
ELSEVIER PII: S0032-3861(97)00508-9 

Polymer Vol. 39 No. 11. pp. 2129-2133, 1998 
,*> 1998 Elsevier Science Lid 

Printed in Great Britain. All rights reserved 
0032 3861/981519.00+0.00 

Refractive index: a probe for monitoring volume 
relaxation during physical aging of glassy 
polymers 

Christopher G. Robertson and Garth L. Wilkes* 
Department of Chemical Engineering, Polymer Materials and Interfaces Laboratory, 
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061-0211, USA 
(Received 16August 1996; revised 12 June 1997; accepted 12 June 1997) 

A positive correlation between refractive index and density has been experimentally illustrated in the literature for 
numerous materials, including polymers. This relationship was exploited in an attempt to follow the densification 
of a glassy polymer during the physical aging process. Atactic polystyrene films were aged at 74°C and the 
refractive index (n) was evaluated as a function of aging time (t~) using an Abbe refractometer. The refractive 
index increased linearly with respect to log (t~), and this dependence was used in conjunction with experimentally 
determined values of the thermal expansion coefficient in the glassy state and (OnlOT)e, t  ~ for unaged polystyrene 
to determine the volume relaxation ::ate at 74°C. This rate was similar to that obtained for the same polystyrene 
material using a precision dilatometer, indicating the possibility for using refractive index measurements to 
quantitatively assess w)lume relaxation during physical aging. © 1998 Elsevier Science Ltd. All rights reserved. 

(Keywords: physical aging; refractive index; volume) 

INTRODUCTION 

Optical properties are intimately related to the chemical 
composition and structural features of a polymeric material. 
Representative examples of such relationshil~s are evident in 
the Lorentz-Lorenz expression for average refractive index 
(h), an important optical property for polymer applications. 
One form of the.' Lorentz-Lorenz equation is as follows~: 

~2 _ 1 PNav Z ni&i 
(1) 

~2 + 2 3M0e0 

where Nav is Avogadro's number, the molecular weight of 
the polymer repeat unit is denoted by M0, e0 is the per- 
mittivity of free space constant, the density of the polymer 
is represented by P, the average polarizability of the ith type 
chemical bond is given the symbol &i, and ni is the number 
of such bonds per repeat unit. It is clear from the above 
equation that increasing the average pohtrizability of the 
chemical bonds is expected to result in greater refractive 
index values, if all other factors remain constant. For a 
given chemical composition, the number of polarizable 
species per unit volume also influences the velocity of 
light through a material, hence a positive correlation 
between refractive index and density. The[efore, knowledge 
of refractive index changes for a polymer material can pro- 
vide information concerning density changes. 

There are numerous variables which indirectly influence 
the refractive index by altering the density of a polymer. As 
temperature is increased, a material exparAs volumetrically 
which results in a decrease in density and refractive index. 
The thermal expansion coefficient for a polymer in the 
glassy state is significantly lower than the coefficient for 
the polymer at temperatures above the glass transition 
region. The inflection in a plot of refractive index v e r s u s  
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temperature can be used to determine the glass transition 
temperature associated with the heating/cooling conditions 
utilized, as has been detailed in the literature 2-4. The 
crystalline phase of a semicrystalline polymer is typically 
more dense than its amorphous counterpart, and refracto- 
merry has additionally been used in assessing the degree of 
crystallinity for polymer films 5. 

Physical aging of glassy polymers is another area where 
refractive index measurements can potentially be utilized to 
probe densification features. When an amorphous polymer 
is quenched from the liquid state to a temperature below the 
glass transition temperature region, attainment of thermo- 
dynamic equilibrium via structural rearrangement is initi- 
ally denied due to kinetic considerations 6. Relaxation can 
occur with time, and this process, known as physical aging, 
results in a decrease of the specific volume of the polymer 
towards the equilibrium state. Although the density changes 
during physical aging are typically quite small (the density 
of atactic polystyrene aged 15°C below Tg increases at an 
approximate rate of 0.0008 g/cc per decade of aging timeT), 
volume relaxation during physical aging may be able to be 
followed using refractometry provided refractive index 
measurements can be made with adequate accuracy. 
Research employing refractometry to provide insight into 
the non-equilibrium nature of the glassy state has been very 
limited. The memory effect, first disclosed by the dilato- 
metry experiments of Kovacs 8, has been investigated for 
inorganic glasses using refractometry È-~t as opposed to 
dilatometry. Jenkel followed the physical aging of poly- 
styrene using refractive index ~2, but a direct quantitative 
link between refractive index changes and volume relaxa- 
tion rates has not clearly been made for the physical aging of 
glassy polymers. This research investigates whether 
changes in refractive index for atactic polystyrene (a-PS) 
during isothermal physical aging can be quantitatively 
related to the corresponding volume changes. 
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Figure 1 Refractive index at 20°C as a function of aging t ime for a-PS 
films aged at 74°C (a) and data replotted in the form of the Lorentz-Lorenz  
relationship (b). Straight lines represent linear fits to tire data 
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Refractive index as a function of temperature for unaged a-PS 
films. The solid lin~e represents the linear fit used to determine (c3n/OT)p, , ,  

in Figure la. The refractive index increased in a linear 
fashion when plotted as a function of log t~ and the slope of 
the linear fit to the data (On/O log ta)p,T was found to be (3.22 
± 0.60) X 10 -4. The error bars indicated in this plot 
represent the standard deviations associaLed with the five 
samples tested at each aging time. The refractive index 
error, which represents a combination of instrument error 
(±0.0001) and sample error, possessed average and 
maximum values of 0.00015 and 0.00028, respectively. 
Despite the considerable magnitudes o:~ the error bars, 
the linear dependence of refractive index on log t, is 
statistically significant as is evident from the correlation 
coefficient (R:) for the linear fit which is equal to 0.934. 

It is often observed that density increases are linearly 
related to log ta during isothermal aging, fi)llowing a quench 
from above the glass transition tem~eratu~:e, due to the self- 
limiting nature of physical aging . The,, Lorentz-Lorenz 
relationship (e, quation (1)) does not predict refractive index 
to be a linear function of density, and the experimental 
observation that refractive index has a linear dependence 
on aging time does not have a fundamental basis. The 

refractive index data was replotted in the form of the left- 
hand side of equation (1) as illustrated in Figure lb. This 
plot implies that a linear increase in density with log ta 
occurred during isothermal aging of a-PS at 74°C, as 
anticipated. However, the degree of linearity for the plot in 
Figure lb (R 2 = 0.934) is identical to the linearity between 
refractive index and log t a which suggests that either plot is 
suitable to describe the experimentally observed effect of 
aging on refractive index for the polymer material and 
conditions utilized in this study. In agreement with this 
observation, research evaluating the effect of density on 
refractive index for various polyolefins resulted in the 
conclusion that plotting refractive index or refractive index 
expressed in the form of Lorentz-Lorenz e~uation versus 
density provides similar degrees of linearity l .  

Determination of volume relaxation rate from refractive 
index data 

The volume relaxation rate (/3) is a parameter which can 
be used to represent the kinetics of volume relaxation during 
the isothermal physical aging of glassy materials. The 
volume relaxation rate can be expressed as follows7: 

B = - V \  ~ 1 - - i~g  t~) P.T (2) 

The previously discussed increase in refractive index 
with aging time for atactic polystyrene is a consequence 
of the densification of the system. Therefore, the value of 
(OnlO log ta)P,T observed for a-PS physically aged at 74°C is 
influenced by the rate of volume relaxation and can poten- 
tially be used to determine/3. The relationship between/3 
and (On/O log ta)P,T can be expressed mathematically using 
the chain rule of partial differentiation: 

OV 

Using the definition of the thermal expansion coefficient in 
the glassy state (c~g), equation (3) can be rewritten as: 

1 ( OV ~ On On~-' 
- -  -~- Olg 

(4) 

This relationship allows determination of the volume 
relaxation rate from (OnlO log ta)P,T in conjunction with the 
change of refractive index with temperature for the unaged 
material in the glassy state (On/OT)p,t, and the glassy thermal 
expansion coefficient. Refractive index data for unaged 
a-PS is presented as a function of temperature in Figure 2. 
This data was used to determine the value for (On/OT)p,t~ 
which was equal to - (1.17 ± 0.07) × 10-4K -z, a value 
comparable to the value of -1 .2  × 10-4K -1 reported 
in the literature ~. Dilatometry was used to determine that 
ag = (2.21 +_ 0.06) × 10 -4 K -I for the atactic polystyrene 
material investigated which is consistent with the range of 
values tabulated for this polymer ~6. Using the experimen- 
tally determined values for the parameters (On/O log ta)p.v, 
(On/OT)p.t,, and C~g, and propagating their associated 
errors using a differential technique, the volume relaxation 
rate calculated via eguation (4) was found to be equal to 
(6.08 ± 1.61) × 10 -9. A summary of the parameter values 
used in this calculation of volume relaxation rate can be 
found in the upper portion (Method 1) of Table 1. 
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Table 1 Summary of parameters used to calculate (3 from refractive index data 

Methodl ( 0n ~ (On) ,K"] 
Equation (4) \0 log/aJP.  V ~ P.t, 

(3.22 ± 0.6)E-4 ( -  1.17 ± 0.07)E-4 

n 2 - 1 hL n 2 - 1 
Method 2 - - ( a v e r a g e )  
Equation (5) n2 + 2 0log tj )P'T where L = n : + 2  

0.3373 + 0.0002 (1.43 2 0.06)E-4 

% [K -I1 

(2.21 ± 0.06)E-4 (6.08 -+ 1.6l)E-4 

/3 

(4.25 ± 0.38)E-4 
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Figure 3 Volume relaxation plot for a-PS during aging at 74°C obtained 
using dilatometry. Volume changes referenced Io t~ = 0.25 h. The slope of 
the linear fit is equal to -/3 

Irrespective of the changing thermodynamic state of the 
glassy polymer undergoing physical aging, the Lorentz- 
Lorenz expression should remain valid at any instant in 
time. Because the chemistry of the system is not changing 
during physical aging, all of the parameters on the right- 
hand side of equation (1) are constant except for density. 
Therefore, the following expression can be developed based 
upon this proportionality between density and the left hand 
side of the Lorentz-Lorenz equation: 

1 ( 3  1 - - ~ g  ta ) 0 ( ~ )  p.v = / j  n ? - I  OL = 1 Op ~ w h e r e L = n 2 + 2  
P,T 

(5) 

Using this approach (Method 2), the volume relaxation 
rate determined was equal to (4.25 _+ 0.38) × 10 ~ as is 
indicated in the lower half of Table 1. Direct use of the 
Lorentz-Lorenz expression (Methocl 2) slightly under- 
predicted the volume relaxation tale in comparison to 
Method 1, and the origin of this discrepancy is not known. 
As will be indicated, the /3 value determined from the 
refractive index data via Method 1 more closely agrees 
with the value obtained by dilatometry. (See Note Added 
to Proof.) 

Comparison of/3 values determined by refractomet O, and 
dilatometr 3, 

Volume relaxation rates for glassy materials are com- 
monly assessed through the use of dilatometry. The 
densification of a-PS during physical aging at 74°C was 
investigated using a precision mercury dilatometer, and a 
typical volume relaxation plot providing a slope of - [3 is 
presented in Figure 3. The average volume relaxation rate 
for three dilatometry experiments was found to be (7.57 + 
0.41) × 10 -4  which is within experimental error of the rate 
calculated based upon the refractive index data using 

Method 1 which was equal to (6.08 _+ 1.61) × 10 -4. This 
suggests that the technique (Method 1) developed in this 
investigation for converting refractive index changes during 
physical aging of glassy polymers to the associated volume 
relaxation rates can be used quantitatively. 

It is anticipated that improvements can be made in order 
to determine volume relaxation rates using the refractome- 
try approach which more closely match the corresponding 
rates assessed using dilatometry. The use of a device which 
allows refractive index determinations with improved 
accuracy relative to the Abbe refractometer used in this 
study is expected to improve the agreement between the 
volume relaxation rates. Additionally, if refractive index 
measurements could be made on a single polymer film 
sample as it is incrementally aged. the sample error would 
be eliminated thus improving the experimental results and 
the volume relaxation rates calculated from them. A weak 
secondary relaxation, which occurs in the vicinity of 60°C 
for atactic polystyrene, has been shown to slightly increase 
the glassy thermal expansion coefficient above this 
temperature of 60°C relative to the glassy expansion 

• 17 coefficaent observed near room temperature . Although 
this difference is quite small, it implies that (On/OT)p.t, near 
the aging temperature of 74°C may have been slightly 
different than that determined for the lower temperature 
range used to determine this parameter, possibly influencing 
the /3 calculation. Overall, the best method would be to 
accurately follow the refractive index for a single polymer 
film sample in situ during the physical aging process and 
use values of the parameters (On/OT)p,t, and etg determined 
near the aging temperature in the calculation of the volume 
relaxation rate using equation (4). 

CONCLUSIONS 

For atactic polystyrene isothermally aged at 74°C following 
a quench from above the glass transition temperature, the 
refractive index increased linearly with respect to log ta 
due to the densification of the system during physical 
aging. This linear relationship was used with experimentally 
determined values of the thermal expansion coefficient 
in the glassy state and (3n/OT)p.t~ for the unaged polymer 
to determine the volume relaxation rate. This rate was equal 
to (6.08 -+ 1.61) × 10 -4, a value within experimental error 
of the volume relaxation rate of (7.57 -+ 0.41) × 10 .4 
determined by dilatometry. This technique developed for 
converting refractive index changes to the rate of volume 
relaxation appears to be a quantitative alternative to 
dilatometry for following the densification kinetics asso- 
ciated with physical aging. Due to the difficulty in 
constructing a dilatometry apparatus providing accurate 
volume change measurements and the lengthy procedures 
necessary to remove entrapped air from the dilatometer 
prior to testing, the refractometry approach explored in this 
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study may in fact be an easier method of following volume 
relaxation as well. 

NOTE ADDED TO PROOF 

The development of Method 2 described in the text assumes 
that density does not influence the polarizability of the 
chemical bonds, and a possible interrelationship between 
density and polarizability may have resulted in the noted 
under-prediction of volume relaxation rate using this 
method. This possibility does not pose any problems when 
using Method 1 due to a canceling effect belween density 
changes (and possible polarizability change~;) induced by 
temperature changes and by physical aging. 
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