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ABSTRACT: The optical transmission stability was investi-
gated for commercially available polymer optical fibers
(POFs) which were exposed to a climate of 92°C and 95%
relative humidity for about 3300 h. The optical transmission
stability of POFs was correlated to their thermooxidative sta-
bility. POFs possessed identical core material, poly(methyl
methacrylate), but they differed in the materials used for the
claddings. The optical transmission was measured online
using a prototype device called multiplexer. The chemilumi-
nescence (CL) technique was applied to characterize the ther-
mooxidative stability and degradation of POFs. CL analysis
reveals the thermooxidative degradation of bare POFs (core

and cladding), predominantly of the claddings, as a result of
climatic exposure. Ultraviolet-visible transmittance measure-
ments demonstrated more changes in the claddings as com-
pared to the cores due to degradation. The CL and optical
measurements data indicated that the optical transmission
stability of POFs was dependent mainly on the thermooxida-
tive stability of the claddings and their chemical composi-
tions. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103: 1593—
1601, 2007
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INTRODUCTION

Polymer optical fibers (POFs) have been demonstrated
as an alternative medium for glass and copper fibers in
the area of short-haul optical data communication.'™
Despite high attenuation (optical transmission loss) of
POFs, they offer a few great advantages such as large
core diameter, large numerical aperture, high ductility,
and low cost of production. The commercially avail-
able step-index (SI) POFs are poly(methyl methacry-
late) (PMMA), polystyrene, and polycarbonate based
fibers. The graded-index (GI) POFs have gained much
attention because of their high optical transmission per-
formance. In recent years, researchers have focused on
high-bandwidth and low-attenuation POFs; as a result,
the GI fiber Lucina™ has been developed. This spe-
cialty POF is based on Cytop™, which is a cyclic per-
fluoropolymer.* Various fluoropolymers are known to
use claddings in ST POFs.”

The optical transmission loss in commercially avail-
able POFs is a contribution of both intrinsic and ex-
trinsic loss factors. Table I shows sources of the loss
factors, which have been explained in detail else-
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where.”” POFs are employed under various industrial
environmental conditions such as high temperatures,
high humidity, combination of temperature and hu-
midity, and repeated bending. The optical transmis-
sion stability is a key issue under such conditions for
long-term applications of POFs and other polymer-
based optical components. It is known that the long-
term optical transmission performance of POFs under
various climatic aging conditions is unsatisfactory as
compared to glass fibers.! However, the real causes
for an increase in the optical transmission loss due to
climatic exposure are still not clearly understood, and
so this subject is still under debate. In general, any
small physical and chemical changes can largely
influence the optical transmission stability of POFs.
However, in long-term applications, the optical trans-
mission stability is most likely governed by the oxida-
tive stability of polymers that are used for the fabrica-
tion of POFs. The core and cladding are the chief
components, which have a large influence on the opti-
cal transmission of the POF. Therefore, in this work,
much attention is paid to study the thermooxidative
stability of these components.

The utility of the conventional methods such as
Fourier transform infrared (FTIR) coupled with ther-
mogravimetry and differential scanning calorimetry is
limited by lack of sensitivity for monitoring the ther-
mooxidative degradation of polymers. On the other
hand, the chemiluminescence (CL) technique has been
known for many years for monitoring the thermal oxi-
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TABLE I
Optical Transmission Loss Factors of POFs

Loss factor

Source

Intrinsic

Absorption overtones (higher harmonics) and electronic transitions: C—H,

C=0,C—-C, C-0, C=0, and C=C
Rayleigh scattering: fluctuations in the density and refractive index, and

molecular orientation

Extrinsic
(e.g., chain-transfer agents)

Absorption: transition metals (e.g., Fe and Co), and organic contaminants

Scattering: dust, microvoids and macrovoids, microcracks, bubbles,
fluctuations in the core diameter, and core-cladding boundary imperfections

dation in many organic compounds and organic poly-
mers.”® According to the most commonly accepted
mechanism, the CL emission is the result of the decay
of an electronically excited state carbonyl (ketone) mol-
ecule produced during the oxidation. However, as far
as the precise molecular pathway to the excited car-
bonyl is concerned, more than one mechanism has
been discussed,® but without implications for our cur-
rent interest. The CL emission is proportional to the ox-
idation reaction rate, a higher emission meaning lower
thermooxidative stability and lower emission meaning
higher thermooxidative stability of the polymer under
investigation. Since the development of the single-pho-
ton-counting technique, CL has been demonstrated to
be a powerful tool for investigating the thermooxi-
dative stability of many commodity and engineering
polymers especially of polyolefins’ and polyamides.'
Recently, it has been successfully extended to study
the thermooxidative degradation behavior of PMMA-
based POFs'' and conjugated polymers.'*'?

This study is focused on correlating the optical
transmission loss behavior with the thermooxidative
degradation of POFs. As a new effort, by applying the
CL technique, the thermooxidative stability before
and after exposure to 92°C and 95% relative humidity
(RH) has been characterized for bare POFs (core and
cladding) and claddings individually. A good corre-
spondence between CL and climatic exposure has
been found that the lower the thermooxidative stabil-
ity of POFs the higher the degradation. The experi-
ments here have demonstrated that the probability of
claddings degradation is more as compared to cores.
The optical transmission stability of POFs could
depend mainly on the chemical compositions of clad-
dings.

EXPERIMENTAL
Materials and climatic exposure/ageing

Two SI POFs with PMMA core were investigated.
The fibers were named as S1 and S2. These samples
consisted of core, cladding, and jacket. Fibers with
this structure are called cables; those without the
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jacket are called bare fibers. The specifications of the
POFs are presented in Table II. With a climatic cham-
ber (VCS 4034-5/S, Votsch Industrietechnik GmbH,
Berlin, Germany), POF cables were exposed to a cli-
mate of 92°C and 95% RH for about 3300 h. For chem-
ical investigations, the jackets of POFs were mechani-
cally removed using a wire stripper.

Optical transmission measurements

The optical transmission of POFs was measured dur-
ing exposure and using multiplexer. The optical trans-
mission at 525, 590, and 650 nm was recorded online.
Light-emitting diodes were used as light sources in the
multiplexer. The working principle of the multiplexer
can be found in refs. 1 and 14. For the present exposure
test, 12 m as a standard length of POF cables was
selected. Out of 12 m length, 10 m was placed inside
the climatic chamber for exposure, whereas the ends
(each 1 m length from the chamber) were connected to
the multiplexer standing outside the chamber.

Cladding extraction

To separate the cladding from the rest of the POF,
first, jackets of POFs were removed manually using a
wire stripper. Then, bare POFs were cut into small
pieces (2-4 cm long) and soaked in chloroform for 15—
20 h at ambient temperature for the complete dissolu-
tion of the core. We found this as the best way of sep-
arating the cladding from the core. The nondissolved
claddings were separated from the core solutions by
the ordinary filtration using a Whatman filter paper,
washed three to four times with the same solvent and
then pressed between soft papers to remove the
excess solvent. Finally, the remaining solvent was
removed via drying at below 55°C in a vacuum oven.
In this way, the obtained claddings appeared as hol-
low cylinders.

CL
Instrumentation

A computer-controlled, self-constructed, and simple
setup was used for the present investigation. The
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TABLE II
Specifications of POFs
POF Manufacturer Core Cladding® Jacket
S1 Toray Industries, Inc. (Osaka, Japan) PMMA Highly fluorinated polyolefin PA12
or copolymer of olefins
S2 Mitsubishi Rayon Co., Ltd. (Tokyo, Japan) PMMA PFA PE

? Experimental findings.

block diagram of the CL instrumentation is shown
Scheme 1. It consisted mainly of an airtight sample
chamber coupled to a thermostat heater, which was
controlled within +0.1 K using a temperature control-
ler (Model 340, Lake Shore Cytronics Inc., Westerville,
OH), a photomultiplier tube (PMT) (Model R1527P,
Hamamatsu Photonics K. K., Hamamatsu, Japan),
and a single-photon-counting detector (EG&G/Ortec,
Oak Ridge, TN). A detailed instrumentation of the CL
setup can also be found in ref. 15.

Sampling

Both, bare POFs and claddings, were cut into 2-3 mm
pieces and horizontally mounted on a clean alumi-
num pan in the sample chamber. Almost a constant
weight (equivalent to a constant volume-to-surface
ratio) was maintained for all the samples.

Measurements

Temperature ramp measurements were conducted in a
temperature range of 107°C (380 K) and 177°C (450 K).
CL curves were recorded under a constant flow rate
of pure oxygen gas. Blank CL measurements for the
empty aluminum pan were conducted to ensure that
the background emission would not reach sample
emission levels.

Ultraviolet—visible (UV-vis) transmittance
measurements

UV-vis transmittance spectra were recorded with a
Varian Cary 300 instrument. To register the spectra of
the cores, solutions were prepared using a spectrog-
rade dichloromethane. Claddings prepared as previ-
ously described above (see the Cladding Extraction
section) were directly used for recording the spectra.

RESULTS AND DISCUSSION
Optical transmission loss behavior

The results of the optical transmission measurements
are depicted in Figure 1. The presented data were
obtained by the averaging of the three wavelength
transmissions measured as a function of time during
exposure of POFs to 92°C and 95% RH. The data
clearly evidence a difference in the optical transmis-
sion stability between S1 and S2, although they pos-
sessed identical core material, PMMA. S2 exhibited
higher stability than S1. Additionally, the transmis-
sion loss behaviors displayed by these two were dis-
similar. In this and subsequent paragraphs, the term
transmission is used instead of optical transmission of
POFs for easy understanding.

Within about 50 h of exposure, the transmission of
both POFs decreased to a certain extent (ca. 6%), and
during this reduction, they exhibited a similar loss
behavior (Fig. 1). These observations are similar to the
findings of Daum and coworkers,"'® who attributed
this initial transmission reduction to a fluctuation of
humidity in POFs. Schartel et al."' attributed it to
chemical changes by the oxidation of low-molecular-
weight species present in the fiber. In our previous
work, a similar exposure experiment on various bare
POFs with a PMMA core showed that physical influ-
ences such as shrinkage and an increase in diameter
of POFs, were most likely to cause the initial trans-
mission reduction.'”” However, CL experiments car-
ried out here to the unexposed samples indicate the
presence of low-molecular-weight species or che-
misorbed water (see the CL of the unexposed POFs).
Hence, the observed initial transmission reduction is
attributed to primarily physical changes and second-
arily to chemical changes.

After the small transmission reduction at the start
of exposure, the transmission loss behavior of POFs

Signal processor
Sample as | g Data recorder
Detector (PMT) ——
light source il ) (Preampllﬁer. (Computer)
Descriminator)
Heating Temperature
element controller

Scheme 1 Block diagram of the CL instrumentation.
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Figure 1 Relative optical transmission of POFs measured
during exposure to 92°C and 95% RH.

was different (Fig. 1). Both exhibited a continuous
decrease in transmission, but S1 registered a higher
time dependency than S2. At some point in the initial
stages, S2 displayed a reversible increase and
decrease to a certain level and then a very slow
decrease, whereas S1 demonstrated a continuous fast
decrease with the exposure time. The variation of
transmission of S2 is assigned to mainly physical
changes, as chemical reactions alone would show a
monotonic decrease in transmission. Physical changes
are most likely due to the presence of humidity, and
the extent of a reversible transmission change could
depend on material properties of the core, the cladding,
and the jacket. However, from the position of the slow
decrease and continuous fast decrease of transmission
of S2 and S1 respectively (Fig. 1), the changes are attrib-
uted to mainly the thermooxidative degradation of
the polymer.

CL

The investigated bare POFs as well as claddings
exhibited CL with no induction period in the selected
temperature range. Because the CL emission is pro-
portional to the rate of the oxidation, it can directly
measure the thermooxidative stability of a sample
under investigation. Because for the investigated sam-
ples the original physical form and a constant initial
weight were maintained, the results are comparable.
In our previous work, we demonstrated that the total
CL emission from the bare POF was the contribution
of both core and cladding.'®

CL of the unexposed bare POFs

CL curves for the unexposed bare POFs S1 and S2
were recorded separately and are presented in Fig-
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ure 2. Although both samples possessed the PMMA
core, they evidenced unequal thermooxidative stabil-
ity (Fig. 2). The investigated samples showed similar
characteristics with respect to the initial peak and pla-
teau behavior. Schartel and coworkers'''® reported
similar results, showing the consistency of the CL
method. At the initial temperature step (107°C), the
CL peak emission from S2 was more or less equal to
that of S1. However, the observed initial peak behav-
ior of both samples can be attributed to the extent of
consumption of low-molecular-weight species such as
monomer present in the polymer matrix reacting with
oxygen and/or to the reaction of a fraction of the
polymer accessible in excess with already available or
trapped oxygen. This reaction may be independent of
the diffusion of surrounding oxygen. Strlic et al."”
studied CL of cellulose and reported such an initial
peak, which was mainly due to chemisorbed water in
the polymer. If the second interpretation is adopted,
the observed initial peak would represent an amount
of the absorbed humidity in the present samples. Out
of the pathways of both interpretations (monomer or
chemisorbed water), it can be concluded that a small
difference in the CL emissions from S1 and S2 was
due to fiber processing and conditioning histories.

In the subsequent temperature steps, the CL pla-
teau emission from S2 was greater than that of S1, but
both showed an increasing trend. The CL plateau
emission can be regarded as the availability of poly-
mer molecules to the thermally activated oxidation,
given that the oxygen diffusion is constant. The possi-
ble explanations for the increasing trend are, an
increase in the mobility of the polymer chains that are
spatially separated and an increase in the diffusion or
dissolution of oxygen in the polymer matrix. The
chain mobility could be additionally increased by the
plasticizing effect of degradation products. At higher
temperatures (167°C and 177°C), the plateau behavior

43 :
—— bare POF S1

404

35 | bare POF 52

CL emission (c/s)

CL time (hrs)

Figure 2 CL of the unexposed bare POFs.
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of 52 was marked to vanish but attained a broad max-
imum and then decreased. This may not be surprising
because higher temperatures could result in accumu-
lation of reaction products that can quench the
excited-state carbonyls; as a result, a fast decay rate of
the CL emission can be expected.”” The decay rate
could be enhanced by the mobility of both excited-
state molecules and oxidation products, due to melt-
ing of the polymer. The influence of temperature on
the decay rate can be seen in Figure 2 that S2
showed CL emission with less pronounced declining
slope at 167°C than at 177°C. However, a detailed
investigation has to be carried out to confirm these
characteristics.

The CL emission from S2 was higher, and it ap-
peared less thermooxidative stable than S1. The dif-
ference in the CL emissions between the two samples
is attributed to predominantly a difference in the
chemical compositions of the claddings because the
core polymer of both fibers was PMMA. Additional
influencing factors could be the polymer formulation
and polymer manufacturing and fiber drawing condi-
tions. However, these issues are less significant
because POF producers can use similar formulations
and drawing conditions to achieve transparency as
high as possible. Hence, the claddings should be re-
sponsible for the observed difference in CL of bare
POFs. We also believe that the CL behavior of a bare
POF is almost a model of its cladding CL, except for
the lower emission, mainly because of the sample
physical structure. CL of the claddings is discussed in
the subsequent sections. It is well known that the core
(950-980 pm in diameter with closed geometry) is a
major part of the bare POF. But, oxidation (with new
oxygen from the surrounding) of a bare POF starts
first at the cladding (20-50 pm thick) and then at the
core because the cladding acts also as a protective
layer. Therefore, it is possible to assume that the ther-
mooxidative degradation of the core should depend
mainly on the oxygen diffusion constant of the clad-
ding material. The subsequent results indeed demon-
strate the importance of claddings in the thermo-
oxidative degradation of POFs.

CL of the unexposed claddings

CL of the unexposed claddings S1 and S2 is presented
in Figure 3. For both samples, similar CL characteris-
tics (peak and plateau behavior) were observed as in
the case of bare POFs. The CL emission from cladding
52 was higher, showing its lower thermooxidative sta-
bility as compared to cladding S1. These results are
consistent with CL of bare POFs. Hence, it can be a
qualitative but clear indication that the CL emission
from the bare POF results mainly from the cladding.
These results are in good agreement with our previ-
ous results obtained for various POFs.'®
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Figure 3 CL of the unexposed claddings.

Comparing the CL of the unexposed bare POFs and
their corresponding claddings, it was observed that
the total CL emission from the claddings was all the
time higher than that of bare POFs. A few factors are
involved, regardless of the chemical composition dif-
ference between the core and cladding. The physical
factors that strongly appear could be the hollow
structure with cylindrical geometry and the thickness.
Because of the hollow structure, the diffusion of oxy-
gen from all directions appears to be more efficient to
the sample. Because of the smaller thickness of the
cladding as compared to the core, the dissolution of
oxygen can be promoted by the efficient diffusion.
Therefore, these factors could largely influence the
degradation rate of the cladding. The influences
seemed to be more effective at higher temperatures
(Fig. 3), implying an increase in the diffusion rate and
chain mobility.

While assuming that the physical structural factors
are the major causes for the higher CL emission from
the claddings as compared to bare POFs, the differ-
ence in the CL emissions between the claddings could
be due to a difference. Using FTIR spectroscopy, the
chemical compositions of the unexposed claddings
were characterized. It was found that cladding S1
should be either a highly fluorinated polyolefin or a
copolymer of fluoroolefins, and cladding S2 should
be a poly(fluoroalkyl acrylate) (PFA). The CL data
revealed that the PFA polymer was more prone to the
oxidative degradation than a highly fluorinated poly-
olefin or a copolymer of fluoroolefins. One primary
reason could be the availability of C—H groups
(number or —I, inductive effect of groups at the «
position) for the subsequent oxidation. Additionally,
other factors such as chain branching and functional
groups could influence the CL emission and its be-
havior as well.?** Thus, different cladding materials
oxidize to different levels; as a result, POFs could ex-

Journal of Applied Polymer Science DOI 10.1002/app
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hibit uneven thermooxidative stability despite their
identical core material. Accordingly, the extent of oxi-
dative degradation of the core depends mainly on the
material types as well as the thickness of the cladding,
which is the starting component in the oxidative deg-
radation of the bare POF.

CL of the exposed bare POFs and claddings

The exposed bare POFs as well as claddings exhibited
a few changes due to climatic exposure. Figure 4(a,b)
shows the respective CL curves. The results indicate
that the CL emission was much higher for the
exposed samples than for the unexposed ones. This
undoubtedly evidences that the taking place of degra-
dation was a result of climatic exposure. CL of the
exposed bare POFs as well as claddings showed an
intense, sharp peak at 107°C (peak 1, Fig. 4). However,
exposed POF S1 exhibited continuous peaks (peaks 2—-
4) in contrast to plateaus of POF S2 at the subsequent
temperature levels (117°C, 127°C, and 137°C). The CL
peak behavior clearly implies that one of the reactants
was consumed during the oxidation process. The
reactants could be one or more of the involved low-

180

20— bare POF S1 |

1804 bare POF 82 |

CL emission (c/s)
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240 - I —— cladding 51 r
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1| e cladding 52 | P
ool —— == 1 | . - 140

1801 (b) — Eo
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CL time {hrs)

Figure 4 CL of the exposed (a) bare POFs and (b) clad-
dings.
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molecular-weight degradation products formed as a
result of thermooxidative degradation. The different
peaks (peaks 1-4) could be interpreted as being due to
the difference in the oxidizing abilities of various deg-
radation products. The CL emission of peak 1 may be
independent of the diffusion of external oxygen
because, in the polymer matrix, using up the dis-
solved oxygen itself may still be adequate to generate
peroxy radicals. To study the potential influence of
the external oxygen, we investigated CL of the
exposed bare POFs under nitrogen atmosphere
instead of oxygen. The reappearance of peak 1 was
found, though with a lower emission and a much
lower emission of all subsequent peaks and plateaus.
This shows that the requirement of enough oxygen is
necessary to oxidize reactants completely. Neverthe-
less, the exposed samples peak behavior can be a
direct indication of readily oxidizable products, and
so the peak intensity could be a measure of the extent
of consumption of these products at a particular
temperature.

The evaluation of the CL emission from the ex-
posed samples shows that S2 (both bare POF and
cladding) demonstrated a lower emission than S1 at
the initial four temperature steps (Fig. 4). In the sub-
sequent temperature steps, S2 exhibited much higher
emission than S1. This suggests that CL of S2 might
involve one or more degradation mechanisms. The
thermal aging of polymers can lead to both degrada-
tion and crosslinking reactions.” In view of this fact,
the intensity of peak 1 of S2 could be explained by the
decomposition of the degradation products that are
accumulated only at the surface of the sample. Conse-
quently, the first three plateaus can be attributed to
primarily the thermally activated oxidation of the
available part of the crosslinked polymer, and their
emission rate is controlled by the diffusion rate of ox-
ygen. Because the crosslinks reduces the diffusion
rate, the emission for the first three plateaus was
lower than S1. However, it was higher than the corre-
sponding unexposed samples, probably due to the
decomposition of residual surface accumulated deg-
radation products. For the subsequent temperature
levels (from 147°C to 177°C), the CL emission from S2
started increasing and was much higher than S1. This
can be attributed to the decomposition of dissolved
degradation products in the polymer matrix and an
increased rate of oxygen diffusion. Because of the high
temperature, the polymer can melt. As a result, the
plasticizing effect of the polymer melt could addition-
ally influence the diffusion rate.

On the basis of the above discussion, the interpreta-
tion of the CL data so far can be summarized as fol-
lows. Up to the temperature level of 140°C, S1 exhib-
ited four consecutive peaks with higher emission and
following plateaus with lower emission than 52. Deg-
radation is evidenced by the fact that the CL emission
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from the exposed samples was higher than the corre-
sponding unexposed ones. The CL peaks imply
mainly the consumption of available readily oxidiza-
ble active species that newly become accessible upon
a new, higher temperature level first being reached.
The following plateaus emissions are derived mainly
from the oxidation of an available part of the polymer
under stationary conditions and is governed by the
individual diffusion rate of (new) oxygen in the sam-
ple. In comparison with the variation (first decrease
and then increase) of the CL emission displayed by
exposed S2, S1 furnished no such results. Therefore,
this suggests that the thermooxidative degradation
could be the main result of climatic exposure of S1 in
contrast to both thermooxidative degradation and
crosslinking of reactions in S2.

The comparison of the total CL emission (integra-
tion over time) shows a higher value for S2 than for
S1. It clearly evidences that the extent of the ther-
mooxidative degradation of S2 was higher than S1.
This outcome is in agreement with CL of the unex-
posed samples; that is, S2 exhibited lower thermooxi-
dative stability as compared to S1.

Of course, other factors such as humidity and POF
jacket were not taken into account in the CL experi-
ments of the unexposed samples, although the actual
climatic exposure test was conducted in the presence
of them. These factors could influence CL of the bare
POF and the cladding as well. Not much data is avail-
able regarding the influences of the aforementioned
factors. However, Schartel et al.'! found a decrease in
CL emission as a result of water absorption in POFs.
This was not found in the present CL experiments.
Nevertheless, it is known that the water absorption in
polymers such as acrylate polymers can lead to both
physical and chemical changes.***> Polymer swelling
can be a physical change, for instance. No consider-
able swelling was observed in the present POFs.
Water can be chemically interacted via hydrogen
bonding and can very slowly hydrolyze functional
groups such as esters. These changes may be expected
in these samples, more particularly in cladding S2
(PFA) and in the PMMA core and only to a much
lower extent in cladding S1 (a highly fluorinated
polyolefin or a copolymer of fluoro-olefins). Such
chemical changes could lead to a complex thermooxi-
dative degradation mechanism that ultimately results
in the formation of complex degradation products.
Accordingly, an exact qualitative explanation for CL
of the exposed samples may be very complicated.
Nonetheless, our CL experiments show that the
absorption of water in POFs results in an increased
rate of degradation.

The POF jacket could also influence the rate of ther-
mal oxidation by controlling the rate of oxygen diffu-
sion and water vapor during exposure. Therefore, the
materials of the jacket could play an important role in
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the thermooxidative degradation of the core and clad-
ding. Polyamide 12 (PA 12) and polyethylene (PE)
were the jacket materials of POFs S1 and S2 respec-
tively (Table II). It is known that the oxygen diffusion
coefficient of PE is higher than PA 12, whereas the
water absorption rate in PA 12 is higher than PE.*
Although this information provides a broad idea
about the potential influences of jackets on degrada-
tion of POFs, the real effects were found to be difficult
to assign because the cladding materials used here
were different. Additionally, jackets themselves can
degrade by climatic exposure; as a result, their mate-
rial properties will vary to different extents. Never-
theless, the real causes of individual factors, the hu-
midity and jacket remain challenging for a future
research.

It was found in CL of the unexposed samples that
CL of bare POFs (Fig. 2) was almost a replica of CL of
cladding (Fig. 3). Extremely consistent qualitative
results were obtained from CL of the exposed sam-
ples (Fig. 4). Hence, our CL results strongly support
the statement that climatic exposure of POFs leads to
the thermooxidative degradation predominantly of
the cladding and only to a minor degree of the core.

UV-vis transmittance

The exposed bare POFs, especially S2, appeared yel-
lowish, in contrast to the colorless unexposed ones.
This was thought to be a change of the color mainly
in the cores. But the separation of the claddings from
the cores by the solution method revealed a yellowish
color of the claddings. The UV-vis transmittance
measurements clearly evidenced large changes in the
claddings and only small changes in the cores as a
result of climatic exposure (Figs. 5 and 6). This data
clearly showed the higher degradation of the clad-
dings as compared to the cores. However, the small
transmittance change between the cores was consider-
able, showing that core S2 was more affected than
core S1 [Fig. 5(a,b)]. Both claddings showed more
changes in the far-UV and near-visible regions of
the spectrum (Fig. 6). Cladding S2 showed a big drop
of the transmittance in the region between 220 and
500 nm, which strongly suggested that this new
absorption of light should be due to a variety of chro-
mophores formed due to degradation. Overall, the
UV-vis experiments data is in accordance with the
CL experimental results with respect to climatic expo-
sure of POFs results in more probable degradation of
claddings.

Optical transmission loss: possible explanations

CL and UV-vis experiments evidenced the thermoox-
idative degradation of POFs, predominantly of clad-
dings as a result of climatic exposure. We propose

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 UV-vis transmittance spectra of the unexposed
and exposed cores: (a) S1 and (b) S2.

that the observed loss of optical transmission of POFs
could be derived chiefly from an increase in the light
absorption by degradation products of the cladding
and light scattering due to core—cladding boundary
imperfections. However, we also do not omit the fact
that a small degradation of the core could lead to an
increase in the optical transmission loss.

Takezawa et al”’ reported that aging of (cross-
linked) PMMA-based POFs at 150°C resulted in ther-
mooxidative degradation of the core, due to which a
significant loss of the transmission was observed. They
proposed that the loss of transmission was mainly
due to an increase in light absorption by the conju-
gated carbonyl compounds as degradation products.

This strongly agrees with our hypothesis that a loss
of transmission of POFs is due to increased light
absorption by mainly the cladding and to a minor
extent the core. As the cladding is more degraded
than the core, it can contribute to a large extent to the
total loss. This can be explained in the following way:
both evanescent light and refracted light due to

Journal of Applied Polymer Science DOI 10.1002/app
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imperfections (e.g., by degradation) at the core—clad-
ding boundary can be absorbed in the cladding. As a
result, the basic fiber-optic phenomenon, total internal
reflection, within the fiber might be substantially
reduced, and this causes a significant transmission
loss.

On the other hand, degradation of the cladding also
could lead to a change in the adhesion strength, the
extent of which may depend on cladding materials. It
is known in the POF technology that one of the main
requirements for cladding is good adhesion, as this
significantly determines the functional property of
the POF.>*® Therefore, improper adhesion could lead
to core—cladding boundary imperfections causing
scattering of light resulting in an increase in the trans-
mission loss. Accordingly, climatic exposure could
decrease the adhesion strength of the cladding of both
POFs. Although more degradation of cladding S2 as
compared to S1 was found, contrary in transmission
loss was exhibited by the POFs. That is, POF S1 regis-
tered higher transmission loss than POF S2 (Fig. 1).
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Figure 6 UV-vis transmittance spectra of the unexposed

and exposed claddings: (a) S1 and (b) S2.
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Therefore, it is highly possible that the adhesion
strength of cladding S1 should be decreased to a
larger extent than S2 because both POFs had the iden-
tical core material. It becomes obvious that mainly the
chemical nature of the cladding materials determines
the adhesion property of the cladding. However, the
respective quantitative contributions of each source to
the total transmission loss remains to be studied in a
future research.

CONCLUSIONS

We successfully applied the CL technique to charac-
terize the thermooxidative stability and degradation
of POFs that were exposed to 92°C and 95% RH for
about 3300 h. Very consistent results were obtained
from CL and UV-vis transmittance experiments. The
climatic exposure of POFs resulted in a larger extent
of degradation of the claddings and a smaller extent
of degradation of the cores. The thermooxidative sta-
bility and therefore the optical transmission stability
of POFs were found to depend primarily on the mate-
rials used for the claddings. However, the extent of
degradation of the POFs could depend largely on the
jacket materials and surrounding humidity. An
increase in light absorption due to electronic transi-
tions within the degradation products is proposed to
be the major cause for the optical transmission loss. It
can be suggested that a loss of adhesion strength of
claddings could further significantly increase the
transmission loss of POFs. But, the degree of the opti-
cal transmission loss could depend chiefly on the
cladding chemical composition. With these findings,
we propose that CL can be used as a sensitive tool to
investigate the relative thermooxidative stability of
POFs.
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