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NBS Standa rd Sample Polystyrene 705 is s hown to exhibit a s mall , hut signific!mt , hypochromism 
in the 38,300 c m - I region in seve ra l so lve nt s cumpa red 10 the mode l co mpound , e th ylbenzene. Beer's 
law is not ubeyed for su lutiun s uf the pulyme r in a ll so lve nt s . T he conce ntra ti on depende nce of the 
ex tinct ion coeffi c ie nt is re lated to th e sca tt e red li ght a nd it s de pende nce on the ac ti vit y coefli cie nt 
of the so lve nt. The specific ex tinc tion coe ffi c ients fo r polys tyrene 705 in c'yclohexa ne a nd in ca rbon 
te trac hlo ride a re 20 .89 and 27.38, res pec ti vely. 

Key Words: Caroll n te trac hloride, cyc lohexa ne, e th ylbe nze ne , ex tinc tion coe ffic ie nt , pulym er, ­
po lys tyrene. sol ve nt effec ts, ultra viole t a bsorption. 

1. Introduction 

Th e uncert aint y of the co nce ntrati on is furth e r 
in creased when seve ral diffe re nt types of expe rim ent a l 
measure me nt s a re being made on the same polyme r 
ove r a la rge co ncentra ti on ra nge. So me techniques 
like ultracentrifu gal a na lysis use ve ry dilute solu· 
tions; others, like osmometry use fairl y co ncentra ted 
solutions. The pre para tion of solutions for li ght 
scatt erin g measure me nts in volves, in addition, a filtra· 
ti on or centrifugation procedure whi ch can change 
the concentration . 

These and oth er co nceivable diffi c ulti es were di s· 
cussed before the meas ure me nt of the molecula r 
weights of the polystyre ne NBS 'Standard Samples 705 
and 706. 1 It was evident th a t a uniform method of 
de terminin g the concentra tions of exi stin g solutions 
was des irable . Fortunately, th e phe nyl group in poly­
styre ne is a chro mophore with an appreciable s pecifi c 
molec ula r absorp tion in the ultraviolet. It was there · 
fore decided to inves ti gate the concentration depe nd­
ence of th e UV absorption of polys trye ne in various 
solvent s before adopting thi s spectrophotometri c 
ana lys is as a fas t and accurate meth od of chec kin g all 
so luti on co ncent ra tions. 

A co mple te un de rs ta ndin g of even s mall c ha nges in 
s pec tra has beco me es pecia ll y important in ultra ­
ce ntrifugation, beca use co nce ntration analyses in the 
ult race ntrifuge are now acc urately made by absorption 
meas ure me nts a t ve ry low concentrations with photo­
elec tri c scanning. The polymer concentration can be 
as low as a few hundredths of one pe rcent , arid the 
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co ncentra ti on may be different by a fac tor of three 
betw een th e to p and bottom of the cell. Also modern 
densit y gradie nt sedim e nt a tion is performed in mixed 
solve nts with individu al cons titu ents whi c h are oft e n 
quit e diffe re nt in th eir che mi cal properti es. Any 
devia ti on in la rge molecules fro m the spec trophoto· 
metri c beh avior expected of s mall molecules can be 
import a nt in th e interpre ta tion of the ce ntrifu gation 
data. Co nce ntra tion de termin ations ove r a hundred­
fold ra nge by s pect rophotome tri c a na lyses are also 
co mmon in mode rn fractionation tec hniques. An 
impli cit assumptio n of th e va lidity of Beer 's la w for 
all solven ts is usuall y made. No ex te ns ive stud y of 
the co ncentra tion de pe nde nce of the extinc tion co­
effi cie nt of polys tyre ne, or other s ynthetic polymers, 
has been re ported. 

Shortly after the discovery of high molecular weight 
polys tyrenes , Smakula [1] 2 studied the UV absorption 
spectra of polystyrene di ssolved in cyclohexane over a 
wide molec ular weight and con centration range. This 
early work showed that th t6 specific absorbance at 
38,500 wave numbers (2600 A) of polystyrene samples 
pe r ph e nyl residue is independent of the chain length 
of the sample and has a value only sli ghtly less tha n 
th at for the low molec ular weight analog, ethyl be nze ne. 
Th e chain charac te r of the molecule was shown to 
have littl e e ffec t on either the inte ns it y or th e position 
of the aromatic r in g absor ption. In addition S ma kula 
also found tha t polys tyrene-cyclohexane so lutions 
obey Beer 's law in a concentration range of 0.02-0.4 
g/dl. Kleven's [2] studi ed the UV s pectra of several 
polymers including polys tyrene in the range of 33,000 
to 58,000 wave numbers (1720 to 3000 A) and found that 
the spectra of polystyrene are different for the low 

2 Figures in brac ke ts indi cate the literature refe re nces a t the end of thi s pape r. 
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molecular weight analog. He analyzed the possible 
causes and separated them into the following cate­
gories: (1) the incorporation of residual double bonds 
in the chain, (2) the enhanced light scattering, (3) the 
orientation and polarization of the chromophore, and 
(4) inter- and intra-molecular chain interactions. He 
concluded that polystyrene would show only the effects 
of scattering and possibly orientation effects. 

The study of intramolecular interactions has received 
much attention in studies of biological macromolecules. 
Changes in either the optical rotation or the specific 
absorbance of chromophores involved in intramolecular 
bonding can often be interpreted in terms of the chain 
conformation, when other effects have been evaluated. 
Leach and Scheraga [3] reported a detailed study' of 
the effects of light scattering on UV difference spectra 
made on large protein molecules. The correction for 
the light scattering effect was based on simple turbidity 
calculations for small, isotropic scatterers. This type 
of correction is easily calculated and is applicable to 
work on polystyrene where the molecular weights are 
fairly low (~104). Only the value of the refractive 
index increment is uncertain in calculating the scatter­
Ing from the Rayleigh equation. The maximum error 
in the estimate of the turbidity can be shown to be only 
a fraction of a percent. 

G. Loux and G. Weill [4] have also studied the effect 
of polymeric. structure on the UV spectra of the ben­
zene chromophore by comparing ethylbenzene and 
various diphenylbutane isomers to polystyrene.. Their 
attempt to study the effect of intra- and intermolecular 
interactions in the polymer chain on the UV absorption 
by using isotactic and atactic polystyrene samples in 
addition to low molecular weight homologues was pre­
ceded by the theoretical and experimental study by 
Vala and Rice [5] of the UV spectra of isotactic and 
atactic polystyrene. Vala and Rice interpreted their 
results by postulating an average ordered orientation 
of neighboring phenyl groups in the isotactic poly­
styrene molecule in solution. The present study, in 
addition to establishing values of the extipction coeffi­
cients, also was aimed at understanding the solvent­
solute interactions as they affect the UV spectra. 
These effects are very difficult to predict, since the 
solvent can act strongly enough to form a charge trans­
fer complex or weakly enough to just keep the polymer 
dissolved and thus encourage segment-segment con­
tacts. For these reasons three solvents were used: 
(1) a very good solvent (carbon tetrachloride), (2) a good 
solvent (tetrahydrofurane), (3) and a moderate to poor 
solvent (cyclohexane at various temperatures). -

2. Experimental Procedure 

2.1. Materials 

Polymer. - NBS Standard Sample Polystyrene-70S, 
having a narrow molecular weight distribution, was 
used. This polymer has a number-average molecular 
weight of 170,900 (osmotic pressure) and a weight­
average molecular weight of 179,300 (light scattering). 
The sample was pre pared by the polymerization of 
styrene in benze ne using n-butyllithium as an initiator. 

The polymer was dissolved in benzene and freeze­
dried before use. High-vacuum experiments above 
the glass temperature on polymer samples treated in 
this way show that the re maining solve nt content is 
less than 0.5 percent. Unless otherwise stated, the 
solutions were made from freeze -dried polymer. 

EthyLbenzene. - A research-grade sample of ethyl­
benzene, whose mole-percent purity was stated to be 
99.57 as determined by melting point measurements, 
was used. 

Solvents. - Reagent-grade cyclohexane was distilled 
through a column packed with glass helices. Spectro 
grade carbon tetrachloride and tetrahydrofurane were 
used as received. 

2.2. Preparation of Solutions 

All solutions were independently prepared on a 
weight basis using from 21 to more than 100 mg of 
polymer or ethylbenzene for each independent solu­
tion. All experimental concentrations are expressed 
in g/dl. The concentrations were computed for the 
given temperatures by use of the appropriate solvent 
densities , since the solutions were very dilute. 

2.3. Spectrophotometer 

A commercial recording spectrophotometer was 
used in this work. The wavelength resolving power 
was - 1 A, and the wavelength reproducibility better 
than - 0.5 A in the spectral region measured. The 
scan speed used was 0.5 A per second. 

Spectra were obtained in the 43,500 to 34,500 wave­
number region except in the case of CCl4 solutions for 
which spectra were obtained in the 40,000 to 34,500 
wave-number region. Higher frequencies could not 
be scanned with CCl4 as solvent because of the intense 
solvent band above 40,000 wave numbers. 

Two independent spectral runs were made on each 
solution and the absorption values averaged. The 
reproducibility was 0.2 percent or better. 

2.4. Cells 

All cells, either fixed-bath length of 10 mm or 5 mm, 
or a variable thickness cell, were fitted with ground 
glass stoppers. The solution and solvent cells were 
placed in a thermostated cell compartment, and the 
temperature was regulated by circulating water through 
the cell compartments from a thermostated circulating 
bath placed just outside the spectrophotometer. The 
temperature of the cell was measured after 15 min or 
more had been allowed for equilibration. At settings 
in the circulating bath of 20, 35, 45, and 55°C, the 
thermocouple readings in the sample cell gave tem­
perature readings of 19.88, 34.57 , 44.56, and 54.09 
± 0.01 °C, respectively. 

3. Results 

Figure 1 compares the spectra for the 38,500 wave 
number (2600 A) region of ethyl benzene and poly­
styrene 705 in cyclohexane. Figure 2 presents the 
corresponding spectra in carbon tetrachloride. The 
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FIGURE 1. *Curve A ; ethyl benzene in cyclohexane at 35 °C, concen­
tration 0.03746 g/dl . 8 ; polystyrene 705 in cyclohexane at 35 °C, 
concentration 0.0401 5 g/dl . 
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FIGURE 2. *Curve A; ethylbenzene in carbon tetrachloride at 35 °C, 
concentration 0.02576 g/dl . 8 ; polystyrene 705 in carbon tetra­
chloride at 35°C, concentration 0.03188 g/dl. 

• Absorpti on spectra at various wa vele ngths. 

concentrations of the solutions are about 0.03 g/d] , 
and the temperature is 35°C. 

Tables 1 and 2 list the data for linear and quadratic 
fits of absorption (A) versus the concentration (c) for 
e thylbenzene and polystyrene·70S, respectively , in 
cyclohexane and carbon tetrachloride at 35°C. Table 
3 reports some earlier data taken over a smaller con· 
centration range. The experiments reported in table 
3, which also includes a third solvent, were under· 
taken to determine if there was a significant effect of 
temperature or solvent on the extinction coefficient. 
The absorbance is fitted to a linear function of con· 
centration, since only a few determinations over a 
small concentration range are available in some 
instances. 

Table 4 compares the wavelength shift of the Vrnax 

of polystyrene and ethylbe nzene. Also the extinction 
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TABLE L Spectral data for ethylbenzene 

C6 H12 CC l, 

T OC 35 35 
Cone. } g/d l 0.025 0.0257 
Range .089 .0467 
N* 13 6 
Vmax c m - 1 ~8 ,31O 38,170 

Linear fit ** 

(t, ± S"1 21.78 ::!: O.04 28.00 ::!: 0.002 
S x 10' 7.774 1.975 

Quadratic fit** 
a, ± Sa, 21. 77 :!: 0.01 27.80 ::!: O.01 
(t2± S{/ 2, 1. 542 ::!: 1. 978 0.051 ::!: 0.026 
S X 10" 8.086 1.578 

*N is the numbe r of dete rminations. 
**a , and a 2are coe ffi c ient s determined by leas t squa res fit s of the 

equations A = a,c and A = a, c + a2C'. - 5" . are the s tanda rd devia­
tion s of the coefficient s of the linear or quadrati c fit s . 5 is the s tand· 
ard de viation of the fit. 

TABLE 2. Spectral data/or polystyrene· 705 (extended conctntration 
range) 

C6H'2 CCl, 

T OC 35 35 

Cone. } g/dl 0.022 0.025 
Range .194 .154 
N* 14 13 
V max crn - ' 38,270 38,200 

Linear fit** 
a, ± SUl 20.89 ::!: O.08 27.05 ::!: O.07 

5 X 10' 10.20 11.06 

Quadratic fit ** 

a, ± Su. 20.97 ::!: O.03 27 .38 ::!: O.07 
a2 ± SU2 0.549 ± 0.574 -3.347 ± 0.646 

5 X 10' 10.16 6.97 

*N is the number of determinations. 
**a, and a2 are coeffic ients determined by the equation A = a,c 

+ a2c2. 50_ is the standard deviation of the coefficient of the linear 
or quadrati~ fit. 



TABLE 3. Spectral results for polystyrene-70S (short concentration 
range) 

Solve nt T e mp. Concentration range N P RIm, a, S ", 5 X 10' 

"C cm - 1 

C6Hl t 20 0.021 0.081 7 38.270 20.68 0.()6 6. 7 
35 .022 .097 10 38.270 20.45 . 11 10.5 
45 .026 .093 6 38.270 20.25 .12 10.2 
55 .020 .091 8 38.270 20.47 .04 7.3 

C4H IIO 35 .03 .09 II 38.260 21.01 .04 8.0 
CCI, 35 .025 .071 8 38,200 26. 18 .05 7.0 

55 .025 .072 5 38.200 25.57 .04 4.1 
--- .-- '---

TABLE 4 . Comparison of ethylbenzene and polystyrene-70S at 3S °C 

(1) (2) Difference 
Ethylbenze ne Polystyrene-70S (1)-(2) 

CsHI2 
V max cm - 1 38 .310 38,270 + 40 
a, 21.78 20.89 + 0.89 
a2 0 0 

CCl4 

V max cm - t 38.170 38 ,200 -30 
([, 28.00 27.38 + 0.62 
llz 0 - 3.35 

CsH'2- CCl4 

.6.v max + 140 + 70 
,la, - 6.22 - 6.49 

coefficients, a , determined from the best fit of the data 
are intercom pared. 

4. Errors 

The uncertainties in measuring peak intensities are 
approximately ± 0.004 absorption units, while the wave 
numbers can be measured to within ± 15 cm - 1. The 
solution concentration errors are (1) errors in weighing 
the solute , (2) errors in weighing the solvent , and (3) 
unknown changes in the concentration due to the 
evaporation of the solvent. The last ·error was 
minimized by weighing the solutions immediately 
before making the spectrograms. Evaporation of 
solvent from the stoppered cells is not significnat, 
since the duplicate spectra taken agreed within instru­
mental error. 

The maximum weighing error for the polymer and 
ethylbenzene is about 1 percent, while that for the 
solvent was less than 0.1 percent (bouyancy corrections 
were made because large volumetric flasks were used). 
The errors in the determination of the extinction co­
efficient at a given wavelength were minimized by 
measuring only those solutions whose absorbance was 
between 0.3 and 1.7. Under these conditions, the 
maximum error in an extinction coefficient determined 
from one concentration is about 1 percent. The effect 
of small temperature changes on the absorption 
maxima in the electronic ultraviolet spectra would be 
expected to be negligible, although the concentration 
would be directly affected. The solution temperatures 
were controlled to within ± 0.01 0c. Densities, and 
hence concentrations, change less than 0.1 percent 
with the above temperature variations in the solvents. 

Measurable turbidities existed in the polystyrene 
solutions. Small increases of the extinction coeffi­
cient, which increased with increasing concentration 
and increase in wave number , appeared in regions 
where ethylbenzene showed no absorption. Filtration 
of the polystyrene solution through an 0.8-micron 
millipore filter demonstrated that the observed tur­
bidity was not due to foreign particles. The effect 
of the turbidity on the absorbance of the solutions is 
treated later in the analysis of the absorption data for 
polystyrene solutions. 

Another potential source of error in this type of 
measurement is the change of slit width required as 
the concentration of the solute is increased. Empirical 
calibration curves were determined to correct the 
absorption measurements for the solutions of ethyl­
benzene and polystyrene in cyclohexane and in carbon 
tf~trachloride. For the slit widths observed, the ratio 
of the slIt width, s, to the half peak width was estimated 
to be less than 0.15. For slit widths below the value 
corresponding to this ratio, slit~width corrections are, 
to a first approximation, linear [6]. These corrections 
were small, averaging less than ± 0.3 percent. They 
were less than the instrumental errors in the experi­
ments reported in table 3, and were not applied to these 
results. 

The dependence of absorption , A, on concentratIOn, 
c, for polystyrene solutions can be either linear or 
quadratic. The quadratic dependence is required 
when the solvent is not an ideal solvent because the 
turbidity then has a quadratic dependence on concen­
tration. Allowing a maximum error of 1 percent for 
instrumenta\ reproducibility, and a maximum error of 
1 percent in the concentration, the overall errors might 
be as high as 2 percent. Therefore 95 percent con­
fidence limits were used as the statistical criterion for 
deciding whether the linear or quadratic best fit the 
measurements of the UV absorption of polystyrene as 
a function of concentration in cyclohexane and carbon 
tetrachloride (table 1) [7]. 

5. Discussion 

The spectra of ethylbenzene and polystyrene in 
cyclohexane and carbon tetrachloride are shown in 
figures 1 and 2, respectively. The polystyrene spectra 
have much less detail than the ethylbenzene spectra 
in the same solvent. The cyclohexane fortunately 
does not have an absorption edge at as Iowa frequency 
as carbon tetrachloride. However, even in carbon 
tetrachloride the spectral region for the forbidden 
electronic transition of the phenyl group (7T* ~ 7T) 
centering at 2600 A is still accessible experimentally. 
This transition is not as strongly affected by solvents 
as the more intense, higher frequency transition [2, 
8], and therefore is of considerable value in analytical 
chemistry. 

5.1. Frequency Changes 

Although the frequency shifts are expected to be 
small in comparing ethylbenzene to an atactic poly-
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s tyre ne, the shifts are nevertheless significant. Loux 
and W eill [4] have shown that 1,4-diphenylbutane has 
a spectrum almost identical to that of e thylbenzene; 
whereas 1,3-diphenylbutane has a spectrum that modi ­
fi es the ethylbenzene spectrum to be almost ide nti cal 
to that of atactic polystyrene. Loux and Weill do not 
mention any displacement of the various maxima. 
However, the data in table 4 of thi s paper clearly s how 
that the frequency shift of the maximum for poly­
s tyrene compared to ethylbenzene is small , but beyo nd 
e xpe rimental error, and can be of a differe nt sign. 
Thu s in cyclohexane, and pres umably in most nonpolar 
solvents, the shift for a polym er co mpared to its reo 
pea ting unit is towards the red. But in strongly inter· 
acting solvents, like carbon tetrachloride, there is a 
very s mall shift of the maximum peak to the blue. The 
freq uen cy s hifts reported in table 4 for both e th yl­
be nzen e and polystyrene in proceeding from cyclo­
hexa ne to carbon te trachloride are towards the red , 
~ 100 cm - I. These results are in agreement with the 
results of Bayliss and Hulme [8] who found a similar 
red shift for tolu ene of 170 cm - I in cyclo hexane and 
carbon tetrac hloride. Table 3 indi cates that s mall 
c hanges in the solvent e nvironme nt caused by a change 
of te mperature or e nhanced, but nondirected , solvation 
do not affect the maximum frequ ency. 

5.2 . Intensity Changes 

The bes t measure of the change of the s tre ngth of 
the elec tronic transition is a n es ti mate of the oscil­
lator strength. For analytical purposes thi s qu antity 
is not n eeded, and the data in tables 1 to 4 only repre­
sent the ex tin cti on coe ffi cient of th e absorption maxi­
mum at the reported frequency , - 38,300 cm - I . 

Rece nt inte rest in macro molec ular s tru cture has 
centered on intramolecular interactions and their 
influence on s pec tral absorption. Vala and Ri ce [5] 
found ex perimentally th at there is a 10 percent hypo­
c hromic change in the 2600 A band , when isotacti c 
polystyre ne is co mpared to atactic polys tyre ne di s­
solved in the same solvent , c hloroform . This value is 
in goo d agreement with th e theore ti ca l value of 12.8 
percent which they calc ulated on the basis of the 
crys talline struc ture of isotacti c polys tyre ne. The 
calculated hypoc hromism is based upon nonspecific 
solvation whic h decreases the intensity of absorption 
for the ordered isotactic polystyrene com pared to the 
atactic polys tyre ne. The meas ured hypochromism 
appears to be influ enced by the type of solvent because 
th e effect in dioxane and dic hloro methane is 4.5 and 
3.3 percent, res pectively. 

The values of a for e th ylbe nze ne and polys tyrene in 
table 4 show a decrease in the ex tinc tion coeffi cient 
of 5 percent in cyclohexane and 2 percent in carbon­
tetrachloride. The change of a in any solvent which 
does n ot have a s pecific interaction, like te trahydro­
furane and cyclohexane, is almost negligible, as shown 
in table 3. Loux and Weill had re ported a 1 to 5 per­
cent hyperchromi c effect in comparing polystyrene 
and e thylbe nzene in te trah ydrofurane , cyclohexane, 
and decalin , based on oscillator strengths. The results 

.- ----------------

re ported here , based only on the a max , are of the same 
magnitude but are hypoc hromic. In contrast the 
polystyrene spectra in tetrahydrofurane reported by 
Loux and Weill show a pol ystyrene peak larger than 
the ethylbenzene peak at 2600 A. The hypochromism 
of polystyrene compared to ethylbenzene is reported 
by Loux and Weill to be 3 to 4 percent in chloroform, 
and the results in table 4 for carbon tetrachloride 
solutions is 2 percent, or about the same effect. 
Changes in the virial coefficient, effected by increasing 
the cyclohexane temperature or changing to tetrahydro­
furane , show very little change in the a max , less than 
3 percent. 

The rece nt work of Goates, Sullivan, and Ott [10] has 
demonstrated the existence of a one-to-one complex 
between benzene and carbon tetrachloride by measure­
ment of the freezing point curves. They obtained 
similar res ults for the p-xylene - carbon te trachloride 
sys te m, a nd calc ulated the hea ts of di ssociation to be 
3.5 and 6.3 kcal/mole, res pec tively. No co mplex was 
e vident when th e second compone nt was c hloroform. 
Nitrobenzene and carbon tetrachloride mixtures also 
failed to form a detec table complex. Goates, Sullivan, 
and Ott concluded that electron withdrawal due to 
s ubstitue nts in the be nzene ring prevent the formation 
of the co mplex. 

The same conclusions for the existence of chemical 
com plexes in the be nzene-carbon tetrachloride so lu­
tions are s upported by other studies of charge-transfer 
co mplexes between the empty d orbitals of halogen 
co mpounds and 7T electron sys te ms [9]. Bayliss and 
Hulme found a slow in crease in th e extin ction coeffi ­
cient of toluene for so lve nts progressing from highly 
polar solvents like ethanol to solvents like cyclohexane 
and chloroform. In c hloroform re lative to cyclohexane 
the increased absorption is only 3 percent, while th e 
relative increase in carbon-tetrac hloride is 40 percent. 
Both for polystyrene and eth ylbe nzene the same rela­
tive increase of E max reported in table 4 is ~ 28 percent. 

In co nclu sion, if onl y weakly interactin g solve nt 
sys te ms are co nsidered , the chan ges in the s pectra 
are very small. The hypochromism of isotac ti c poly­
s tyrene compared to atacti c polystyrene is no greater 
than 3 to 4 perce nt [5]. Also the hypochromism of 
atacti c polystyrene co mpared to ethylbenzene is not 
greater than 5 percent. Thi s latter change is com­
parable in magnitude to the change of spectra reported 
by Klevens for 1,3 diphenylpropane, and by Loux and 
Weill for 1,3 diphenylbutane. A much larger spectral 
change in the polystyrene spectra can be induced by 
solvents like carbon tetrachloride which are capable 
of forming charge transfer complexes. The role of 
these solvents in polymer conformation is largely 
unknown. The hypochromic shift in chloroform re­
ported by Vala and Rice might eve n be large r with 
carbon tetrachloride. 

The data of table 4 and th e observations of Goates, 
Sullivan , and Ott indicate that, to a very high degree, 
all of the phe nyl rin gs are available for solvation by 
carbon te trac hloride. This see ms startling since so me 
of the rings must be somewhat inaccessible due to the 
polymer conformation. However, ethylbenzene and 
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polystyrene solutions in carbon tetrachloride have 
the same percentage change in Emax compared to a 
reference state of cyclohexane solutions. The poly· 
mer environment apparently is sufficiently constrained 
to cause a decrease intensity, as evidenced by a com· 
parison of the ethylbenzene and polystyrene values of 
a max in any solvent. 

5.3. Concentration Dependence and 
Light Scattering 

The absorbance of ethylbenzene is best fitted as a 
linear function of concentration over the extended 
concentration ranges. Tables 1 and 2 give the param­
eters for the least squares fitting of the absorbance for 
both cyclohexane and carbon tetrachloride solutions, 
N is the number of concentrations and 5 is the standard 
deviation. The statistical data were calculated by 
the Omnitab computer program [11]. Polystyrene in 
cyclohexane also gives a best fit when the absorbance 
is considered to be a linear function of concentration. 
The absorbances of polystyrene in carbon tetrachloride 
at 35°C are best represented by a quadratic equation, 
with the quadratic coefficient being negative. Only 
over the extended range of concentration is it possible 
to detect the negative term. As the data in table 3 
indicate, the negative curvature does not show up in 
the measurements at low concentrations. It -is con­
ceivable that the conformational changes in the poly­
mer do change as the concentration is increased. 
Certainly the overall dimensions are known to change, 
but the data in tables 1,2, and 3 indicate that the effect 
is so small that it is not easily seen. 

If there is a quadratic dependence of absorbance on 
concentration, then Beer's law is not obeyed. Almost 
all chemical systems do obey Beer's law, unless there 
is a chemical change occurring as concentration is 
increased. Before any decision on the inapplicability 
of Beer's law to macromolecules is made in a macro­
molecular system, the scattering turbidity must be 
carefully analyzed and subtracted from the general 
absorbance. The attenuation of the irradiating light 
beam can be due to either of two simple processes, 
simple molecular absorption, or scattering of the 
electromagnetic radiation. It is difficult to separate 
the two effects by transmission measurements at a 
fixed wavelength, but independent measurements of 
of the transverse molecular scattering are possible. 

Consider a light beam of incident irradiance, 10 , 

that is attenuated in its passage through the sample 
of length, L, and concentration, c (g/cm3), to irradiance, 
I. The transmittance, (//10), or the absorbance, (A), 
may be written in terms of the specific extinction 
coefficient, E, and turbidity, T, as follows: 

(1) 

The turbidity may be expressed as a function of the 
chemical potential of the solvent (J.L), the refractive 
index (n) , of the solution, the wavelength (A), and 
Avogadro's number (N) as 

(2) 

Since the chemical potential of sol vent can be ex· 
pressed as a linear fun ction of the virial coefficient 
(A 2 ) in a dilute solution, the above expression becomes 

Therefore the absorbance per centimeter in dilute 
solutions may be written as 

A = EC + HcM(I- 2A2C) 

For po!ystyrene-705 the contribution of the scattering 
at 2600 A to the absorbance may be estimated, since 
values of M, H, and A 2 are known. For cyclohexane 
at 35°C, A 2 has been measured and is zero. In this 
special case there should be no deviation from Beer's 
law. For cyclohexane below 35°C, A 2 < 0; for cyclo· 
hexane > 35°C, tetrahydrofurane and carbon tetra­
chloride, A 2 > O. An estimate of A 2 based on osmotic 
pressure measurements of polystyrene-carbon tetra· 
chloride solutions of a similar mo~ecular weight poly· 
styrene is 64 X 10- 5 in cgs units. An estimate of 
(dn/dc) for cyclohexane is - 0.34 cm3/g for 2600 A 
[12]. An estimate based on a A -2 dependence of 
dn/dc would give a smaller value for carbon tetra­
chloride. An estimate of the excess scattering in 
cyclohexane solutions for a polymer of molecular 
weight of 180,000 would correspond to a turbidity of 
0.57 c, or 2 percent of the total absorbance of a 0.1 per­
cent solution at 2600 A. An estimate of the excess 
molecular scattering of carbon tetrachloride solutions 
based on a comparable change of dn/dc for carbon 
tetrachloride as exists in cyclohexane is approximately 
1.5 times less than the cyclohexane solution scattering. 
At the low concentrations used in these experiments 
(0.1 percent or less), the contribution of the virial 
coefficient to the total absorbance would be less than 
0.4 percent. In the form suggested by eq (3), the 
correction for the absorbance in carbon tetrachloride 
would be 

A =Aoc-1.63c 2 

The value of the quadratic term reported in table 4 is 
- 3.35. This is greater than the estimated value and 
probably does indicate a small deviation of Beer's law. 
Whether this deviation can be attributed to a squeezing 
out of segment-solvent interactions by a crowding of 
the phenyl groups is of course quite speculative. The 
dependence on concentration in tetrahydrofurane 
ought to be about the same as in carbon tetrachloride 
because the virial coefficient is smaller, while the 
(dn /dc) is larger. 
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5.4. Extinction Coefficients of Polystyrene 706 

A single quartz prism spectrophotometer was used 
to measure the extinction coefficient of polystyrene 
706 at 2618 A. The solutions were made from the 
peIlet form of the polymer. The extinction coe ffi cient 
was determined to be 24.03 ± (0.08) on the basis of three 
determinations at different concentrations. Thi s 
ex tinction coefficient is considerably higher than that 
of pure polystyrene. The high extinction coefficient 
is probably due to a monomer impurity. (See footnote 
1.) By using the equations of Newell [13], who 
assumed the presence of only two components (styrene 
monomer and polymer) in the mixture, the monomer 
content is estimated to be 0.33 percent. The estimates 
of volatiles given in the first paper of this series are 
0.82 percent. (See footnote 1.) No further attempt 
has been made to determine the source of this dif­
ference. Some of the volatiles are low molecular 
weight material. A future publi cation of this series 
will discuss the characteristics of the low molecular 
weight fraction s. 
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