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Lighl-sca tt e ring meas ure me nl S have been mad e o n a series of lin ea r po lyethylene fracl ions and a 
li nea r polye lhy le n e s l a nd ard refe re nce mate ri a l (SRM 1475). A ll measure me nl s were made in ] ­
c h loronaphthalene a l 135 °C. and over an angu lar range from 45 ° 10 135 °_ The data were ana lyzed 10 

obtain the we ight average mol ec ula r we i" hts. second viria l coe ffi c ie nl S and rool-mean squa re end- to­
end di stances. 
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1. Introduction 

Several invest igators [1 , 2]1 have used th e tec hniqu e 
of light scattering to obtain weight-average molecular 
weights , second virial coefficients and radii of gyration 
for polyethylene in dilute so lutions. In thi s pape.r , we 
report the results of light scattering studi es on a series 
of linear polyethylene fract ions with molecular weight 
ranging from about 1.9 X 104 to about 6.9 X 105 . The 
weight-average molecular weights report.ed here were 
employed in the calibration of a gel permeation 
chromatograph used [3] to obtain the molecular weight 
distribution of S ta ndard Reference Material 1475, 
Linear Polyethyle ne. We also report the direct deter­
mination of weight-average molec ular weight for SRM 
1475 by li ght scattering. 

2. Experimental Procedure 

2.1 Apparatus 

The light scattering photometer described by 
McIntyre and Doderer [4] was used for most of the 
studies reported he re . However, a few measurements 
were made on a modified Brice-Phoenix Photometer 
(Phoenix Precision Instrument Company, Philadelphia, 
Pa.).2 Consistent results were obtai ned from the two 
instruments, and data from both instruments are 
included in the analysis of res ults. 

* Present address: General Motors Research Laboratory. \V arrcll. Michiga n 48092 
1 Fig,ures in brac ke ts indic ate the lit e rature references a t the end of thi s paper 
tCerla in comm e rc ial equ ipment , instruments. or materials a re iden tifi ed in this paper in 

order to adequ atel y s pec ify the experim ent al p rocedure. In no case does suc h identitic a­
tion imply recolllmendation or endorsement oy the National Bu reau of Standards. nor 
docs it imply that the mater ial or efluipment identified is necessa rily the best aVflilable fo r 
the purpose. 

All measurements on polyethylene solutions we re 
made at 135 °C, using a heated cell holder [5] designed 
and cons tructed in this laboratory. A schematic draw­
ing of the cell holder is shown in figure 1. It consis ts of 
two concentric cylinders wrapped with heating wire, 
insul ated with alternating layers of balsa wood a nd 
aluminum foil bonded together with silicone rubber 
adhes ive. A slot, not shown in the figure, extend s 
sligh tly more than halfway around the oven at the 
height of the sample cell to provide paths for the in-
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FtGURE 1. Schematic drawing of high. temperature oven for light 
scattering cells_ 

a. Ins ulation. b. ou te r cyl inder. c. inner cylinder. d. hea ling wire . e. light sca tt ering ce ll. 
f. stirring bar. g. rotatable magnet. 
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c ident, transmitted and sca tte red lig ht. A small 
rotatable magne t under th e sample cell permits stirring 
wh e n des ired . T he scatter ing cells used with the 
ove n are d ear Pyrex cy li ndrical ce lls fitt ed with capil­
la ry nec ks and T eAon s toppers to minimize contamin a­
t ion by dus t. 

Meas ure ments on polyethylene were made with the 
outer cy linde r heated to 130 °C and th e temperature of 
th e inn er cylinder controUed to maintain the sample 
at 135°C. No atte mpt was mad e to monitor the te m­
pera ture of th e so lutions in the light sca ttering cell 
whil e measure ments were being take n. However, in 
preliminary tes ts, the te mperature a t various points in 
the s tirred solve nt was monitored wi th thermocouples. 
Th e liquid attained a s teady te mperature of 135 ° in 
15 minutes and thereafter showed temperature vari a­
tion s of less than ± 0.05 °C during a period of one hour. 

A solution of polystyre ne in tolue ne was used as a 
working s tandard to calibrate th e in s trument. Meas­
ure ments of a bs olute scatterin g on the workin g stand­
arcl were made at room te mpe rature (abo ut 25°C) in 
a se mi-octagon a l sampl e cell with a d ear (unblacke ned) 
bac k s urface. The te mperature contro l employed for 
th e highe r-te mperature meas urements on polye th yle ne 
was felt to be unnecessary fo r th e room-te mperature 
refere nce meas ure me nts. Th e oven and cell holde r 
described a bove were th erefore not used for the 
refere nce me as lJrpmpnt s. 

2 _2 . Preparation of Samples 

The preparation of the lin ear po lye th ylene frac tions 
is described in paper VI of thi s se ri es [6J. Th e solvent 
e mployed was Fisher R eage nt Grade l-c hloronap hth a­
lent" which was passed through activated 28- 200 mesh 
s ilica gel before use. Gas chromatographic ana lysis of 
th e solve nt s howed less tha n 0.1 perce nt obse rva ble 
impurity. Before be in g fill ed with so lution, the li ght 
scattering ce ll s were deaned with IlOt chromic acid . 
rin sed with di stilled water. dri ed in a dust-free atmos­
phere, and rinsed from three to fiye times with filtered 
l -c hloronaphthalene. 

Each sample was prepared by adding approximately 
10 c m:l of solve nt to a wei ghed amount of polyethylene, 
s tirrin g at 130-135 °C until the polyethylene di ssolved 
(us uall y 1 to 11 /2 h) and weighin g the res ulting solution. 
Th e sa m pIe was the n filt ered as described below into a 
weighed scattering cell. After light scatterin g measure­
me nts had bee n taken , second and third concentra­
tion s were pre pared for measure ment by adding 
approximately 5 cm 3 increments of filt ered solvent, 
weigh ing the scattering cell before and after each ad­
dition . Weight per unit volume concentrations were cal­
c ulated from the weights of solvent and solute, solvent 
density , and part ial specific volume [7] of polye thylene 
in l-c hloronaphthale ne. F or some rep resentative 
samp les, the final conce ntrati on was c hecked by 
e vapo rating 10 c m:3 of th e solution and weighing 
the res idu e. In aU cases, the concentration so ob­
tain ed agreed with that calculated from the known 
dilution s to within 1 percent. 

Th e samples were filtered with a hea ted 40 c m;) 

hypodermic syringe fitt ed with a "Swinney Adapter" 
filter holder (Milli pore Corp., Bedford , Mass. 01730). 
A balJ joint seaJed to the top of th e syringe allowed the 
rate of filtra tion to be co ntrolled with nitrogen gas 
und e r press ure. Th e nitrogen press ure was adjusted to 
give a How rate of approximately 1 drop per seco nd . 
Fas ter Aow ra tes res ulted in less d ean samples as 
de termined by th eir e rrati c scattering at low angles. 
Two Metri cel type, Alpha- 6 filter di scs with a nominal 
pore size of 0.4 /-tm (Gelman Ins trument Co . . Ann 
Arbor , Mich. 48106) were used for each filtratio n. 
T hese discs had been fo und to be resistant to 1-
chloronap hthalene and could be used at temperatures 
up to 150 °C without apparent damage. They were 
rinsed with the material to be filtered before use, and 
were changed aft e r eac h filtration. 

During filtra tion , the syringe was heated by placing 
it in a glass tube wrapped with heating wire and 
maintained a t 135-140 °C. T he needle of the syringe 
was inserted into th e capillary neck of the light­
scatter ing cell , and the filtra ti on was carried out in a 
stagnant air box to minimize co ntamination by du s t. 

2.3. Scattering Measurements 

Scattered inte nsities were meas ured at eleven 
scatte ring angles ranging from 45° to 135°. Measure­
!!! e!~ t 8 () !~ SRM 1475 were made at 25 co nce ntrations, 
in t.he range fro m 1.7 X 10 - :1 t.o 20.8 X lO- :l g/cm:1• 

Meas urements on eac h of th e se ven fractions li sted in 
t. able 1 we re-made at six co ncentrations. The conce n­
trations chosen varied with th e molecular weights of 
the fractions, from a range of 1.8 X 1O - ~ to 5.7 X 1O- ~ 
g/cm ~ for PE 15 to a range of 0.7 X 10- :1 to 2.6 X 10 - :l 
g/cm :l for PE 600. Measurement.s were also made on 
pure solvent. The incident illumination in all cases was 
the mercury gree n lin e of wavelengt.h 5461 A, plane· 
polarized with it s electric vector perpendicular t.o the 
scatteri ng plane. 

As mentioned previously, a solu tion of polys tyre ne in 
tolu ene was used as a working standard. The a bsolute 
scattering of the working s tandarrt at 90° was first 
determined. As each polyethyle ne solution was 
measured , the scattered intensity from the working 
standard at 90° was also recorded. Thus, the quantity 
actually obtained was the ratio of the scatterin g from 
the s'olution (or solvent) at each angle to th at of the 
working standard at 90°. 

3 . Treatment of the Data 

The use of light scatte ring t.o determine molecular 
weight and size parameters of macromolec ules in 
dilute solution is well establi shed [8J. At s uffi ciently low 
conce ntrations and s mall scatte rin g angles, the rat.io of 
solution concen tration to scattered light intensity may 
be expand ed in a Taylor seri es in concentration and 
in the sin e of half th e scatterin g angle. For plane­
polar ized monochromatic light scattered through an 
angle e, the result for a solution of monodisperse 
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material may be expressed in the form [9J: 

with: 

Ro=r2[I((},c) - I((} ,O)]/(vlo), 

and 

(1) 

(2) 

(3) 

h= (417/,\)sin((}/2) = (417n/'\0) sin ((}/2), (4) 

where 
c is solution concentration (weight per unit volume), 
M is the molecular weight of the solute, 
RG is the radius of gyration of the solute, 
A2 is the second virial coefficient of the solution, 
'\0 is the wavelength in vacuo of the radiation, 
n is the index of refraction of the solvent at wave-

length '\0, 
,\ = '\0/ n is the wavelength of the radiation in the solvent, 
Nil is Avogadro's number , 
dn/dc, the so-called differential refractive index , is the 

derivative (at constant temperature and pressure and 
in the limit of zero concentration) of solution refrac­
tive index with respect to concentration, 

(} is the angle between the inc ident and scattered wave 
vectors, 

t/J is the angle between the electric vector of the 
incid ent radiation and the plane containing the in­
cident and scattered wave vectors, 

10 is the intensity ofthe incident radiation, 
I ((},c) is th e scattered intensity at angle (} for a solution 

of concentration c, 
r is the distance from the scattering center to the point 

at which the scattered intensity is observed, and 
v = v( n ,(}) is the volume of solution from which the 

scattered radiation is observed_ 
For the special cases t/J= 17/2 and t/J= ° (so-called 

vertical and horizontal polarization), the last factor in 
eq (2) becomes unity and cos2 (}, respectively_ (The 
usually-quoted result for un polarized incident radia­
tion is obtained by averaging over all possible values of 
t/J, in which case the factor becomes (l + cos2 (})/2_) 

For a solution of polydisperse material, it can be 
shown [10, 11] that eq (1) still holds at sufficiently small 
scattering angle and low concentration, provided M 
is replaced by M w, the weight-average molecular 
weight, Rt is replaced by its z-average, (RZ) z [12], and 
A2 is replaced by an "effective" value without simple 
interpretation [11]. 

In order to use eqs (1)-(4) to relate observed scat­
tering to molecular parameters, it is necessary to 
know the functional dependence of the scattering 
volume, v, upon nand (}. For the geometry of our instru­
ment, the scattering volume is inversely proportional 
to the square of the index of refraction of the material 
in the scattering cell [13,14]. A simple geometrical 

argument suggests that for scattering angles not too 
close to 0° or 180°, the scattering volume should vary as 
the cosecant of the scattering angle. (The validity of 
the approximation was established for the present 
work, in the course of checking the alignment of the 
instrument, by measureme nts on Ruorescein solu­
tions.) Thus we can write 

v(n,(}) =von- 2csc (}. (5) 

Finally, the observed intensities must be corrected 
for the effects of reRections at the entrances and exits 
of the scattering cells , as discussed by Kratohvil [15]. 
When light impinges perpendicularly upon an interface 
between two regions with indices of refraction nl 
and n 2, the fraction I reRected is given by Fresnel's 
formula:f= [(nl - n2 ) / (nl + n2»)2. In the light-scatter­
ing experiment , such interfaces occur at both the inside 
and the outside surfaces of the walls of the scattering 
cells. If we make the usual assumption that the differ­
e nce between the index of refraction of the solution 
inside the scattering cell and the index of the glass in 
the cell walls is so small as to cause negligible re­
flection, we are left with only the interfaces between 
the ce ll walls and the air outside the cell to consider. 
By counting up the various possible paths resulting 
from multiple reRections of the incident and scattered 
beams, we can readily show that for a circularly 
cylindrical scattering cell, the observed inte nsity 
1'((} ,c) is related to the "true" intensity l((} ,c) (i. e., 
that which would be observed in the absence of reRec­
tions) by 

I(8,c) = (1-f) - 2[(1 +12)1' ((},c) -211' (17- 8,c)], (6) 

where I=[(ny-l)/(ny+ l)]2, and ny is the index of 
refraction of the cell wall glass_ Equation (6) is in agree­
ment, to first order in I, with the approximate result 
obtained by Kratohvil [15] for this case. 

For the semioctagonal cell used to determine 
absolute scattering by the working standard , only 
the intensity of the beam scattered through an angle 
8 = 17/2 and the intensity J 0 of the incident (unscat­
tered) beam need be considered. For right-angle 
scattering, the light paths for this cell are identical 
with those for a circularly cylindrical cell, and the 
special case J = l' obtained from eq (6) for (} = 17/2 
also applies to this cell. For the incident beam, ob­
served after passage through the semi octagonal cell, 
it can easily be shown that 

Io = I~(l +f)/(l-J). (7) 

For the present work, the quantity R7r/2.s=r2Is/(vlo), 
where we denote by Is the intensity of right-angle 
scattering from the working standard, was first de­
termined as described by McIntyre [13]. The intensity 
ratio Is/Io was measured with the use of a se t of cali­
brated filters , and was corrected for reflec tions as 
described above. For the semi octagonal cell employed, 
the quantities rand vo were obtainable from the 
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instr ume nt geo metr y, and the scat terin g volume 
v was ob tained from eq (5). 

F or measure me nts made on the wor king s tandard 
at 90 0 in th e c irc ularly cyli ndrical scattering cells , 
we can use the de fi nition of R rr/2 ,s a nd eq (5) to write 

(8) "'Q 

whe re ns is the index of ref raction of the working s ta nd· ~\£ 
ard . With th e use of eqs (2)- (6), the left· hand side of 
eq (1) can be rewritte n in the form 

Kc_ 47T2n;c (l -cos2 ~J sin 2 8) csc 8(dn/dc) 2 

R o - A3NAR rr/2,s 

( I , ) 
X [(8 , c) ~ 1(8 , 0 ) . (9) 

Thu s, measure ment of the scatter in g of the soluti on 
rela ti ve to that of the working s tandard (th e las t 
fac tor on the right-hand s id e of eq (9)), toge ther with 
th e valu e of dn/dc fo r th e soluti on, yields Kc/R o. 
Eq uation (1) may then be used to dete rmine M w , 

(R'f:) z, a nd A2 from the de pe ndence of Kc/Ro upon 
c and 8. 

In ord er to extrac t molec ular para me ters from ex­
pe rime ntal values of Kc/ Ro, we e mploy the well -known 
Zimm method [1 6]. If we plot {(c/Ro as a fun ction of 
s jn2 (8/2) + kc , where k is a consta nt chosen for con­
venience, we obtain a n a rray of points through whic h 
li nes of constant conce ntration and lines of consta nt 
angle ca n be drawn , as exe mplifi ed in fi gure 2. Ex­
trapolation of each of the co ns ta nt-conce ntra tion lines 
to zero a ngle gives a set of points whi ch cons titute a 
plot of Kc/Ro ver sus kc. Accordi ng to eq (1), s uc h a plot 
intersects the {( c/Ro-axis at l /M w, with a limiting slope 
of 2A 2/k. In the sa me way , extrapolation of eac h of the 
consta nt-angle lin es to zero concentra tion yield s a 
plot of lim c->O [Kc/Ro] versus sin 2(8/2). Co mbinin g eqs 
(1) a nd (4), we find : 

Ijm c->o[ Ke/ Ro] = M ;;;1[1 + (16/3)7T2 A -2(RZ) zsin 2 (8/2) ] . 

The interce pt is therefore again l/M w, and the limiting 
slope is a meas ure of (Rt) z. In the special case of a 
linear random-coil c hain one can estimate the mean­
square di stance , (U) , between the ends of the chain 
by using the relation [17] (£2 ) = 6 (R 7), although this 

o O~~--=O.';:-2 -~----:O.:-4 -~----::o.6;:--~~o.;:;6;-- l .o';:-~--;',. 2;;-' 

sin'~ • kC 

F IGU RE 2. Typical Zimm plot (K c/ Ru versu.s sin"(!J/2) + kc) obtained 
Jor linear polyeth.ylene in I-ch.loronaphthalene at 135 °C. 

T he conce ntration c is expressed in g/cm:i; the arbit ra ry consta nt k was c hosen to ha ve a 
va lue or lO c mJ/g. The other symbols are ex pla ined in the tex t. T he circles arc ex pe ri­
me nt a l va lues; th e squares a re ex trapolations to zero angle at consta nt concentra tion 
a nd to ze ro concentr1.lI ion a t constant angle. 

rela tion has been es tabli shed only for cha ins with 
Gaussia n rando m-fl ight s ta ti stics. 

4. Results 

Th e result s obta ined fo r the lin ea r polyeth yle ne 
fractions a nd for SRM 1475 are summari zed in ta ble 1, 
together with the values of dn/de used in calculating 
Ke/Ro. For SR M 1475 a nd the fractions with Mw less 
th a n 200,000 , measured values [7] of dn/dc were used. 
For frac tions with Mw greater tha n 200 ,000, meas ured 
values of dn/dc we re not available , bu t meas ure me nts 
on th e lower-molec ular-weight frac tions a ppeared to 
sugges t that by thi s point , dn/de had reac hed a CO Il ­

s ta nt valu e of - 0.188 ml/g inde pe nde nt of molecular 
weight. This value of dn/dc was therefore used in 
calculatin g Kc/R o for the fractions of Mw a bove 
200,000. 

Values of Ke/R o for each fraction and fo r SRM 1475 
were analyzed by the Zimm techniqu e , as described 
in the preceding section. In all cases, plots of Kc/R o 
vers us sin2(8/2)+ ke were found to be lin ear through­
out the entire angular r ange. A typical plot , obtained 
for SRM 1475, is shown in fi gure 2. For clar ity, the plot 

TA BLE 1. Weight·average molecu.lar weights Mw , second virial coefficients A2 , and rms end·to-end lengths ( U )1/2, Jo r lin.ear polyethylenes 
in l -chloronaphtha lene at 135 °C. 

The uncert ai nties s hown a re estim ates of the s tandard deviat ions obt a ined fro m linear least sc: uares ana lyses of the co rrec ted expe ri menta l scatte ring intens ities. as desc ri bed in the le xt. 

Sa mple dn./dc, ml/g 

PE 15 .. .. ...... . .. . .. ... .. .. . ... . .. . . ... . ... .. . .. ... . . ... .. .. - 0. 193 
PE 40 .. .. ........... .. . . ......... ...... .. .... .. .. ..... .. ... .. - .19l 
PE 60 .. .. .... . .. .. . .. . .. ... . .. . . ... . . . ... ... .. . ... .. . ... . .. . . - .190 
PE 120 ... . . ..... .... .... . .. . . . . .. .. . . ... . . . . . .. ..... . . ... ... . - .188 
PE 180 ... .... ... ... .. . .. . .. . . .. .. ... . .. .. .. . ......... ....... . - .188 
PE 350 .... . .. . . . .... . . .... . . . .. ... .. . . .. .. . . .. .. . .. . . ... . . .. . - .188 
P E 600 .. . . . . . . . . .. .. .. ...... .. . .. .. . . .. .. . . .. .. ... . .. .. .. .. . . - .188 
SRM 1475 . ... .... .... .. ... . . .... . .... .. . . . . . .. ... ... ... .. .. . - .193 

Mw X 10- ", g/ mo l 
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19.1 ± 2.4 
49 .4 ± 2.0 
82.2 ± 7.1 

170 ± 16 
210 ±30 
520 ± 42 
688 ± 67i 

52.0 ± 2.0 

A" X l 0", mol . c m"/g" 

1.9 
1. 6 
1.6 
1.4 
1. 2 
1. 3 
1.2 

0.4 
.6 
.6 
.7 
.9 

1.4 
2 .1 



shows th e data for only six of the 25 concentrat ions 
ac tu ally employed. T he lack of downw ard curvature in 
th e plots sugges ts that the samples were adequately 
cleaned [18]. 

The lin ear extrapolations necessary to obtain M,t', 
(R f)z, a nd A2 were carri ed ou t by unweighted linear 
leas t-squ ares analyses . The results are given in tab le 
1, toge ther with estimates of the s ta nd ard deviation in 
M w inferred from the leas t-squares a nalyses . The 
values of the rms e nd-to-end length , (U) 1/2, give n in 
ta bl e 1 were obtained from the valu es found for 
(RO z by use of the a pproximate relation (V) = 6 
(RO, as described in the preceding sec ti on. It is clear 
from the lac k of s moothn ess in the vari a tion of A2 and 
( U ) 1/2 with molec ular weight that th ey are to be 
regarded as no more than crude es timates. Es timates 
of the s tand ard deviations in (Rf:)z a nd A2 from th e 
leas t-squares analyses we re unrea li s ti call y 0 low 
(typi call y, a bout 5 per cent for A2 a nd 50-- 100 A for 
( U ) 1/2), and are therefo re not shown in the table. 
Values of (Rf..) z and A2 were not calcu la ted for 
SRM 1475. 
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