COeTl t and a vantaP
tcaen of Its eeH ence on moeCét [ Size or VVEIH'[ E|therteax
ISpersion %ﬁec ave been ignored or corrections Mave heen made base
nsoine itrarily asrsumed esughasa aussian distribution curve
he latter aﬂaro ach has been. [) A %tsualgw the Tun eutlon]?
fot eanals moﬁcular weight distributions in eter eneou Eo%/rﬂ
samﬁeﬂy re on? ccurati In Cﬁrtatn Cases.2-4 sccgs P
method [ies in t t that although elution curves |n wt yal com-
gonents are not stncty Gaussian, te error Introquice aussan
pro>f|mathon IS small’ under mo?to erattn con |t|ons ? N
1TIs clear t % na eouate basis for uc}h an Yses requires solu t|ono
grognate erentla ouatlonsI of rarp otrans ort wnhln
ff % column, and e)fB Imental, testin ei tlm uations or
sm homo eneous sollites covenngarneo vvﬂh size. In this
ng sent resy ts of an Investigation 1n wni teteorettca|
Icte Gabsstan shapes, of squte rofiles have been expeHmenta
tu | ven asIC cont nuity equat| N for gel permeation chromatog-

A im orta featur of permea lon chromat ograioJaP/ |stha the aX|aI
di per3|o coe C|e epe on moecular s|z a
ﬂe Qrosit co umn Conse ent eoret a Hate ?

Ich the 61 ht %w entt eorettcal ate assume Co stant or a
moecuarseoss are ]C ancles with eren ental results s
Inthe rese tstu(oh{ hav Ve |e teoretlcal refgtiqnsnin based.on a
o f?n cromato raphy The BwW re at|os ex ICI
inclu ectso moleculars easvve s flow rate an co um
n;gd t|s aIso snﬂpe |nh fon ustable constants are requ |red

the constants avearea |I a r uta smal meaning.

n this Investigation ﬁv use single. Momogeneous matromolecula
outes to_test tfieories o o tograp e o, | httcal stut

|sRer3|o[1 ven a small gegree of mo ﬁcua weignt eterogene]

estg asgts%wmgo unargl ia B groduceht
|s|ea resté's We ?ve there or usdﬁ glgmeso
clse |screteh n?o ecular s rather than narrqw (heter ge
neous) molecllar weight fractions o s nthetic polymer materials.

THEORY

The theoﬁ/ eg[el erm at|on chro at h and Its anal |ca|aga
Ilcatlo s eate exten |v¥ h résenfation
erevvt m anzet eanaI SIS ( eads to so |on 0 th continui

uation for the system, - These sojutions redtctt e sha nd 0S| |o
gsotllute Z0NES b(ﬁt Ithin the column adaselutlon tP ofiles. pSu Se-
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ﬁuently Ylewthe analg \s leadin toarelatlonshli) betwan the coef-
clent"of axial gispersion, og npaﬁamet JS and solute molecular size.
First we defing the’basic variables to be use

Definition of Variables

The bu,k flow rate F is ass med ¢ nstant The d||str|but|on volu eV
|s the volume within tmee{) ngl |ch IS accessible nsoF
SY]O' vqu eV IS the.dlist Al%nvolumeo atot ed solu
Intern voume\/ |st ITference between the ddtrl utlonv
umes of a totally nonexc uded 50 )lte and atotfa E/exc solute. T
Bartltlonc entals e, the fraction of the tern voI
Vg1|e accessinle.to the solu e* Frte owconcentj %ons use here It ”§7

(ffa?sum thﬂ { at aan Ve n eperhfertlgtg 0 li[(T:]%n(():fe'[ tga;[:ﬁ

ar meter(f = F(Ft, where Ftlsrl
ninga = FOFt and R= Fi/Ft |tP #recty Patv Fo+
E a+t(a' T ecross -sectiona %reao thee umn & multi-
pI|ed y£g|vesthe cross-sectional area accessible to the solute,

Description of Solute Zones

The continyi uat|on for p rtltlonmq between stationary and mobile
phases with sim It aneous aX|aI ISpersion iss

aC FaC_ di 1
a faax ~ ar i)
where L ia a c%eﬁmle t of aX| | dispersion % 'tﬂ units of square c t|meters
Per s?con ” |sﬁ Istance rom e top 0f the co umn The ovvequa
lon for total solute tlux s
| = {FCIfr) - LCaClax) )
J 15 the rate of solute transport per unit cross-sectional area occupied by
solute (£a). . -
uation (2) follows directly from eq. (1) and the general continuity
equation,

iC s
i —aJlax

*The analysis could also be carried out in terms of a partition coefficient defined rela-
tive to the total gel volume:

Kav = (V - Fo)/(Ft - To)
The relation between this coefficient and a is:

Kav(l + Tg/sSr)

where Vgis the anhydrous partlal specific volume of the gel-forming material and Sris
the slotl)vent )regaln (grams of solvent imbibed per gram of gel-forming material at swelling
equilibrium
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Efq atlong ha%the orm of Flcksflrtlawgfdt Usion foram ng frame
of referenc ere ence frame cate 0sitl no e ‘aver-
age solute moecue tepea apro ew mtecoumn) and
Oves with a ve ocn et = X — e New pOﬁItlon
coordinate. |ne FoC = C twh eV |s voume o “solvent
passed throughn t eco umn constant eql 1 becomes

OCIOV = LVOQS Q)

|th Ly = LIF. Thls coefficient of axial d#persmn Lv is the quaittlt
eermln rectl vt}[enments The coefficient L can subsequently be
calcu ate sine

t t [ formed in this stud
@%@aﬁwa%amwa%a

fo i sl & e e
nction F oundary conditions

8%('):)) 8x)1s x> 0

=0 V>o
the solution of eq. (3) is
C = (shaVirLyV) exp{ <5>24:LvV}

Substi utm for and notm%ﬁthtx = Flfa
atthe ott of the column, e have

C = (s/2ZaVirLwV) exo{ —F - Vyl£?a'-LwV) (@

It| a arent th ,thour%thms Gauss‘an with resH]ect to $(and hence x

V It |s on- Faus 1an Tunctlon with res ect 0 V at con-

stant tqua t% eco umn engt In an elution, experiment). \Whereas
Istyjoution along the “column at an ms ant 1s Gaussian, fhe

tr| utton WIth respect to t|me a a ne.m as%fan oint Fft

e ect is simply the

co mnt non (?aus&tan tha asIS o
ro on rSion ter eso ute zone. It Is

usa ect o nfromac f|n|
Asecond consequence ot |s edﬁ ef? o |st at g%’[l’lbUtlQn vo%y
\/ does not tiorresﬁo dexac emaxmuw e conce rattono the
elution profile epea ume Fm, We have meq
dC_tV-Fm (F- Fm2 & 0
dv~ | 22alrVu  ea2yVu2 2Vu

and hy rearrangement, 2a-Ly/Vu
o, sP e f~"ViwiVi, the dlstr|m|on vo{umeli g\|/ve?t by:V

V= FmV 1+ 2fa*Er/Ft,
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The squ a rotlso hly 1.002 for real Systems, producing an error jnV
op 08 ml, VIrS mll Indepena nt?y thf% retatlog ﬂlp provfges
an additional determmatlon orL

VOEW M
P Etractlce ma¥_ be rigorous % determmed asthe m?asured centroid of th te

rofile. . +or most purposes, however, use of I'm represents a su
|C|ent accurat a&g)roxm tl

se ond type of experi ent Iar ne ex nment ftontft
na SIS so uteo ntEap |e mav ume ufficient
|

ncentratl
q Pro dp ateau?ﬁ 3 lut on rof|Ie The eadm
an trall n% (f (es of the: profi e have separate S0 ut|o

Leading &dg
Cx0) =0
COF) =0
ClxV) = |° erfc
or, at fixed x; —_
CF) =~ elc .\ aaaluy- 0
Trailing edge:
C*0) = @
C(OF) =0
?)erfc VIAWL\)/I)V- (6)

[ S apparent from these relagions t tthe conceqtratlon ﬁﬂle of an
eutlor]qex enme |s nota3|m e error unctl ncom ement of the Volume,
smgt coor eadp ar |n onsim eman er In numerat\or
a denominator of t m‘ent ee,rr unctlon comp ent

eV t|on [epresents the Ame e ot at entioned above fort
sma one g It can be see romt £ a00Ve S0 t}OﬂS—e . (4) and
otecontmwt¥ equation that. the fwo types o exPer ent provi
t epe?dent mean fo etermination of column parameters and verific
lon oftheory.

* The error function complement is defined by

The inverse error function complement is defined as inverfc(y) = x, where y = erfc(x).
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?u'}%'tanﬁ'?% e
z1nd column characteris-
S USES the approac

Analysis of Lv

The following aPalgsm provides the basis for qu
0N System arameteL 3

{fﬁédg’égd.%iﬁ‘%ieq%h%s%e% R

eve | g . Cilueckauf9nut |sformuﬁae(§ WII%OU'[ choPJrse tq
theoretical g tes qco oraHest esstem ra eters eculrar t
cromato P Jta spersiort 1S n ze qs sum 0 %
ﬁrsmnsc Uite nonli) |for ItIes in gac Ing, axial drffusion (in bot
ases), and nonequilibrium between pnase

Lv=Lv+ ;d+ Ld. (7
The first term, Lv, comes fr mth flmte |ze of the gel particles and the
random var|at|on3| artlc uch var| ons produce vana
tions n ve ou een mlc osco on Wi |n the colu
summm ctu |ons rthe ecou n, even a.column

|m enet g(i easvw roglce edlstrl fion |chc S a¥
roxmeﬁes (> ssancre 10 T| tls lnaepen ent of FZ
K derate owrates>J wectE/ proportlona [lur%e particle size 0, and to

oW extent unique to t ticular co
H v(ﬂfusmnal second term | evaluated from

or

oC DdX

_ v ~F &2
to give

Ld = &/F

¥|/here Dis th free diffusi ncoeﬁluent Th{ Aerm var Ies inve[sely W\th
rate and ECOMES smal in'a nonsimple fashion for large solute’ mole

|In ‘the presence of a ne}W flow_the Jmlte time neceﬁ for exchagge of
solute e een the two phases intro ﬁes a none um. ertu% tion
within th zong As? result the ctua amoynt af solute within. the sta-
tlonary ase n‘ferﬁ % from thay tpres rineqd by the equilibr mpar
PBQH |s erm. This 1Sotnerm Is writte ere Q1S eegw
brium amount of s ute ﬁrunlt C0 umn en thin the st tJona ase nd
st e cor onding_solute con entration. In the mo |Ie|o Simi-
Iar |h theaBJa nonethbnum%so ute Int estatlon
Sp ?solute conce tratlo |nt 8
ase, tert ute *Is given by .
ervatlono Mass req uwes tha

(0CIK) + (@QTIaV) =
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or
(dC/dx) + a(dC/dV) + B<r(dC¥cV) = 0 ©
ST e L A S
e te mean time required to reach equilibrium, sothat
(dQ*t) ~ Q- Q*)Md
The mean equilibration time is related to D by
AD = qazf)uD

where d is d%a t*'.cle diarngt%cdis a fact%r r.eflectlr&ghﬁht geomet of the aggl

gﬁq‘ggles, jaD 15 t sion Coefficient wi stationary p
dQ*/ot = F(dQ*/dV) 9
We now have
dO*/dF = (fiaDigdw) (Q - Q) (10

which after differentiation with respect to V becomes
dQ*/dV = (dQ/dV) - (ooF/PaD)(bD)*/bV>). (12)
Recalling the defining relationships for Qand Q* and substituting into e
e ceinng rlatiorships for Qand ¢ S
(dChe) + iialdciaV) = “F (dg75F2 )

Referring againto eg. (8), we see that
&KPEST = -(lp<r)[(bClbx) + a(dCydF)]
and
SL*[dF2 = -(l/d<r)[(dZ7IFE)c) + a(aZ7/dF2)]. (13)
With the approximation (valid for small deviations from equilibrium)
dCldx « —(aV/dx) (5(7/5F)

= -toGDC/hV) (14)
the expression hecomes
i 1dC odF dT i)
ar fadx £3Ddx2

Recalling that dC/dt = F(dC/dV) and Lv = L/F, comparison with eg. (1)
shows that i

An — 35 (19



252 HALVORSON AND ACKERS

Summing the contributions leads to
Ly + t?sg?FZJ (17)
Sei/eral features of this rel(jtlgn sho%d be emHhasued (1), it contains

atameters and gd2 which are not Getermined inclependent
z% aX|a| hersmn otpa solute ‘zone as a un%ttono r] p ﬁ tgl a

nimym, t jecon? term domi tlng at(!ow rates an tt\ d?ast term
at moderate to owra es; ﬁ erate owrates axial dispersion
Increases with inc easmg mo ecul r'size ?olecreasmg qEL

MATERIALS AND METHODS

The gels. use forr] these ex ertmenswereH extrang crosslj Pked with epi-
chIoro fin ﬁo adeX, Phiarmacia Seg adex G-100 (lot 6164) was
e the sma zone ex nment large-zone experiment wered ne on
C0 mn?os 9393)

so)tutes eteflnest rades commercially avajlable;
% %cyTg cine &ﬁnann 1719 t8289 F sﬂ

heart cytocnrore_¢ (Man
R3282), sperm whae myo 1I)bln M;nn 9 lot 4714 ang

human gamm glo%ultn an oy hFrn bean mosaic
V”F sta Dr Rosse Stﬁere USDA ant Vnoo] La orat)%y
Beltsv Molecu Felg fs for these solutes are shown in Table |
anng W|th othér physical characteristics.
TABLE | |
Molecular Species
Molecular Diow X 107,
Molecular species weight cm2seca
Glycylglycine 132 70.7h
Cytochirome ¢ (horse heart) 13,400 13.0
M oglobin (sperm whale) 16,890 11.3
lobulin (human)_ 153,000 4.00
Southern bean mosaic virus 6.6 X 106 1.39

aUnless otherwise identified, values are taken from the Handbook of Biochemistry, 13
bCorrected to 20°C from the value determined at 25°C by Longsworth. 4

Tng; solvent for all experiments was 0.1 M potassium phosphate buffer

(H

r Soaking the gel in solvent for at least 24 hr and decanting the fine
rttcfes coltnq vvg oured In F tuges mae rom sectto[tsgmL rets
Pt IS aSSUres constant ross-sectional area and makes it simple to deter-

* Animportant distinction is necessary between the absolute amount of zone spreading
observed after a sample has been eluted from the column and the rate of spreading during
the time it is on the column. A smaller molecular species which spends more time on the
column prior to its elution m %exhlblt a large amount of absolute dispersion relative to a
larger molecule, even though the larger molecule spreads at a greater rate (larger Ly).
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"r tOta(!rsOsluaT ¥°t'8'{r“e?1d A Wﬁ'% fited, i poroe 20
icient to r ater N ore co umnvo e an Nour was
toa ure wrth ven uent ree orr T eeIu e from

t Water ac 20 + 0 assed t Into a

srrn pratrn n the Wrt awa mo This

rea % @%) e const nt flow rates within the accuracy of buret

Sinc 8tab|e baselrne ISVI(5a| to Ahe nalyses gerforme}(]j here, the absort-
ance at% nmwas monitored In a oub7rf eam >JJ€C rophotometer (Bausc
gnd Lom S($ectronrc 60(% for the small-zone ¢ ﬁerrm nts z1nd hn a srngle

aﬁ?énmsa‘%%’t[) B Spen ‘t‘c')?p?& o R0 T e g g

"

el R B i
ett Packar 3440A cour‘ eit- Pacléar 2 t cp s? cerr

tape E}u neerrna timer constituteq th grtad %

syste whrc co ecte 40 10 24?0 afa. po Arts [, For arge .zone

? riments t e sample changer of the GrI or Was used as a trigoer
the data collecting system.

Small-Zone Experiments
the mer?crés of thepfolvent entered the poroug grsk one drop of

soute (1-2m m Was a and the time asrecre As soon a3 th
sample entereq t Poro rs one or two arops ar solvent were applied.
Irnthrs fa ntered e thesacea%ethe el Ar?ed wit
solvent and The S0 ve reservol vrr qcon ecte éir}] low rate
was determined by measuring the rate at which solvent entered the column.,

Large -Zone Experiments

The S%Plplesweerou 10 Iofsol fion (005?1mg . Inall
cases sufficient vo led to achieve a -platea tconsta?t

Eoncentreg ?rnrsﬂ %Iuto that If&” a ered The Hﬁaes wHen

(1]9 ﬁqb a Smal e?;[]%rljﬂ? ?fvenh an\gleae %C?rrnseaﬁ e@%rrsﬁmia 0VE,
rom t tne

ate vvaﬁ etermine erlate at whrcg
the column asY}re the rate ?twhrc solvent entere
gave reproducible elution profiles

Computations

Com utatrons WWere carrred out on % Hewlett-Packard 2114A dr%al
? P I'In Some ¢ases on a Burraugns Bs500 c%rinput?r Frgures 8
otted with a Hewlett-Pac ar 9100A programmable calculator” equippe
Wrth a 9125A plotter.

sample enéered
These'procedures
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RESULTS
Small-Zone Profiles
ical small-zone elution profile is shown in. Figure 1  Inspectio
rev tpskewrn 0 t?r Ie}t ea g edﬁe()) £r icte %e/e(r Q;p tan
ualit trve evr ence of sk rn 1S equ % %eve d mor
aowe 5 jis fa to eq. Sj

alysis 1S re to est i orou
ersus the rt nor ssran descr e a (au sr
curve nfx where rs second morﬂen or
rrane thena ot 0f In versu uceastrr tIrne

ereas ske ddata Ishowas seFmatF evté'tt’“’ rom the line ¢
spongrng toW?re best aussian fit (Hg. S nteothernaand fo the

vV (ml)

Fig. L Representative small-zone elution Frofrle for cytochrome ¢ on SeRhadexG -100
(column B, Table 11)at a flow rate of 9.49 ml/hr: (O) every 40th point of the data taken
is shown; () best fit of eq. (4) to the data; (*  1)best fit of a Gaussian curve to the
data. On the ordinate, solute concentrations are normalized with respect to total
amount s of solute.

ata fit eg, /V vvrllb linear wrtp) respettofW %Frg
tis Cle tha rovr esam h better ttotedatatan S
eGau?sran CUrve, ure sma Isstematrch (mtrons [)omt

straight line occur, hese ev[ations are nteJ rence. hetween
the 0.curves. Furt er ore the est au?sran curvri

data r
always lie 0 Qp osite sige sof estra ne ﬂte origin of the sml
Systematic evra 10nS seen In FrguresZ 315 likely dueto a systematic
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Fig. 2. Linear transformation fur Gaussian curve: (©) gplled to the data; (v « ¢) the
best Gaussian fit; (— )HW). In this graph and Figure 3 the same data areplotted as
in Figure 1, exceptevery 0th point is shown.

error in measured flow rate. injtial time, or \.  Small errors of this kind
H be ampli f?ed great?y by tlwe trans?ormaﬂons Used ?n these pﬁots.

Evaluation of Lv

%uatlon (4 Prov Fesameang of e(YaIuatm the axial dlsg {sion ogf
e AL AR ST, o e

ﬁp )Krea H erlcaP evawatjon ofwin‘n gives §, the
Hle%s% atsample applied to thec olumn. - Analytic integration ofeq (&) ver-
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\é\rlhenv =V, the exponential term isunity and “max  s/(2& VL)

Lv = (§2£aCrmax)Zn'P-

?thO(z antgrvaI dividing routine on Lvwas used for

Curve- F|tt|n?Ito o

a least-squares

(vVv)2

Fig. s. Linear transformation for eq. (4): (G) applied to data; . bestGausswn
fit; and (—)eq. a). The slope (—1/402*LV) an intercept In(s Z%a [tv) are used
to determine Lv (see text).

Ioge Me ho c}z]an be seen d| ectl( romeq. (4), Lv=—/4EAA,

nterAIStteS ot “engreé'r?ﬂ]'”t%e { §’dF e 3 e
s/e p[%% e>§0{S EXv\% eBglst eqlnaércepto eregresswn‘lne
Th|s ethod IS Guite sensitive to t escattermt e data
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TABLE ||
LV for Small-Zone Experiments on G-100

Ly, cm-1
Regression

Col-  F, Height/ Curve Inter- Inflection
Sample umn - mihr  aréa fitting  Slope  cept points

0.0230 0.0234 0.0326 0.0679 0.0408 0.0404
B 4.64 0.0205 0.0211 0.0311 0.0453 0.0294 0.0302
B 9.59 00212 0.0214 0.0210 0.0217 0.0227 0.0130
B 1447 0.0254 0.0254 0.0150 0.0211 0.0236
A 1208 00798 0.0792 0.0483 0.0194 0.0885 0.0835
B 9.49 0.0665 0.0669 0.0470 0.0306 0.0756 0.0835
E 13.93 0.1482 0.1529 0.1028 0.1413
A
B
B

b
N
!\.)
oo
(23]

Glycylglycine

Cytochrome ¢

1411 0.0533 0.0534 0.0335 0.0576 0.0977
12.08 0.1113 0.1000 0.0678 0.0333 0.1018 0.1609
9.82 0.0742 0.0752 0.0978 0.1586 0.0426 0.1089

Myoglobin
1411 0.1219 0.1820 0.0880 0.2081

Iné‘l\e/gglon Point Method.  Differentiating eq. (4) twice with respect to

1 5
dV2:{4a+4ea2_vV LA 3 ALy,
At the inflection points, cp ¢ /av 2is zero and
Lv = Fi[3{VIVjY - 1- V'6(f/Fi)4- 2)/GEA2

where F/ isthe volume at the |{wﬂect|0n #ohnt Unfortun 7tely thlsg res-
smin ISh ersenfltlve to small errors | u%f Fan lve?
va ueso vV On hout one qraer. of magnltu? From a theoretica
eW oint r t| expression 1S gmte SIQ

|C, at Lv H relate e o tf]cant 8 It ShOws ex-
nIy é IS Independent ofl the zoP]e SIZg S,

e extent of spreading
Large-Zone Experiments

The leading and trailing boundaries, for a typical laroe-zone experiment
re sho mgFl ure 4, grhese gata from tt%pGﬁllorJg gectro ﬁgtometer
show much qreater scatter th ﬁnwas resen(s In th %%88 0ne eXperiments,
|c we( onitored with the Bausch Sl[l)eCtrOB otometr
e}rezone experiments, V e}er med as.the vol rEe at t
centrmd ? he a%Jro rate ounda nsm?n from to
(%J 0 rtetallm ounda takes fovete{éréq?
FaoFbten rth ea oun ag ere
stearea un eva ed numerically. . Fof tSe tr Img

t(? uc%dr%;r)%re mver?c 2C§C(5 versus Fapﬂopwse\}e WI'J\ e%vg ? 7
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Fig. 4. Leading and trailing boundaries of large-zone experiments for cytochrome ¢
éulnson”Gh-YS. Data obtained with a Gilford 2000 spectrophotometer at a flow rate of
15mlfhr,

o 2 4 6 8 D 2 % b B

v(ml)

Fig. 5. Predicted leading boundary elution profile: (--) plot of the best error function
complement for the data shown in Figure 4; (--—--—-- ) plot according to eq. (5).
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Versys F—F) How ver eIar e-Z0ne € nments are 1 atJver |n
sen3| I forg ection of s amo nts o]zsken)/‘1 ncee CS VI C(’{

E 4 termso Flgure 5 at|ve
esc ter In.the data |twasnot 0SS eto tect any i |{|cant
enc |n |neant ee the two ﬂ

expgnment for detecting skewin As a res
ofs. By rearrange en
cou In princi ec Cu ateLv [0

one

_aninverfe(2(7/Co)
This expression, however, is next to Us Ie%s for calculaalnﬂ Lv OWI

ounda certaint ear
efore achqb L}n

Iar e relative errors mCa}the endso
sbot numgrator and enom nator goto.zero,. The
was ana %ed ydetermlmn% ﬁ redressionline o |nver 2 /C
(V— X g et a e O the reqr sson I| nte
Ln + [ } the S|gH]|s ermmed%n eboun
Is leading (+) ortrailing (—. ™ The results are sh |nTa Ie
TABLE I
Lv for Large-Zone Experiments on G-75
Lvem L
Sample Column F, mlihr Leading Trailing
Glycylglycine C 8.21 0.0333 0.0405
C 14.91 0.0578 0.0522
D 6.50 0.0261 0.0320
n 12.71 0.0349 0.0493
Cytochrome ¢ c 8.15 0.1210 0.1429
¢ 14.73 0.1951 0.1898
Myoglobin c 8.22 0.0952 0.0895
¢ 15.39 0.2017 0.1954
D 6.91 0.1021 0.0993
1) 12.75 0.1838 0.2007
Analysis of Lv
Rearrangement of g, (L7) to
ID o F
v F  "P+LVD

IVEs a Ilnfar equation rela]tln fIhe known terms. F| ures 6and 7 show
e data plotted'l chlsf loft for sma zone and Iar pen ents,
res CHIVELY. Ta le_\/ contains the values of L an ort ecoumns
n the 3 ents Reasona eestlm tes of |nd|catet
eftﬁﬂ :

so e or e 8 shows the eneraI
nawor of Lrwith f aefor oftge colugnns used. Y
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Fig. 6. Analgsis of Ly lased on eg. (17) for data from small-zone exPeriments: (03

column A: (TX column'B." The upper line is a regression plot for data of column A an
thetlovaer is for column B.  The slope of the regression line () is qd2 and the inter-
ceptisLp.

Fig. 7. Analysis of Ly based on eq. (17) for data from large-zone experiments: (%
column C; (X% column 11 The upper line is a regression plot for data of column
and the lower ling is that for column'D. The slope of the regression line (-—---) is qd2
and the intercept is Lp.
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F

0

Fig. 8. Behavior of ir as a function of flow rate with (a) Sephadex G-100 and (6)
Sephadex G-75 columns: (A) glycylglycine; (O) cytochrome c; (X) myoglobin.
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TABLE IV
Column Parameters

Gel Column L\e cm 1 fldl X 105 ¢cm?

G-100 0.0158 1.23
0.0148

G-75 0.0384 157

0.0340

lwigplech -2

DISCUSSION

Thrs stud}r hasI been directed toward the two e nthal aspects of axra}
F jon I rmeatiqn ehromatq ra ¥ the refationsh Ié)
axr ISpersiof § ot econtrnra/ uatr chr atograp IC tran (ﬁort
an g ere ationship to e Orr srzea the systegr Ip ters r]
P column. rst drese re atr nships enes enera
orm? euthon Jarofrles an Drovjaes a basis for ex errmenta ete mrna
tlon of th %r | coe rcrent of axial lis rsro the present
stu&ir[r] Ve Ve |et asrceontrnurt atro ore hromato ra %
ave used Its so trons to obtain ax spersr |entso srg
|sc ée mﬁcromrflecu ponents These resu ts can erea X-
tene fo the ana srso mu ponent s stems
For eterogene Us mrxturef nonrnt ractrn om onents, aﬂ eb%sa
trPn analogous to the empirical T ﬂ atron can b rrtteﬁ on the ?
the assl g eeetrveycontrnuous Istribution 0

ko T ;
glr\(;e%egyrsrze the elution prorile (between two arbitrary points Faand Ho) Is

o) = gm0 | Sy (@

uatr nV an Lvare ow ont nuousvarrabl
rgstrrhut% unc roﬁc’ e ectrn strr ution n. mole aﬂrs #ev) }f\f1

u solut on sts for Integra equatrons o nd thef
ution for arned oumerically. Using the technique o

drrect ptrca nrn rngJ er eatjon ¢ romato ra Brt rio In erest
stu onc tration pri so te Z00ES r| o their elution fro
eeo X errme eco umP 1SS anne at constant V' an
the solute co centration |sr corded as? unction of x.  The correspong-

Ing equation for the nonelution case would be;

_ I W(x - X)>
C) = J¥a ZfrVr(r)va o | 4Ly\/ \f X (L9

vvherebx = FFa It is een that this eﬂuatron in the drstérnce €00
3 0S8y rese@ ance to the %fer%u?tror] than does eq. (1 (
and would reduce to It It Ewere In ependent olecular size.
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For m th multicom onent sy tems ofb ers there are, r]teractlons
hetween diScrete ma cromolecufar S ad 10 rever5| e assocla-
tlon- dIS oclation equ na avm |n|te t0|e met Lsuc 5
tems epermeatto romator W euse to study the assocja-
tl§P to determine t ermo I parameters for the Inter ettosm

s provide diagnostic | dteattons of t

Fifsu S doft [6S tstud canj)e Use to redtctt es
sméa arge” solute zpnes for su stems, and
2 Ore at?

ed Results oF such a study, now unde ay W

aer fime.

The secoRd asRect of this work, Enttoned above, has r?sult?d m a Use-
Fapgroac Fanal SIS Of ea [0adening Jn ermso molecu ar SIze,
owr te, an co mn aramele F at|on 1 IJorow es a good cor
relation 0 aX| ﬁpe on th colu efers over th

ciation com giexes
£ presented at a

fan
conditions em o In this stu not esent Rg b?
0 assess. the v(e aneoa IIX ceat ave to
e modified tQ_gescrioe ehaV| euI %\aeag small”partition
%oe iclents.  The necessary modt |cat|on wou erent expression
or ADIn the expression,
. £Z)+ BaF

Lv AtD

|ch tst e more ener | form ofe 17? The aram ter ADCo o‘be
termm f%n sﬁgtaa ]asafunct soluteszeast es peso plots

qtuatt B? as the eneraI orm of he well- known va Dee ter
0 tequwaenttot eore ate H=A+ F
ere B, and C are a Justa ns nts of the (ioumn It
as o en kn wn that theoretical plate IS derived by analo
to act o]na dstt flon dcountercu rent stn utton do ng coP
sical reallt chr t%ralp sgétemsp In spite of this
ma the|r use ears ee enchéd In traglition. . Later ver-
smna a equatio eenf?xtenswe ffmodtfte émd ex-
E to allow fo ana ons In so te. d t%sm]nc ? nt an
stem para eters ile {etatntno the fi ct%on of theo ettca nce
ets no g ysical justification Tor Use of theoret gt (fa Pates t esee orts
P r'somewnat similar to the continued cesg ptton 0 anetar
Bn erms ofeptcyoles Ich erstste after the time of ﬁe
BOSSI eto " tt sIat spt Coefficlents, based o tecontm
Uation Whl 3| a rea sttc mtot ecorrespon ing equtvae
theoretica Iatehe 0¥ ere at|on

&Y orfn ts sent stud% W|t reV|ousI known pro
ﬁrorrﬁatoOr htc r%/tslt] Cr%ltltjcn Itte lcsotfn o %aract %utc eaecrittre
actenzattg ula be the possm ity 0 Bre %mg known solute th
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osition and shape of an elution profile from a given n. The pro-
E aures necessartP ?or sucﬂt a cttara ferization are ogittltnegqbefn P

Characterization of the Gel
n]e useful aram ters ior chara termnm r? ven Patch or lot of I%TI

(tg ol I%ar ract |B?tclnlc \eOSWOIOft 8 0 mi? aerandﬁ
caI {altlo constm1 or pgrttﬁ%g qgt solute mto tﬁ g k\e art;i
ageu gc ) Hmeo e anhydrous %el ormmg material v§ normft

tomt e manufa tutrorm e determined ex |mentax A er
Wel mganamo ntoﬁg on ma mgaco umnantf etetrmlnt ﬁ
To ne can calcu ate e value 0

t00 and re ré)resents you efrac?ion nthe xséyvo Ien esloccu |e
st

eeorml teyial. Ont S same coumn sermtr] ty
eans equato see Figs, 6 an The ne %PlstP albra
the eW|t res artiti ntn roB rties In terms of mo %
P r|et roce?ure an eused For xa ple, 1
arrad usals mte est e relationsDa = erfcf(a —a0/
or

a =0+ Mjnverfc () can be used for molecules of kn i |usaand
Rartltton coefficient a etermine gel paraﬂtet IS aaan %
ensive reV|ewo gel-calibration pro edures as Deen given yAckers

Calibration of the Individual Column
Once the Lot of el has been %arac(tertz?]d anX colgmn aredf

ar Size
molecu-

known wejgnt of gl can he call rateq wit nterna olume
tion experiment, =T ev Id volume sfon

and | *s determine VE. th suc |t| OSSIbI

redict or%known 50 utet osition aeo eeutl ro eorto
eter Ine the malecular ra| s and i fIO coeffl uento un nown

com sam Ie calculation on ¢ ochrome C, ac-
aqng 0 ea ? 9) S0 ve(s for D, d !

402
D= 30F )(Lr - LP?a2 1+\\/ i
gav avalu% fﬁa @ ~6cstec compared to a literature value of 130
so

Fma t ointed 0 hat the meth dofanaIY is develo e(%
here r0| sapowert ﬁanso ete%tm 0o H |sper3|% N a System o
macromalecu fs During the cqurse 0 sst und t dadt
Ere aratlonso solutes ¢ tild qot e sed. since ma amounts of a t

nents e(d to_ anomalous r% values 0 grm?a ‘calibra-
ttoncart like Figures 6 and 7 makes this e ect immedliately apparent,
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For,. most p oses planimetrie determination of s = fCdV should be
Su |C|enty urate

_This work has been lapported by Grant GM-14493 from the U. S. Public Health Ser-
vice.
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N. J. MILLS* and A NEVl
Petrochemical & Po mer ratory, Imperia Chemlfaléndustnes
Limited, Tre Heath, Runcam, Chesnire, Englan

Synapsis

Oscillatory shear measurements have been made on a range of anionic polystyrene
melts of molecular wel%hts 1000-500,000. For M < 5000 Ihe polymer chain is foo short
to act as a Gaussian coil and hence the comf)hance of the melt isvéry low.  For 10,000 <
M < 100,000 the compliance of the melt follows the Rouse model of the elasticity of iso-
lated polymer molecules. It is necessary to use the Ferry, Landel and Williams extension
of the Rouse theory for M > 40,000 to allow for the effact of entanglements on the com-
plex modulus.  For M > 200, 000 the entangelment network dominates the compliance
and the Rouse theory is no longer applicable.

INTRODUCTION
Oscillato shear measureTents have beg ?de téy

worﬁer 5o st)%ene melts of narrow dpe(:u ar w
j owevg echang1 In. behavior down to vewrg

;i

en Investiated except by B Oogxﬁomo c%ar
| Investi X
herge wasaftte d| eren etr nswg g e shear mwgu lus G
etvveen for J“ ecu rwe hts 0000 0) 860 000 ex-
cetfortes |n re ney_due to change !?owta anlnlc
P/s renes, narrowe sthant Iystyreng ractions u i
arfier’ workers, 12 are_available |t IS pos mor ne
avnir of a monogis erse PO mer me This. then o
f ar_theories o ){) scoelastlu 610 he teste more t or
(hg Ex erm] en%s ave also heen ¢ ”F out to confirm
t %ect t polydis er d[y 0 serve N Ip n%/dhmet ||oxane7an fest
whe the MWD be | erre fro %ﬂlCEﬂ behaV|?
Qur results (m be canepared Wlt recent dynam|c data anionic poly
styrenes and blends tnerefrom,
EXPERIMENTAL
Materials

oL BT s e e

* Now at Department of Physical Metallurgy and Science of Materials, The Uni-
versity of Birmingham, P. 0. Box 363, Birmingham B15 2TT, England
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Denyer. (g] ad?itielgea ?]enes of blfends ofanlo ic 88'5 08/(/%]% with a/rveelgEty

average n\ ecula

m|>i|n d ute olution eva %[agln he solvent e
molec ar g{t avera es measu rEfanon chroma\to ra
or supplie % ? acturers, areg olecula
averages of the blends were computed'an are glven |nT le 1.

TABLE |
Molecular Weights of Polystyrene Samples

Source M,, (method)® Mw (method)* M /Mub
Pressure Chemicals Co.
Batch 15a 1,050 + 10% (VPO)
1a 2,900 £ 7% (VPO) 3,800 (GPCQ 1.2
8a 10,900 + 5% (MO 10,000 £+ 10% (LS) 1.1
2a 19,800 + 3% (MO 19,800 + 2% (LS 11
“ Ta 50,100 £ 5% (MO 50,500 + 4% (LS 1.1
“ ga 160,000 + 3% Vg 1.1
u a 404,000 ch 5% (MO) 507, 000 + 4% (L ) 1.2
R. D@nyer 281900 (GPC 31600 GPC 1.1
76,000 (GPC 87.000 GPC

“VPO, vapor pressure osmometry; MO, membrane osmometry; LS, light scattering;
V, wscometné
Mzby GPC.

TABLE Il
Molecular Weight Distribution of Blends

, _ 10
Weight fraction MzMz+|JX 4
Polymer 1 2 Mn My, M, My, jN
1100 0 425,000 500,000 600,000 0.865 0.20

0.2
Blend A 50 50 128,300 292,000 529,000 126 0.7
Blend B 25 15 95,500 189,000 432,000 151 151
Blend C  12.5 87.5 84,600 138,000 328,000 147 1.9
Blend D .6.25 9375 80,000 112,000 241,000 1.15 %?

2 0 100 75,700 86,800 102000 0139 0.11

Rheological Equipment
A modeI 16 Weiss nberg cone-a (f' plate wsconbeter with 25 cm diameter

it &eaoan T

elastlc en ectnc measun strfiness, esinbe
rewousx%vas In the ran 103107N The o ato
rve 1S no longer t rou man a(]:turers orma orc shaft an
laphra tor3|0n strimess of t estaln es tee tL)e etvveer}
the 0sC latgxy rve mec an| and the cone 15 2

the tube en the plate an e stress measurin ead IS 2147 N-m L

This means that for'the sample  geometry Used the steady-state shear
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|ace |ne er ot etcn easlowasd X 1 smN
tcont t to the total measyred compljance. as
oe theu ersamfes ? Ibe A Solatron dli |te§i franste P t ction
n zer Use tocacuatetecmonntsof omplex mogu usas
These valy vverec rrecte or the low molecu rwe| 0

SllYe sfort e st ne Be e trneasurln system. Inz%

atu Ifre uency of the meas rttE4
VYﬁsétem %ﬁ t% \(lteﬁtpmg In the air Bearmg and torgUe measuring eag

ntous shear measurements were made by using the \Wi |ssenRer?
{Jgaratus }l]\/l'[h to fton har torque measurement, and at higher shea
resses with a small capillary viscometer o

THEORY

The continyum rhe?Io ical theorg for a second-order fluid predmt
that the I|m|t|n% low reiuen%beh vior ?f the In- Phase 0’ and, out-0
Blvaesne%/ components of the complex modulus in oscillatory shear flow are

i orC - v
by o= = 0

where 7o s the limiting viscosity, J the steady-state shear compliance,
and @the frequenc
he Rou 912 maLecuEtr theorgI or the V|scoe rogertleshof iﬂlute

Pr? mer south ? een mo e an extn t 1p%a/ r
t A use itne summa ﬁtet e0ry Nas een IVen X
g2 b R LT
ng mo?ecular welgtst?to?tfveanumbero possmiN Rgouse mg ) 15
J = OAM/pRT 8
where | the density, R the asc nstant, and T the ahsolute tempera
ture, h?s has eentyextended 0 po ISperse potymersagy Ferryug v{ng
J = (OApRT) (MM +i)/Mw (4
The components of the complex modulus are given by:
G>) = BT #p M1, tA L2t %] V= 1’2’3""’ 2 C)

Q) = RT {l’p ki 1+W®‘pi
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when the weight fraction of polymer of molecular weight M*is \W4and
there are, Gaussian submolecules per molecule. o

The relaxation times rw associated with the modes of vibration of the
molecule are given in terms of the measured viscosity by

™ = (6/t) (\MprTPMy v = 123, .. (6)

Ferry, Landel, and Williams® empirically modified this equation for
polymers of molecular weight greater than"a critical value Mcso that it
only applied for modes for which p < (MMD. For higher modes the
relaxation times were shortened by a factor s that

_ M
Tt ~ TPRT Mvw2M i04

(z>P> Mv)  (])

This effectively means that the shorter relaxation times are unaltered but
the longer ones are shifted to longer times to allow for the change in the
slope of the log viscosity versus |0? molecular weight relation from 1to 3.4
at about Mc This automatically ensures that' the low frequency be-
havior of G{wy gives the meastred viscosity. Also for a polymer of
rather narrow MWD and high molecular weight, G will reach a plateau
value of prT/™mc at frequencies hlgher than the reciprocal of all the
long Tioand less than the reciprocal of the short riv

RESULTS

Oscillatory Shear on Whole Polymers

The components G and G* of the complex modulus are shown as a
function of the normalized angular frequency m® in Figures 1, 2, 4, and 5
for a series of polystyrenes of increasing molecular weight. The limiting
viscosities and temperatures of measurement are given in Table III.
This presentation is preferred to the more usual one of ' and G versus
frequency, since there is no reason to divide only one of the measured

TABLE Il
Limiting Viscosities and Temperature of Measurement

Polymer Mw T, °C 10, poise Jo, m2N

3,800 90 1.2 X 107
3,800 100 5.6 X 10E 1.1 X 10~7
10,000 115 8.6 X 106 1.0 X 10“6
20,000 130 5.0 X 105 2.4 X 10-«
31,000 135 2.7 X 105 2.6 X 106
51,000 155 1.0 X 106 5.6 X 10~6
87,000 190 5.0 X 103 1.1 x 10-6
160,000 190 Tex O 8.5 X 10“6
500,000 190 4?X 106 2.0 X 10"6
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uantities by @ and the relative values of 6" and G"are more easily seen.
he com{)onent G was not detectable for polystyrene of molecular welqht
1000, It is always very low relative to G'for'the (E)olysa/rene of molecular
wel%ht 3800, and ' G*harely deviates from a linear dependence on frequency
in the range of measurement. The number of possible Rouse modes of

6T
log i*co N m3

Fig. 1 Plots of log G' vs. Io? > for polystyrene of molecular weight 3800 (a) at
90°C and (*) at 100°C and (0) for molecular weight 10,000 at Ilo°C; ? ------- ), of model
Barlow etal.; (— ) Maxwell element.

Fig. 2. Plots of log G" vs. log rjow for same samples and notation as Fig. 1.

oscillation for this polymer is small. If the Gaussian submolecule con-
tains five freely jointed segments, then its molecular weight is ca. 4000
gsee dlscussmng and there are one and two modes, respectively, for the
800 and 10,000 molecular weight ponstFXrene. For the 3800 ‘molecular
weight looIP/mer at 100°C therefore, the Rouse theory reduces to a single
Maxwell element with relaxation time given by

t/i) = M/pRT = 12 X 10-° mZN (8)
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Fi%. Plots of log reduced complex modulus vs. log air,, for polystyrene of molecular
weight. 20,000 (v, a) and 00,000 (;f,>) compared with the Rouse model (—); upper
curves G' in each case.

This Is compared with the experimental results in Figures Land 2. Not
only is the limiting compliance J predicted to be too high by a factor of 12,
but the G behavior is also quite different at high frequericies. The first
mlqht be explained by the occurrence of non-Gaussian behavior at higher
molecular weights than expected, leading to a lower effective compliance
of the polymer chain. _ The second indicates that there are other relaxa-
tion mechanisms contributing, to the modulus of the 3500 molecular welglht
polg/styrene at high frequencies. The empirical model of Barlow et al.b
(BEL "model) which fits the behavior of pure low molecular weight liquids
IS also shown in Figures 1 and 2. gThe arameter G,, the modulus at
infinite frequency, is taken as 2 X 108Nm2at the temperature of measure-
ment, a reasonable value considering Burge’s6 results on polystyrenes with

f p— T

2 ' 6" T 2 ~"3
log 4 s
Fig. 4. Plots of log of complex modulus comFonents G' and G" versus log w for poly-
l

styrene of molecular weight 31,000 at 155°C: (1, 1 ) our data; (+, O) data of Chartoff
and Maxwell.3
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Fig. 5. Plots of log G' and G" vs. log iju for anionic Eolystyrenes: (==--=) molecular
weight 87,000; (— ) molecular weight 160,000.

M > 20,000) The BEL model is close to the 3800 molecular weight
polystyrene result, except that it predicts G' ¢ e at low frequencies
Instead of the observed @ behavior. If, therefore, the G behavior is
a sum of that for low molecular weight liquids and the Rouse model,
then there is @ Rouse mode of sorts for the 10,000 molecular weight poly-
styrene, but nong for the 3800 mob cular weu};}ht fo(l)ystyrene.

To show the similarity of the behavior of the 20,000°and 30,000 molecu-
lar weight samples to the high molecular weight Rouse model, the reduced
variables G and G' MwfRT were plotted a%a_lnst con, where
\IS given by eg. (¢ ), with Mt= Mwin Figure 3. The fit is very good for
the 30,000 molecular weight polystyrene and less good for the 20,000
molecular weight polystyrene.  This su?gests that it is only for M
30,000 that there are sufficient modes acting for the Rouse model to apply.

Figure 4 compares our complex modulus results on an anionic poIY-
stYrene of M —51,000 at 155°C with those of Chartoff and Maxwell 3
Although the viscosities are nearly the same at low frequencies, their
values 0f G are far greater than ours; and correspondingly there is a devia-
tion from G' a mat much lower modulus values. ~ In the case of the 100,000
molecular weight sample measured b?]" Chartoff and Maxwell the same
differences were found, their G' reac m)g a_maximum value of 2 X 105
N/m2 at 200°C instead of our value of ¢ X 10. N/m. (Fig. 5) which agrees
with Den Otter's: result. The apparent large increase in compliance
with mc_reasm? temperature in Chartoff’s results is another disturbing-
feature since If has generally been found to, increase little if at all. We
suspect that either the thearetical justification of tire orthogonal rheom-
eter is at fault, or the strain-gauge measuring system that Chartoff and
Maxwells use has a relativel Iar?e compliance that has not been cor-
rected for. At molecular weights of 87,000 and above the terminal region
covers too great a frequency range for convenient measurement at one
temperature.  Therefore measurements were made at two or three tem-
peratures and the results shifted along the frequency axis to get super-
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Fig. 6. Plots of log G" vs. log uaT for (-—--) blends at 190°C and (— ) for modified
Rouse model. Data for blends C and D are suppressed above loguar = 102since they
are the same as for blend B in this range.

osition, by shift factors aTgiven in Table IV. The reduction factor

Tofor used by Ferryss for the modulus was ignored, since it involved
less than a 7% change In Gand did not always give a better superposition
of experimental data. The slope of log G versus log uin the region of 10s
N/m2 falls with increasing molecular™ weight until"it is zero for Mt =
160,000 and has a shallow minimum for molecular weights hlqher than this.
With increasing molecular weight the rubberlike platéau extends over a
greater frequency ran%e, and tan 8= GG decreases in this region. |

Den Otter. showed that the Williams-Landel-Ferry (WLF) modification
MmemmHMMyﬁwmmm%mrMWmmmCWMtmmSMnf
Mw—224,000 if Mcis taken as 30,000. Presumably the WLF modifica-
tion of the Rouse theory will also fit our results for 5,000 < M < 160,000
although there would be some difficulty when the number of modes, for
which ™M > Me is small. Figures s and 7 show a similar comparison
between this theory and a 500,000 molecular weight polystyrene calcu-
lated for Mc = 31,000. The theory predicts lower values of G' than
those observed in the region of ual = 10-1 Sec-1, and the minimum in
G'at vl =200 SeC-1 IS Tar too large because of the arbitrary splitting of

TABLE IV

Shift Factors aT Referred to 190°C
Polymer M w T, °C ar

87,000 150 80
160,000 158 43

\ 15 95
500,000 (230 0.115
Blend A 155 46
Blend B 150 98
Blend C 150 96

Blend D 150 82
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Fig. 7. Plots of log G' vs. log waT é ------- ) for blends at 190°C and (— ) for modified
Rouse model. Data for blends C and D are suppressed above waT = 500 sec-1 since
they are the same as for blend B in this range.

Fig. 8. Plots of log of limiting low-frequency compliance J vs. log Mw for polystyrene
(mainly at 190°C): (O) oscillatory measurements; (a) flow birefringence; () normal
srt]ress; {AORouse theory; (B combination of Rouse theory and entanglement-network
theory.

the relaxation time spectrum at B) = M/Mc The predicted low fre-
quency values of G are too Jarge, but above var = 10- 1 Sec- 1 the values
are too small. ~ The fit of this model to experiment will deteriorate further
with increasing molecular weight. _ o

The limiting low frequency compliances, (values in Table II_I?7 of anionic
polystyrenes are plotted against Mwin Figure s together with published
results involving use of flow birefringences and normal stress in stead}/-
shear flows measurements. The Rouse theory is shown to fit the data
for 10,000 < Mw< 200,000, although the upper limit might be 100,000
if truly monodisperse polystyrene were available. Outside this range the
compliance falls below the ling, and the various methods of measurement
all indicate a constant compliance above Mwv=_ 200,000. Onogi’s com-
pliance datas for polymers with M < 100,000 falls above ours, but his
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GPC characterization indicates a broader molecular weight distribution
for these polymers.

Oscillatory Shear on Blends

The limiting compliance J for the polystyrene blends is compared
with the extended Rouse theory in Figure 9 and with the empirical cor-
relation with MJIMWused previously: for polydimethylsiloxane and pub-
lished stress relaxation data for polystyrene, n Figure 10. In Figure 9

Fig. 9. Plot of J vs. MI+L M z/M wfor blends.

the points fall widely on either side of the Rouse theory prediction, con-
firming the more limited results of Akovaliz from stress relaxation. In
Figure 10 the data fall on the line given by

J =10 X 10-5 (MIMwy- 9)
where J is in units of square meters per Newton, The data of Onogi

et al s for binary blends of polystyrene are included in Figure 10. Onog}ls
Mvwalues calCulated from intrinsic viscosities were used, and MJIMW
for the components of the blends deduced from the compliance data ?lven
and eg. (9). The calculated molecular weight averages for the hlends
are given in Table V. The limiting viscosity of our blends and whole

polymers at 190°C was found to fit the relation
log m = 357 log Mw— 1381 (10)

Although the limiting low frequency values of G" and, G' in Figures
and 7 aré proportional to and “(MMVIZ3], respectively, at a given
frequency, this relation breaks down at higher frequencies. Thus G'
for blends A-D lies above that for either component at mt = 10; and a
closing up of G for blends B-D is also seen at this frequency. The weight
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_ TABLE Y
Compliance Data for Blends of Onogi et al.8at 160°C
Je X 10-6,
Blend Mw MMy, m2N
BB25 283,000 1.29 2.0
BB15 320,000 1.96 8.2
BB32 143,000 1.20 1.7
BB34 119,000 1.36 3.8
BB3G 95,000 1.44 4.5
BB38 71,000 161 7.0

fraction addition laws associated with the Rouse theory and used to ob-

Eallindequations 4 and 5, fail for the complex modulus components of the
ends.

Continuous Shear Measurements on Blends

Figure 11 shows the_log shear stress log shear rate relation of the poly-
styrene blends in continuous_shear flow. ~ The Weissenberg and capillary
viscometer results do not coincide exactly either because of temperature
differences between the two instruments éhould not be >2°C), or hecause
of the effect of pressure on. viscosity.  The values of pn (shear stress)
and G' coincide fairly well in NewtOnian region at shear rate y = fre-

Fig. 10. Plot of log J vs. log {MJMJ for blends: (A) Onogi's data; (O) our data.
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Fig. 11. Shear stress pn versus shear rate 7 in steady-shear flow for polystyrene blends
obtained with () Weissenberg and (— ) capillary viscometer: () 1, (a) A, (v)c,
(O)2are\Glata = 7.

quency w At higher frequencies, G* falls below p\ but the empirical
correlationz between pi and XAworks reasonably well. ~ For the 500,000
molecular weight ﬁolym_er, G is the major contributor to |(7, and in this
case | is somewnat higher than Pu

The postulated relation, between the flow curve anversus y) and the
molecular weight distribution was tried for these polystyrene. blends.
The flow curve was smoothed over the instrument discontinuity then
differentiated at points 0.5 apart in ,Iog ¥ The molecular weight dis-
tribution IT(In M), where Wis the weight Traction on a logarithmic scale,
was calculated from

Fig. 12. (jPC molecular weight distributions for (----- ) blend A and (— ) blend B
compared with the rheological prediction (-(i>) for A and (A) for B.
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where IMA(QV) = 1=y, by usmq_the wscosﬂX molecular Wehllght relation
and the monodispersé compliance IM—L1.0 X 10~5m2N.

TNe results for blends A and B are compared with the GPC molecular
weight distributions in Figure 12. The theoretical curves considerably
underestimate the amount of high molecular weight material in the blends.
Thus aIt_hou_%h this method i hardI?/ exact at predicting the molecular
weight distribution, it may be a useful first a%;)rommatlon.,

Similar blending experiments were carried_out by using 500,000 and
30,000 molecular “weight polystyrenes, and in this” case the rheological
predication of the amount of the high molecular weight component was
quite qood. However, this was not felt to be a fairtrial since the low
molecular weight component is probably nonentangled, not a typical
situation in a polymer melt

DISCUSSION

The low-frequency compliance of organic glasses of low molecular weight
has been shown2to be in the range between 10~9and 10 s maN. The
compliance is expected to increase when the molecule is Tong enough to
act as a deformable Gaussian coil, i.e., when the chain contains ‘more
than five freely #omed seqme_nt_s. For polystgrene the molecular we|([1ht
of one segment of rubber elasticity theory is’770 (this is calculated from the
unperturbed mean square end to end distance in dilute solution, and the
maximum length of the molecule possible by rotating bonds but not
deforming bond ,anqles). Therefore entroi) elasticity is expected to occur
for molectlar weights greater than 4000.  1f the empirical model of Barlow,
Erginsav, and Lamb is assumed to apply to all pure low molecular w%%
liquids.in the ?Iass transition region, then the polystyrene of A/ =
is no different from these.  Although the limiting compliance of the 10,000
molecular weight polystyrene agrees with the value for the Rouse theary,
eq. (3), this is somewhat fortuitous. The behavior is best explained in
terms of one or two Rouse modes superimposed upon the BEL model.

The frequencY dependence of the complex modulus only coincides with
the high molecular weight Rouse model at about M =30,000, there belng
insufficient Rouse modes at fower molecular weights, and the effects o
entanglements changing the behavior at hlgher molecular weights. It
IS assumed. that a tyi)e of entanglement nefwork_described by” Lodge2!
exists in_high molecular weight polymer melts. Rheological data gives
information”on the number "of lifetime function of the”entanglements.
If the kinetic theory of rubberlike elasticity is valid, then the average
molecular weight of polymer per entanglement MLis related to the shear
modulus for an instantaneous strain G by

Gi = MJpRT (12)

where pis the density and T the absolute temperature of the melt, and R
is the gas constant.” Previous work on polydimethylsiloxane7 indicated
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that @ was experimentally equal to 1/JMfor steady shear measurements,
and this would be justified by the Lodge theory if thé entanglement lifetime
function had a particular form and molecular weight dependence. Tak|n8
the monodisperse compliance Jvifrom eg. 9P|ves a value of 2U/L = 3800

for poltystyrene at 190°C (compared to a value of 42,000 at 115°C calcu-
|ated7from published stress relaxation data). = The entanglement network
does not become completely effective until 21/ is much greater than 38,000.
The simplest method (and at this sta(t;e onI)(_ an approximation is required)
of allowing for chain ends that are not effective in the network is to use the
expression of Florys

QA= ERI/M)[1- QUUjlin)] (13)

for the effective number of network chains, adapted for an entanglement
network. M, is the number-average molecular weight of the polymer melt.
If it is assumed that the complex shear modulus of the melt i$ a sum of
the Rouse-type behavior [eq. (3)] and the entanglement network behavior
[eq. §13)], he compliance J of a monodisperse polymer will be given by
eq. (3) for 2/ < 20’1 and hy

(14)

for M> 22UL This relation is shown in FIFUYG 8 as line B with 2L =
38.000. Bearing in mind that high molecufar weight polystyrenes have
MJIMWE= 12 50 that the correction for polydispersity X/V/M/?@IS
about 2, the agreement is quite good. The conribution Of the two Types
of |bepavmr to the compliance are equal at 2/ = 4.5 2Ue or 170,000 for
olystyrene.

i ,heylog viscosity-log Mwrelation changes its slope from roughly 1 to
3.7 in the region of the Critical molecular weight 21, defined as the mtercegt
of the extrapolated first and 3.7th power regions; and 21/0is found to be
in the region 30,000 to 40,000. It must therefore be assumed that en-
tanglements between isolated pairs or groups of chains not fqrmlnlg part
of @ network begin to have a marked effect on the viscosity at this molecular
weight. - That the modification of the Rouse theory is néeded in the ranﬁ,e
100,000 > 2/ > 30,000 is confirmation of an entanglement effect. This
WLF modification does not change the molecular weight dependence of
the limiting low fre%ency comopllance, hence J follows the Rouse theory
value for 100,000 > 21/ > 10,000, _ _

The molecular weight dependence of J is approximately the same as
the molecular weight™ dependence of the tensile strenqth of unoriented
anionic Folystyrene in that it rises ra8|dly from a low value at 2/ = 50,000
to a plateau value ahove 2 = 150,000. * This together with the examina-
tion ‘of fracture surfaces of anionic polystyrenesd of molecular weights
35.000, 82,000, and 222,000 su%gests that a complete entan?lement net-
work 15 necessary in glassy po ystk/rene to achieve adequafe mechnical
properties. This entanglement network then allows the formation of
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small hi?hly extended filaments during the fracture of the polystyrene
at room femperature,

We would like to thank 1t. Ueuyer for supplying some anionic polystyrenes and J. W.
Maddock for GPC measurements.
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Adhesion of Viscoelastic Materials to Rigid
Substrates. 1l. Tensile Strength of Adhesive Joints

A. N. GENT, Irdtitie of Rdyner Siae, Tre Uhiversity of Akan
Adaon, Ghio 4434

Synopsis

Measurements have heen made of the tensile force required to pull a disk of a model
viscoelastic adhesive away from an inert rigid substrate. - Over a wide range of tempera-
ture and rate of deformation of the adhesive the results were found to yield a single master
relation in terms of deformation rate by means of the Williams, Landel and Ferry rate-
temperature equivalence for viscous materials. Thus, the strength of adhesion is due
mainly to d%namlc effects in the adhesive of a viscous nature, in asimilar way to the cohe-
sive strength of viscoelastic materials.  This similarity is attributed to a common failure
mechanism: initial failure at a highly stressed Boint, ollowed by spreading of the failure
zone under local stresses which are governed by the dynamic response of a compliant
material. Anincrease in the strength of adhesion is observed with decreasing thickness
of the adhesive layer. This is also explained by the proposed failure mechanism if failure
starts at a critical amount of local deformation energy, a form of Griffith’s fracture cri-
terion.

INTRODUCTION

In a previous publication,1a study of the mechanics of adhesive failure
by peeling apart two flexible adherends was reported. We now consider
separation of adherends by a simple tensile pull. An experimental investi-
?atlon has been carried out of the effects of rate of separation and tempera-
ure, and to some extent of the thickness of the adhesive layer, on the force
required to cause tensile failure of a “sandwich” testpiece I(Fld% ). The
same viscoelastic material was employed as beforelas a model adhesive, and
it was sandwiched between two layers of one of the same substrate materials
used before. Thus, only the method of separation has_been changed.
This change had profound consequences, however, as described below.

The experimental results are presented in the following section of the
PaFer. hey are then discussed in terms of a concept of tensile adhesive
ailure as catastrophic peeling from an initial flaw where bonding is imper-
fect or absent. Although not applied before (to the author’s knowledge)
to adhesion, a similar concept has been _W|del¥ employed to treat cohesive
tensile rupture of glassy and rubbery solids in terms of tearing from a small

* Visiting Professor, Department of Materials, Queen Mary College, University of
London, 1969-70.
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Mylar sheets
cemented

to steel

end - pieces

Fig. 1. Sketch of tensile testpiece

nick or flaw acting as a stress raiser.  This view of tensile ruBture of mate-
rials which are primarily elastic, like crosslinked rubbers or brittle glasses,
has been reviewed recently by Greensmith et al.,2Berry,3Landel and Fed-
ors,4Halpin,5and Andrews.6™ It was put forward orllglnally_ by Griffith.78

Less attention has been paid to the rupture of elastic Tiquids, like the
uncrosslinked polymer used in the present experiments. At high rates of
deformation it behaves like an elastic solid because intermolecular entangle-
ments prevent rapid flow Dwhereas at low rates of deformation it behaves
like a Newtonian liquid of high viscosity. Measurements of cohesive
tensile rupture for the present polymer over a wide range of deformation
rate have been described elsewhere.112 They are compared here with
the measured adhesive bond strengths in tension. _

Finally, the effect on the bond strength of the thickness of the adhesive
layer is examined. As is well known, the thinner the adhesive layer, the
%eater is the adhesive strength of a bond in tension.1314 In contrast, the

inner the adhesive layer, the smaller is the force required to peel aPart
two bonded films. 155 This paradox does not appear to have been resolved
before. It is accounted for here in a qualitative War, assuming that in
both cases failure occurs in accordance with a critical energy criterion, a
generalized form of Griffith’s fracture criterion.

EXPERIMENTAL

Preparation of Testpieces

The viscoelastic substance used as a model adhesive in_the present ex-
periments was the same as before, a hlgh molecular weight amorphous
polymer consisting of butadiene (60%?1 and styrene (40%) randomly copplx-
merized to a/leld a lingar polymer with a number-average molecular weight
of about 70,000, and a glass transition temperature Tgof about —40°C
(Amperipol 1513, Goodrich—Gulf Chemical Company). It was pressed
between two sheets of a glassy plastic film, polygethy ene terephthalate)
(Type 300 A Mylar, E. 1."du Pont de Nemours & Co.), for 15 min at a
femperature of 5°C, to form a “sandwich.”  Measurements of the force
P required to peel off one of the Mylar films from such a sandwich were
described previously.l For the present experiments, disk-shaped test-
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pieces were cut from the sandwich with a circular die, 2.5 cm in diameter
and then the outer surfaces of the two Mylar disks were cemented to steel
blocks (Fig. 12 to confer rigidity and to provide a means of applying a tensile
force normal to the plane of the Mylar/adhesive interfaces.
_As it proved rather difficult to obtain satisfactory bonding of the Mylar
films to steel, the technique adopted is now described in some detail. _The
Mylar surfaces were first treated with 90% sulfuric acid for 3 min.  They
were then washed with cold water and allowed to dry at room temperature.
Sulfuric acid reacts with_Mylar, leaving a corroded surface with a chalky
de,{)osn clinging to it.  ThiS deposit was removed by rubbing the surface
with a tetrahydrofuran-soaked cloth and then allowing it to dry again.
The treated Mylar surfaces were then bonded to the steel blocks with an
ei)oxy cement, consisting of resin and hardener in equal parts, which was
allowed to set for 24 hr at room temperature.  The bonds obtained in this
Wa?é between Mylar and steel were able to withstand tensile loads of over
50 kg/em2without failure. o , ,
Testpieces were made with two qute different thicknesses of Ameripol
1513 between the Mylar surfaces, 0.1 ¢cm and 2.5 ¢cm, corresponding to
relatively thin and rélativel thick adhesive layers. Most of the experi-
ments were carried out with the thinner test-piecés.

Measurement of Tensile Strength ah

The steel end-pieces (Fig. 1) were >Pulled apart in a tensile testing machine
at various speeds in the range 0.83 X 10-4 to 0.83 ¢cm/sec and temperatures
in the range —40°C to +50°C. The cprrespolndmg tensile forces set up
in the adhesive were measured as a function of time, and hence of displace-
ment of the end-pieces, by means of a strain gauge bridge and high-speed
chart recorder. _ _ _

Different types of relation were obtained between the mean tensile
stress <1.e., the tensile force per unit bonded area, and the fractional dis-
placement eof one honded surface with respect to the other, under different
circumstances. At high rates of extension and low temperatures, the stress-
displacement relations were substantially linear up to the (small) extensions
at which abrupt separation occurred at a Mylar-adhesive interface, At
somewhat lower rates and higher temperatures the relations were nonlinear,
but adhesive failure still occurred at a well-defined maximum force. The
strength of the adhesive bond in all these cases has been taken as the mean
tensile stress at break, <. _

In some instances, internal rupture of the adhesive occurred for the
thinner testpiecesT at intermediate rates of extension and temperatures.
Cavities apﬂeared in the central reglon of the testpiece and grew, causing
rupture of the adhesive rather than Tailure of the bond, often at a final force
less than that at which the cavitation occurred, Sometimes, however
failure still took place at the interface, even though the adhesive layer had
already suffered internal rupture.
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In these cases where failure was caused or accompanied by cavitation, the

strength of the testpiece has still been taken as the maximum tensile stress
attained before failure. To dlstlnlgmsh them from other modes of failure
the corr,esponde experimental values are represented, respectively, by full
or half-filled circles in the Figures, although in fact they were found riot to
differ ?_reatly In magnitude from results for purely adheive failures without
cavitation, under similar experimental conditions. _
At low rates of extension and high temperatures the adhesive was soft,
liquidlike and highly deformable. ~In consequence, the tensile force was
always small and roSe on extension to @ maximum value at about 20-40%
elongation, It then decreased, the sample elongating further in a nonuni-
form waY by forming a narrow-waisted central région.” Rupture took place
eventually at large extensions and at a much smaller force than the maximum
valug. Even the true stress at break calculated from the reduced cross-
sectional area was less than the maximum value attained at small exten-
sions.  The maximum value has been taken here as a measure of the strength
of the testpiece for consistency, but it must be regarded as an overestimate
of the cohesive strength of the polymer and as an underestimate of the true
bond strength, because the interface does not fail under these conditions.

RESULTS

The tensile strength atais plotted in Figure 2 against the rate of extension
e A logarithmic Scale is used for ein view of the wide ran%e of rates
employed. Results are shown for a number of different temﬁera Ures.

. The values obtained for aorange from less than 1to more than 50 kg/cm2,
increasing continuously with increasing rate of extension and with decreas-
mg,temBerature. Clearly, there is no single value for the strength of ad-
hesion between the adhesive and substrate. Indeed, the variation ob-
served in <bis similar to that which would be expected for several mechanical
properties of the adhesive itself. ~ Its cohesive tensile strength, for example,
will Increase with mcreasmg rate of deformation and decreasing, tempera-
ture in a similar way, reflecting the general transition from a liquidlike to a
glasslike response ina viscoelastic material 08

~ The fundamental variable in such cases is the ratio of the rate of deforma-
tion eto the frequency <with which molecular seqments move to new
,oosmons_. The variation of $Fwith temﬁ)_erature Tfollows a characteristic
aw for simple glass-forming substances, like the present model adhesive,

log @estey = —174(T- TV/(B2 +T- T9 (1)
depending only upon the temperature difference T—TeDD Accordingly,
the results shown in Figure 2 have been replotted in Figure 3 against equiv-
alent rates of extension ear at a convenient reference temperature Tsof
23°C, where the factor al(= Qs@? was calculated from eg. &1) for each
tedrﬂpe_rature by using the appropriate value of Te 233°K for the present
adhesive.
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loglQe (sec-1]

Fig. 2. Tensile breaking stress ah for a thin adhesive layer (1 mm lhick(} vs. rate of
extension e Filled circles denote internal rupture or cohesive failure, instead of adhesive
failure. Pips vertically down, +50°C; successive 45° intervals counterclockwise,
+22°C, 0°C, —20°C, —30°C, -40°C.

In this representation the results obtained at different test temperatures
all superimpose satisfactorily to yield a single master relation for adhesive
strength as a function of rate of extension. ~ The good superposition shows

Fig. 3. Results shown in Figure 2 replotted against the effective rate of extension éar
at 23°C, calculated by means of eq. (1).
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that the strength of adhesion is associated with dynamic effects of a viscous
nature, rather than with equilibrium thermodynamic properties, for ex-
ample bond dissociation energies. A similar conclusion has been reached
for the cohesive strength of viscoelastic materials 2 . _

At first sight, this Similarity appears to support Bikerman’s conjecture
that purely adhesive failure does not occur Instead, cohesive failure
takes placé in the adhesive itself, in the vicinity of the interface. How-
ever, there are several reasons for discounting” this hypothesis = and it
seems more likely that the similarity arises from a common failure mecha-
nism in hoth casés, which may be stated as foliows:

Proposed Failure Mechanism

Failure (or adhesive separation) first occurs at a site of high local stress,
for example at the tip ofan edge, flaw, and then propagates under the influ-
ence of the stress field acting at its moving boundarr. These local stresses
are governed by the dynamic response of the material.  They will be smaller
for materials which exhibit mechanical hysteresis (as viscoélastic materials
do) and consequently the applied forces necessary to cause failure will be
|arger than for ideally elastic materials. This is basmallr the mechanism of
“reinforcement” proposed by Andrews:2z3 to account for the high co-
hesive strengths of imperfec IK elastic_rubbery materials. It can Clearly
apply to thestrength of an adhesive Jlomt also, and then accounts both for
the success of the Williams, Landel, and Ferr}/ temperature reduction
scheme for a simple viscoelastic adhesive, and for the surprisingly high
values of bond strength attained at high rates of extension _FFjg. 3); when
the material is becoming glasslike, its mechanical hysteresis Is high, and
Andrews’ reinforcement mechanism is most effective.© o

The proposed failure mechanism leads to a generalization of Griffith’s
fracture criterion, that bond failure will occur when the energy stored
elastically in the adhesive (assumed to be the compliant member, the sub-
strate being regarded as rigid) in the vicinity of the initial flaw and released
by growth of the initial flaw'is sufficient to meet the energy requirements
for growth.  This criterion was put forward for cohesive failure by Rivlin
and Thomaszs and shown to describe several different modes of fracture in
?, unified way.22+ It is applied to adhesive testpieces in the following sec-
lon,

Strength of Thicker Testpieces

The maximum tensile stress required to break the 2.5-cm testpieces was
also measured over a range of rates of extension and temperature. - Again
the Williams-Landel-Ferry rate-temperature eg_uwalence was found to hold
with reasonable success, "Results obtained at different temperatures super-
imposed to form a sm]gle curve when plotted a% Inst the equivalent rate of
extension ealat a reference temperature of 23°C, as shown in Figure 4.
Also, the values obtained increased markedly with increasing rate of ex-
tension.  However, they were much smaller than for the thinner testpieces,
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ognhéan. (sec 1)

Fig. 4. Tensile breaking stress abfor a thick adhesive layer (2.5 ¢m thick) vs. effective
rate of extension eaT at 23°C. The actual test temperatures are represented by the
same symbols as in Fig. 2.and 3. The broken curve represents the relation obtained for
a thin adhesive layer, Figure 3.

about one-third as large at all rates of extension. This effect of an increase
in adhesive thickness causing a decrease in bond strength is well knowns i
but not previously accounted for; it is also discussed in‘the following section
in terms of the proposed energy criterion for fracture.

Effect of Crosslinking

Measurements were also made of the tensile strength of thin adhesive
|ayers, about 1 mmthick, crosslinlced after preparing them as disks between
two Mylar films. Crosslinking was effected by adding 1% of dicumyl
peroxide to the polymer hefore moIdln?, and subsequently heating the
sandwich testpieces for 1 hr at a temperature of 150°C. _

The adhesion of the crosslinked samPIes_proved to be easily broken at
room temperature and low rates of extension, so that great care had to
be taken in handling the testpieces.  However, over the entire rang[e of test
temperatures and rates of extension they were found.to give subs antla,IIK
the same breakmq stresses as the uncrosslinked specimens (although wit
considerably greater experimental scatter). The experimental difficulties
in han_dl,mg these testpieces are therefore attributed to the much reduced
extensibility of the crosslinked material, compared to the uncrosslinked
one, at low rates of extension: the actual bond strengths appear to be quite
simifar for both materials. _

_This is In sharp contrast to peel adhesion measurements, where cross-
linking brings about a considerable reduction in strength at low rates of
peel..~ The difference is due to the importance of adheSive extensibility in



290 A. N. GENT

peel strength, which is proportional to the energi of deformation up to the
Bomt of detachment or rupture: s rather than to the maximum stress the

ond can withstand. ~Similarly, internal ruptures and subsequent large
deformations, before final failure, usually of a cohesive nature, were not
associated with unduly large tensile stren?th values (filled circles, Figs. 3
and 4), although this behavior would result'in high peel strength because of
the large work of deformation 2

Cohesive Strength of the Adhesive Material

Measurement were made of the tensile breaking stress obfor molded rods
of the model viscoelastic adhesive material, Ameripol 1513, at various
temperatures and rates of extension..rz  The values obtained are plotted
in Figure 5 against the effective rate of extension earat 23°C, calculated by
means of eq. (ljr. Logarithmic scales are used for both axes in view of the
wide ranges. There IS a hflfgh degree of experimental scatter, due in part
to molding and ?n,opmg difficulties, but the general character of the results
is clear. They fall into'two distinct regions.” (2) At low rates, less than 10,
sec-1, the material behaved primarily like a viscous fluid, and extended in a
ductile manner at low stresses. The maximum stress in this case depends
primarily on the viscous resistance to flow, increasing rapidly with rate of
extension. ) At rates greater than about 102 sec-1 (at this temperature)
liquidlike flow ceased and the material responded in a rubberlike Wa¥, asan
entangled molecular network. ~ As the rate of extension increased further,
the material became harder and stronger and eventually responded like a
glassy solid.  This second change in fracture properties has been studied

Fig. 5. Plot of (X) cohesive tensile breakin% stress abvs. effective rate of extension
car at 23°C; (—) relations obtained for the adhesive strength of thin (1) and thick (II)
adhesive layers (replotted from Figs. 3 and 4).
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by Smiths for a crosslinked material of similar composition to the present
one.

The experimental relations obtained_previously for adhesive strength
(Figs. 3 and 42 are reﬁlotted in Figure 5 for comparison with the cohesive
strength results. At high rates, approachlng the glass}' state, the cohesive
strength is seen to be about 20-30 times larger than the adhesive strength of
the thicker testpieces. Part of this difference can be ascribed to the pres-
ence of abnormally large stress concentrations at the edges of the disk in the
adhesion experiménts, So that the real adhesive bond strength appears to be
quite high, of the order of /ic or more of the cohesive strength under similar
conditions. At low rates of extension, when the material deformed in a
ductile manner before Separation into two pieces, the test material some-
times broke “cohesively” in the adhesion experiment (filled circles). The
values of “adhesive” and “cohesive” strength in these cases were necessarilly
the same. It thus appears that the intrinsic strength of adhesion is not
much smaller than the instrinsic cohesive strength when molecular rupture
oceurs, i.., at high rates of extension, and is similar to or even larger than
the cohesive strength at low rates of extension, when the molecules Separate
by flowing apart rather than by rupture.

EFFECT OF TESTPIECE THICKNESS ON ADHESIVE
STRENGTH: THEORETICAL CONSIDERATIONS

Peel Testpiece

_In this case the peel energy, or work of separation per unit area, is given
dirgctly by the peel force per unit width. = This ener(% Is accounted for
mainly by work expended in deformln? the adhesive so that a critical stress
(or energyg condition is set up at the fip of the peel front.+ 1t is therefore
predlicted to be directly proportional to the thickness of the adhesive layer
neglecting any energy o deformation of the backing layer. ~Experimental
measurements are in reasonably good agreement with this prediction, is s de-
Partmg seriously from proP_ortlonaIlty only for extremely thin adhesive
ayers when thé bending stiffness of the Dacking is probably no longer
negligible in comparison with that of the adhesive.

Tensile Testpiece

The shear strain ynear the outer edges of thin cylinders in tension may be
calculated on certain simplifying assumptionszs in terms of the fractional
tensile strain eand the ratio aof cylinder radius to thickness,

y = Jeah

This calculation will be in error right at the edges because it fails to take
account of the absence of complementary shear Stresses on the free surface
of the cylinder (although it should be safisfactory somewhat away from the
edges). © We therefore” expect the actual edge Strains to differ from this
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value, depending on the detailed shape of the cylinder edges, and represent
them by the relation

7 = 3leah

where the factor kdenotes the unknown stress-concentration effect of the
ed egeometr¥._ _ _ o

he total strain energy density Win the edge regions is given by the sum
of shear and tensile contributions,

W= ShEed] + MBA) Q)

taking the shear modulus of elasticity as one-third, of Young’s modulus E.
The corresponding avera?e tensile Stress i obtained from the effective
value Eeof Young’s modulus for thin bonded cylinders

Z= E@= Eefl + ad2li) o)

Hence, the breaking stress .. necessary to develop a critical strain energy
WIFg)the edge regions is given by substituting for efrom equation (2) Tn
eg. (3),

th= LEAFHA+ al2A) + Yoadllid- I o

“When the disc radius ajs much larger than its thickness hy this relation
lelds an inverse proportlonallty between the breaking stress b and h
hen the radius ais much smaller than h the breaking stress is predicted
to be independent of the testpiece thickness. Dependence on thickness of
this general form is commonI}/ observed in tensile tests on adhesives.  We
see that it arises as a result of two competing effects; the greater stiffness of
thin testpieces, necessitating a reater average tensile stréss to achieve the
same level of strain energy, andthe increased concentration of shear strain,
and hence strain energy, ‘in the edge regions of thinner testpieces, causing
failure at lower mean stresses than would otherwise be required.
The ratio of breaking,stresses for the two testp'ece sizes em IoP/ed in the
%resent experiments, with values of the dimensional ratio a/nof 12.7 and
0, was found to be about 3 over the entire range of rates of extension
(FI%. 5). This value corresponds to a reasonable value for the stress con-
centration factor kof about 3, on substituting in eq. (4). A more detailed
comparison of theory and experiment, for example between the tensile
strain ener%y Wior adhesive failure and the corresponding peel ener%, IS
not warranted at present because of two serious deficiencies in the theo-
retical treatment outlined above. First, the relation employed for strain
energy, eq. (2), is only valid for linear stress-strain behavior and is there-
fore Unlikely o be safisfactory when large deformations occur. SecondI_Y,
the rate at’which the adhesive separatés from the substrate in a tensile
experiment is not known, and an appropriate rate of peel cannot be chosen
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for comparative purposes. However, at least in a qualitative way the
theory accounts for the increase in breaking stress with rate of extension,
Figures 3-5, because both Young’s modulus E and the fracture energ%{ W
on the right-hand side of eq. (4) increase with increasing rate of deformation.

CONCLUSIONS

The tensile strength of a model viscoelastic adhesive joint, like the peel
strength, + has been shown to depend on rate of deformation and tempera-
ture in accordance with the WLF rate-temPerature equivalence for visco-
elastic materials.  This feature proves that the measured strength of ad-
hesion does not directly reflect thermodynamic equilibrium bond strengths
but instead is determined by viscous effects within the adhesive. The
tensile breaking stress differs from the peel strength in being much less
influenced by high extensibility or ductile flow of the adhesive. Also, the
tensile strength decreases with increasing thickness of the adhesive layer
whereas the peel stren_?th increases.  These differences have been shown
to arise from asingle failure criterion: that acritical strain energy density is
required to cause bond failure. For peel testpieces the breaking force is
then proportional to the total work of deformation, whereas for tensile test-
pieces the breaking stress is that necessary to generate the critical strain
ener%y in the neighborhoad of a (hypothetical) small flaw, Both the effects
of extensibility and adhesive thickness are accounted for in this way.

The proposed failure criterion is a Penerallzatlon of Griffith’s fracture
criterion for the cohesive rupture of sofids;s However, the critical strain
e,nerg?/ density is not associated here directly with a thermodynamic quan-
tity, Tor example the dlffer,mq surface energies of the unbrokén and broken
joints, but rather with the inelastic charactér of the adhesive.  Much larger
Stresses must be imposed for inelastic materials than for elastic ones, as
Andrews has shown .22z to develop the fracture stress at the point of
rupture. - The critical stresses and hence strain energy densities required
for failure are not necessarily constant, therefore, but will general%y depend
upon the degree to which the material is imperfectly elastic. This may
change with”rate of deformation, temperature and”other factors. The
particular advantage of the present model adhesive is that the dependence
of its inelastic, i.e., viscoelastic, properties on rate and temperature is
simple and well-understood, and this permits conclusions tg be reached
which, although equally valid, would be difficult to recognize in more com-
plex adhesive systems.

This work was supported by a research grant from the Engineering Division of the
National Science Foundation.  The author Is also indebted to Mr. I. Nazeni for experi-
mental assistance and the preparation of testpieces, to Mr. R. L. Henry of the University
of Akron and Mr. M. Fujimori of the Bridgestone Tire and Rubber Company (Visiting
Scientist at the University of Akron, 1968-70) for assistance with high-speed measure-
ments, and to Prof. E. H. Andrews of Queen Mary College, University of London, for
helpful comments.
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Scattering of Light by Deformed Three-Dimensional
Spheruliles

J. T VAX AARTSEN* and R. S. STEIX, Rdyner Resarch Irdtitute ad
Dyatnat o Garsty, m\estygal\émhaais Aas, Mess-

Synopsis

A theoretical calculation of the 11v light-scattering patterns for deformed three-di-
mensional spherulites is presented. Affine deformation is assumed. The optic axis of
the scattering element is allowed to lie at an arbitrary angle /2 to the radius which is per-
mitted to change in the course of the deformation in a manner that may depend upon the
angular location in the spherulite.  The consequences of twisting of the optic axis about
the spherulite radius are also explored.

Introduction

It, is known that the stretching of a spherulitic polymer produces verK
specific changes in the corresponding |I%h'[ scattering"patterns from suc
samples.1-6 "A theory of scattermq rom deformed two-dimensional
%Pherulltes has been presented3as well as a semiempirical theorY, for the

eformation of three-dimensional spherulites.7 Both theories qualitatively

account for the form of the scattering patterns but differ in detail. In
this paper, the previous two-dimensional approach3 will be extended to
three dimensions. _ _ -

The assumption of affine deformation of the spherulite will be used so
that all parts of the spherulite deform equally and any point in the unde-
formed ‘spherulite having coordinates (xy;2 will assume coordinates
(x,y\ﬁ? In_the deformedstate such that X = \\?g = \% and Z -
\2~ We will restrict our considerations to uniaxial deformation so that
A =\2 Itis realized, of course, that this represents a simplification for
real systems, in that it has been observed8-10 that spherulites often deform
differently in different regions. o _
~ We shall consider the Case where the oi)tlc axis of the scattering element
IS |r]|t|alll_y oriented at some arbitrary angle Bowith respect to the Spherulite
radius (Fig. 1) which may change in'the course of deformation according to
some assumed empirical equation. We shall alsg assume that the twist
anﬁ_le o of the optic axis about the radius is |n|t|aII¥ random but may
achieve some preferential orientation in the course of stretching.

*Present address;: AZKO Research Laboratories, Arnhem, Netherlands.
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Z

Fig. 1. Coordinates describing the orientation of the optic axis of the scattering element
with respect to the spherulite radius.

General Theoryll

For a scattering element located at coordinates ﬁr',a,O') in the spherulite
See F|%. 1), where the primed c%Jantltles designating the deformed state,
the scattered amplitude is given by

B = C Ry famp Sy NC2VM*0)

C0S [/e(r'-s)] Sin adQ'ca(ryar. (1)
where N'(r',afi') is a distribution function for density of scattering
elements in the deformed state, M" is the induced dipole moment in the

Fig. 2. Coordinate system of the scattering and polarization angles.
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scattering element, O Is a unit vector normal to the scattered rax{ and

in the plane of polarization of the scattered ray transmitted by the analyzer,

and the propagation vector s is defined by s = s0 —s', where soand s’

?ﬁetunlt vectors along the incident and scattered ray. Thus, it follows
a

s = 2sin @&[(sin 0/2)i — (cos &/2sin x)j — (cos 82¢c0s g)k] ()

where 8and nare the polar and azimuthal scattering angles as shown in
Figure 2 where the incident beam travels alpn? thé xaxis and zis the
“vertical” direction. The wavenumber kis 2ir/\. o ,

The calculation of the scattering is dependent upon obtaining expressions
for N' and M" as a function of coordinates In the deformed state, If
¢ and d' are unit vectors along and perpendicular to the optic axis of
the scattering element (which iS assumed to be uniaxial with principal
polarizabilities m and &), the induced dipole moment resulting from an
Incident electric field E is

M" = ai(E-c')c' + aZE-b')b’ (3)

b* lies perpendicular tq ¢* and in the plane formed by ¢' and E.
~ The plane of polarization of the incident ray iS oriented at the angle
pp(Fig. 2) to the vertical so that

E = EqEsin g + (cos j/OK] = i2p 4
T)hte) vector ¢' may be located in terms of the angles a',0'/3", and @' (Fig.
1) by
¢' = [(cos /7 sin a —sin f3cos & cos a')cos I
+ sin @sin a sin fi'li + [(cos /7 sin a —sin Bcos o
c0s @) sin 0 —sin @sin &' cos HYj + (cos 3¢os a
+ sin Bcos @) sina')k  (5)
The vector ¢' may be obtained from this by using the relation
b= - (C-tP2n Ytp- (c-tp)c'] ®)

Equations (4), (5), and (6) may then be substituted into eq. (3) to obtain
an_expression for M', o .

The vector O depends upon the orientation of the polarization plane of
the analyzer which will be assumed to include the primary beam direction |
and can be rotated about it. As in earlier papers, two conditions of
polarization will be considered; one designated Oj where the polarization
planes of the polarizer and analyzer are parallel, and a second designated
0 + where those planes are perpendicular. It then follows that,2

O] = £ [cos2(+ X+ cos2apsin2 (X+ i/O]~12
[cos (m+ /Qp+ cos gosin (u+ IOl (7)
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where 64s the scattering angle in the polaroid filter, and
p = (—sin Qi+ (cos &sin ¥y + (sin gk
q=(-c0S pPj + (sin .

This expression greatIY simplifies in the case where 8is small (to which
we will restrict our calculations) so that O may be approximated by

0| = (-sin iIg + (cos ilCk S
and also, in this approximation
O_ = (cos N+ (Sin )« 9)

It has been shown that at values of fpother than 0° and 90°, the scattering
pattern may be app,rec:labI}{, affected by the birefringence of the oriente
medium1315so that in practice, our considerations are restricted to Yo=0
and Y= 90° where this blrefrln?en,ce effect is minimized.  In this paper
we shall adopt the notation used 1o identify photogr%phlc patterns: \wfor
the intensity / ywith Y= 0° and Hvfor I14with Yo= (°.

By using Eqs. (3), (4), (6), (S), and (9), it follows that

(M-O)u = EO{(nj —a2[cos2iZ'(c"-k)2+ sin2
- sin 2IA(C™-k)(cj)] + «4 (10)
and
(M-0))_ = (@ —a?))cos 2i/'(c"-k)(c"-))
+ asin 28[(c-k)2- (¢ (10)

The vector r' in the_deformed state is related to that in the undeformed
state through the affine transformation to give

r' =r[(Xain acos 0)i + (X2sin asin 0)j + (Bcos a)k  (12)

It is assumed that in uniaxial deformation, the distribution function for
scattering elements is cylindrically symmetrical in the deformed state so
that iv =0 and thus

N@,n,r) = N{a,ar) = N@,r) (13)

Calculations are carried out for the two types of transformation of N-{a,r*)
considered in the earlier paper.3 _ o
In model I, a constant density of scattering material is preserved so that

N(@ rHrYsin adad’ =N@rrain adedr (14)
where in the undeformed state N(a,r) =Nand isaconstant. - This leads to
N@,r) =N (15)

for deformation at constant volume, _ _
In model 11, the radial density of scattering elements remains constant
but the angular distribution changed affinely. This model appeared less
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realistic physically but led to an analytical solution in two dimensions.
In this case e have

N@,r) sin ada =N@yr) sin ach (16)
which leads to
N'(a',r) =iVIV sin 2a + X32cos2a]’A (17)
for constant volume deformation.

Numerical Calculations

Two cases are considered for calculation. The first of these iIs with w
random $o that it may be a\(era%ed prior to integrating over other angles.
A second case is that Tor which this optic axis twist an?Ie assumes a pre-
ferred value as the spherulite deforms, as in the case of previous birefrin-
gence calculations. 5 An empirical function is assumed for an orientation
parameter g

g= 2(cos2w’)ay —1
= 1 —exp{ —j%X32 — X2 sin2a'} (1S)

where g= 0 corresponds to random orientation of ®>and g='1 corresponds
to alignment of optic axes in the plane through the radius vector r and the
stretching direction.  The proposed equation allows for such alignment to
oceur to a greater extent near a =90 (the e(iuaton,al part of the sRheru-
lite) and to an increasing degree at increasing elongations at a rate which is
describable in terms of the parameter 7. This model is intended to ac-
count approximately for the type of crystal orientation actually observed in
deforming g}oherul_ltes by x-ray diffraction studies. o

A second consideration involves the angle d between the optic axis
and the _sRherullte radius. As previously discussed, b this angle may
change with deformation.  Optic axes are initially oriented at some an%le
o to"the radius. With elongation, do changes. S0 as to alggn the optic
axes more nearly parallel to the stretching direction. A possible empirical
function having'the desired variation is

d' = doexp {—K(\3 — X2) cos2a'} (19)

where  approaches 0° with increasing deformation at a rate which is
greater as a approaches 0° (the polar regions of the spherulite). Here K
is a compliance parameter which specifiés the ease with which d changes
upon deformation. Values of the_hirefringence have been calculated as
functions of the parameters K and i2.5 , _
‘The results of the calculations of HY scattering patterns are presented in
FI(]]UI’ES 3-10 for the case of uniaxial deformation (xi = xza at constant
volume (xjx26_= 1). _ These were obtained by the CDC 3600 computer of
the Research Computing Center of the University of Massachusetts and a
FORTRAN program which has been published.*1L The intensities are

Available from one of the authors (R.S.S.).
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Plotted as first quadrants of polar contour diagrams where the distance
rom the originis U =4in(®/ 5|n(0r/2) and the azimuthal an%!e measured
clockwise from the vertical is p.. The dotted ling on each Tigure is the
locus of the p for which intensity is a maximum. ~ Calculations were made

Fig. 3. Variation of Hv scattered intensity for a three-dimensional sgherulite for the
crystal reorganization compliance K = 0.00 at elongation ratios of 1.20, 1.50, and 2.00
formodel I (left) and Model 11 (right).



LIGHT SCATTERING BY DEFORMED SPHERULITES 301

Fig. 4. Variation of Hv scattered intensity for a three-dimensional spherulite for
values of the reorientation compliance K = 0.00, 0.10, 0.40, 0.67, for model I (left)
and model 11 (right), for an elongation ratio )3 of 1.20.
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Fig, 5 Variation of By scattered intensity, as in Fig. 4 but with X3 = 1.50.
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Fig. 6. Variation of Hv scattered intensity, as in Fig. 4 but with X = 2.00.
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to an elongation ratio of 200 although it seems doubtful that the

P ose def%r atlon mech smvw t)e aq|d at suchaﬂ elon aPon
hox underneath eac |g res CI 18 the arame rs used 1or tn

calcu ation.  The first entry 1S'the elongation ra 10 X3 the second IS

Fig. 7. Variation of HV scattered intensity for a three-dimensional spherulite at an
elongation ratio x3of 1.20 for K = 0.00 and values of the crystal rotation compliance
parameter Vot 0.0, 0.5, and 1.0for model | (left) and model Il (right).
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u(? of the |n¥t|a| 0{ lentation an?le of the ogptlé

third 15 the, value ot the_parameter K. In e
va|ue of nin qu( ) L‘Me tter R in thy

values of the a? le . enum[ber (ﬂﬁ]
whether the deformation assumption o mo

Y Re %%'H%U!%%P
# %P] desl?nate random

| or modgﬁll %nusgélgna eg

Fig. 8 variation of HVscattered intensity as in Fig. 7 but with = 1.50.
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number 20r31in th(i sm&1 osition deagpat S Wpether the calculation is
O[ﬁl]'[WO dltr)nensmna orth e-dimensional spherulite

e?ti next to eacn of the IS0l tens contour lines mdlcat%s the
value g ﬂ)lthmlc mtensnya C|ate WI'[ ti\atc ntouy, These _é
values In arbitrary units are st , , 1000, =30,

Fig. 9. Variation of HV scattered intensity for a three-dimensional spherulite, as in
Fig. 7 but with Xj = 2.00.
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440%50' 5 -8.00; 6, -7.00; 7, -6.50; s, -6.00; 9 -5.00; 10
It 15 seen for the case K. = 0.0 shown in Fi urFSthat with I |r]crease in
eIongatlorlthe lo (?so nézgglmum scatterln%mo e (g]om their Initial positio

fowar hat 15, the Datfern hecomes morﬁ elon ateq
|n adlrectlon perpendicular to the’ stretching direction.  This gehera

Fig. 10. Variation of the HV scattered intensity for a two-dimensional spheruiite with
elongation ratios of 1.20, 1.50, and 200 or K —ij = 0.0.
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fe ture of the light-scat erm tte hﬁ/gsobserved in the fwo-dli Ft ensional

ca cul tionss a) saso | amuels’ semiem lrlca eqry 67
Wit mc[)ea ing elon at| n, aiso, the ﬂ fe maﬁqmu htensn with
Sgt higner value P
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It 15 unli ﬁ ne_could distin etvveentese 0d orn% lon

mech ?msms on t

15 0asis, nV|ew |s actvvecan Use an intermedliate
mocel in order to make the mathematics simpler. 1t we put

N\a'r') = MyzSill2a + Xecos: a) (20)
the whole Hv calculation can be carried out, leading to
[Hr = sinzecosz efd sin U* - U* cos U* - 3SiUM}t=y<6 (1)
where
= Xzsin2 (012) + 0052 (02) (eSinz + Yee00s2 2 (2)
and
cos e = %05 (012) (cos )(U/U*) (B)
r this case it CE\ ZP shown that the m um |nten3|t¥ ,7 ere
all s

EFﬂChOA?_ n a%032 i = fg@_ °§'ch3 tw) 1y hugo foF3 M scat
fering angles e have the approximate fela

anlhx X%

and
Unex = 4.00

The shift | |n mtenslt eak ostl toward higher values tn as foun
%tmenta 317 |syap om f(??t renc Cht\%/een our caculatlons ang

eoretical and xe enta resu tso amu
on co ar| %e) ult (?erththoelnFl ure 3

it | seent tt re |s tt S"tfe %S4sma amo nts ots reorleﬁtatl
of the optic axes rep sente owv m
terns or K = 0,00 with those sho
ereétc%) For hiofer vaues of K, there |sas the Int n5|t ?
oward smaller valu sofnm someyhat the opposite mannert
Rl b B e o
%= 50831& i) ?‘L)(esuﬁs ?
e

uch more Ilket or % =
150, K or the Jowe vauegK ?

7 than 40, % = 1
% = 150t efourl

It is noted from Figure 5that ort< (% af
cover 15 S tmoeggtse ments, Tour 0 Whl n e[)% t%e
result of & continuation 0 the ten ency to s |ftt toward t



LIGHT SCATTERING BY DEFORMED SPHERULITES 309

stretchrnq drrectror% ith increasing K, Whereas he four leaves i |n the
guatorra reglon. of the pattern a earasex ra lones Wﬁ <|ro not kno
arrrcﬁ shows such a attern. X that Wrtﬁ

tis |
arameters the g eriﬁ?ﬁeforer%a%nnl Sstéﬁﬂrp%%%e? qtseéo? athﬁe theoretica
redictions are not

Egerl ents Jrom our Ja F({)oratorysarer % ualitatjv: a reement with the
theoretica #redrcTon However it appe tP arsthat |1 %] errng Patter
%e naortoﬁuml%legrtry iscriminating to distinguish among the Varlous ce-

eclcu?ate PS rern for nonrandom values of u. characterized b
v?]ues 05an ort (?P%rametergare IVen In Frgures? 8, and%

The In uencE a nonrandom @ a % r} ainly increase the overa
Intensity wit outﬁpprecrab ectr the shape of the pattern.
lH Figure 10, t gattedroscacu d for tw% Imensional s herulrJ

vJ? are rgrv ese atterrrs re to he
f rr)]ared th the COITeS ondrng Datter %tor three-(l mensrona ery-
te i Figure 3. It IS evident that the shi mt(ﬂn aximum Intensity wit
respect.t0 U and r#lﬁ always more %onouncF or the two-dimerisiona
case T eshape the patterns Is rather simi

fne extent o ValUEs 0

ar, however,

Conclusions

[ wasthe initi Iho in hrs rn\restr%atron that light scattering patterns
Q“r% rove suﬁrcret Iscriminating to |st| urs a on% various
ey g ol el
Hrlg inatronﬁ{) 008sS, 15 dﬁ ffrcu\t Even tﬁe reFatrr?ely srmP o%lep %ng
mode Pe deformatron schemes: accompanie e simple

enol mechanisms of %)trc IS re0 entatron xpreslsed ay %r
%8? an 319 lead to n]%)re ara etersh n may be read@eva Uate E

erve ctaer ation of é) ftern wﬁ j & compared wit
or SE

Qnaation m
[ values accordi gﬁ flf]gre t. mechanisms. as a means
ecting t eain roPrratem anism.  For this purpose It |ﬁc0nvenrent
ot an experimental parameter such as filH at Which the ntensity
Imum oceurs (Yer us el onga on.s
t 1S cautlorre at *h% Ine deformation ratio f?r the s nPherulﬁe
IS nqt necessari dsa{nple s that It |s us ful o CP aretg
010 caseswh es eruIrte ormat |or] rag dire Serve
|crosco%y Ne assUmes a arch etorm trfon Mec |sm #hen
theor mrt one to, etermr et es eru% ﬁrma lon ratio fom
tscat ”nogr serfatrons 10 es* H] when. the spherylites
too small or the deformation is to rapid for direct microscopic obser-

[ tis thﬁory Ht has beF ssumeq that the sPheralre 1S mternall
uniform so that; for example, the scattered intensity of the undgforme
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%rulrte IS zgro at 9 = 0f8r al U, In |oractrce tErs IS not fo férnd to
the case and a “hackgroun mtensrtg IS found to be s erEose uon
Ee 3 heruArte scatterind.z72 It 1S the, practices7 to su tat out

ackground contributio vﬁen oom aring the experimenta scatterrng

patt nswrtht theoretic rer ro .
jesource o? this ac?p sc tten?q rssherulrter cron

which may arise romrn erna sordr oun reg rrnter eru ItiC
Interference. Upon d e matron of the r suc d scat-
terrrIrT%err change to?et er with he contrrbutrn an ﬁ
rq traction soften rcu termore asftu
N t k roun contrrbutron with eongatron IS of Interest In
ucr ating t aqron mechanism
One ag r]oac 12 to tbe treatment oft s hack round c(ontrrti)t) lon is
to assyme'that It may be tr ated as an ed cont ﬁutron escr| a
aran omorettro correatron tE)eteor This €0 tn ution e
g anges rt eormatron aS desc g or 6x m %proac
tein” and Hotta.p ﬁgerrments nrcatez ver tat rangom
orjentatjon corre atront ory IS notawags SLéffcrentandt nonrandom
ofjentation correlationszz.z need he considere or this coér ution. The
effect 0 deformatr N on suc 8ontrrbutrons as been stugre

Ano tner and per Bf o% Irect approach Jsto onsr ﬁrth background
cat ring to be'a resllt or t rr)TerHJ ation o’g eryll tesca?terr
Eotreat rtas ication 0 pher rt scattering t

ISOrder an ha\/m corr? ate J ctua]trons In tHe OBtIC aXIS aﬂ%r
y an %ter COq

e resufts o
characterized Pon ynction h ve een ex ?f
Stein and Chu zanri e efTects of derormation upon these internal Tluctua-
trons have been a? d.

760.3

nP r[pose e anal fes IS to Interpret dyn ﬂmrc rrefrrngence
experf]e In which the sample 1s subjected to a sma oscr atory Strain
an the variation 0 Bcatterg ntensity IS analyze oresetecage In
ﬂ %catterrng IS, observe unnﬁi elaxation at constant Tengt 2731

change rn ht scatteri time 15 a consequence 0
hanﬂ r'?thes erul trc rp tn the packground cantri troH ﬁe time
ence o{ esp ery rtrc coptr nmut e related to the time
en enceo ara et suc K, and 7which characterize the
e 1n Scatterin wr rmatro[r
h e It Is not ossr fo un que characterize, structurat arameters
{ scattering, a a rst] escrr e SC tterr Hter 50 arameter
at [ ommon to t) enomena f]uc g frn% OW- ange
xrarn ractron and (f ence.  Tnus, a de r the structu
ﬂe occu eforation must be as%)eas to account

eous rt eevarrouso erv tton m) en an objective
the rheo-optical techniques emp oye In this laboratory. oz

This work was supported in part by a contract with the Office of Naval Research and
in part by agrant from thd Petroleum Research Fund of the American Chemical Society.
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Light Scattering by Cellulose.
[, Morphology of Wood

JENS BORCH, P. R. SUNDARARAJAN n R. H. MARCHESSAUL
l:hem|stry Department, U'r\1l|ver3|te Mont r%a Montr%/clil Quq)ec Canaga

Synopsis

Radial, tan%entlal and cross cuts of Eastern spruce are examined by a solid-state light-
scattering method which allows study of light scattering due to fluctuations in densit
and fluctuations in anisotropy. All of the samPIes investigated show well-defined scat-
tering maxima which are related to their anisotropic texture with limited contributions
fromrandom density fluctuations. The radial cuts give rise to scattermg similar to that
by a gratmﬁ with orthogonal characteristic spacings. The gratinglike character is due
mainly to the pit structure and their periodic spacm%s which can be deduced from the

“unit-cell” dimensions of the scattering pattern. The scattered intensity is maximum
when the fiber direction is at 45° to the Polarlzatlon direction; when it is either horizontal
or vertical, a distinct “spherulitic” scattering is observed from which size and asymmetry
of the pits can be deduced.

Introduction

\_ ight- scattﬁrln%g sis has recently been a gplled to the study of natural
P er3| [ atelZand In the gel st F&S Th|?tec nique com-
ntscassma mmrgscogxand requires very ittle sample %epa ation so
at the structure can be a Igéed I Its true native stat? es%atterln%
Rﬁltterr& c%atams In ormatlon Ht structural entities of the size from 0

upon the angular scattering. range which Is re

ordeg tl¥o Hlss atPerm enveP e IS ﬁten rfﬂher gom lex |t
oF emonstra 15t at approximate rocfe res or analysIs re fea5|b
that t esatterm ent| shcan b? Nl escr ed mEﬁ
rstructura IS” “suc Xam e sp erulitic, r eor
om or nlzat ons When a suc?essfu analysis 1 accomplishe |t |s

035| eto educe arametes ronh e scatteri Fatters

ITTic tor t| econs %% enve y other te n Ugs. Thus, t
averae ranu ar starch sample Is %etermme ust one me ure
mentan cu |o 1S|m||arlg IS tec } fho Eo se for deter-
minin t ?reeo orientation and average fiorillar length o paper mate-

rals a utosic films.6
catterm% ?Yadvan tageously be vewedl %Ilel with light mi-
cethe

.cro?%) scate tt m |s serv% the microscore stage
itselt by viewing the ac ane of the objective by means of a Ber-
© 1971 by John Wiley & Sons, Ine.
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o

Fig. 1. Photomicrograph of a radial section of Eastern spruce between crossed Nicols:
(a) fibers parallel to the polarization direction; (6) fibers rotated 45° in the field of view.
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o

Fig. 2. Photomicrograph of a tangential section of Eastern spruce between crossed
Nicols: (a), (b) sample positioning same as for Fig. 1.
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trand lens.7 This ap roachl é ffective when scattering is gue to fluctya-
tions in a ISFUO {J jlned Bolarlzatlon oﬁ lel ascatterm?

en
e %aaa : agﬁ?
wh|c Hl not be size-averaged accurately s immediately averaged Via

the overall scatterin Eatﬁern
Since Woo secégp

ow rich detalls In th oIarlzm mlcro co e
t0 be expected t tscaterm anaXaswou erwa
truciures %x%m} In this pre |m|n rystudywere |rstosrve

scopically with the following results
Iy with t

@) 0

Fig. 3. Photomicrograph of a cross section of Eastern spruce (a) between crossed
Nicols; (b) parallel Nicols.

baITs}aem s%%cmecr}gsgh|cknf dse app% >gnragé aYt Wera moupted in Canada

a §ent|a cross ec lO
Eastern sBruceares own In Flgures an asthe ppear| 3
|crosc8pe etween croase(% ﬁ W ea| o\% e
ordere |tssowm% ami IaH) 1t|c |scnec Ich r
rHte redo Hanl fan ent| lentation of the cellu ose mlcro
In (Se 0 ersat P 8

ro duction of a flrst-order wave- Iate he uadrans of the pits
arae to the fas}7 irection show a e l)wsu |on color nd Ihose
end'% ylar to this |rect|onsmN uea Ition color, I |cat|nga
tive biref rlnPence

e cross-sectional view shows that the cells have a parallelepiped shape.
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©
_Fig. 4. Hv scattering_pattern obtained from a radial section of Eastern spruce:  (a)
fiberS normal to the inCident beam and alon% its direction of polarization; (b) specimen
normal to the incident beam, but fiber direction rotated 45° to its direction of polariza-
tion.



318 BORCH, SUNDARARAJAN, AND MARCHESSAULT

Experimental and Results

The ex %rrmeratal arrangement used frf recording data regorted J” this
gag een escrrbe arIrer2 |t allows moré” convenient and more
ahe easu ements t ans attering 0 serv 10nS on mrcrosco estal%e,
frncet atter as xedoRtrca compa entsan Iowerr trnten?
aser srturce IS n%rnia to.the sam vr/nnc IS tweeng S Micro-
sco srdes ght rsver]trc h ﬁrrze an ts ﬁcatterrn comgon(ﬂtt
na zedla aoe throuah elt eravertrcaé/ora orizonta
orrente ana zer, T e rsuItr scatteHn rnat em are referred t
viarnCI Y ?nectrvely, e subscript showing the polarization moce
Lhﬁ -Scatt ghoto raphs in the Hv mode gFrs 4-7) aree ﬁecrall
Use or an sr anl tﬁo IC structures SInce Sca terrn? He to Tlucty
tlons in density 1S aPsent L| éscatte rng rPsrnter
MOCE, ere eanamrrsvertrc Irecteq. are sho ures 8-10
Frontt e simjlari sca errn at erns, especia X(\{rfn
the rsarerra poarrze terrorrentatro Irec
ron nq It1sa parent that anrsotropr%scaéter
arncontrr utor to the scat eirn envelape. ecause a]n om
fluctuatrons eqenerated cellulosic structures23 a ly. show a
stron Vvscatterrng co ponent of circular symmetry around the'incoming

Fig. 5. Hv scattering pattern obtained from, selected areas of a radial section_of
E sterns ruce: (a)folr-lear clover pattern arising from a random distribution of pits;

b) asy mmetrrc four-leaf clover pattern with intensity maxima along the meridian, aris-
rng que fo. an or ered arrany of pits. The maxima along the equatorial streak are not
viSible owing to the high Irtensity.

=
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©

Fig. 0. Hv scattering pattern obtained from a tangential section of Eastern spruce,
(a), (6)J sample positioning as in Fig. 4.
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Fig. 7. Hv scattering pattern obtained from a cross section of Eastern spruce:
sample positioning as in Fig. 3 (a); {b) sample rotated 45° in its own plane.
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Fig. 8 (continued)
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5° 0° 5°
(©
Fig. 8. Vv scattering pattern obtained from a radial section of Eastern spruce: (a),
(> sample positioningas in Fig. 4; (c) same as (a), but from an area in which the pits

are well arrajed. . The intensity of the incident beam was adjusted to bring out maxima
along the equatorial direction.

beam in aqp jon o a weak symmetric a?rsotro ic scatterin com?oner]t
However alf the Vy sc tterindenvelopes from the wood cut areﬁron%ey
X metric In |cat|n atm r e ty uctuatronso random character

anse % emo noewot Iference between Vv and vpa ern
corde or t esam sam Iewen er are rr nte tev qh
recgonwash Uc moernterrsequatorra frea ort |c
iﬁmnﬁenue to the density fluctuations due to the persence o

5

Comparing the Hv scafte m& é)a%tern? from the, radial and tan entral
sectron ne notes artrcu ar our- eaf over atter |n Fi s4a,
%ar ?Yc oSl er aralnt ean trn
terntensrt ofingl ent ht on cano tzh near glinmetrrca ur

%over rn SIr which 1s the t eorec expected atteﬁ
orarH IStri ut no its arealrnﬂg N areas where {

B tend to earran% Q-cimensional Jalficé gare ['In Fig. Q
overleaf pattern with discrete rntensrty maxima alohg the meridsn (Fig.
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©

Fig. 9. Vv scattering pattern obtained from a tangential section of Eastern spruce:
(o), (6) sample positioning as in Fig. 4.
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()
Fig. 10. Vy scattering pattern obtained from a cross section of Eastern spruce: (a),

h) sample positioning as in Fig. 7. The two principal scattering directions are uon-
ér{hogoﬁal FEsee text).g ! Prnctp !
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was foun a reducing. the intensity of 1he incident light,
ﬁg% e]%uatoHa?strea[} mgly eseerllJ tlo %how %?r%te%ammazles% F|gu}g80

Tne pror&ounc d effect Otf fiber ori ntat| no (5] dLhe scattered intensi
the Hv'mode 1 dye tq t elgttattem e oIe|savctor ua |t
a% e ma nltu of the ongerved |scatterm ?f ?ds \NR eco ponent
oft evecto W|th [es ect 0t eane Z6r en the Ler aXis
A Je%rfect Bossed NIco on? has the bes con}t])romlse g een
emdtice eang t magnl Es comloonenﬁ at IS pﬁss X
the analyzer, ' The 3| e observatlon relates o the besi
msotro IC prac ewoo er W(th respect 1. anis tr%)ry
argerp It or t avesa5| e optic axes are oriented alorg the

AREA | AREA 1

Fig. 11 Schematic diagram of the “randomly” distributed (area ) and regularly
arrayed (area I1) organizations of the pits in"a radial section of EaStern spriice.

fiber axis.  Thus, while at 0° thee IS 2 maxim wduced (J(IJpoIe this
g)ﬁi)lev ctor.has no omponent etrans mgﬁ e Crosse analgzer

Int evmm&y the It JS %ereanear mmetric structure
scz1tte1[s Indepe Ier orlentatron an

WA 5 ndetof |s responsible for
%or \fr scatt?nng hhe effect of flbfr orientation Is muah less pronounced.
A good example of the grating analog aspect of wood secti saret

i tering. pa ﬁ)rns #romt astern’s Fee CI0s sech|ons RS shoin I
ograms rat rthans e f

Figure 3" the Tjoer cross ectlons are
f'ns IS etlected In thep anguﬁar relation o the two princ pa

e anﬁ 6s, gn
scatt Irections F|s (and 10). °T escatterln?Z ?tha ter”f
streak out, and this m 0y e due to the Variation In the size of the parallelo-
gramsm 6 Cross Section.
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Discussion
The rono ced uatorral scatterrn with maxima suﬂgest an ov ﬁll
or an rke anisotropic u[%erstr tu e due to t ntatl no
rro rrsrn emar o

ceording to mor ologists
|s orle tatron IS pr mrnantI |ca| |n the |berf| ction & grft
|s In rca\esaste? cal fiber orrentatr nora
er direction
%rn omrn(Ir Irﬁht iS
erent, a raction maxima are creaé Jr/] 1Sting
"fluctu
those ditfraction orating are created, As expecte Snaci
¥ gs decre een tHg
xhrbrtrng e general scattering
are seen (Fi e Intens|ty maxima In Figure
% afremarka h%[n Bow Ines of a
dsemtﬁat ordere (P
0se ort%
150 ror))/
oun n hoth Vv scatt errn
Maxim @sm
e I ey
attero |ous arrses uet Inte eé nce of the pi Jacerrt
Fiaure 12 repr sensttreHvsatterr atterns.obtained fromtheo ical
g o e AT S0 R

scatter |nte srt eHv Pvrﬁ Pes | creases en the fiber axis Is
0 ateresrna g te plarization |r%cllrono the mcomrn eam
So eaag regfttron vveIIorente] ? the
Batra?fﬁ/ %8 aser is use&! Ination source, t
seBZrat ﬁe i oot e Pl ﬁe”sttta%’tm ma>§n§?srmr
bl S R o
vr/?trete efE ﬁt\ atures olt the sarmrelar
Sam?tgtoer Elesrreqrh Pruce e drcuITr to the fiber axis, a/?rble nsor?eof
the scatterrg otggragssef radrE sections wherevvef efined % oP
e ke o
? m a, er)actria ﬂra%rr}? with a avera%e rt R?
ap mensrons are sfi err The pit-f Istance renr)resents t
ensity and an a uctuation perrod srncet £ Same Spacings are
gasurement o t cr so "the two Qrdrfrs of maxima alon%
meridian I Fi ures usin thfe classical condition, for s?at rn ﬂ
|vrisas pac ﬁ andasrmrl atlo
In the direction perpe cuartot beraxrs Fr? a a
haracterritrc r% tll) acrn 30 orme[] Is t |t to-.grt
st ctr nd corres onds% Ysatt %tsr )
ﬁ% hrsa |mates tote tber width,  Figure” 11 15 a Schematic
o summarr st e s|tuation.
micr scoean elr%htscatterrnp unj rtcear[)]gsa rtt%\trvs era tcro

R. . Comparison 0 Frg Iph
the ra cros arfe of me najure (with respect to the size of t
|ts éh nesso bers) a osea? but are muc better
ranrze In a. regular two-0f mensrona attice and. gIve rise tp a much
narper scatt errnﬂ gattern Ho e¥er the sg erulific ﬁnrsotrrr)]rl)rc scatter-
rPgtmctl?rq lr\r/:reusre to the four-leat-clover pattern in‘the Hv mod, 1s less
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«@

Fig. 12 Selected area Hvscatterin? from the pits along the ray crossings in a radial
section of Eastern spruce: ga) area of the specimen (ra ,crossm?s) exposed to_the Inci-
dent beam to get the patterns_in (b) and (); (6) scattéring pattern for the pits along
ray Crossings obtained by using the optical microscope and rotating the, fiber axis
through 45°% (c) pattern obtainéd by using the light-scattering unit, fiber axis as in (a).
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Thes erulitic catterrn Cb mponent vrsr le.in Fr ures 4a and 5a is
\r¥ tretatearen ero OJF lI escattern area.
vﬁr d cloverleaf’is often recorded from polymer fi w ers
E‘ e Sy erstructural anrsotﬁ)wc orﬁanrza 10 rs marn “%
diskljke.1 ?vvg |r]ts are eren aron ere
Bavdtres are gefine e cellulose micro rbrrs are eposrte nte pit
ordler Sﬁf at an anrsPtroPrc ringli eo[garrrzathon 1S cregted rs 15
compar etﬁanegatrve birefringent Flrs es erulrtevrﬁ tf the center
rem ved.  The HVscattering fnve IJo rom an anrsotroh IS similar
shage to the scatterrit envelo orp an anrsotroprcs ere 0 tes me
ImenSions In the a ran Irst sc tterrn?n Imu

urthermore een onstra ed tthec scattere rnte sr
distribution s mrnor rntesma a rlaét Al O{1an anIsotropic S

g e Tl
wrt?t p(f ?grke contrnuou§ Rr otropic sPheruEtey p%m) F
calculatrono an averaepr size ey easrr 9 escatterrng e for
maximu cattered rr& N rtgl In th ec lon Tor A % e.qize
optaine § lameter re S With t e estrmatroqs fromt e r’orhar 2N
otomrc %raép (h 2) andl the previous calcylation 0 %

5 acr erntensrty axima alon temerr lan. Itsou
note thatr ferp

It distance and rP drameter ne? 1r
P ﬁ temerr lonal maximym an osd lon of the ormed
ovg ed centerfromt eorr In are gifferent; this nqicates that the Prt Q-
H Istance rs reater thap fhe pit ameter s ?pe of Information 1S
tcuttoas fom po arrza on rcrographsa
regrure 5 or the |1V scattering ovvs an asy metry in the clrfgerleaf
g 1o, the or ere ts Asy metrg this natu arse
romdeormaonosp stoane ToashaPe T rle [ ex-
anatro mtrs case rstat rnter rtrt ere(i onﬁasrng her 15
es}oorg |e for the as mmetrX care ? ments” with two
| Ividual § a]rch ranufes all Vt% rtrcag as the pits are, In Fogrure
al {0 a 5p eruLe erarel r S eIoni; te In the_horizonta
Irection. - Unpublish theoretrca ca atronsBaso support this view,

Conclusions
. The tr]alétatrve analysis ?f the sczhtterrna rfata Pdrcate that the scatter

e g Lt s
er?tructuraj gan aflon.0 These coB§ en be com areril

ct 3/ recor rL r# frto etricall evaluate SC tterrn envg
HP narzgroac gu ﬁ a 10 a tter un erstang1

Pextu robeal metgo o

with
0
or

asrs tsca rrn JOVICES a non est c
respon

era rbutr rcro Iar
orientation an vord content rnteceYI vvalIs Use o{] aofréﬂt sourceo
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sufflcdent Lntensny BTCh as theJaser ?r the mvestlgatlon dgscnbe.d here
would make ?5| e to recor W00 |ber Droperties under Xﬂa IC con-
|t{0ns and correlate them with mechanical measurements.  Ahig seeg
ormat|?n arran emeB gmhp ed with a ﬁst 3catt%r|rz]g etection”metho
F%/ rei%eur;t go ere%rse ribed and s being applied to the aeformation analysis

’ en st?tué of so#id -State |I9ht fcatten g botp fromthe theoreg %al

The pre
and e>éBer|menta oint of view certainly Justifies 1 reater USe 0
tzaqhas heretofor been foun§ ecer&t developments in the area
vanc d our mterpretatl%e

etho
nz) ractometp(9 ave corp]3| era
11 act, scattering unde{ e condlitions used In wn eﬁ?rt dp?F
thou & in terms of an o Pca analog experiment, in ITtrac-
As such, t e0 t|caL|nteraft|on etween

he o erathltes aeTc] rlﬁelst?mmemate apparen ty Detween
yvgﬁentesam [1e4% Sl-

siml
era the Hv scafterin aerns Fels(p ?o
tjon, leads netc1 concly et% & main amsotr ensity tluctya-
Pons are 0 5|md ar origin.  The scatf ermg stre at right angfes tot

ther axes and discrete” Intensity m e streak suggest a vve
onentaé ed superstructure in '[?] I)E/lChEICj rglf@Cth :

Part of this work was performed at the College of Forestry, Syracuse, N. Y. Em-
bedded wood sections were kindly supplied by Dr."W. A. Cté, of the College of Forestry.
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Adsorption of Polydimethylsiloxanes from
Solution on Glass

B. V. ASHMEAD .iind AL J. OWE

Research ment, Midland
Sllicones Limited, Rarry, South‘ Waes Unltlgg i

Kingdorm

Synopsis

The adsorption of ol)rdlmethyLsnoxane polymers from solution on glass has been stud-
ied. The amount of polymer adsorbed depends markedly on the solvent because of spe-
cific solvent-surface interactions. The presence of silanol groups in the polymer, par-
ticularly as end%roups markedly increases the amount of polymer adsorbed. Larﬁ
differences are shown between the adsorption of the commercially available, and fully
trimethylsilylated polydimethylsiloxanes of narrow molecular weight distribut ori.
Possiblé adsorption mechanisms are discussed.

INTRODUCTION
The a sor tion of polymers from dilute solution on glass and a variety of
ther su i fte has Apec veé cor]qsmeraE[e attent|on %verzﬂ Tevie R%
een li rqmanzm?r e Su Ject adsor ton 0
Imet ¥3| oxanﬁ tﬁo leers om diluté so t|o ais mves
ated [ Inal estudlfs not ver vv? '}? gmrs ave
g gm genera een materials with.bro %ularwel %
O[rlbutlon B tlempt nas oeen ma%e to Invest] tet f
en rousonteafori)tlonbe avior, Intellr aper, Per eadU manf’)
su? gst at teyminal sifanol groups will strongly incredse the adsorption 0
MR
Ined materials materials wi
e Tl t

Ies ori polg/mer n{orptlon Pave f]tressed the Weed 0 IOOkEh

dIS'[I’I%U'[IOHS Wer ort%e%at e aasorption 0 oqarﬁnvgt (i fular W?/ﬁ
a narrow oec v%htglstn ution PvaMrP ¥andv¥|ﬁ18 S||an
anﬁi if] et oug

P{ agﬁrem the. amounts adsortﬁa souLd eundg taken
fromat eta solvent hltsel IS ot prefeO Fr”a Y a050rbed to ena

rue
Sl C%sc%usgraﬁé ;

{h E sons tobh mae etvveent e 3J7es
? ovents d|me oxanes)at foom emperat% gri] g
g etone, 2 onee acetate) are expected to be strongly a
sorbed on the glass surface.

31
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The effect of solverat or] the adsarption behavior of gne %er artrcHIar olymer

been Investigate E remaining measurements being made fro
so vents, «-hexarie and benzene.
EXPERIMENTAL
Adsorbent

300 mesh P(Yrex ﬁeaga powder frowe Jengons, Ltd em? Hem vvaf dtead

5eq 8 orent. ace are eter-
mr%raerﬁt%@st% BET. met 8 at —1%" C y Using irypton cross-sectional
almytic

adsorha
cr%tga 50 2r)tron from ﬁarbor] tetrachloride rggve ar} %strmate of
ttrtgats#]e%%e area as 0.22 m4g.  This value was Indeperident of the powder

Solvents
AnalaR gr. %]a(‘tes re used in each fase The solvents vvgre allowed tg
stanrqhover fu ar sieve (ty Re 4A& o[xet |east two weeks before use an
were handled only over argon'ih the
Polymers

Thesewere aII aterrals ofnar W mole uI rwer ht rstrrbutron re red
errz flon o amet y rsr ox
aI rra e o tarne oI mer
sshexame sr azane r eat24 str ere amm
rom enzen

azane a cipitatin erw met
so?utron A” er Were gnoror@ g efor use rprtral roo

temperature dr acuu over): sutsequent dl sma samples t]
at 110°C 3 (ervacu L z1 PC anal %/srss v¥ thatt 1S
ggleltmeegt not affect the molecular weight distribution of any of the

TABLE |

Characterization of Polymers

Polymer Mn MwM n
A 37,300 1.37 Partrally trimethylsilylated
B 37,300 1.37 Exhaustively trimethylsilylated
C 58,000 151 a,w-Hydroxy end-blocked
D 58,000 151 Exhaustively trimethylsilylated
E 119,300 1.24 Exhaustively trimethylsilylated
F 177,000 1.33 Exhaustrvely trimethylsilylated
G 28,000 5.88 MS 200/10
H 58,000 3.88 MS 200/12 500
J 100,000 2.68 MS 200/60,000
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Three com cra varIabIe lvdimeth ero ne fluids were also used.
ese ﬁ\e mﬁl S%cones 8 y200f mscosﬁy 1,000 ¢§, 12500
eul’a

hm e\t\e?rr?trthse Ejhssr\e/r(r:eerle/erhade on all the polymers both for
Mnandp ‘atterb tscatterrn for enaProh/ Srsth%utron
materrals an |culatio ro Qe GPC frace o[ e h
mary J olymers.u |th their molecular weights and the
nature the en grourP |s¥rrven in

Technique
Perke andUIIma't3sho (rfdthat the adsorption of po drmethyls onanes
from solution on g%ass and Jron was#rcy SeNSItIve t tra €S o
e did notﬁ t Investjoate the e waterontheasog
wasusev\geas grre to tfie same extent, H ortion @
owWaer Was Hto asmall a sor t| ubefrhe wit aT
acuum |ne

he
acu m sto coc?k tubes to a
%to a Bressure of better tyr\é? 0085 Tne v% ated forS ra

g vvere re 0V€ |a unaer va UU
frans erred { e(en \R/Uf
argon, Te m| (i oncentratr

rev
asolutr r%o Xi(h
Pette nto epow er and the tu es en 1o f‘ gst 14hratroo
terh1 ature, (2 The su ernatant Was analyz g/an infrare
cnr eattrs i Wasmae tesymm ric. déf

P ormatron
hﬂ rou dp % 0 qetermine polymer concentrations. Wit
Bget keo 1/oet
ea at
tions tche sodr*mc lori

cetate in benzene as splvent, use had to
aP km mer e Sectiﬁﬁf?&l rocgam galstretcﬁ gﬁ‘

P ength were Use
:i?r hotometer.  Beer’s Pots of t
P mesrnthe so Vent of Interest were used to measure po yme
oa er adsor

concentra-
The amount oP poerer adsorbed I' was determrned from:
- <yM)(ct- ¢

V is the volume of olymer solution used, M s, the mass of glass
ovv(fer and Ce7 )Jare the Pnrjy al and flrjna? equﬁrblr\{lum ) polymer solguon

E)oncen ratron regpectrvey

Surface Area Measurement

In rf f th t -
i 6 Tom c FetLac A ;engﬁbtads"fb'”% i

sor rence betweent mItic acld concen-
att rﬁ:aj(}esgLutrf eor % era(tgorptron etermined b measurrn%

caro U It was assumed tha
each atty a dmoecueoccu 8@ gtztesuface9
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The%b owder was treated in twoways. (a) by Ihe progedure described
Sk A

RESULTS

Effect of Solvent on Adsorption

trong absorption of some af the solvents in the infrared regjon at
ané 81'6gc N rl(ﬁol not perm|t|?he concentration to% measureagl) ]ngtji

infr
sPegtro coPy. For these 30 vents, mixtures with henzene vverg useg to
stuay theireffect on the adsorption.

Fig. 1. Adsorption of polydimethylsiloxanes on glass from different solvents.

sotherms for the agsorption of polymer A from -»-hexane, carbon tetra-
hiorige, nenzene, and 1% (volume/volume) of methyl eyl ketone, tetra-
oruran, and egnyl acetate In nenzene are shown'in Figure 1 “Nega-
glt Soo%sor '[I%% aosurea ?Ll_ %?gﬁlrom methy! ethyl ketone(a theta solvent

_ TABLE I
Adsorption of Polymer A from Methyl Ethyl Ketone

Initial concentration, Final concentration, Amount adsorbed,
mg/ml mg/ml mglg
1.00 1.04

-0.06
1.03 1.04 -0.02
1.52 1.60 -0.11
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Dependence of Adsorption on Polymer Endgroup
adsonftmn of a ma}er’ial which has

F| ure23h0vvs |so therms fg
and not been rﬂet |si ézate mersﬁan . Lt Cﬁn e
seg t he remov the polyrer Y eXa-
met SI azane A ucest e adsor '[IO[] These' materfals are
oPeW§¥ A |s ne for ea ount of rou re ent,

t|o anaco oce material
(o ymerC C0 pared WI'[ he Iy tnmethy(sdy |ated matenal pcﬂymer

Fig. 2. Adsorption of partially and fully trimethylsilylated polydimethylsiloxanes from
benzene and re-hexane.

Fig. 3. Adsorption of a,co- h){droxy end-blocked and full% trimethylsilylated polydi-
methylsiloxanes from benzene and re-hexane.
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Fig. 4. Effect of molecular weight on the adsorption of fully trimethylsilylated poly-
dimethylsiloxanes from re-hexane.

Fig. 5. Effect of molecular Weqht on the adsorption of fully trimethylsilylated poly-
dimethylsiloxanes from benzene.

)n' Figure d? tg)resents |50Werms for these ater}als adsorbed from both
« exan ene. The amount a sorrged J? Lhexane solu%gon
rom benzene by a fac-

isre uce% ¥ha| rom160m /%t ;31 mg/g an
Adsorption as a Function of Molecular Weight

rom 128 mg/g to
SR R B
8 nhe related to the moPecuIar we?gH ﬂwe empirical rePatlons?\lp

To= KMva

Plots of Iog r Oagainst both Io?__Mwand Iogd nwith both «-hexane a (Pd
benzene as solvent ?mbf(i In‘Figures 4 and 5. The constants K an
are summarized in

tor of eight
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i Ootrl\lbl |S||ry§elghrmndsupron

K Wﬂx% ?%ir?are B% i

aCanJIaIed by expressrng Brinmylg,

vaI es quoted in n-hexan are he maximu dmrnr um Slopes

(o fort ec rve ots Fr an noattemt as eenmaetorn 0-
ean err rasr enz eerrors nt henzene eaP ear
3 trt must enotedt at very sma amounts Of polymer

are ern ads re

Adsorption of Commercially Available Materials
These materials were psed as received.  No. ttem made to remove
Sl B Dot i

n silanol groups or t wmo eCU resent, P
)(09 roaﬂ qnstq g Mwan nwran engeng a so!) eﬁt are shown n
Figure e, the const ntsKandaberng summarized in Table IV
et of Ml )Q\eﬂrﬁﬁ?fer}ﬁ%orgono‘(}ommroaﬂy
Solvent D Xa a
it W {12 b
aCaloulated by expressing roin my/g,
Fig. . Effect of molecular d% Scﬁro)%efsr 4 Jlr%nlzgrfﬁ commexcially available poly-
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DISCUSSION

BRI TR T
The amount azrra d sorbe Int jjé teau re 1on 0 '[hf ISotherm

e Bl el e
0
as that oramonold?ero? ﬁg(? Pr 1 0Xa rn uc acon? Ura-
tr non water the Cross-Sec ona of ea tCHszﬁr u?| IS 22(?1
a\cAeela 250 5)2 %mer rnt conr jaton OCseéJ or relgva(h\tNoeruge
er the att acrdfz re rat ert nt r ton srnce the palmitic
A ST Rl
measure Vhrt al a ounso ncontgrnrn so?ve ts rn%en ene
or i nrss rc nt ”]owertan pure benzene, Kisat F
i llphre L B bt
1
soh]/ent1 than froma ooH(solvent bB Phrs IS nof ounr? experiment y
this s tﬁere ore, solvent- suriace terac jons are. Sufficiently
e adsorption r]tarkg

import rr]ttot S;ﬁ&n K 15 Stron 50 b%rt]t m%tsre so?\(}nﬁltgercedntaini
ghethe a%sor on agdy % Prg

9 th dasore

h Oxylated s trrface N rgures area arI tea sorption 0 these
ateridls on gass but the”shi strgtc Pfrer% ncy
I e e o Caa sorgd e s
In Tab?ev grhrs fable revealsagpaztrc ditference In the A'oh values for

Infrared Frequency Shifts on the%%rr}{on of Various Viapors on Sllica
V&OOF Avoh, M

= P
B,

ne agsorph%n of saturated n-hexane molecules ossesst ri ir-o ?sad
[ef0re, a ectrn only t erroHspecrtrc Intera tr YVI an e
adsotign 0 [n ecules which “Interact speciical wrth \aroxy
groups of the silica surface.
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e (lifferences in t amouns adsorbed from be zene and -hexane
ca erbeexpl ne SI0grin tu f the adsorption of benzene
and /;-nexane on stlicasa uct on mperature a |ch the sill
eat freated. It was fhat t ea Sor t|ono bnzen decrease
with Increasing adsorbent egassm temperature, while the adsorption o
exane Incréased over t emperature range.  [he adsorptio
beenzenewas reat rthan t ato >§]ne the heats and free energles g
enzene ad owv obetn%grteﬁ]er |n(5etem erature region stu e

mpg n?n enthe rot? pan abe zenemoecuets
5) 8h e accounts_for the e hancea (henzene a sorpt)on on silica.
I, e s ehéﬂ%tet%r o ﬁd&“ﬁt il °Xd}“e oo e Feeo
%oup |thn|l7ﬁexaneassof9 rF fdnhe/thyls foxane cana sorBX{
hat IS effectively a greater surface area since the solv oly

ent IS not as stron
ﬁghe e?fectgft Haolglrper -solvent inter ctto on th adsorptllon must aI
hecon%dere The vathng nower of a s& vent ymer can

g examination of the” Mar H?uwm Ie atlon
8&8 olvent, ais 0.5; fora oo vent a is t
Benzene 15 a ood vent or stloxanes

atfer g; i}ﬁ
Theqcorresgp dﬁ ter snot geen Measur -hexane :

WE Nave U 6VI ence that Inaicates It to be a etter SOlVGﬂt

Perke|17 has shown bg Ftnnsm VISﬁOSI'[ mole]cular weight Hteasurements
tat he very similar Solvent to n-hexane, n-neptane IS better solvent

enzen

US nedjecn g nP 33|ble sokvent surfacg mterachon ore ﬁllox ne
sh d e adisorbed from benzene than ro exane The fact that this
IS not t e case Clearly shows that the solvent-surface interaction IS the
predominant effe

e nFture 0 t e endigrou?n has been fou%d to affect the ﬂds? gtton be-

'e‘é‘tve'%catf&teétﬁ o) ol i

and or]ne t]hat

grougs In the po ety eom e cTr

coa enzene Systen mar duc he d on”of low molecylar

¥Vﬁl§q oh I6s, an e ect ost ronou t e hexan ?te The effect

|ncr ast ecua vve otn ficeahle for M, > th4

ct WI'[ ans Clear nottcea eW|t muc reater molec-
Imansottg est that terminal Silano

?{ ﬁrouB
Wi stro ncrease the adsor tlon oxane nolymers, athought
no su rtJtIS ;ﬁtemethn ex e| ental evidence,

eCts have feen notice rtea sor t| Iy(({netbg/
mtacrp{ae)tg ere a a[d mcreas nthe mo %nira or
15 roug t about by fasma ractlono ree ar X¥a8§8r“§?o'n epo \mer,

"o ekgon ool

I groups enhance
L PF Ft) ﬁlgrﬂesoluttonm 1S an? her sud]

nt |n|ng st percentage of hydroxy
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O e L s e
aYoqu Iqbte ger?cr asin thge%f con)te J

than that ontained
In o resent Stgee/n ac st contains s veraI hydro

? after éhas eat cfsﬁt % Fre Rt group¥ mtt{
er wWou P £sS  Ie) t|veyht afftnt r"this surface, certainly
re te thantha ae =S CH3 3& chain

ve|nter the r suIt o easor t|0n of the fu tnmeth
sWate mater romn ex ne|nt 2 urn an ar ente
assume t at the molecu es are a so mono )(Yer as distorte
random coils 0 radtus Rawhich can becacu ated inA fro

= 08V6-02370)2

where Smis eareaoccu ied by a single molecule, S is the specific surface
area, gf a or ent, MWIS the we?éht avgrage mollecular welghtp%n(! rots%

Specific adso pttonge %ﬂ

s t calculan?na Val eﬁare also include
ort era usg rattono alns In outtg ab e COMRIession
te00| on agis ]tnleterattoot sorbed coil radius to the
radius o gyration of the molecules in solution.

i g
W A sovent %;%d F T
FEARNl Ht%

Values for the chain.dimensions in the theha ta solvent have been calculated
from Jntripsic  viscosity data. 8 ? arntpropn 5 |ntrhn5|c
wscog ataf « hexan Va es In the %00 olve ave
ermlne n\}\%\ evo eexa actor r evaﬂ to benzene
ef| Ures In »;- | g g\g Fatert ant ds
|\t q attempt has nma eto C mp?% alues optained In henzene
?gcgtt%rrt] |net nl% (Yvay since no estimate of the amount of benzene In the sur-
ne valyes In the table inglicate that a S|gn|f|c nt d ree of ?ompressmn
collS occurs on adsorptjon,. more so olystyrene IS
a sorbed from ¢ clo exane on alumjnum.z Te egree 0F . contpressjon
als ?tncre es Wi |creai1ng molecular webgt&t This r]tode IS rat fr SIm-
pliried and stpposes that thecolls are adsoroed separately.  Probably, the
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. TABLE VI . :
I\/blecular\/\/erghfg‘i BN a(fgxl‘cm ion eIqfé(‘errmererally

K X 102 a ealv e
I8 8% E@r‘ﬁeﬁ% Ulmen

*Caloulated by expressing rOin mg/m2
corls are ent]angled on the surface, a fact which cannot be considered on
T e theoretécal 00 srderatro s of S Iberber ‘\%t drc hat the plat of

I gamounta sore against o%rir euar ecurved with
decreasin wrt |n rezisrng ec 1S Hrec e Wit
n fxarle as solvent.  The low'value of t eco stant a o at the hge
pmo? er%%rars vgeé t end then agrees with the value zero foun or many ot

Ur meas nients N hhe adsor tror\ of commercially aY] ailable materials
aﬁge verTy with those of Perkel and Ullman.s ecompsrrso IS
aF able b\%eexpressrn the amount%adsor o I mg.m

sugrl;es that ave a e(Prcompara e system, 1., our po ers

vents ve been simil ar
?l trr% |I0xa eis dso edb anr
ba arn ort
E IS not rﬁr or eco mercr yavarr

35U
€ porymers. Byt e nature oft errpreparatron '[ e commercially aval

Fer ! an?_\ ee anrs%('z
grﬁet Isi atgr} ter

ab

cH3 ¢cHH3 cn 3

v M v solution
J A JSA Q surface

/ \ [ T A
MECHANISM 1.

CH, CH,CH>/
S|

QH solution
surface

Y\

MECHANISM 1.
cH3 cH3cH3 cH3

a @
solution

HD surface

X

MECHANISM III.

Fig. 7. Some possible mechanisiTs of adsorption.
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able si fl Nes must contain some hydroxyl groups, and these groups will
great ec the 51 sortptror)f mechanism.

sorption from benzene, a s v?nt jch is shrongJy ad-

sore nte ate surface,  On frimet ey yatronth @ mer,

co 510 mer IS, adsorhed, but ther IS a-reater oependerice on

oec ar dso tion of the sila [g aterr can ogeur

on the surface

t contani

o Jen- mech nism e ee
the tg er mecha rsm I Further lin Wrt the syrface ma
anrs er etic considerafions, mechanism |

occ
LL srmr arto benzenea o ptro on a hydroxy atea Surface wnereas
MeC must ec reag aarer
Y\/r trrmet1 Slnt/a materials, adsor Iptron from benzene could
on ccur zene erngp ntraII a sor on SIOH
urr daeareaso s ace ass mwou gIve rise
(Pteose e tuaﬁron e 1ess poymrrsal but a reater
ePfendenc? on molecular weignt arises since the polymer rs attache to t
urface at fewer anchor 8ornts
With n- exane vent solvent adsorgtr% a]s not Rccur Onee
am [ ttrmeth ate materraL 1S ad than IS the, case Wrth
ano -C0 tarn but In thjs Instanc thﬁre IS, S0 1 See
nenc ort eth er ated o mers to.he flatter in the SU ace
an IS se wrth %materr S, | epo Mers have
reatersu Ce area avar ri e xane as solvent than with
enzen s]so vent, Ast e molecular wehga een encri In n-nexane IS
ess Wit tﬁtrrmet Isil Iate% materials than with the silano contarnH
materials, ace at more an (i

?rnts In the f(?r Br case Sattn enatttgcae% o Stjrexane %he trrmet

E lated po mer% must Interact wit tesu ace th roug tPe surf
g (oxxlbgrr ,ﬁJ a mechanism such as 11, a mechanism that cannot
ene solution.

r thanks d oDx. It Il heU rsrtyofBrrsr he krypton
%‘f a& anrﬁtﬂ]eD?W& %?rh'g r%termngﬁu s, {dthepr *
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Nond Sesad Sex Siesin aNisaodedic
Liouid Uty Seed/ SerHov Hied o
NMieo lar Wagt Heaaogaaty
HIROSHI ENDO* TERUQ FUJIMOTO, and
MITSURU NAGASAWA

Department of Synthetic C emlst Nagoya Universi
4 Chikusa-ku, N agoyzgy Jap ny ty

Synopsis

S R R
M@gﬁ s@;w@@? R

m)ecuar E[; e Ibfd?gv\/\egg’/ i
SRS T e

%ﬁf‘% e
emsﬁifre axation me%E“ r%he |sv£r|§f6PW it i

| INTRODUCTION
Simult fnem{s measurﬁme nis of ?hea strfss nd normal stre ? dlﬁereqce

—3

are useuh % \ effect of molecular ¢ aract r1stics 0 mew \{
JS on theyr rheolo §| V\% &rogertles under. steady d§ ear n
daition to wscosny 15 a measure ofeneJ%% ssmaﬂog th(i stfad
stﬁte compliance * which IS a eﬁsure ofsllore éa f?a/ can e calculated.
T ﬁshear stress Pz and the normal stress cifference Pn —Pzare
relate to the shearrate 7 by
Pa=vi (1)
Pu—P2 = "Puy2 @
It is assumed that
Pz—Pz=10 ®)

| [ess;  Plastics, Resgar (atory No. 1, Mitsubishi Petrochemical
St T A

© 1971 by John Wiley &Sors, Inc.
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\When the shear rate is | hhe vrscosrrt]y and tne normal stres}s coetfrcret
EWS re er, the

T are constants ear rate Increases, owe\{ F?
}%ﬁe rom themrtral values. The stea “state compliance JCis calculated
1

Jo = (Pii - Pm)/2(P,i - IV)2 )
where P2isis the shear stress in the solvent at the same shear rate and is cal-

culated as
Pon =y

where vsrs the volume fraction o{ solvent and t]s s the solvent viscosity.
Il known, the sead wvrscosr o concentrated solutions of
mear o mers or ﬁfundr ute mersr ro ortional o 35 M enot
mgm eri lar weignt) and |sa [0 |mate determine %g a}\]/
er moecu ight inh ee eneousp mers.  Ontre t

astress] rec m Wy ortrona 0] 7orMsan ence ISV
sensrtrve 0] emoIe ular er rrbut on of the polymer T e steady-
state comr%hance IS so eter me her ave mo]ecu ar wel b
It 1Soyrt pres nt att e(?tof ec arwer etero enelty on'the
norm stre erenc or ate om ||anc as not etBen ade-
uate sttr reb even t ee ecto ec arwe Ight ftﬁ!] ution on
|scos stu |r X ext nsivel Urpose of ¢
workrs arity the e ecto | é

resent
ﬂr)np 6 Of ve% FRITOW MOIECUAT tte% |strt| uton’ pe%rarjee ?n e

ahoratory.
EXPERIMENTAL
Samples

E nearl 8od|3ﬁerse methI fene sa pIes used in this
re r are 3/ anionic merr at nmet Lowand hi O(%n
oec ar J wefre remove tvvo ractrona recr Itations
enzene meth nol., t]e wel H e {0 nérm er-av-
era%emoecua wer t ratio MwM nis be |eve obele % Lneve
Case3, EX eso s |mgnt tron ﬁattemg 3am es pefore fractro
ation have e ven e 4N \ese ntatrort Eatiter of a
?ampeafter rac on flon was also hownese ere?1 Studlies of ¢o umn
Hatron a mentratrt(){t ocrt 23 howed the go ymer t
suc a moecu rwer IStri utro st at It can he assume to
mon% ISDerse, even or calculatin zaverage and 2 + 1- vera%e molecular
Welghts 0 Poty er mrx res T e mo B ar welghts of the nine sam es
use are listed In Tab 8 number-average and weg =gV a(T;
rwe\%dte re eermrne respectively, With a Hew&tt-Pack
speed | me rane smometer and a modifie
P azu hsc tterreq ot meter.  The technique for the measurement
those oecu ar Weights was reported 1n prévious paperssz  Five
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Molecular Characterilﬁc%lbﬂlomdjmse Sanples

Mn X 104 > — MJMn
g?é il o
N no 1.01

124
f

Plenfied samRIes¥ve Xpar ed from two m nodlsperse ? mers with mo-

e%u [) &)repared fro é)S?1223‘3‘/{/]|th3nc%le)éuil %t%oflgz X
106£Pa8 12) and 142 X a t verae

age aridz + 1-ave emlech softve%v(\;%
caﬂcui 9ed Z 1VH u YVClﬂa W} m

djsperse s nrl%nf]eéhaengugpe?lstegrargTab?e || r\|/<Vgln blor a(i 8r|r?ate8rg)

ph ny? with viscosity 0.693 poises at 25.0°C) was Used as a solvent.

Molecular Characteristics % of Monodisperse Sanples
Sple Wi M@( I}/OME( Mo NELX X 104
5 3R . é 332 32
0 I I Z @ %
o I ' 262
U/ ) % 221
?]e% hm% & A,
the weigit racti W;
g JH gggs&%ﬂ ”%M%\g@l i}g%ﬂga
Apparatus
The \Veis dpnb%Sg rheggonlometer model }7 manufactured b Snamo
ontroi used.” JtIs a cope and-plate viscometer wi altﬁs
0r 0SCl Iatorg/ inputand rnrma stress mea urem Details o t
Awstrument [w %ven In the |teraturealo Te re |a | and re ﬁ
PCIbIlI of the Instrument were exarping ear ler. Inte resent wor

R]atensds cmmdlameter and with a2 an Wwere Used with & torsion ba
m In diameter.  EXperiments were gene aIIy carried out according tot
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instruction manual su r(eredb the manufacturer The exrgerrmentalﬁ?
cedure ab re orfe ma%revrous er.u The temperature was held
at 25.0 + 0.05°C d measured by a thermocouple ofo 01° SENSIIVILY.

RESULTS
Examples of %hear stres? P2 —Pnsand no%mal stress difference Pu —P2

meas red tlon 0 hear ratefy are shown In |?ure1 The shear
[ﬁ‘ een e ceo or /% solu |onso onod |spﬁrse

rnFr res 2 and 3, respectively. In these
Ures as we as In eﬂ otper Iqures, He so%vent contribution Prl) the totaﬁ sheg

T

1 El:r)%gts @ Iﬁ% PZIZY)D %ré@ Pll 332&@%% K‘ﬁ)@g

Fig. 2. Plots of (O) log (v-\&ri,) and (+) log jUvs. log 7 for 7% solutions of monodisperse
samples. Symbols are the same as in Fig. 1.
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stress s su acted as,\ab. Moreover, when a

sented for

195 | tea 0
even for 2 oso tions when reduc
are quite similar to t e results reporte for mo ten monodtsperse 0o

E‘U

el

an he theorle
ﬁjselutlon {0 0 rpr Sent ex ertﬁt) tal”data, we su
However, t e (JJ

%WMCWI
ed v

e

iy

mr

tion 15.not_a reua%
scussed g pr resu ts

ysty-

CoSIt

Iogtvsl ffﬂ%s%tutl otblgﬁt
0 0100

t cUIebIom

00

RS

p}ﬁ :;E g forMso!ht?iomz
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e e

R R M

reneé bP/ other investigators.iz n thatn ome% ver much less de-
nde on molecular welg ta37 INCreases. tso versu%
_é)em no |spersepol sap acha mltm |thasl 0pe 0

out at g 7.45 O'[S versus 7 ort Of[[]
serseg er als a earst roac |m| mv(a Af\l aso en
nre r}] rse sam ate rom ewtonjan
avior at Iowers ear atest

|
orte ono erse san
E%e same data are replotted in Flgures4 mte orm OBE tm
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Fig. 9. Plots of log (Pu-P- %@ érP t a%[fr%r I SEMKIB of monodisperse sanples.

é%s‘tgt% T Rl S O, i, 2 7 G

1617

r= 12(° —vsts) M [itZdR T (5)
tire cisthe concentratton |n cmaRtsth asconstant altd the ab-
solute temPerat re, nthat expertmen data for 7%
onodis me so uttons asm curve. At

curve ascan eseen |n F| ureS eartu rom Newtonian f

curs ﬁt approx eo 7 In each

Eosoo yﬁ vers 7rat rent
oncentra ons for the sam Ie mo ecu gPa81 are
Bhovvn In |uree At conce trattonas ﬂ M he S

OWEr CO ce trations, OWeVEF %Ou\fﬁrf Z< Imate €S no ormasn]%w

rved values
FomtepotlnF lqure, 7,

econe aIm thtndependet conce tr 0
|tcf1 see rB%‘o 2 eviates from Newtonian bghavior
samo rva Ugs o 7 ydisperse polymers than for monodisperse

gures I andI [g I" obtained a thellgtltof zelro shearr e|n
F| ure 7 are plotfed agains Ingor hoth 2% an 76}50 utions. B
C0 centratto |s ow mmust roportional to Ma, a bein constant e
een 0.5 and uni g gec ttcen ration mchases % ver It 'f
wn ttt]at VISCOSIty 1S etermlit By entanqlements between polymer
S(t at 7obecomes proportiona toh gures W can see t atg
A)s ut|?n IS not cqn e(;t rated enou f%r the viScosity tq be domin ﬁ
By entanglements. At 7% concentration, the exponent is about 3, and't
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[iroportmnﬁhty of i’ to ?an be ohserved on P/when M IS h|%her than
06 Strl!]ct spea ? ere ore, eve?fa concentration of /% may not be
unqu tIS 00eS notﬁ ect our remainin dlscussm e
orma tiessc Jchent 2|P7A>s Utions 1s found o be proportional to
It sin the limit of high molecular weight.

kg A S S SR RS

iy 1. o b Pl o o) oors of e sl
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R s

Y&

10

10

éq Pl T it T e

10) “b

e 0 T B (T rorrr
Se sam es at Viarious concent atrons an or bIene sat7

f e seen that experl enta t[h

s?ﬁeZ

0 en ra IV a SIraignt ine wi
H% Ve, IEIS 0 1€ Oh ter’i tt at jO cfe 11 r%on?drrﬁ)erse

Pﬁ Ia% molecular W gtsowan ug Vjatlo
ghtlrnes the shear rate InCreases, whereas the plots orBen gsam-
s Show a downwar evragon In practice, the slogg r]r
saRpCeOarr cte)nbrea IOvr\]/er an 2 The deviation can be served more easy
8 the da} ainFi érres911 can he caIcuIaedb eci
Srncet e data for mon ﬁ?erse Samples 1 Frgur 9s ow Qn d
viations from the strai neﬁ it |s ear atJ orm nodis er sam 6
Bs WIth V. Tereore it may be enay oru to

%aconstant or mcr? ts
show two examples of Jefor monodisperse samples in Figure 12 1 relatron 0
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th

cu?ate the same method are semilodarithmic a amt

tl?lm (Pttonotet t Jedecreases |t swhe
Qno mse s%mp S INCreases. ed sam sho

ncrease In Jewit wa{y edue tot owconte to owmQ ecu

ar welght comfon ot I either't g]olecu arwelqnt of conce tration 1S

owJe?ac nstant independent of . but we expect that it woul chanfn‘
%fc uﬁ aemeasureﬁents ath Fr shear iiteS Besldﬁs In a 50/50
PaS-12

begeBnor of blended sam&)les In éure 12J forjlend dsam scal
a

the two_monodis erse a g ecular weight' 182 X 106
S- 2anp 122 >§%05 |d nqts owaXZde endence In our
erlm ntal range of s z1rate SISS In Figure

or the Dlen iisampes the zero-shear visCosity, fwev? zer? sh?ar

%Ilead tate omp ancellé’ are Shown in Figure alues of ¢ for
samp es always lie between the values of r for pure components,

f o J¢ o 2 SRS Neiispere s

Saple 7, 0% Jeo X 104 omidciyne
4 0580

% . 110

I

A D¢ or oSOt Mo Sl
Sanple it X 10 3 poise Jé X 104 comiddyne

. §

CTEEV .
oy
Congeion AXDime e XI§arddne

P8
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o Skige v W%Wr%ofanumspem

w%?“m X020 JoXod crddyne
f4id I for TG EORRPrS O st
i0 Aio-3 o

Saple \/\/1 " poie omdie

| ‘I
# B

Whereas J B orblended samples exce dsh values fJ fo botn (P%f com-
Eonents an shows a maxi urn] aV|0rob qh ended
y other In

mples 1S In gg eme t wit su ts reported vestigator
6nepvalues o? f Por Eot mono %perse samples anJ % (feé3
samples are listed'in Tab esllI-VII.
DISCUSSION
Effect of Molecular Heterogeneity on Zero-Shear Viscosity and Zero-Shear
§ z?gy égte ompllsance e‘l y
If the polymer squt|on| 50 qilute tha olecular inter-

%J) ?] }thge a dplnter
action Detween polymers, the VIscosi at a constant
con(:fnt[)atlon IS given by the average ewscosmes of the components on

amolar basis:
W —gs = 2 (Va~ (¢)

wh re §UQ§C”(Ptcsatbe Saﬂ%j |n|nd(£ate the bIenP and com#onent | resgecﬂvew

ritera A Petraer (ﬁi o elr gra&l 1ot ompone élterrlrn tge R

ewsc tan
ements betwee er chains, Ijl, cann %v%ven suchas P
Patlons Ipased. (6 ? 5) yFerry presen[ledt ? llowing equations base %n nls



NORMAL STRESS AND SHEAR STRESS 357

d|s|cu33|on of the relaxation spectrum of a mixture of two monodisperse

polymers o
45 = Wildol)ffol + ViEfotyfoz (7
Jelf = wy &L(M/Mwyz+ wiJ(MAMwy ()
Heefols the translat nal fnct|on coefficient per mor\ er urlD t and
%s we|% %Cimn com onent A(”\ecnnot %te? (grecty
rom e can ecaculzig nbgm IthoUt arbitrar
constants, We compare our experimental data on the equation
W =DimTWYV + y(Na- 1)]/Nn” 9
wher indica sthev lume fractjon of gac gom onent polymer,  Equa-
|on !waso talned fom &g %A Includes ﬂar Itrr const%wts
|ure13the am ne enoestevauesow %
te tr]ome g q =1andNa = qbues chosen to QIVe the
ttot e experimental data anti1 hvreplaced

wit y W Agreement betvveen
af erlment |s atistactory.

(i( ate ueso rom ed %are shown in F| ure Btaythe

hro en ne,  Thus, e% g oese lal tqe experimental e?]ult gallta

fively. [tist i calcu atdfré)m eqr r%g ItS max-

mum value at outt esamevaueofwza3| 0uNd experi ntay How-

tne quaptit {15 not
" Bressey aé'Yelﬁ EF I presnc e e
= [%yIfPWJKMij (10

This equation is found not to give good agreement with the observed values
o%a%canbeseenm |gure%3 o
Normal Stress Coefficient at Zero Shear Rate

A molecular theé) frzoexpresses the relation between the shear stress and
the normal stress difference by

(Pn - P2I(Ha - Pxpy2= yMIcRT (11)

re 7 1S a constant, the aIu of which Is o.s for fre dr ules
age& for nondralar?mg moYecu 65D hﬁ] from eqs. (1 ? ?9 %d E’ﬁﬁ

hav

\n0 = 7M(fj —v*cUT (12)

The euatlons were originally derived for dilute er solytiqns.
Accorafngqg err 19an?| B ecﬂﬁy gﬁwever the pffsgrg F

concentrate rPo er S0 utdonst ou anfeﬂ‘ectle ncthonaj coe C|ento

3 monomer I concentrate solt1t|on 'Sﬂ ent fromS te Solu-

tions.  Concerning the molecular weight In egs. (11) an BJ Ferry
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S é?fiU A

o
eﬁéﬁ% ) re@mwi %ﬁi

nted outoon the basis of the Rouse theory that for heterogeneous sam-
T F%etaenés e Ty s

M = MzHMIMw (13)

In his textoook, Mid man coll cted P%hshed data on \fi° and com-

ar dtrem thn eq(T ey élsmgt e we taverag? Or VISCosi avera?
cu ar We €S t€1 howeve deviate” from the  theoreti
ymoret Pone ecade | oq J)I ;H] scatter, mainfy on %he Lefts

eman tere% rtesclat

%ﬂﬂﬁ tq ﬁre%téc atlellr}% OtAgBor utgéyc rhut mig mostn¥ Le 100

iR o ;ﬁ
’Xlﬂ ds d SIope
1

;%Cle tvﬁ e(r)gm0 g 09resn Egh%z nin gogeé%ﬂl Pm cane %
?bese 0, The sl dvaluesig pe to A e jwre

S and 3, We can estimate |n va

rom
ofted again CRT InFi
R]O We?g i é?? ed (133 1S
L e

% g (P samp?es are far from Met eoretlcaﬁqp

ssu 7-
forbené71
efines a good S meo unlt
owevekte
rediction as shown
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black points in Figure 14. Therefore, consi er that.the samp Ies cited
Mid Iem N may Have br ad moIecuIar |s rr |ons con
de that I e sc tterr o ex er IS main ta le t
drs rsr o Mers dlemans ecu te
e[)n% ecu eorreso ROUSG]B |mm17 e |m“
|n ehavior 0 rso

ear roniun teadﬁ % 0,ovvrap
ever, even If we e oecri ar b Msam Z
elggtéhr%aagr;%? gnt gtC\{veerHee er{]/?ater%lrr%rf e?ﬁtaf rtt) ng § 0 mers
rom the ¥heoretr%p? Ine found In Figure 14 S ﬁre In FP ?l

However, It Ir]s to eporntgg out that aae theo O[reso Rouses an Zrmme
cannot give the shear-rate dependence of \m

Shear-Rate Dependence of fand \n

Middlemanz also comgpared the Publrsr]ed data %Pd the Buech(eza treor
of non-Newtonian viscosity of molten g mera centrate
results and t attheor){J Tey

solutrons Co mparison of our xperrn& G A07eement Js GLz tatg

gre #?)W ugrq(grélf Zlgi/e(rjs r(r)g% satis actoryrHesprtegthe act tl!rat our sampﬁ
g%rtéundersta% able rdea about the % endence of entanqlement den-

Sit q ear {atewsrecent}/ gesenter?:j %Graesse 1415 10 Floure

th vaues alculate ferGasa ty 16are| dic te% Y harn

curve with the horizontal positio ermrned astogr\re es frttoour

o) E's”}%”a%.teat%mr‘? rmern arrr“te eorincreas%gr e

Frg(ilr(e ggpproacihalrmrtr%lrnewr%ﬁ [ope o¥ about —0'8 as Gragssley

1415

effect ofurgol %rlar Wel ‘rt drstri)utro on non-Newtoni nvrscosr

gsaso een ot Graes g Middleman. Accor (P/I
T %a eve ort 8 VISCos! rratet shear rate % ence
ofapo ydrsperse polymer |se resse

Bt cms Y VSWP{Mt) M (1)

omparis nofthrse uation with the present experimental data shows that
% cp ntributjon of [1 ﬁer m&F n] %

onent of hi ecular weignt 15 overest)-

mate cfhat 15, the cafcuP e%lgecreasergﬂ WIth Y IS much Steeper tﬁan IS
ob erv% Anexample Is shown in |g

B e hasis of his'entan ementm chanism, Gra?ssleg grrvedacom li-

ﬁ expression for the non- a/vtonranvrsc sity of a pol |sap esam le.

owr S SU str ns or mrggt ram eters dn unctron%
P g Wecano Iarn

esaresownrnFru Lorc sonwrh
erve vaues Wen the amount of th |g er mo ular weig tcompo
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nent is reater tran 50% a%reergentb tween the calculat dvaIues anrf the
xerr ntal Values is splendid, but, when the a ountoteowerm ecu

fe &tcom nentrs er, reemer}t Is qualitative but not complete
?atrsa ere Qn or the Unsajis actoyagreemenhmlgwt e due t
orm tion of an rnsu Iclent number or entanglements In t molecular
we& tsa eat concen

crt eman | a decreases with y twice as rapidly as
—vsnsat ow shear rat y &tﬁa ehshear Yate howeverptﬁgre
tron?etween vgj oesn srncey ung

N hear ate dependence 0 ecan e easl
stoo onanYoIecuPar asrst antqr ?Eu rsdrscusse

Shear-Rate Dependence of J,

T

B L i e 0
Ihams arrA enc ﬂa ! é ?fsected bﬁ

Jann(f %

Brr Pre icte agNﬁe eofJeQng atrsgreat a

e choice 0 ame#ers ams also deri

most e Eerrm NtS S0 far reported, J ow; a]sfoun to be e rrn en(ae t0
or to aﬁe wrt 7 1D Howeve e rec nt datao Graess

e:as ow reases |t 7 |s ers olym rs atreasJo
ecreases Wrt eszi easa mo ecu eg |str tion
In qurex errment ooa ree eso ebhavror Inde ento
7, mcre gan ecr asrn 7) are o served. o mo rs erae
g een 7 or Increases Wit 7at %hearr es |
te emo ecu orthe concentrat |on Ishigh.  For blendel sam-
ET owevrvvecanse at Jels g de reasrn unct nof7 except for one

! WL e el i e

ana5<a eta TJ ereﬁt%r% gfaﬁ]er Iqwg{?gnt%?n j

gl et ol 2 S T o
dhy1 Rﬁopef)?the lot 0 s 10

PJ rsmarn1 etermine H (1,ye t
rhe? el ation-tir eenﬁ fe ere a% nsgectrgm T\rrﬁr(:jo%ug
Je 1| rnclrease irthe slope Is gerth —1i, but will, decrease
Ifthe s P IS esstran actice, the re atro fime s ec
trum for monod sperse po mers 15 of them ewrhag ope] lgher tha
Vonu trsex ected oreqver, that the long-time end of t é atron
S I
EH §<a et al. ecufgted % uulou(id In reaag

?]e eﬁn%rrm taI acts,
wrt f P r]rer IS monodisperse, Wi easJewou decrease (\M)
gv (Ferr speculatjon 15 wel orted by our

tepr rcr) mn?al resu (M ISpr(rrrgeponT ISperse samp|e that shows gﬁ rncreas%rgJe
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with 7 in Figure 12 may still ha a e reaxation spectrum because it

con alns on as|| ht oyah n%)lecu rwel htpco onen

th shear ra en eg&u CIS eatw
ecular el

Q%W mgc%arwa%ht atn ution arL the ?ecto

|str| e interpreted In terms of th axalo mesecr

aS Tanaka et a ;t)redmte Howeve It éi eade attev

'[IOT In the re| A sgeetrum ma%/ ebg ected by other Iactors an t
mole Aar WGI?'[ lstrh ution may Mot be the only reason for such compli-
cated changesTn Jewitn y .=

motivated by the wrk of Pri 0and his covork-
andalww&)% h??fke'i‘bu an%ﬁceawd |scuasms

0 VI, IVIOI( Sl

(’3
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Fig. 1 Logarithmic decrement A vs. temperature T at a freguenc ~of 0.67 Hz for
specimen A of cold-drawn LPE (torsion axis parallel to draw direction).

T°C
ig. 2 Log}arithmic decrement A vs, temperature T at afreque_ncgj of 0.67 Liz for
0

en B ot cold-drawn LPE (torsion axis parallel to draw direction) after annealing

F
specim
s hrat the temperatures ». as shown.

fo
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Fig. 3. Specjmen B of cold-drawn LPE annealed at successively higher temperatures
Tafor 6 hr: ,(a density pg/cc &measured at 25°C) vs. la; (6) peak value Amal at the
d peak, obtained from A(l) plots at 0.67 Hz, vs. Ta; (c) temperature 1N& of the
peak, obtained from A(T) plots at 0.67 Hz, vs. Ta-

a torsion pendulum at a constant frequency of 0.67 + 0.04 Hz. Specimen
A, prepared in this way and having a density of 0.891 g/cc (at 25°C), was
mounted in the pendulum and logarithmic decrement Arecorded in the tem -
perature range —40°C to 128°C. Ahove room temperature the time-tem-
perature schedule is important. The temperature was raised in steps of
between 5 and 8°C, between {tand 1hr being allowed for the system to
equilibrate at each new temperature. Results are shownin Figure 1, where
the multiple peaks reported beforel2 are in evidence. It is of note that
during the course of this experiment the density increased to 0.956 g/cc
(at 25°C) and the length decreased by 20%, with corresponding changes in
thickness. Clearly the specimen underwent considerable recovery during
the experiment.

Specimen B (prepared under the same conditions as specimen A) was
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studied in experiments designed to discover the effects of controlled anneal-
ing upon the a-relaxation. It was mounted in the torsion pendulum and
close to it in the thermal jacket of the pendulum was placed a dummy speci-
men cut from the same region of the drawn sheet. The pendulum was
then heated to 29°C, maintained at that temperature for 6 hr to allow the
specimen and dummy to anneal, and then cooled slowly to room tempera-
ture. The dummy specimen was removed from the pendulum, the density
determined, and then replaced. Measurements of A were then obtained
from —20°C up to temperatures slightly below the annealing temperature,
29°C. The pendulum was then heated to the second annealing tempera-
ture 0f 38°C and the above sequence repeated exactly. In this way experi-
ments were performed for a set of ten annealing temperatures TAbetween
Ta = 29°C and TA= 126°C. Representative data for four values of TA
are shown in Figure 2. It isnoteworthy that for no value of TAwas there
any evidence of multiple structure in the & peak. Features of the A(T
curves and the density, as a function of TAare summarized in Figure 3. It
is clear that the properties considered here show drastic changes even for
values as low as TA = 29°C. With increasing annealing temperature, the
single @ peak increases in intensity and moves to higher temperatures.
The density of the specimen (measured at 25°C)_also increases systemati-
cally from 0.922 g/cc (TA= 29°C) t00.965 glec (TA=126°C). There can
be no doubt that specimen A underwent comparable drastic changes during
the experiment in which A(T) was determined. For this reason it is clear
that the multiple peaks shown in Figure 1 are an experimental artifact.
This view is supported by previous results obtained on annealed drawn
sheets of LPE, inwhich there is no sign of multiple peaks.2-4

It has long been recognized that thermal history is also significant in me-
chanical loss experiments in undrawn polyethylene.6 In this case the most
likely causes are annealing-induced changes in density (particularly signifi-
cant in quenched specimens) and possibly also the removal of moulded in
stresses.  Another effect which must be considered is that of premelting.
In drawn LPE annealed at 127.5°C for 168 hr the onset of premelting is
observed in the region 70-90°C.6 There can be therefore no simple inter-
pretation of viscoelastic experiments even on well annealed, drawn LPE at
temperatures in the region of 70-90°C and ahove.

This work was supported by the Science Research Council.
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Intrinsic Viscosity of Polyelectrolytes in Salt Solutions

R.YEH and A. ISIHARA, Statistical Physics Laboratory, Department of
Physics and Astronomy, State University of New York, Buffalo, Nev York

Synopsis

The def)ender]ce of the intrinsic viscosity of polgelectrolytes on the concentration of
added salt is given satisfactorily by a formula obtained recently. A new viscosity-
molecular weight relation gives satisfactory agreement with experiments.

The properties of dilute solutions of flexible chain polymers are deter-
mined by the distribution WAr) of chain segments about the molecular
center of gravity.12 In the presence of excluded volume effects, however,
the evaluation of the distribution function has been performed only to a
first-order3 approximation. Therefore, we have recently proposed a dis-
tribution function which expresses volume effects in a compact and satis-
factory way.4 It is given by

W(r) = A(9/irAb2 exp {(9rAM>25A- (cATZ/4rd} (1)

where Cis a parameter to be determined so as to produce the best agree-
ment with experiments, N is the number of segments in a single polymer
molecule, and Zis defined by

2= (326 IW A 2)

B denoting the excluded volume integral for disconnected segments and b
the effective bond length. In the absence of an excluded-volume effect Cis
zero; in general it is supposed to be of the order of unity.

Like the distribution function proposed by Bueche, the above function
enables us to evaluate some average distances in closed form.45 As a re-
sult the intrinsic viscosity is given by

1 WNaWQm 1+ 3(cz)A+ 3z
= 1+ @lirtb)Nflz) 1+ 3{ca)h (

where
f(z) = exp{3(c2)/}[1 + 3(cz)1]-1 A exp{- Y - (9czidy)j dy ()

where ais the effective radius of the segments considered as spheresand mis
the mass of a segment.
373
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g 1. Plots of [?])/M&/8vs. |\/|V4f0rsod|umé)olyacrylate in sodium bromide solutions
at 15°C at various values of ¢, } 1.506; E&OSOZ 5 8 1.00 X 10 1. (A) 5.02 X
ICRZ (V) 251 X 10~2 (C) 1.00 X 10"2 (®)5.02X 103 (0)2.51 X 10~3

We note that/(z) approaches unity when z « 1and varies as z~4 when
z» 1. Making use of this property and the fact that (3is defined for all
segment interaction potentials, one can apply the above viscosity formula

olyele T}rolyte solutions.  For an intersegmental potential function

5) ¢ e~KIIr, with k- Ldenoting the thickness of the ion atmosphere, one
can use N as an integration variable for 3 Thus, we have 3 @ K2 ie.,
3 @ cs-1, Where csis the concentration of added salt.

On the basis of these observations, let us now examine various special
cases.

High Salt Concentration. In this case the screened Coulomb interaction
is of very short range and behaves effectively like a hard-core interaction.
Since z is small, eq. (3) implies that

MIM = Ai + AzerM'T )
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Ciz{ I moles )'Z

Fig. 2. Slopes of the straight lines in Fig. 1 plotted against cs-1/2

where M is the molecular weight of the polymer; that is, the quantity
)] Mis inversely proportional to the concenfration of added salt. Such a
ependence has been observed by experiments.
Low Salt Concentration. Forlow concentration of added salt, the Debye-
Hueckel approximation is not valid. The dependence of [y] on CSis gener-
ally complicated.6-8
Intermediate Salt Concentration. Most experimental data fall in the
range of intermediate CS. In this range Zis large, yet the screened Coulomb
potential is of short range in comparison with the effective radius of the
polymer. Equation (3) reduces to

fo]/MGa= K + 5cs-1/IM Ii4 (6)

Figure 1 compares this theoretical relation with the experimental data
of Takahashi and Nagasawa.9 As we see, the experimental points cor-
responding to the same concentration cs fall on a straight line. From the
intercept of the straight lines we find K = 5.5 X 102mllg.

According to eq. (6) the slopes of such straight lines should be propor-
tional to cs-1/2. This prediction is satisfactory, as Figure 2 shows. From
this graph we find B = 1.08 X 10-2 (I.-mole)12g.

This work was supported by the National Science Foundation.
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NOTES

Dispersion of Dilute Polymer Solution in Small-Diameter Tubing

Introduction

It has been shownlthat the loss of resolution in gel-permeation chromatography and
other liquid chromatographic separations depends to a large degree on dispersion of the
solute in the connecting tubing. ~ A recent study2of band broadening due to axial disper-
sion in small-diameter tubing showed that the elution curves of polystyrene solutions are
not only highly unsymmetrical, but also exhibits an anomaly in the form of bimodal
curves. This anomaly has also been observed by other investigators.3

In many cases, the ‘anomaly has been observed for solutions of polystyrene of narrow
molecular'weight distribution { N« 1.06) flowing throuPh a reIatweIY short length
of tubing (141-2851in.).  Consequently, the possibility of molecular weight fractionation
of the Polrstyrene solute in such a short tube is considered remote, as was pointed out by
Yau et al4” An axial dispersion modellbased on molecular diffusion and convection
without solute intermolecular interaction yields elution curves which are either skewed or
s>{mmetr|cal_and Gaussian, depending on'the length of the tubing, flow rate, and molec-
ular diffusivity of the solute. = However, the model does not account for the bimodal
elution curve observed for high molecular weight polystyrene. _ ,

It is our belief that the anomaly observed in the elution curve of high molecular weight
polystyrene solution is due to solute intermolecular interaction (possibly entanglement),

& °c

SETE

(Min.)

Fig. L Elution curves of hexane and poI}/sty_rene throu?h Teflon tubing
long, 0.1 cm ID) at Iml/min flow rate: (-) ul
index difference.

31

( , ?146,in.
raviolet optical density; (-----)refractive
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Fig. 2. Elution curves of hexane, o-nitrotoluene, and OI?/sty{ene through Teflon
tubing (146 in. ang, 0.1 cm ID) at L ml/min flow rate: (jutravmlet optical density,
()]refractlve index difference.

and not a solution viscosity effect (sometimes referred to as “fmgerm_%"). Fingering
should result in the distortion of the solution (solute and solvent) velocity profile, while
solute intermolecular interaction is assumed to distort only the solute velomt?/ profile.
Simultaneous measurement of the elution of the solute and the solvent should ¢ arlfY the
cause of this anomaly, If bimodal elution curves are observed for both the solvent and
solute, then fingering is likely to be the cause of the anomaly; if not, a difference between
the velocity profiles of the “solute and the solvent mag{ perhaps be inferred. A two-
detector system connected in series can be used effectively to measure independently the
elution of both the solvent and the high molecular weight solute.  These measurements
should designate which of the two possibilities is correct.

Experimental

The principal equipment used was the DuPont Model 820 LC apparatus, modified by
replacing the chromatographic column with either Teflon or stainless steel tubing, 146 in.
long and 0.1 cmin ID.~ The main modification was done on the sample nyectlon block,
where the chromatograghlc column connector was replaced by a 5c¢m X 0.64.cm OD brass
tubing withan ID of 0.1 cm.  Stainless steel tubing, 10.cm, 0.1 cm 1D, was Silver soldered
to the 0.64 cm brass tubing to which the 146 in. of Teflon or stainless steel tubing being
studied was connected.
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_ Fig. 3. Elution curve of hexane and pol5[/styrene through stainless steel tubing (146
in. long, 0.1 cm ID) at 1 ml/min flow rate:” (4 ultraviolet optical density; % ------ )
refractive index difference.

A 254 nm_ultraviolet photometer and a Fresnel type differential refractometer con-
nected in series ithe ultraviolet detector was ahead of the refractometer cell) were used as
the detector system.  The ultraviolet and refractometer cells had volumes of 7 and 3 ¢/
res ectwelr. The volumeqf the connecting tubing between the ultraviolet photometer

and refractometer was 60 Nl.  The solvent pump was of the “pulseless” type, and the
sample injection sF}/stem was of the septu ym
97Pz(z)la/styrenes( ressure Chemical Co., IVI,/IVl,, 1.02-1.10) of 600, 10,000, 20,400, and

molecular weights and o-nitrotoluene were each dissolved in a 20:80 (by \_/olumeg
hexane-chloroform solvent, mixture to make 0.2% solutions. To prevent undissolve

forelqn_matter from getting to the detector, the solutions were filtered through a sintered
metal filter. Spectrophotometric grade n-hexane and chloroform (which are transparent
to the ultraviolet at 254 nm) were used to minimize ultraviolet background absorption
and) terference with the monitoring of the solute elution. At the appropriate times,
4-6 01 of each solution was injected into the chloroform solvent stream. The solvent
flow rate was maintained at 1 ml/min. _ _

The elution of_polzstyrene was detected bY chan?es_ln the ultraviolet absorbance of the
solvent stream in the Ultraviolet photometer cell with time. Hexane elution, on the
other hand, was detected by the change in refractive index of the carrier solvent stream
with time.  Since the concentration of polystyrene in the solutions is very low (0.2%)
relative to hexane (20%), the contribution of polystyrene to changes in refractive index
of the solvent stream is negligible compared to that of hexane. The attenuation of the
refractive index detector was adjuste hl?h enough so that the signal fell within the
bounds of the recorder chart. At this attenuation, the refractive index detector was
insensitive to the polystyrene concentration in the solution.

Discussion of Results

Figure 1shows the elution curve through the Teflon tubing of the 20,400 and 97,200
molecular weight polystyrene solutions along with the corresponding elution curve of the
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c - o-Nitrotoluene
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(Min.)

Fig. 4. Elution curves of hexane, o-nitrotoluene, and poIYstyrene through stainless
steel tubing (146 in. long, 0.1 cm ID) at 1 ml/min flow rate:” (5 ultraviolet optical
density; (-----) refractive Index difference.

hexane solvent. It is evident that the bimodal anomaly occurs in the polystyrene elu-
tion, but not in the solvent elution. The hexane solvent curve approaches a Gaussian
shape which a%,rees with the theoretical curve based on Taylor diffusion6in tubing.
he possibility of a malfunctioning ultraviolet photometer and cell, which can cause

anomalies in the elution curve of p,onstYrene, was checked by substituting the high molec-
ular weight polystyrene with o-nitrotoluene and with polystyrene of molecular Wel&ht
600. Figure 2'shows the elution curves of o-nitrotoluene and PS-600 to be free of the
bimodal anomaly. This shows that the bimodal elution curve of the higher molecular
\tl\fllelghlt ;%olystyrene is not an artifact, but is highly dependent on the molecular weight of

e Solute.

Figures 3 and 4 show that essentially the same results were obtained for the elution of
Polysty[ene and hexane throug_rrm the stainless steel tubing. The main difference between
he’elution curves through the Teflon and stainless steel tubm_? is the teulmt{z and skewness
of the curve. A satisfactory explanation for the above difference in elution of polg/-
styrene through stainless steel and Teflon tubing is presently not available. It could be
attributed to differences in wettability of the Teflon and stainless steel tubing. This i,
however, 0n|¥ a conjecture. _ _

It is clear from quures 1-4 that the shape of the elution curve of hexane is unaffected
by the solute molecular weight and reflects arlor’s criteria for axial dispersion in laminar
parabolic flow.16 In contrast, the high molecular weight polystyrene elution curve is
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bimodal with very sharp initial peak. This su%gests a distortion in the velocity profile
of the high molecular weight polymer solute.  One can roughly deduce the shape of the
polymer solute velocity profile from the shape of its elution” curve. The very sharp
Initlal peak of the polystyrene elution curve perhaps indicates a velocity profile which Is
“pluglike” near the tube axis with very sharp decrease in velocity near the tube wall.
The above exglanatlon of the very sharp |n|t|alpeak of polystyrene elution curve seems
to be reasonable when one considers that for a true Blug flow with negligible molecular
diffusion, a pulse input of solution into the mobile phase will result in a pulse response
(no dls[Jerslon_m the tubing) at the detector. This odd flow behavior of polymer solutes
in the tubing is perhaps due to the low shear stress near the tube axis which can result
in a higher ﬁrobablht for solute intermolecular entanglement than nearer the tublngz-
wall where the shear stress is greatest.  This explanation is of course mainly an interest-
ing conjecture at this time.

The author wishes to extend special recognition to Professor Joseph Biesenberger
whose ideas g{eatl){ contributed to this paper and Professor Costas Gogos and Dr. R.J.
Gritter for their helpful suggestions.
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Composition Equationfor Block Copolymers

For binarY anionic copolymers with Ion? block-type monomer sequences, O’Driscoll
has derived the following composition equafionl

y = (KAKAAIKBKnB)x2 (1)

where X = [A]/ [BJis the ratio of the concentrations of thetwomonomersA and B in
the feed mlxture,ka}&&yls the ratio of the numbers of A and Bunitsincorporated in the
polymer. Here or example, is the rate constant for the addition of A to a polymer
chain whose end comonomer is also A The rate ofﬁroductlon of the active monomer
species A is assumed to be proportional to [A] with the rate constant KA, and a similar
assumption for active B is also made. In discussing some experlmental data, he has
also used1the following form of composition equation

V=Kxa ()

where If is a constant and the value of dranges from unity to 2.

Equation (1) is derivedLunder numerous restrictive conditions. One of the assump-
tions or approximations used in the derivation is ne?I_ect of the “crossover” reactions
compared to homopropagation steps.  Another is a stricter version of the steady state
assumption which amounts to setting the ratio of the concentrations of the two active
polymer species to be constant independent of time. As for eq. (2), no theoretical
derivation or{ustn‘lcatlo_n has been so far advanced for 1< d< 2, -

In this note, we point out that the conventional binary copoI){mer composition
equation2’3 can give not only a composition equation for block copolymers [similar to
eg. (1) in form but under more general conditions], but also a theoretical explanation of
eq. (2) with 1< @ <2, occasionally observed for limited ranges of X. _

As is well known, if chain propagat_lon by monomer addition predominates over
other steps, and if this monomer addition is influenced by the species of comonomer
unit at the end of thesgrowmg chain, but not by the penultimate and previous comono-
mer units, we obtain2,

V= @+ s+ XX )

where the reactivity ratios M\ and b are defined by
sa= kwik\A “

rB= fBBE&BA

Equation (3) holds whether the copolymerization proceeds by a free-radical or ionic
mechanism, ‘as Ionlg as the above-mentioned conditions are ‘met. If we denote by
pav the conditional probability of finding a B as a randomly selected monomer unit in
theJJ_ollymer chain _(I;Jven that’its immediate predecessor is'an A, we may express the
conditional possibilities by

P aa

rAX /(1 + tax)

ooa = XI(B+X)
Pab = 1/ + Sax) (7
Pbb = Na/()'B + X)
The persistence ratio6 Pis given for this case by
po= @+ tA{ra « X){ra + -3+ X2 = @ + fax)I{\ + y) ©)
Now, if both taand rBare very large, eq. (3) simplifies to
y = (fAIrB)z2= {KBAKAAVKANKBB)X2 @

© 1071 by John Wiley & Sons, Inc.
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for any value of X neither too large nor too small. ~ In other words, eq. (7) holds so long as
1/rA &Cz « rB. (8)

The larger the values of <. and rB the wider is the rangie of « for which eq. (7) is valid.,
Although both egs. (1) and (7) show that Y is proportional to x2 the roportlonaht

constants of the two equa Wls( h,ave compleétely different physical signiticance and dif-

ferent magnitudes (unless 8bal&ah by cmnmdencJ Also, with the range of
X given byeq. (8\ we have from’egs. (5) and (6)

Pab.Pba ~ 0

9
Paa,Pbb ~ 1 ©

p —m

vvfhéch all indicate formation of very long blocks of A alternating with very long blocks

0

If only one of the reactivity ratios is very large or small, we have four less restrictive
Iflmltlng f(()rgnsof the composition equation.” For example, if a is very large, we obtain
rom eq

y = lax2/(?'b + X) x » llta (10)
for which eq. (5) gives

Paa « 1

indicating the tendency of comonomer A to form long blocks. We note that the data
used bY "Driscoll which fit eq. ;)th d = 13 can also fit eg. (J or eq. (10) for the
given limited range of X used for the experiments. For more decisive comparison
experimental data for a much wider range of z must be used. In a recent publication,6
it 15 noted that the value of din eg. (j varies as a function of the composition ran%
investigated in those cases where dis nof exactly equal to unity or 2. This indicates t
approximate nature of eg. (2) in general.

Note added in proof If we start with the standard copolymer composition equation
that takes into account of penultimate effects as well as terminal effects, we can obtain
Eq. (2) with @ = 3 and 4 in addition tod = 0, 1, and 2 as special cases.
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