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ABSTRACT: The conversion ofn-alkylsulfinyl OC1C10-PPV precursor polymers to the conjugated OC1C10-
PPV polymer and the subsequent reactions of the elimination products in the solid state are studied in situ with
FT-IR, UV-vis spectroscopy, and modulated temperature DSC (MTDSC). FT-IR and UV-vis spectroscopy
allow monitoring the formation of double bonds in the conjugated system. The experimental activation energy of
this conversion reaction is in good agreement with the value from theoretical modeling (101 kJ/mol). Quasi-
isothermal MTDSC heat capacity measurements permit the characterization of the subsequent reaction steps of
the elimination products (dimerization of sulfenic acid and disproportionation of thiosulfinate). The formation of
water in the dimerization step and elimination products results in a positive reaction heat capacity (∆rCp). This
increase in heat capacity is slower than the formation of double bonds, which is attributed to the fact that the
dimerization and disproportionation reactions behave as consecutive reactions relative to the elimination reaction
of sulfenic acid. The amount of water released in isothermal conditions can be calculated from subsequent
nonisothermal MTDSC experiments and can be used as an independent measure for the extent of the dimerization
reaction. Isothermal and nonisothermal MTDSC experiments in solution have shown that phase separation between
the polymer and the solvent occurs. In the nonisothermal experiment a small baseline shift is visible in the heat
capacity signal at high temperature, which is an indication of phase separation. In the isothermal experiments,
the increase in heat capacity is larger for the elimination in solution compared to the elimination in solid state,
which is also an indication not only that the increase in heat capacity is due to the elimination process itself but
also that phase separation interferes beyond a certain conversion. Phase separation in isothermal conditions is
also demonstrated with UV-vis spectroscopy.

Introduction

The microstructure of conjugated polymers is of major
importance for their performance in applications; e.g., quality
and morphology of the conjugated system strongly affect the
performance of the material in light-emitting diodes (LEDs).
In the case of precursor systems, these properties may be
strongly influenced by the elimination reaction. A large number
of papers deal with the conversion of sulfonium poly(p-
phenylenevinylene) (PPV) precursor polymers.1 The broad range
of elimination conditions that are defined in these reports,
however, underlines the difficulty of monitoring the conversion
reaction. For the sulfinyl-PPV precursor polymers, the elimina-
tion was performed at 280°C based on thermogravimetric
analysis (TGA) because other tools for studying the elimination
reaction were not available at that time.2 Some years later, de
Kok et al. investigated the conversion process in more detail
by means of ex-situ heating experiments.3,4 A lot of questions,
however, remained unanswered. To monitor the elimination
reaction of sulfinyl-PPV precursor polymers toward conjugated
polymers, several complementary in-situ analytical techniques
are needed. In a previous paper, FT-IR spectroscopy, UV-vis

spectroscopy, and TGA in nonisothermal mode were employed
to gain a first insight into the elimination and degradation
processes.5

The elimination mechanism of sulfinyl-PPV precursor poly-
mers is considered to take place via a syn-elimination (via a
five-membered ring) in which the intermediate has a planar
structure. This planar conformation can, in general, account for
the selectivity to form trans double bonds because steric
hindrance between phenyl groups obstructs the formation of a
cis double bond (Scheme 1,I ). This process leads to the
expulsion of sulfenic acids as the vinylic bond is formed.6-8

The sulfenic acids are unstable and dimerize to give thiosulfi-
nates with concomitant loss of water.9 The thiosulfinates
disproportionate with the formation of thiosulfonates and
disulfides (Scheme 1,II ).10-12 These products are called
elimination products in this study.

The conjugated polymer in this study is poly[2-(3′,7′-
dimethyloctyloxy)-5-methoxy-1,4-phenylenevinylene] or OC1C10-
PPV. OC1C10-PPV is soluble in its conjugated form due to the
alkoxy chains (OC10 and OC1) on the polymer backbone (Figure
1).13-16 These materials have gained a lot of interest in the
literature because of their relatively easy synthesis, their good
processing capabilities into single-layer devices, and their high
luminescence yields.17 Recently, promising results were also
obtained for photovoltaic (solar) cells.18-21 Therefore, OC1C10-
PPV has become a standard electroluminescent material inside
the polymeric LED (PLED) and plastic solar cell research. An
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important disadvantage of these materials, however, is that in
some cases it is difficult to develop the multilayer structures
required for highly efficient LEDs since cosolubility of the
different materials is hard to avoid.

The most used synthetic route to prepare the OC1C10-PPV
conjugated polymer is the direct “Gilch route”, a one-step
synthesis in basic environment.22 Another promising synthetic
route developed by Vanderzande and co-workers, the “sulfinyl
route”, is a nonionic precursor route.23-26 Note that since the
OC1C10-PPV conjugated polymer is a soluble PPV derivative,
the thermal elimination from a precursor polymer to the
conjugated form can also be carried out in solution. This is
important for applications where an already conjugated polymer
can be deposited on the substrate, instead of a precursor polymer
film that has to be eliminated on the substrate itself (such as
PPV). A huge advantage of performing this elimination in
solution is that the elimination products of the disproportionation
reaction of thiosulfinate do not interfere with the conjugated
polymer, in contrast with elimination from a polymer film (solid
state). Nevertheless, solid-state elimination from a precursor
polymer film may be desirable in those applications where the
deposition of conjugated PPV is impossible. In such a case,
the precursor polymer film can be deposited from other solvents
(avoiding cosolubility), and even precursors of nonsoluble
variants of the PPV’s could be used.

Modulated temperature differential scanning calorimetry
(MTDSC) is very useful in studying phase transitions in
polymeric systems27and will be used to determine the interac-
tion between the conjugated polymer and the solvent. Recently,
phase separation between polymer-polymer and polymer-
solvent systems has been studied using the heat capacity signal
from MTDSC.28-30 In this work, two different solvents will be
studied: chlorobenzene and toluene. Both solvents are used
because of their high boiling points: 130 and 111°C,

respectively. Chlorobenzene is a good solvent for spin-coating,
but it is less suitable on a large scale because of health risks,
while toluene is more used in industry.

In this paper, information from FT-IR spectroscopy, UV-
vis spectroscopy, and MTDSC as in-situ analytical techniques
will be combined to develop a clear picture of the conversion
process in the solid state and in solution. It is a challenge to
combine these data to one global picture.

Experimental Part

Thermal Analytical Techniques and Sample Preparation.The
in-situ FT-IR elimination reactions in the solid state were performed
in a Harrick high-temperature cell (Safir), which is positioned in
the beam of a Perkin-Elmer spectrum one FT-IR spectrometer
(nominal resolution 4 cm-1, summation of 16 scans). The temper-
ature of the sample is controlled by a Watlow (serial number 999,
dual channel) temperature controller. The precursor polymer was
spin-coated from a CHCl3 solution (6 mg/mL) on a KBr pellet at
500 rpm. First the small heating cell is preheated to the desired
temperatures (60, 65, 70, 75, and 80°C). Afterward, the spin-coated
KBr-pellet is brought into the preheated cell, which is continuously
flushed with nitrogen (open system). The spin-coated KBr pellet
(diameter 25 mm, thickness 1 mm) is in direct contact with the
heating element. “Timebase software” (Perkin-Elmer) is used to
follow the processes.

In-situ UV-vis measurements in the solid state were performed
on a Cary 500 UV-vis-NIR spectrophotometer, adapted to contain
a Harrick high-temperature cell (scan rate 600 nm/min, continuous
run from 200 to 600 nm). The precursor polymers were spin-coated
from a CHCl3 solution (6 mg/mL) on a quartz glass (diameter 25
mm, thickness 3 mm) at 700 rpm. The quartz glass was heated in
a Harrick high-temperature cell and positioned in the beam of the
UV-vis-NIR spectrophotometer. Spectra were taken continuously.
The experiments are performed in the same manner as the in-situ
FT-IR measurements. All measurements were performed under a
continuous flow of nitrogen (open system). “Scanning Kinetics
software” (Varian) is used to follow the processes.

For the in-situ UV-vis measurements in solution, a solution with
a concentration of 8.33× 10-5 g/mL is brought in a quartz cuvette
(closed system) and is then positioned in a cuvette heating accessory
(Perkin-Elmer) that can be placed in the beam of the UV-vis
spectrophotometer (Perkin-Elmer Lambda 45 UV-vis). The tem-
perature of the heating accessory is controlled with a heating
circulator (Julabo HD-4, Julabo Labortechnik GmbH). Isothermal
experiments were performed at 70, 75, 80, 85, 90, and 100°C.

The modulated temperature differential scanning calorimetry
(MTDSC) measurements were performed on a TA Instruments
modulated 2920 DSC with MDSC option and equipped with a
refrigerated cooling system. Helium was used as a purge gas (25
mL min-1). Indium and cyclohexane were used for temperature
calibration; the former was also used for enthalpy calibration. Heat
capacity calibration was performed with a poly(methyl methacry-
late) standard (PMMA) supplied by Acros.31 The heat capacity
difference between 150 and 80°C is used, one temperature above
and one temperature below the glass transition temperature (Tg) of
PMMA, to make sure that heat capacity changes were adequately
measured. The measured difference in heat capacity before and after
the Tg of PMMA (∆Cp, measured) is compared with the corre-
sponding literature value (∆Cp, literature) to calculate the calibration
factor KCp. It is necessary to calibrate the instrument every time a
new type of pan or a new modulation period is used. The isothermal
experiments in the solid state are performed in aluminum Perkin-
Elmer (PE) 10µL-0.15 mm pans. A temperature modulation of
(0.5 °C (amplitude) per 60 s (period) is used (noted as 0.5°C/60
s). The sample weight is between 5 and 10 mg. For the solid-state
MTDSC experiments, films of either the precursor polymer or the
conjugated polymer are pressed at 35°C to a thickness of 500µm
between an aluminum foil. Reproducible MTDSC measurements
were obtained using this method of sample preparation. The
experiments in solution are carried out in PE 40µL-0.15 mm pans

Scheme 1. Conversion Process of Sulfinyl-PPV Precursor
Polymer to the Conjugated PPV Polymer: (I) Mechanism of the
Elimination Reaction; (II) Dimerization and Disproportionation

of Sulfenic Acids

Figure 1. Structure of poly[2-(3′,7′-dimethyloctyloxy)-5-methoxy-1,4-
phenylenevinylene (OC1C10-PPV).
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and in high-pressure stainless steel (HPS) pans. The HPS pans are
used in experiments where temperatures above 100°C are applied
(nonisothermal experiments). Modulation conditions of(0.5 °C/
100 s are selected for the heavier HPS pans. For the experiments
in solution, a mixture of about 50% (m/m) is prepared directly in
the pan by adding an equal mass of a given solvent to a weighed
amount of the precursor polymer. Each pan is hermetically sealed
to avoid weight losses of elimination products (closed system) and
is weighed before and after the MTDSC experiment to check for
weight losses.

Molar masses and molar mass distributions were determined
relative to polystyrene standards with a narrow polydispersity
(Polymer Labs) by size exclusion chromatography (SEC). Separa-
tion to hydrodynamic volume was obtained using a Spectra series
P100 (Spectra Physics) equipped with a precolumn (5µm, 50 mm
× 7.5 mm, guard, Polymer Labs) and two mixed-B columns (10
µm, 2× 300 mm× 7.5 mm, Polymer Labs) and a refractive index
detector (Shodex) at 40°C. SEC samples are filtered through a
0.45 µm filter. HPLC grade tetrahydrofuran (p.a.) is used as the
eluent at a constant flow rate of 1.0 mL/min. Toluene is used as
flow rate marker.

1H NMR spectra were obtained in CDCl3 at 300 MHz on a
Varian Inova spectrometer using a 5 mmprobe. Chemical shifts
(δ) in ppm were determined relative to the residual CHCl3 resonance
shift (7.24 ppm). The13C NMR experiments were recorded at 75
MHz on the same spectrometer using a 5 mmbroadband probe.
Chemical shifts were defined relative to the13C resonance shift of
CHCl3 (77.0 ppm).

Materials. The synthesis and characterization of then-alkyl-
sulfinyl OC1C10-PPV precursor polymers and the OC1C10-PPV
conjugated polymer are described in the literature.32,33

Results and Discussion

1. Solid-State Conversion Process of Alkylsulfinyl OC1C10-
PPV Precursor Polymers. 1.1. Kinetic Analysis of the
Elimination Reaction in Isothermal Conditions, Studied with
in-Situ FT-IR Spectroscopy.To determine the rate of conver-
sion of the precursor polymer into the conjugated material at a
certain temperature, the disappearance of the sulfinyl group at
1046 cm-1 (consumption of precursor) and the formation of
the trans-vinylene double bond at 965 cm-1 (production of
conjugated polymer) were measured. The evolution of the latter
vs time is plotted in Figure 2 at several temperatures for
n-octylsulfinyl OC1C10-PPV.

All curves in Figure 2 follow first-order kinetics of the
elimination reaction. From the calculated first-order rate con-
stants (k) at each temperature, the activation energy (EA) of the
elimination reaction was determined according to an Arrhenius
law (ln k ) ln A - EA/RT; depicted in Figure 3).

The activation energy (EA) calculated from the disappearance
of the precursor polymer (sulfinyl group at 1046 cm-1) is 100
( 10 kJ/mol.EA for the formation of the conjugated OC1C10-
PPV polymer (trans-vinylene double bond at 965 cm-1) is 100
( 11 kJ/mol. From theoretical modeling for the elimination
reaction to 2,2′,5,5′-tetramethoxystilbene,34 a value forEA of
100.9 kJ/mol is obtained, which is in good agreement with these
FT-IR results.35 The first-order rate constant at 70°C is about
5.0 × 10-4 s-1.

1.2. Kinetic Analysis of the Elimination Reaction in
Isothermal Conditions, Studied with in-Situ UV-Vis Spec-
troscopy.By plotting the UV-vis absorbance at 490 nm (λmax

of the conjugated OC1C10-PPV polymer) as a function of time,
the formation of the larger conjugated segments can be
determined.36 Since these are not immediately formed upon
elimination, an analysis of the temperature dependence of these
plots yields an “apparent” activation energy. To obtain the
activation energy of the elimination reaction, the formation of
smaller conjugated segments (dimers) should be determined.
Therefore,λmax at 376 nm is plotted as a function of time at
different temperatures in Figure 4. At the start of the elimination
there is an increase in the absorbance at 376 nm, but as soon as
the elimination reaction progresses, longer conjugated segments
are formed at the expense of the shorter ones, corresponding to
a decrease in the absorbance at 376 nm.

Figure 2. Evolution of the absorbance of the trans double bond at
965 cm-1 vs time for the elimination ofn-octylsulfinyl OC1C10-PPV
at 60, 65, 70, 75, and 80°C.

Figure 3. Arrhenius plot for the elimination reaction ofn-octylsulfinyl
OC1C10-PPV obtained with in-situ FT-IR spectroscopy in solid state:
(0, s) appearance of trans-vinylene bond at 965 cm-1; (b, - - -)
disappearance of sulfinyl group at 1046 cm-1. Lines are linear regression
results.

Figure 4. Evolution of the absorbance ofλmax at 376 nm vs time for
the elimination ofn-octylsulfinyl OC1C10-PPV at 60, 65, 70, and 75
°C. The inset is an expansion of the region indicated by the dotted
box.
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The increase in the absorbance at 376 nm follows first-order
kinetics at the different temperatures (inset of Figure 4). From
these data, the activation energy for the conversion reaction can
be calculated to be 92 kJ/mol. This value is consistent with the
EA values obtained from the in-situ FT-IR measurements in the
solid state (see section 1.1). It should be emphasized that the
FT-IR results more specifically focus on the earliest stages of
the conversion process, when stabilization of the transition state
by long-rangeπ-conjugation and electronic correlation is most
limited. An explanation for the apparent decrease of the energy
barrier in the UV-vis measurements is the rather significant
influence of temperature on the width of bands in the UV-vis
spectra of OPV segments.37,38 As the UV-vis absorbance at
one specific wavelength was used here, the enhancement of the
amplitude of molecular motions (rotations, vibrations, etc.) with
increasing temperatures will also contribute to an apparent
decrease of the energy barrier. As the repeat unit normalized
extinction coefficient remains roughly constant, one could fully
integrate the signal pertaining to the lowestπ-π* transition to
estimate the extent of elimination.39 This approach was not used
here, as comparison to the absorbance at a specific wavelength
corresponding to the formation of smaller conjugated segments
(376 nm) was preferred for comparison with the FTIR results.

1.3. Study of the Elimination Reaction in Isothermal
Conditions with MTDSC. One of the important reasons for
selecting isothermal experiments is the possibility of separating
the different reactions of the elimination process (Scheme 1).
In general, when studying a reacting polymer system by means
of MTDSC, the reaction enthalpy is detected in the nonreversing
(NR) heat flow, while the reaction heat capacity (the change in
heat capacity due to the chemical reaction,∆Cp) can be inferred
from the heat capacity signal.40 When the conversion process
is studied isothermally in MTDSC (Figure 5), an obvious change
is seen in the specific heat capacity,∆Cp, whereas no clear heat
effect is observed in the NR heat flow (not shown). The same
observations were made in nonisothermal MTDSC experiments,
where this was interpreted as the effect of the immediate
dimerization of the unstable sulfenic acid and the subsequent
disproportionation reaction, giving rise to an overall thermo-
neutral reaction path. Therefore,∆Cp was used to follow the
conversion process in isothermal conditions. On the basis of
nonisothermal experiments, it was decided to perform isothermal
experiments at 70, 80, and 85°C in an attempt to separate the
dimerization from the disproportionation reaction. Also, higher
temperatures (90 and 95°C) were used, where the interference
with the disproportionation reaction is more likely. Isothermal
MTDSC measurements on then-octyl- and n-butylsulfinyl
OC1C10-PPV precursor polymers show little difference in the
elimination behavior between the two R groups (Figure 5). The
increase in∆Cp in Figure 5 is due to the formation of the
products in the dimerization and disproportionation steps.
Because of the high specific heat capacity of water (4.19 J/(g
K)), especially the formation of water during dimerization has
a significant contribution to∆Cp. For the n-octylsulfinyl
OC1C10-PPV precursor at 70°C, a continuous increase in the
heat capacity is noticed until a plateau level is reached after
1400 min. A sigmoidal evolution in∆Cp is seen in the initial
stages of the conversion process (Figure 5, bottom). When the
elimination temperature is raised, a faster increase in∆Cp is
seen with a maximum level after about 600, 300, 200, and 120
min at 80, 85, 90, and 95°C, respectively.

An explanation for the sigmoidal evolution is the observation
that the dimerization of sulfenic acid (liberation of water) and
the disproportionation of thiosulfinate (liberation of thiosulfonate

and disulfide) both contribute to∆Cp. This can be confirmed
by comparing the evolution in the formation of the trans-
vinylene double bonds (absorbance at 965 cm-1) as measured
by FT-IR with the evolutions in∆Cp. At 70 °C, for instance,
∆Cp only reaches a maximum level after 1400 min (Figure 5),
while in the FT-IR experiment, the conjugated polymer reaches
its maximum absorption (fully conjugated) already after 200
min (Figure 2). Thus, the formation of water and other products
in the dimerization and disproportionation steps, visible as an
increase in∆Cp, is much slower than the formation of the
conjugated system. The occurrence of the disproportionation
reaction can be further confirmed by looking at the absorption
peak corresponding to the formation ofn-octylthiosulfonate
(1130 cm-1): at 80 °C, for example, this absorption peak is
clearly present after an elimination time of 1100 min. Thus, it
is difficult to separate the consecutive elimination and dispro-
portionation reactions at elimination temperatures above 70°C.

To explain the decrease in∆Cp in the final stages of the
conversion process, gel permeation chromatography (GPC)
measurements were performed on each sample, following the
isothermal MTDSC experiments of Figure 5. The molar masses
(Mw) and polydispersities (D) are summarized in Table 1.Mw

and D of a conjugated OC1C10-PPV polymer eliminated in
solution (without elimination products) is ca. 390 000 g/mol and
2.7, respectively.

From these GPC results, it is clear thatMw andD increase
with increasing temperature. We have also repeated the iso-
thermal experiment at 95°C with an isothermal period of only
50 min (just before reaching the maximum in the change of
Cp) and 120 min (at the maximum in∆Cp). At 95 °C, Mw and

Figure 5. Heat capacity change∆Cp vs time from isothermal MTDSC
experiments onn-octylsulfinyl OC1C10-PPV precursor polymer at 70,
80, 85, 90, and 95°C (top and bottom, lines) and comparison with
n-butylsulfinyl OC1C10-PPV precursor polymer at 70, 80, and 85°C
(top, O).
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D increase with longer isothermal periods. It is therefore likely
that cross-linking of the conjugated polymer occurs during the
conversion process, caused by the elimination products that are
liberated during the isothermal elimination reactions, and starting
around the maximum in∆Cp. Indeed, while the conjugated
polymer is still soluble before the maximum of∆Cp at 95°C,
it is insoluble after the maximum of∆Cp at 95 °C. Thus, the
decrease after the initial increase in∆Cp (Figure 5) is probably
related to network formation and seems to occur for all
elimination experiments above 70°C.

In Figure 6,∆Cp (from Figure 5) and the melting enthalpy
of water (∆Hm,water) are plotted as a function of elimination time
at temperatures of 70 and 95°C. ∆Hm,water is calculated from
the melting peak around 0°C, as obtained from the total heat
flow in nonisothermal MTDSC experiments after different
elimination times at these temperatures. Since∆Hm,water only
indicates the amount of water that is liberated during the
conversion process, while∆Cp also contains a contribution of
the disproportionation reaction, both evolutions hold comple-

mentary information. At 70°C, no melting peak is visible at
the beginning of the conversion process (∆Hm,water) 0 J/g for
times of 0 up to 400 min). This probably means that water,
which is first liberated in the dimerization reaction, interacts
with the main chain via the alkoxy chains (H-bonding). From
400 min on, the melting peak of water becomes visible and
both curves (∆Cp and ∆Hm,water) similarly increase. Since no
additional effect is seen in∆Cp, the disproportionation reaction
does not seem to occur at 70°C. At 95°C, the melting of water
can be detected from the beginning of the conversion process.
As ∆Hm,waterincreases almost linearly (after 30 min), while the
increase in∆Cp first slows down (near 60 min) and then changes
to a decrease (near 140 min), the disproportionation reaction
seems to take place at this temperature.

To quantify the amount of water formed during the conversion
process, the melting enthalpies of water (∆Hm,water, Figure 6)
can be compared to the literature value for the melting enthalpy
of water (equal to 6.01 kJ/mol or 333.9 J/g41). The resulting
percentages of water formed as a function of the temperature
and time of elimination and the type of R-group (defined in
Scheme 1) are shown in Table 2. The theoretical maximum
percentage of water formed during the conversion process can
be calculated using the reaction equation of the dimerization
reaction, as shown in Table 3. When the calculated percentages
are compared to the experimental ones, it can be noticed that
for the n-octylsulfinyl OC1C10-PPV precursor polymer the
theoretical maximum percentage of water (2%) is reached at
the end of the conversion process at elimination temperatures
from 85 to 95°C. For experiments at 80 and 70°C, only 1.8%
and 1.4% water are obtained, respectively, after long elimination
times (1100 and 1700 min, respectively). Thus, for these lower
temperatures the dimerization reactions do not attain completion.

Table 2 also indicates the change in heat capacity for the
different time-temperature conditions. From the specific heat
capacity of water at a pressure of 1 bar (4.2 J/(g K)), the
theoretical maximum increase in∆Cp resulting from the
formation of water can be calculated using the maximum
attainable water contents (Table 3), giving 0.097 and 0.084 J/(g
K) for the n-butylsulfinyl and n-octylsulfinyl OC1C10-PPV
polymers, respectively. The higher experimental values of∆Cp

Table 1. Molar Mass (Mw) and Polydispersity (D) after Isothermal
MTDSC Experiments on n-Octylsulfinyl OC 1C10-PPV Precursor

Polymer in Solid State (Experiments Shown in Figure 5)

experiment temperature-time Mw (g/mol) D

70 °C-1700 min 408 000 3.5
80 °C-1100 min 573 000 4.1
85 °C-1200 min 662 000 4.7
90 °C-900 min 965 000 5.9
95 °C-50 min (before max) 325 000 2.5
95 °C-120 min (at max) 744 000 2.9
95 °C-600 min (after max) 841 000a 7.1

a Highest molecular fractions are withheld by the filter.

Figure 6. Heat capacity change∆Cp and melting enthalpy of water
vs time from MTDSC experiments onn-octylsulfinyl OC1C10-PPV
precursor polymer at 70°C (top) and 95°C (bottom).

Table 2. Percentages of Water Liberated in the Dimerization Process
during the Conversion Process ofn-Octylsulfinyl OC 1C10-PPV

Precursor Polymer in Solid State, Calculated from the Melting Peak
of Water at around 0 °C in the Heat Flow Signal (MTDSC)

R group experiment

heat of
melting

(J/g)

% water
calcd from

heat of melting
peak temp

(°C)

Cp

increase
(J/(g K))

n-butyl 70°C-600 min 0.487 0.15 -22/-7.1 0.056
80 °C-600 min 4.253 1.27 -22/-7.1 0.095
85 °C-600 min 6.384 1.92 -2.84 0.110

n-octyl 70°C-600 min 1.074 0.32 -3.14 0.051
70 °C-1700 min 4.743 1.42 -3.13 0.083
80 °C-600 min 5.351 1.6 -2.26 0.087
80 °C-1100 min 6.035 1.81 -1.9 0.103
85 °C-600 min 6.718 2.01 -3.14 0.090
85 °C-900 min 7.376 2.21 -1.81 0.100
90 °C-900 min 7.935 2.38 -2.69
95 °C-600 min 7.725 2.31 -3.66

Table 3. Theoretical Weight Fractions of Products Formed during
the Conversion Process ofn-Alkylsulfinyl OC 1C10-PPV Precursor

Polymer in Solid State

sulfenic acid thiosulfinate water

n-butyl 312 g/mol 194 g/mol 18 g/mol
27%* 24.7% 2.3%

n-octyl 162 g/mol 306 g/mol 18 g/mol
36%* 34% 2%
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for long elimination times (Table 2) indicate that not only water
but also the other elimination products contribute to∆Cp in these
conditions, as concluded qualitatively before.

2. Liquid-State Conversion Process ofn-Octylsulfinyl
OC1C10-PPV Precursor Polymers. 2.1. Phase Separation As
Induced by the Formation of the Conjugated Polymer. In
Figure 7, a nonisothermal MTDSC experiment is shown which
is carried out on a 43% (m/m) mixture ofn-octylsulfinyl
OC1C10-PPV precursor polymer in toluene. A broad peak is
visible in the heat capacity signal in the cooling after the first
heating. This could be an indication for phase separation
between the polymer and the solvent, during which the
composition of the coexisting phases changes continuously as
a function of temperature.30,42,43In this case, the onset of this
peak in the heat capacity upon cooling (around 110°C)
corresponds to the cloud point temperature. The second heating
curve(3) has the same shape as the cooling curve(2), revealing
that remixing and demixing are reversible for this system.
Performing such MTDSC heating-cooling experiments over a
large concentration range would allow the construction of the
phase diagram of the polymer-solvent system. We suppose an
upper critical solution temperature behavior (UCST) for our
polymer-solvent system.42

To confirm the occurrence of phase separation between the
conjugated OC1C10-PPV polymer and toluene, a mixture (50%
(m/m)) of conjugated polymer and toluene is prepared and
heated until the polymer is dissolved and a transparent (red)
solution is obtained. When this solution is cooled to ambient
temperature, phase separation between the polymer and the
solvent becomes visible. A red solution with some red polymer
particles is obtained. By repeating this heating-cooling process,
the reversibility of (re)mixing and demixing can be confirmed.

2.2. Study of the Elimination Reaction in Isothermal
Conditions. To determine the activation energyEA for the
elimination reaction in solution with in-situ UV-vis spectros-
copy, the absorbance at 367 nm was used in the same manner
as before (section 1.2). A value of 80.8 kJ/mol is obtained for
EA, which is lower than the one from the solid-state UV-vis
spectra (92 kJ/mol). The difference inEA can be ascribed to an
effect of the solvent on the mechanism of the elimination or to
higher diffusion rates resulting from the lower viscosity. It has
to be noted, however, that the procedure to determineEA with
UV-vis spectroscopy is less accurate than the procedure used
in FT-IR spectroscopy, as from UV-vis experiments fewer data

points are available in the beginning of the elimination reaction,
because the shorter segments transform rapidly into longer
conjugated segments upon elimination.

Moreover, the interference of phase separation with the UV-
vis signal should not be overlooked. Phase separation in
isothermal conditions is demonstrated by measuring the light
transmittance with in-situ UV-vis spectroscopy. A saturated
mixture of n-octylsulfinyl OC1C10-PPV precursor polymer is
dissolved in toluene and heated to 80°C, where it is held for
1300 min in the UV-vis spectrophotometer.

The end set of the absorption peak of the conjugated OC1C10-
PPV polymer is around 550 nm. After longer periods at 80°C,
the end set of each UV-vis spectrum shifts to higher wave-
lengths due to light scattering from the particles that are formed.
To demonstrate phase separation independently from the
elimination reaction, the absorbance at 580 nm (>550 nm) is
plotted as a function of time, shown in Figure 8. From this figure
it is clear that phase separation sets in around 230 min at 80
°C.

The interference of phase separation in solution also com-
plicates the analysis of the conversion process in isothermal
conditions with MTDSC. Results for the elimination at different
temperatures (70, 80, and 85°C) of 50% (m/m) mixtures of
n-octylsulfinyl OC1C10-PPV precursor polymer in toluene and
chlorobenzene are shown in Figures 9 and 10, respectively. As
concluded from the measurements in solid state (Figure 5), the

Figure 7. Heat capacityCp vs temperature from a nonisothermal
measurement on then-octylsulfinyl OC1C10-PPV precursor polymer
in toluene (43% (m/m)). The sample is heated from-50 °C up to 200
°C at 2.5°C/min (1), followed by a cooling (2) and a second heating
(3).

Figure 8. Transmission (%) at 580 nm as a function of time at 80°C
from in-situ UV-vis spectroscopy for a saturated mixture ofn-
octylsulfinyl OC1C10-PPV precursor polymer dissolved in toluene.

Figure 9. Heat capacity change∆Cp vs time from isothermal MTDSC
experiments at 70, 80, and 85°C on 50% (m/m) mixtures of
n-octylsulfinyl OC1C10-PPV precursor polymer in chlorobenzene. The
reproducibility of the measurements at 70 and 80°C is shown. The
horizontal line indicates the final∆Cp for the elimination in solid state.
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increase in heat capacity is due to water and elimination products
that are formed during the conversion process. It is important
to note, however, that the increase in heat capacity is larger for
the elimination in solution compared to the elimination in solid
state (reference line in Figures 9 and 10). This confirms the
occurrence of phase separation as previously pointed out using
UV-vis spectroscopy. The fact that the changes in heat capacity
with toluene are somewhat larger than with chlorobenzene could
be indicative of the difference in solubility of OC1C10-PPV in
these two solvents.

Conclusions

The conversion process from ann-octylsulfinyl OC1C10-PPV
precursor polymer to the conjugated OC1C10-PPV polymer can
be studied with several spectroscopic techniques. The formation
of double bonds in the conjugated system can be followed using
in-situ FT-IR spectrometry. In-situ UV-vis spectroscopy has
the ability to detect the amount of conjugated segments formed
during the elimination reaction. By performing the elimination
at different temperatures, the activation energy of the elimination
reaction can be determined, as summarized in Table 4.

The elimination process can also be studied using isothermal
MTDSC experiments. In particular, the increase in the heat
capacity corresponds to the formation of water (dimerization
reaction) and other elimination products (disproportionation
reaction). At temperatures above 70°C (∼90 °C), the dimer-
ization reaction and disproportionation reaction occur simulta-
neously. At 70°C or lower only water is formed. Prolonged
presence of elimination products during the conversion reaction
leads to side reactions, such as cross-linking, which may
jeopardize the structural integrity of the conjugated system and
thus must be avoided. By calculating the melting heat of water
from the nonreversing heat flow in nonisothermal posttreatment
experiments, an independent probe for water formation can be
obtained. In the future, the combination of the different in-situ
techniques should allow for further quantification of the reaction
kinetics and the reaction mechanism of the conversion process.
When the elimination is performed in solution, MTDSC, and
especially the heat capacity signal, not only provides information

about the formation of elimination products but also enables
one to detect the occurrence of phase separation during the
conversion process. In the nonisothermal experiments, a small
baseline shift is visible in the heat capacity signal at high
temperature, which is an indication for phase separation. In the
isothermal experiments, the increase in heat capacity is larger
for the elimination in solution compared to the elimination in
solid state, which is also an indication not only that the increase
in heat capacity is due to the elimination process itself but also
that phase separation interferes beyond a certain conversion.
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