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Refractive index and thermo-optic coefficient of composite
polymers at 1.55µm

David I. Johnson and Graham E. Town

Department of Electronics & Centre for Lasers and Applications,
Macquarie University, NSW 2109, Australia

ABSTRACT

The refractive index and thermo-optic coefficient of composite polymers of polystyrene and polymethylmethacry-
late were measured at 1.55µm using an optical fiber refractometer and were found to be 1.483 and 1.570, respec-
tively, at room temperature. The refractive index and thermo-optic coefficient of the copolymers were consistent
with the rule of mixtures.
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1. INTRODUCTION

The synthesis of polymers for use in integrated and fiber optics requires the ability to control and characterize
the optical properties of the materials, particularly the refractive index. Monitoring the refractive index during
cure and processing is also desirable, as it provides information on the density of the material and consequently
the degree of cure.1, 2

Blends of polymers can be used to control material properties such as refractive index3, 4 and consequently the
thermo-optic coefficient. Polymethylmethacrylate (PMMA) is a thermoplastic polymer that has shown promise
in optical applications particularly in polymer optical fibres (POF), however it is brittle and absorbs moisture,
properties which may be undesirable in many applications. Polystyrene (PS) has many desirable properties
including a high refractive index.5

There is little knowledge available on the optical properties of copolymer materials, particularly in the 1.55µm
range, in fact most measurements available are limited to less than 1.1µm.6 Several methods exist for measuring
the refractive index of polymers in the near infrared, namely ellipsometry for thin films, Abbe refractometry7–9 for
liquid samples and prepared solids, interferometric methods and fibre optic methods.2, 10 Each of these methods
requires a significant effort in sample preparation, in most cases a significant volume of sample, and may not be
convenient for all states of the material to be measured.

Here we describe the use of a fiber refractometer to determine the refractive index as a function of temperature
of copolymers with different ratios of PS and PMMA at 1.55µm. This refractometer is capable of measuring the
refractive index of polymers in the solid and liquid state, as such it is a useful tool in monitoring the cure of
polymers.

The nature of polymers is that their mechanical properties vary quite widely depending on the recipes and
methods used for their manufacture. Our work with integrated optics and POF requires polymer materials of
varying refractive index to achieve our design goals. Our requirement extends to materials that can be used
in both their bulk and thin film forms. This paper describes the theory related to thermo-optic coefficient of
materials, describes a simple fiber refractometer that is suitable for measuring the material properties, and finally
shows that it is indeed possible to engineer the refractive index using copolymers and be able to predict their
thermo-optic coefficient. The ability to measure refractive index and the thermo-optic coefficient over a large
temperature range allows the design and synthesis of materials for adaptive and tuneable devices.
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2. POLYMER MATERIALS THEORY

It is well known that the curing of a polymer is associated with a change in density. This change in density
results in a change in refractive index which is measurable to determine the cure state of a polymer.

The Lorenz-Lorenz law shows the dependency of refractive index n, on the density ρ, and polarizability β,

n2 − 1
n2 + 2

=
N

3Mε
ρβ (1)

where N is Avogadro’s Number, M the molecular weight and ε is the free space permittivity.2

The rule of mixtures states that the density of a composite material can be expressed as the weighted average
of the density of the constituents,

ρ =
∑

i=1..k

fiρi (2)

where fi is the volume fraction and ρi is the density of the constituent parts.11 Thus the combination of two
materials of different density will result in a material of different refractive index.

Differentiating equation (1) gives gives the thermo-optic coefficient

dn

dT
=

N(2 + n2)2

18Mnε
[β

dρ

dT
+ ρ

dβ

dT
] (3)

where T is temperature. For a given molecular weight, the two factors influencing dn
dT are the change in density

dρ
dT which leads to a decrease in n with increasing temperature and the change in polarizability dβ

dT which leads
to an increase in n with increasing temperature. In materials such as polymers the change density dominates
and hence the thermo-optic coefficient is negative.

3. FIBRE OPTIC REFRACTOMETER THEORY

The power reflected from the cleaved end of a single-mode optical fiber can be expressed as

R = K(
nf − n

nf + n
)2 (4)

where R is the reflected optical power, nf is the effective index of the guided mode, n is the refractive index of
the material under test and K is a factor which includes constants such as the launched power, the system losses
and differences in the cleave.

To determine nf a statistical calibration procedure was employed using air corrected for temperature and
pressure,12 deionized water corrected for temperature13 and toluene corrected for temperature,.14 The optical
fiber refractive index has a weak temperature dependence of 11.1 × 10−6 and this was allowed for by adjusting
nf for the measurement temperature.13

Following the determination of nf , K was determined prior to each measurement by measuring the reflected
power from a freshly cleaved air-fiber interface, corrected for temperature and pressure, sampled over a 10 minute
time period, and averaged.

The fiber was placed directly into a liquid sample or into a solid polymer sample either by heating until
the polymer flowed and the fiber could be inserted, or by placing a small drop of solvent such as MEK on
the polymer, inserting the fibre and holding it in position until the solvent evaporated. Sometimes heat was
necessary to assist in driving off the solvent to achieve a constant reading. Sources of error included instability
in the source, coherent reflections, and the possibility of small gas bubbles forming in the sensing volume when
a solid polymer is heated. An absolute RI uncertainty of 0.005 was achieved for RI’s at least ±0.01 from the
guided mode effective index of 1.448.
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Figure 1. Schematic of fiber optic refractometer and control system

It should be noted that the response reflected power versus refractive index is not monotonic and thus one
needs to know whether the expected index is above or below that of the temperature-corrected fiber index. This
is not an issue for the main polymers of interest as their refractive indices are well above the fiber index. One
method of overcoming this uncertainty is to use two fibers with different effective indices (for example, one a
pure silica fiber and the other a germanium doped fiber), the solution would then be monotonic. This was not
pursued to avoid complexity in the measurement system.

4. FIBER OPTIC REFRACTOMETER

The fiber refractometer used is depicted in figure 1 and is similar to that described previously1 with the following
key differences: the operation wavelength was 1552.8nm, a circulator was used instead of a Y-coupler for reflection
measurements to avoid errors associated with coherent reflections, and the output was measured by an optical
power meter rather than detected and sent to a lock-in amplifier. The absolute accuracy of the refractometer
was 0.01, and the resolution was better than 0.005. The resolution and accuracy are sufficient in this application
because the expected thermo-optic coefficient of polymers is typically of the order of −10−4K−1.13, 15

The DFB laser diode operated at 1552.8nm and a PT100 temperature-dependent resistor was used to measure
temperature. Labview software controlled the entire measurement process including initialization of the instru-
ments, gathering and interpretation of calibration data to determine nf , the post cleave calibration to determine
K, and the measurement itself. In measurement mode the temperature and the optical power were measured
once every 30 seconds. To minimize noise each measurement was averaged for 10 seconds. The instruments used
were a Fluke 8840 multimeter in 4 wire resistance mode for measuring the PT100 resistance, and an HP8153A
optical power meter for measuring the reflected power.
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Figure 2. Refractive index vs temperature for various PS:PMMA copolymers at 1.55µm. Straight lines indicated pre-
dicted results.

5. COPOLYMER SYNTHESIS

The copolymers characterized were synthesized from monomers by free radical addition polymerization using
benzoyl peroxide as an initiator. The ratios of styrene and methylmethacrylate were varied and benzoyl peroxide
was added at the ratio of 5% by weight. Copolymer and pure MMA mixtures were heated to 90◦C for 2 days
and left for 5 days at room temperature to allow polymerization to complete. Styrene was heated to 135◦C
and the same curing schedule maintained. The polymerizations were carried out in test tubes and the volumes
polymerized were between 1 and 5 ml. In interpreting the results the volume fractions were adjusted to take into
account the density of the monomer and the expected density change on polymerization.

6. EXPERIMENTAL METHOD

In all cases the fiber was able to be embedded when the polymer was heated to 150◦C locally by use of a heat
gun. The PT100 temperature probe was also embedded close to the fiber end. The sample was then taped onto
a microscope slide and placed in an aluminium box. This box was placed in an oven constructed from a hotplate
and an insulating box. The samples were heated to 150◦C and the temperature was allowed to stabilize in order
to minimize thermal gradients. The samples were then allowed to cool to room temperature over a period of 5
hours. The maximum rate of change of temperature was 2◦Cmin−1 which occurred at the higher temperatures.
A Cary 5000 spectrophotometer was used to determine the transmission spectrum of each of the samples. The
instrument was set to scan from 200nm to 2000nm with detector and grating changeover at 800 and 900nm
respectively. The spectra showed no significant change with composition.

7. RESULTS

Figure 2 shows the measured refractive index of the copolymers as a function of temperature at 1.55µm. It
also shows the predicted values based on the rule of mixtures corrected for anticipated density changes during
polymerization. The basis upon which the predictions were made was that the refractive index values for for the
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Figure 3. Refractive index vs styrene volume fraction in PMMA at 25◦C and 1.55µm.

pure polymers was taken at room temperature and a line of slope equivalent to previously published13 thermo-
optic coefficients was drawn. Other lines were then drawn as by taking the appropriate volume fraction according
to the rule of mixtures given in equation (2).

The data for PS showed significant difference in slope compared to that expected. This was attributed to the
higher polymerization temperature leading to shorter cure times and consequently shorter chain lengths.

The copolymers with higher PS content shown good correlation to the predictions, however those with higher
PMMA content have a higher index that that predicted. This can be explained because the boiling point of
MMA (100◦C) is much lower than the boiling point of styrene (145◦C) and a quantity of the vapor of the lighter
fraction has been lost during cure.

For polystyrene and PMMA the refractive indices were 1.569 and 1.483 at 25◦C respectively,which agreed
with published data for both PS and PMMA. The refractive indices for the PS and PMMA copolymers show a
linear relationship to styrene volume at room temperature as shown in figure 3. This result was anticipated by
the rule of mixtures.

The thermo-optic coefficients derived from figure 2 are shown in figure 4 in which they are also compared to
data obtained at shorter wavelengths for PS and PMMA.13 The lines show the prediction of dn

dT based on the
rule of mixtures at shorter wavelengths. The sign of the thermo-optic coefficients are as expected, but the values
obtained to not lie within the ranges published for the polymers and predicted by volume fraction. This is an
example of the variability in polymer properties with synthesis conditions.

The glass transition temperature was derived from the results in figure 2 by a method described elsewhere,1

and the results are plotted in figure 5 showing an approximately linear relationship. Again these do not lie in
the range of previously published data,11 which could also be explained by a smaller than expected polymer
molecular weight or the presence of excess inhibitors. The glass transition temperature, density and therefore
the refractive index depend on the molecular weight and solids content of the polymer, and the molecular weight
in turn is determined by the cure parameters, i.e. the amount of initiator and the time and temperature of cure.
More investigation is required. It should be noted that all of the above results are valid only below the glass
transition temperature in each case.
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Figure 6. Published refractive index data at room temperature13 compared to experimental data at 1.55µm.

8. CONCLUSIONS

These results show that a simple fibre refractometer can be used to measure refractive index of both solid polymer
and liquid samples at 1.55µm. This refractometer can be used to determine the cure state of a material as the
cure process involves an increase in density and therefore refractive index. In future work we plan to use the
fiber refractometer as a tool to measure the refractive index of polymers as a function of electric field at 1.55µm
as the sensor is immune to electric fields.

Copolymers can be engineered to a desired refractive index by appropriate mixing of the constituent monomers
with predictable thermo-optic coefficients provided operation is below the glass transition temperature. This work
highlights some of the variations that can cause inconsistency between batches of polymers and it provides a tool
to by which the quality of the synthesis can be monitored using refractive index as a function of temperature.

The refractometer can also be used to determine material properties such as the glass transition temperature
of a polymer. This is useful in applications such as integrated optics and polymer fiber fabrication, particularly
where the thermo-optic and thermoplastic properties of copolymers are important.
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