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ABSTRACT: Molecular weight dependency of a specific
UV absorption coefficient of polystyrene in solution was
determined by supercritical fluid chromatography applied
to equimolar and equimass mixtures of uniform polysty-
renes whose degree of polymerization was n � 1 to 40. From
the ratio between the response from a UV detector and that
from a refractometer, we determined the refractive index
increment dn/dc as a function of molecular weight for poly-

styrene in tetrahydrofuran at the wavelength � � 633 nm.
We found that dn/dc is well expressed as a linear function of
the reciprocal of molecular weight for uniform polystyrenes.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94: 1101–1106, 2004
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INTRODUCTION

The refractive index (RI) increment dn/dc is necessary
to static light scattering (SLS) measurements to deter-
mine the weight-average molecular weight Mw of
polymers. The relationship between the molecular
weight and dn/dc is generally assumed to be indepen-
dent of molecular weights over a few thousands. Be-
cause the molecular weight of polymer determined by
light scattering depends on the square of dn/dc, even
a slight variation in dn/dc produces a great error in the
value of Mw.

On the other hand, in the oligomeric region, a num-
ber of studies have shown that dn/dc greatly depends
on the molecular weight.1–10 Variations in dn/dc affect
not only the accuracy of Mw measured by SLS, but also
that of molecular weight distribution measured by
size-exclusion chromatography (SEC). It is therefore
important that the relationship between molecular
weight and dn/dc is exactly determined. In all the

previous investigations, monodisperse polymers or
oligomers having molecular weight distribution were
used to determine dn/dc. However, the polydispersity
of these polymer samples made the dn/dc data some-
what ambiguous.

Molecular weight dependencies of dn/dc were re-
ported experimentally, which are expressed as linear
functions of reciprocal number-average molecular
weight.5–10 However, it should be verified that the
molecular weight dependency is also expressed as a
linear function of reciprocal molecular weight of each
component (see the Appendix).

In this article, we investigate the molecular weight
dependency of a specific UV absorption coefficient
and dn/dc of uniform polystyrene (PS) oligomers in
tetrahydrofuran (THF). Using preparative super-
critical fluid chromatography (SFC), we first sepa-
rated PS oligomers with degrees of polymerization i
� 2 to 41 from monodisperse oligostyrene samples.
We determined a specific UV coefficient as a func-
tion of molecular weight by measuring SFC chro-
matograms of equimolar and equimass mixtures of
the uniform polystyrenes. Because it is difficult to
obtain a large quantity of uniform polystyrene for
accurate dn/dc measurement, we calculated dn/dc
from the ratio of RI responses to UV responses
observed at SEC chromatograms of each uniform
polystyrene mixture.
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THEORY

Relative UV absorption coefficient

If we assume that the UV absorption of a polystyrene
molecule is proportional to the number of monomer
units, the specific UV coefficient ��i of the ith-mer can
be expressed as

��i � ��0
iM0

Mi
� ��0

iM0

Me � iM0
(1)

where ��0 is a specific UV absorption coefficient of the
monomer unit; and M0 and Me are the molecular
weights of monomer unit and terminal end, respec-
tively.

A UV sensitivity coefficient, defined as the ratio of
the area fraction of a chromatogram to the mass frac-
tion of an injected sample polymer, is expressed as
follows:

ai �
si

wi
�

1
wi

Si�
i

Si

�
��i�

j

��jwj

(2)

where Si, si, and wi are the peak area, peak area frac-
tion, and the mass fraction of the ith polymer, respec-
tively. Because the coefficient ai is not an intrinsic
value but is dependent on the distribution of mass
fraction, we introduce a relative sensitivity coefficient
�i(s), which is normalized in the following equation:

�i�s� �
ai

as
�

��i
��s

(3)

where s is the sth component chosen as a standard.

RI relative sensitivity coefficient

The RI sensitivity coefficient for the ith polymeric
component can be defined as

bi �
si

RI

wi
(4)

where si
RI is the peak area fraction of a SEC chromato-

gram measured on an RI detector for the ith compo-
nent. In the same way as UV absorption coefficients, bi

can be expressed as

bi �
si

RI

wi
�

1
wi

Si
RI

�
i

Sj
RI �

vi�
j

vjwj

(5)

Here �i is the dn/dc for the ith component defined by
�i � (dn/dc)i. The RI relative sensitivity coefficient can
be defined as follows:

�i�s� �
bi

bs
�

vi

vs
(6)

where subscript s is the sth component chosen as a
standard. In the literature, the RI increment has gen-
erally been written as follows5–10:

dn
dc � a �

b
Mn

(7)

where a and b are constants dependent on both poly-
mer and solvent. For the relative sensitivity coefficient
�i, an expression corresponding to eq. (7) can be given
as

�M��� � 1 �
d

Mn
(8)

where d � b/a. Practically, we calculated the coeffi-
cient d from the coefficients a� and b� appearing in
�i(s):

�M�s� � a� �
b�

Mn
(9)

�M��� � 1 �
d

Mn
(10)

where d � b/a. Because uniform polystyrenes were
used in this study, we can replace Mn with Mi.

Here we consider dn/dc for a polymer having mo-
lecular weight distribution. The concentration depen-
dency of refractive index for polymer solutions is
given as follows:
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Using mass fraction of each component,
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That is,

�	n
	c�

0

� �
i�1

�	n
	ci

�
0

wi � �	n
	c�

0,i��

�
i�1

�	n/	ci�T,P

�	n/	c�0, i��

wi � �	n
	c�

0,M��

�
M�0

�MwM (13)

1102 ITAKURA ET AL.



where dn/dc of polydisperse polymer can be esti-
mated with the relative sensitivity coefficient and the
mass fraction of every component.

EXPERIMENTAL

Materials

The uniform PS oligomers were separated from four
samples: PS-300 and PS-1000 (supplied by Tosoh Co.,
Tokyo, Japan), PS-500 and PS-2400 (Certified reference
materials 5002-a and 5001-a; National Metrology Insti-
tute of Japan, Ibaraki, Japan) by preparative SFC. The
uniform oligomer with i � 1 (hexylbenzene) was pur-
chased from Fluka Chemika (Buchs, Switzerland) be-
cause it could not be separated by SFC. Mass spectral
data were acquired to determine the molecular weight
of the separated oligomers using a reflectron time-of-
flight MALDI mass spectrometer (Shimadzu/Kratos
Kompact-MALDI III; Kyoto, Japan). Each of the uni-
form oligomers was weighed on a differential scan-
ning calorimetry (DSC) pan using a microbalance. The
uniform oligomers on DSC pans were dissolved in
THF (Wako Pure Chemicals, Tokyo, Japan) and sub-
divided into bottles to prepare mixed solutions. The
details of the separation procedure of the uniform PS
oligomers and preparation of equimolar and equi-
weight oligomer solution are described elsewhere.11

For differential refractive index measurement PS-
500, PS-1000, PS-2500, and high molecular weight
monodisperse polystyrene (NIST SRM 705a), as a stan-
dard at infinite molecular weight, were used. In Table
I molecular weights of all samples are listed. Molecu-
lar weights of these oligomers were determined by
SFC and the molecular weight of high molecular
weight polystyrene referred nominal values.

Apparatus

Supercritical fluid chromatography

Supercritical fluid chromatography (SUPER-201, Jasco
Co., Tokyo, Japan) with silica gel column Superpak
SIL60–5 (pore size 60 Å, particle size 5 
m, 10 mm i.d.
�250 mm; Jasco Co.) was carried out to separate the
uniform PS oligomers and to determine the UV ab-
sorption coefficient. The mobile phase was a mixture

of carbon dioxide with modifier solvents, run at a
constant flow rate under a constant pressure of 200
kg/cm2. The modifier solvents were mixtures of chlo-
roform and ethanol. Every sample was dissolved in
chloroform to inject, and a UV–vis detector was used
at the wavelength of 254 nm. Figure 1 shows a typical
SFC chromatogram. The conditions of SFC measure-
ments were varied for each oligomer sample. The
molar fraction for each ith polymeric component was
estimated from these chromatograms with a correc-
tion of UV absorbance coefficient.

Size-exclusion chromatography

The SEC system consisted of a Tosoh pump (DP-8020),
two TSK columns (TSK gel GMHHR-H with a TSK-
guard column HHR-H; Tosoh Co.) with a column
oven operated at 40°C, a UV–vis detector (UV-8010 or
UV-8020 at 254 nm; Tosoh Co.), and a RI detector
[Optilab DSP, �0 � 632.8 nm, at 25°C (Wyatt Technol-
ogy Corp., Santa Barbara, CA) or RI-8020, tungsten
light, at 40°C (Tosoh Co.)]. The flow rate of mobile
phase (THF) was 1 mL/min. To obtain approximately
the same area for every peak, equimolar and equi-
weight mixture solutions were prepared. Every mea-
surement was carried out at least three times.

Differential refractive index measurement

An Otsuka (Tokyo, Japan) DRM-1030 differential re-
fractometer (�0 � 632.8 nm) of ordinary type was used
to determine the dn/dc value of high molecular weight
polystyrene as standard for infinite molecular weight
and oligomer samples having molecular weight dis-
tribution. Because this instrument needs abundant so-
lutions for precision measurements, it is difficult to
measure dn/dc of uniform polystyrene oligomer. The
oligomer samples having molecular weight distribu-

TABLE I
Molecular Weight of the Polystyrene Samples

Sample code Mw Mn

PS-300 455.1 387.2
PS-500 501.7 436.2
PS-1000 1007 881.0
PS-2400 2415 2292
NIST 705a 1.79 � 105 1.67 � 105

Figure 1 Typical SFC chromatogram for PS-300. The mod-
ifier composition is 4 : 1 (ethanol : chloroform). Flow rates of
carbon dioxide and modifier are 2.5 and 0.4 mL/min, re-
spectively. A temperature gradient from 130 to 40°C at
constant rates of �5°C/min is used.
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tion were measured to verify our method. Each oli-
gomer’s dn/dc was determined by five solutions with
various concentrations.

RESULTS AND DISCUSSION

Relative UV absorption coefficient

Figure 2 shows a typical chromatogram of mixture of
uniform PS oligomer. The areas of each peak were
calculated and UV absorption coefficients were esti-
mated, shown in Figure 3 as a function of degree of
polymerization with fitting curve and theoretical
curve. The fitting curve, which is normalized to unity
for infinity molecular weight, for UV sensitivity coef-
ficients acquired experimentally, is expressed as fol-
lows:

�i��� �
i

0.48194 � i (14)

Theoretically, molecular weight dependency of UV
sensitivity coefficients is represented using by eq. (1)
as follows:

�i��� �
��i
��

�
i

�Me/M0� � i �
i

0.55806 � i (15)

Although this curve has a slight gap, especially in the
small molecular weight region, it is essentially in good
agreement.

RI relative sensitivity coefficient

Figure 4 shows UV and RI chromatograms of SEC. The
RI relative sensitivity coefficients were estimated form
the area of each peak. The RI relative sensitivity coef-
ficients are shown as a function of reciprocal molecu-
lar weight in Figure 5. In this case the RI relative
sensitivity coefficients are normalized to unity at infi-
nite molecular weight. By linear fitting, equations of
RI relative sensitivity coefficient are given as follows:

�M��� � 1 �
89.94

Mi
��0 � 632.8 nm, at 25°C) (16)

Figure 2 SFC chromatogram of equimass mixture (i � 1, 2,
3, 4, 5, and 6) in THF. A correction coefficient of molecular
weight dependency of UV detector response for each com-
ponent was determined from the ratio of these peak areas.

Figure 3 Relative UV absorption coefficient as a function of
degree of polymerization i. Dotted and solid lines are exper-
imental and theoretical curves, respectively. These data are
normalized to unity at infinite molecular weight.

Figure 4 UV response (a) and RI response (b) of SEC
chromatograms for mixtures of uniform polystyrene in THF.
These measurements were carried out with mixtures of i
� 2, 5, 11, 24; 3, 7, 14, 31; 4, 9, 19, 41, and hexyl benzene as
i � 1, respectively.
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In the same way,

�M��� � 1 �
88.54

Mi
(tungsten light, at 40°C) (17)

These results show the evidence that �M(�) can be
fitted by linear functions as a function of reciprocal Mi.

Here we discuss the effects of wavelength and tem-
perature on the RI response. It is known that dn/dc
depends on concentration and temperature. Neverthe-
less, there is no significant difference between eq. (16)
and eq. (17). The temperature and wavelength depen-
dencies of dn/dc could be attributable to their change
in the value of (	n/	c)0,M��.

To verify our results by this procedure, we esti-
mated dn/dc for PS oligomers standards having mo-
lecular weight distribution by two methods. Substitut-
ing eq. (16) and measured mass fraction distribution of
the standard samples into eq. (13), we first calculated
their dn/dc values. Second, we measured their dn/dc
by use of a refractometer. These results are shown in
Figure 5 with the line of eq. (16). These results show
good agreement.

Chance et al.7 reported the following relation:

�M��� � 1 �
83
Mn

��0 � 632.8 nm, at 27°C) (18)

Their result differs only slightly from our data. They
used nominal Mn values or those measured by SEC.
However, it is generally difficult to determine Mn

value with high precision. On the other hand, because
our PS sample is uniform, without distribution of
molecular weight, its molecular weight can be used as
an exact Mn. Therefore our equations of molecular
weight dependency of dn/dc for polystyrene oligomer

in THF could be very useful and better than previ-
ously reported values.

CONCLUSIONS

Molecular weight dependencies of dn/dc were inves-
tigated for PS in THF using uniform PS oligomers,
which were separated from monodisperse oligosty-
rene samples by means of SFC. To estimate the refrac-
tive index increments, a UV relative absorption coef-
ficient and RI relative sensitivity coefficient were mea-
sured. At lower i values (less than i � 5) the UV
sensitivity coefficients decreased with decreasing mo-
lecular weight, consistent with theoretical expectation.
The RI sensitivity coefficients could be fitted by a
linear function of reciprocal molecular weight of each
ith component as well as number-average molecular
weight. Values of dn/dc, calculated from the RI rela-
tive sensitivity coefficients, were consistent with re-
sults of usual dn/dc measurements.

In this article we do not discuss wavelength and
temperature dependencies of dn/dc in detail. How-
ever, our results show that the difference is not more
significant than that of other previous investigations,
where monodisperse standard samples having molec-
ular weight distribution were used.

This work was partly supported by Cooperative System for
a Supporting Priority Research from Japan Science and
Technology Corp. The financial support from New Energy
and Industrial Technology Development Organization is
gratefully acknowledged.

APPENDIX

Refractive index increments of polymer having molec-
ular weight distribution are generally written in the
form expressed by eq. (7). However, the relation is
verified only when the same relationship can apply to
the ith component with molecular weight Mi:

��Mi� � 1 �
d

Mi
(A.1)

Here, for a polymer having molecular weight distri-
bution, we have

�dn
dc� � �dn

dc�
M��

���Mi�w�Mi�dMi (A.2)

where w(Mi) is the differential molecular weight dis-
tribution, which satisfies

�w�Mi�dMi � 1 (A.3)

Figure 5 Relative RI sensitivity coefficient as a function of
reciprocal molecular weight (Mi and Mn) in THF for each ith
component (E) and for oligomeric standard samples having
a molecular weight distribution, (F) calculated data, and (�)
experimental data from conventional dn/dc measurements.
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Substitution of eq. (A.1) into eq. (A.2) gives

�dn
dc� � �dn

dc�
M��

�1 �
d

Mn
� (A.4)

However, it has not been confirmed whether eq. (A.1)
is valid.
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