
Temperature Dependence of Refractive Index of Films of Well-defined Linear
and Star-shaped Polystyrenes

Hiroto Kudo, Hideyuki Aoki, and Tadatomi Nishikubo�

Department of Material and Life Chemistry, Faculty of Engineering, Kanagawa University,
Rokkakubashi, Kanagawa-ku, Yokohama 221-8686

(Received December 4, 2007; CL-071343; E-mail: nishikubot@kanagawa-u.ac.jp)

Well-defined linear and star-shaped polystyrenes were
synthesized, and the temperature dependence of their refractive
index (nD) in the film state was examined. The values of nD
decreased with increasing temperature, with an inflection at
the glass-transition temperature (Tg). Above the Tg, the values
of difference of nD between star-shaped polymer and linear
polymer increased at elevated temperatures.

Refractive index is a very important physical property for
the application of polymers as optoelectronic materials.1 It is
well known that the relationship between the refractive index
(nD), density (� g/cm3), molecular weight (M gmol�1), and
molar refraction (R cm3/mol) of a polymer is described by the
Lorentz–Lorenz equation (eq 1).2

nD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM þ 2�RÞ=ðM � �RÞ

p
ð1Þ

From this equation, it appears that films with a large refractive
index should be obtainable from materials with large values
of R and �. In the previous paper,3 we reported that star-shaped
polysulfides had higher refractive-index values than linear poly-
sulfides. This is because the � value of star-shaped polysulfides
is higher than that of linear polysulfides. Furthermore, it is
expected that the value of nD of the film will change by heating,
because the value of � is temperature-dependent. However, no
detailed study of the temperature dependence of nD has been
reported. In this paper, we examined the effect of temperature
on the refractive index of well-defined linear and star-shaped
polystyrenes in the film state. As shown in Figure 1, polymer
films prepared by spin-coating on silicon wafers were placed
on the heating plate of an ellipsometer, and changes of their
refractive index were examined during heating.

Well-defined linear and star-shaped polymers were synthe-
sized by the atom-transfer radical polymerization (ATRP)
method (Scheme 1).4

The ATRP of styrene was examined using 4-t-butylphenyl
2-bromo-2-methylpropionate (BPBP) as an initiator in the pres-
ence of CuBr and bipyridine in DMF at 130 �C for 24 h
(Scheme 1A). The corresponding linear polystyrenes (polyST)
with controlled molecular weight (Mn) and narrow molecular
weight distribution (Mw=Mn) were obtained. The structures
and Mn’s of the obtained polymers were confirmed by 1HNMR
spectroscopy and size exclusion chromatography (SEC), respec-
tively.5 The conditions and results are summarized in Table 1.
It was found that the degree of the polymerization (DP) could
be controlled by varying the feed ratio of ST (Runs 1–5).
Furthermore, ATRP of ST was carried out using a c-methyl-
calix[4]resorcinarene derivative containing eight initiative
moieties (CRA-BP) as a core for the synthesis of star-shaped
polySTs with a narrow molecular weight range (Scheme 1B).
At the feed ratio of ST/CRA-BP ¼ 100=1 for 2 h, the corre-
sponding star-shaped polyST with DP ¼ 22 and Mw=Mn ¼
1:15 could be obtained in 19% yield (Run 6).6 Similarly, at
feed ratios of ST/CRA-BP ¼ 150=1, 200/1, 250/1, and 300/1
for 2–4 h, the corresponding star-shaped polySTs with
DP = 33–61 and Mw=Mn = 1.13–1.17 were obtained in 17–
20% yields, respectively (Runs 7–10). That is, well-defined
eight-armed star-shaped polymers were synthesized by means
of ATRP of ST with low conversion.

A 2-methoxyethyl acetate solution of each polymer was
prepared, and this was spin-coated on a silicon wafer, and
dried in vacuo at 60 �C for 3 h. The refractive-index values of
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Figure 1. Ellipsometer for the determination of the temperature
dependence of refractive index. [A] film of polymer. [B] plate
for heating.
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Scheme 1. The synthesis of linear and star-shaped styrene
polymers.
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the resulting films (ca. 0.1-mm thick) were measured by
ellipsometry.

The results are summarized in Table 1. The refractive-index
values of the linear polySTs and star-shaped polySTs were
essentially the same, being in the range of 1.585 to 1.589.

We next examined the effect of temperature on the nD of
linear polyST (DP ¼ 40, Run 4) and star-shaped polyST
(DP ¼ 45, Run 8) using an ellipsometer, as shown in Figure 1.
The results are shown in Figure 2.

The linear and star-shaped polySTs both showed a linear

decrease of nD as the temperature was increased, with an inflec-
tion point at 90–100 �C. The inflection point appeared to coin-
cide with the glass-transition temperature (Tg), which is 92 �C
for the linear polyST and 102 �C for the star-shaped polyST.
Thus, the values of nD decreased as a result of the decrease of
� during heating in the film state. At the transition temperature
Tg, the slope of the straight line changed due to the effect of
the micro-Brownian motion. The slope of the relationship was
larger for linear polyST than for star-shaped polyST, presumably
because the segment motion of linear polyST is more active
than that of star-shaped polyST, and the decrease of � of linear
polyST is larger than that of star-shaped polyST. Consequently,
the value of nD of star-shaped polyST is higher than that of linear
polyST at temperatures above the Tg.

In summary, we synthesized well-defined linear and eight-
armed star-shaped polystyrenes, and examined the temperature
dependence of their refractive index values in the film state.
The values of refractive index (nD) decreased with increasing
temperature in the film state, and linear relationships between
nD and temperature, with an inflection point at the glass-transi-
tion temperature Tg, were observed. At temperatures above
Tg, the nD of star-shaped polyST was higher than that of linear
polyST.
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Table 1. Linear polySTs and eight-armed star-shaped polySTsa

Run Feed ratio
Time
/h

Yieldb

/%
Mn

c

(Mw=Mn)
DPd nD

e

1
ST/BPBP =

20/1
24 75

2800
(1.18)

20 1.585

2
ST/BPBP =

30/1
24 80

3800
(1.22)

30 1.585

3
ST/BPBP =

40/1
24 85

5400
(1.24)

40 1.585

4
ST/BPBP =

50/1
24 86

6700
(1.19)

50 1.587

5
ST/BPBP =

60/1
24 85

7300
(1.18)

60 1.586

6
ST/CRA-BP =

100/1
2 19

1200
(1.15)

22 1.589

7
ST/CRA-BP =

150/1
2 20

1800
(1.13)

33 1.587

8
ST/CRA-BP =

200/1
2 19

2100
(1.14)

45 1.586

9
ST/CRA-BP =

250/1
2 17

2400
(1.15)

50 1.587

10
ST/CRA-BP =

300/1
4 19

3500
(1.17)

61 1.587

aATRP of ST was carried out in the presence of CuBr and bipyr-
idine in DMF at 130 �C. Linear polySTs (Runs 1–5). Star-shaped
polySTs (Runs 6–10). bInsoluble part in n-hexane. cEstimated by
SEC (eluent: THF). dCalculated by 1HNMR spectroscopy.
eMeasured with an ellipsometer.
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Figure 2. Relationship between refractive-index (nD) and tem-
perature for linear and star-shaped polySTs.
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