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ABSTRACT: The photoinitiated bulk polymerization of liquid crystalline thiolene monomers based on a
phenyl benzoate core was investigated and the structure of the corresponding polymers analyzed. We
show that polymerization occurs substantially in bulk, and can be initiated on demand by UV-irradiation.
The liquid crystalline thiolene polymers exhibit a nematic mesophase, and the molecular weight, molecular
weight distribution and overall conversion are characteristic for polymers obtained by a step-growth
polymerization. Using NMR spectroscopy, we show that anti-Markovnikov structures are predominantly
formed, with a small fraction of the structures displaying different configurations that can be attributed
to thiol olefin addition—cooxidation processes or to homopolymerization of the olefinic moiety. The
conversions of the thiol and vinyl groups were monitored using time-resolved Raman spectroscopy and

dissimilar partial reaction rates were observed.

Introduction

Polymers with a well-defined molecular organization
play an important role in applications for information
and communication technology.! For instance, well-
organized conjugated polymers are the basis of polymer
light-emitting diodes,? oriented polymers are used in
polarization optics,® and copolymers with well-defined
compositional gradients can be found in graded-index
polymer optical fibers used for local area network
communications.*

Liquid crystalline polymers have traditionally also
been considered for their distinct anisotropic properties
on a molecular scale, and on a macroscopic scale if
adequate monolithic alignment can be achieved.® Side-
chain or network-type based systems are usually em-
ployed for optical applications depending on the initial
functionality of the monomer. For instance, polymerized
monofunctional discotic acrylates are used as compen-
sation foils to improve the viewing angle of liquid crystal
displays,® whereas bifunctional liquid crystalline acry-
lates,” epoxides,® and vinyl ethers® are generally used
to obtain highly oriented polymer films or to form the
basis for various network stabilized liquid crystals
effects10 along with multifunctional thiolenes.!!

The order parameter associated with the mesogenic
moieties in conventional side-chain and network-type
systems is comparable to the order parameter of low
molar mass liquid crystals, however, and is limited to
a maximum of approximately 0.7. Although rotational
mobility is hindered, a higher order parameter should
in principle be possible, but is limited by the steric
hindrance caused by the polymer backbone. This hin-
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ders perfect alignment of the mesogenic core, despite
the decoupling of the core from the polymer backbone.
In the case of main-chain liquid crystalline polymers,
it is anticipated that the whole molecule will be aligned
to a higher degree, resulting from the larger aspect
ratio. Consequently, the increased degree of order in
main-chain liquid crystalline systems could potentially
lead to enhanced optical properties in comparison to
side-chain or network-type systems.

Monomers containing mercapto and vinyl groups, i.e.
thiolene monomers, can be polymerized via a free-
radical propagated step-growth mechanism,? leading
to the desired main-chain polymers. The synthesis and
polymerization of liquid crystalline thiolene monomers
has been reported before.13-15 However, the reported
monomers display high transition temperatures origi-
nating from their bulky rigid core. A single compound
with a smaller mesogenic group based on a double
phenyl core was shown to exhibit lower transition
temperatures,’® which is of special importance for
obtaining homogeneous mixtures of these monomers
with anisotropic solvents, aimed at establishing novel
polymer/LC composites. The double phenyl compound
therefore served as a template for the synthesis of
further liquid crystalline thiolene homologues (Table
l).l6

In this paper, we describe the photoinitiated bulk
polymerization of these liquid crystalline thiolene mono-
mers and the characterization of the corresponding
polymers. The in situ polymerization of these thiolene
monomers in isotropic and anisotropic media is treated
elsewhere.'’

Theory

The mechanism of photoinitiated thiolene polymeri-
zation is schematically shown in Scheme 1.12 Thiyl
radicals RS* can be introduced by a (Norrish) type 18
or type 119 initiation (Scheme 1, part I1). The initiation
reaction is followed by the addition of the thiyl radical
to an olefinic moiety, yielding a g-thioether carbon
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Scheme 1. Schematic Overview of the Photoinitiated Thiolene Polymerization Mechanism?
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a Key: (l) initiator dissociation; (11) initiation; (111) addition reaction; (IVVa) propagation; (IVb) cooxidation; (1\Vc) rearrangement
(TOCO); (Ivd) transfer; (Va) thiyl radical combination; (Vb) g-carbon radical combination.

Table 1. Structure, Nomenclature, and Transitions (°C) of
ThE mbn Homologuestéa

(o)
o ooy

ThE mbn

structure m n Cr — SmA — N — |

ThE4b4d 4 4 58.6 68.4
ThE6b6 6 6 425 55.4 69.5

a“Cr” denotes the crystalline phase, “SmA” denotes the smectic
A phase, “N” denotes the nematic phase, and “I” denotes the
isotropic phase. The indices m and n refer to the number of carbon
atoms in the spacers.

radical (Scheme 1, part I11). This step is in principle a
reversible reaction, and an equilibrium mixture of a
thiyl radical, a g-thioether carbon radical, and an olefin
can be obtained.?® As a result of the slow addition step,
the overall reaction rate is best described using a step-
growth behavior, despite the free-radical propagation
mechanism.

Alternatively, if no free radicals are present to fulfill
the role of initiating species, the reaction can proceed
by a nucleophilic’? or electrophilic mechanism. The
electrophilic mechanism involves the protonation of the
olefin, followed by the addition of the thiol to the
carbocation and subsequent deprotonation, obeying
Markovnikov's rule.?! This is in contrast with the free-
radical pathway where the thiol olefin addition products
show an anti-Markovnikov orientation.

In the free-radical mechanism, the -thioether carbon
radical can follow several pathways. In the absence of
oxygen, chain transfer occurs by abstraction of a proton
from a thiol, resulting in a regenerated thiyl radical,
and thus ensuring the propagation (Scheme 1, part 1Va).
Alternatively, chain transfer may result in a dormant
radical species (Scheme 1, part 1\vVd). Homopolymeriza-
tion, by addition of the olefin to the carbon radical, is
seldom observed, as the reaction rate for homopolym-
erization is generally lower than the transfer rate to
thiol.

A substantial advantage of thiolene polymerizations
over conventional free-radical acrylate polymerizations

is the insensitivity of the thiolene polymerization pro-
cess to dissolved or ambient oxygen; in the so-called thiol
olefin addition—cooxidation process (TOCO),22-24 oxygen
is incorporated, but the regenerated thiyl radical pre-
serves propagation (Scheme 1, parts Vb and 1Vc).

Experimental Section

Materials. The liquid crystalline monomers ThE 4b4 and
ThE 6b6 were synthesized according to previously reported
procedures.’®?> The (Norrish) type | photoinitiator used for the
initiation of the polymerizations, Irgacure 651 (o,a-dimethox-
ydeoxybenzoin), was supplied by Ciba Specialty Chemicals,
Basel, Switzerland. Deuterated chloroform-d (Merck, Darm-
stadt, Germany) and deuterated 1,1,2,2-tetrachloroethane-d,
(Aldrich Chemie, Zwijndrecht, The Netherlands) were used for
NMR spectroscopy. HPLC-grade chloroform was used as the
eluent for the size exclusion chromatography (SEC), and was
supplied by Biosolve, Valkenswaard, The Netherlands. All
commercially available materials were used as received.

Characterization Techniques. FT-NMR spectra were
recorded using a Varian 400 MHz and an Inova 500 MHz
spectrometer at the resonance frequencies of 400.162 and
499.799 MHz, respectively, for 'H-resonance spectra, and
100.630 and 125.686 MHz, respectively, for 3C-resonance
spectra. All spectra were recorded in chloroform-d or in
tetrachloroethane-d, at 25 °C. All chemical shifts are reported
in ppm relative to the chemical shift of the deuterated solvent
(6 =5.93 ppm for proton and 6 = 73.76 ppm for carbon NMR).
The coupling constants J are given in hertz. The parameter
d; was set to 3 s for the polymeric samples.

Thermal characterization was performed using a Perkin-
Elmer Pyris 1 differential scanning calorimeter (DSC) equipped
with a CCA-7 temperature controller at a heating rate of 10
°C min~%. The DSC was calibrated using indium, zinc, hexatri-
acontane, n-octane, and n-dodecane standards of high purity.
Texture micrographs were obtained using a Zeiss MC63
microscope with polarization optics in combination with a
Linkam THMS 600 hot-stage.

SEC was performed using a Waters type 710B injector (50
uL) and two Polymer Labs, mixed-d, 7.8 x 300 mm columns
thermostated using a Spark Holland Mistral thermostat at 30
°C. A Waters type 6000 pump provided a constant flow of 1
mL of chloroform min=t. A Waters model 440 UV-detector (1
= 254 nm and 4 = 263 nm) was used for detection.

Time-resolved Raman spectroscopy was performed using a
Dilor Labram spectrometer, equipped with a Peltier air-cooled
CCD array detector and a Spectra-Physics laser with an
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excitation line of 532 nm. Samples were prepared in sealed
capillaries and thermostated using a Linkam THMS 600 hot-
stage. Irradiation of the samples was performed using a
medium-pressure mercury UV-light source (Oriel Instruments)
in combination with a band-pass filter (1 = 365 nm, half-width
8 nm, effective light intensity at sample position 7 mW cm™2
at 365 nm). The acquisition time of each spectrum was 2 s at
the initial stage (no time delay between the recording of the
sequences) and 10 s at a later stage of the polymerization
(increasing the delay from 20 to 110 s in three steps), after
the phase separation occurred, to improve the signal-to-noise
ratio. The measured intensities were afterward normalized,
based on a uniform acquisition time for all sequences. Data
analysis involved a polynomial baseline correction and filtering
of the raw data using a Savitsky—Golay filtering routine. The
nature of the peak shapes did not allow for a simple peak
fitting procedure. A combined Gaussian and Lorentzian peak
fitting routine was therefore used, with both in-house devel-
oped software routines (Matlab library) and commercial
software peak-fitting routines (GRAMS/32Al 6.00, Galactic
Industries Co.). The analysis was even further complicated in
the vinyl band region, where several peaks overlap. Despite
correction of the curved baseline, reduction of the noise by
filtering, and the use of combined peak fitting routines, a
certain degree of scattering in the data remains.

Polymer Synthesis. Photoinitiated polymerizations were
carried out in small 30 or 50 4L aluminum DSC sample pans.
The quantities, typically 0.5—1.5 mg, were sufficiently small
to ensure the formation of a small film of equal thickness in
each case. The samples were irradiated using a medium-
pressure mercury Philips PL-S 10 UV-light source, connected
to a timer at an approximate sample-light source distance of
10 cm (light intensity at sample position 2.7—3.5 mW cm~2 at
365 nm). All irradiations were carried out in an inert argon
environment, except for the conversion measurements. In all
cases, the photoinitiator (Irgacure 651) content was 1% w/w,
based on the monomer, unless stated otherwise.

NMR signal assignment for poly(ThE 4b4): 3C NMR
(CDCI,CDCly; 25 °C; 100.614 MHz): 165.2 (C"), 163.2 (CM),
156.4 (CP), 144.1 (C™), 132.1 (C1), 122.5 (C"), 121.4 (CK), 115.0
(C%), 114.2 (C"), 67.74 + 67.66 (CY + C9), 31.7 + 31.6 (C* +
Cv), 28.3 + 28.1 (C'" + CV), 26.0 + 25.9 (C* + Cv). See the
analysis of the corresponding monomer for the carbon assign-
ment of the nonaliphatic region.*® For the carbon assignment
of the aliphatic region, see Scheme 2. The signal assignment
of poly(ThE 6b6) corresponds with the expected structure and
differs only slightly from that of poly(ThE 4b4) in the
aliphatic region.

Results and Discussion

In the first part of this section, we employed thermal
characterization and size exclusion chromatography to
assess whether the photoinitiated bulk polymerization
of the liquid crystalline thiolene monomers (Table 1) was
feasible. A more detailed study of the structure of the
obtained polymers was performed using NMR spectros-
copy. The remainder of this section will deal with a
guantitative analysis of the polymerization of the thi-
olene monomers.

Thermal Characterization. Monomer samples con-
taining 1% w/w photoinitiator were photopolymerized
at various temperatures. Figure la shows the DSC
heating runs obtained for ThE 4b4 samples polymerized
at 80, 100, and 120, respectively, all after prolonged UV
irradiation (>2000 s) in the presence of a photoinitiator.

A melt trajectory is noticeable, starting at approxi-
mately 120 °C and ending at approximately 170 °C for
the samples polymerized at higher temperatures. The
broad melting region can be partly attributed to the
molecular weight distribution of the oligomers that is
characteristic for step-growth polymerizations. How-
ever, from the exothermic signals in the heat flow, we
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Scheme 2. Expected °C NMR-APT Signals of the
Aliphatic Region of Poly(ThE 4b4) (“up” for
Secondary and Quaternary or “down” for Primary
and Tertiary Carbons)?
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aKey: (a) anti-Markovnikov orientation of the thiolene
polymer; (b) Markovnikov orientation; (c) homopolymerization
of the vinyl group; (d) thiol olefin addition—cooxidation process
(TOCO). The NMR signal assignments refer to that of the
corresponding monomer.16

can conclude that recrystallization effects along with
possible crystal—crystal transitions also play an impor-
tant role. Above 170 °C, the polymers are in the liquid
crystalline phase, and the transition to the isotropic
phase occurs at approximately 188—190 °C for the
samples polymerized at higher temperatures. The shift
in both melt transition and clearing point temperatures
that occurs upon increasing the polymerization temper-
ature illustrates the effect of higher molecular weights
resulting from an increasing conversion with increasing
polymerization temperature.

The thermal reactivity of the thiolene monomers and
oligomers is illustrated by the first heating curve in
Figure 1a for the polymerization at 100 °C, which shows
the transitions corresponding to the not-fully converted
monomer; the melt transition of the monomer is clearly
distinguishable at 55 °C. A reaction exotherm is ob-
served upon heating and the polymerization proceeds
to yield a higher molecular weight polymer due to the
thermal exposure. Upon cooling and heating once more,
the transitions corresponding to a higher molecular
weight polymer are recorded (second heating curve in
Figure la for 100 °C). The cooling runs in Figure 1b
demonstrate the reversible character of the mesophase
to isotropic transition. Crystallization sets in at ap-
proximately 150 °C for the polymerization temperatures
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Figure 1. DSC thermograms of poly(ThE 4b4) (10 °C min™1),
obtained from photoinitiated bulk polymerization at 80, 100,
and 120, respectively. The photoinitiator concentration is 1%
w/w, based on the monomer. The curves have been shifted
vertically for clarity. Key: (a) solid lines, second heating runs;
dashed line, first heating run. (b) cooling runs.

Table 2. Transitions (°C) of Poly(ThE mbn) Homologues?

structure Cr — N i |
poly(ThE 4b4) 110-175 190-197
poly(ThE 6b6) 110-155 155—-160

a“Cr” denotes the crystalline phase, “N” denotes the nematic
phase, and “I” denotes the isotropic phase. The indices m and n
refer to the number of carbon atoms in the spacers.

of 100 and 120 °C, while for 80 °C crystallization sets
in at approximately 130 °C.

The transition temperatures could be determined for
poly(ThE 6b6) in an analogous manner to the results
described for poly(ThE 4b4) in Figure 1, and its
transitions are summarized in Table 2 together with
those of poly(ThE 4b4).

The microscope textures reveal a nematic phase
texture for all thermotropic liquid crystalline thiolene
polymers presented here, as shown in Figure 2 for poly-
(ThE 4b4), where the characteristic Schlieren texture
can be observed. Nematic behavior was also observed
for poly(ThE 6b6), where the corresponding monomer
also exhibited a smectic A phase next to a nematic phase
(shown in Table 1).

Molecular Weight Evaluation. The occurrence of
polymerization was confirmed by size exclusion chro-
matography (SEC). Figure 3 shows the SEC-chromato-
grams of two ThE 4b4 samples, polymerized at 150 and
170 °C, respectively. Figure 3a depicts the progress of
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Figure 2. Nematic Schlieren texture of poly(ThE 4b4),
viewed between crossed polarizers using optical microscopy.
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Figure 3. Size exclusion chromatograms of poly(ThE 4b4),
obtained upon photoinitiated bulk polymerization (1% w/w
photoinitiator): (a) progress of polymerization at 170 °C at the
indicated irradiation time; (b) isothermal polymerization at 150
°C for 45 min.

the polymerization reaction at 170 °C at distinct times.
The lower oligomeric fractions, e.g., monomer, dimer,
and trimer, can be clearly distinguished. Polymerization
evidently occurs to a significant degree, taking into
account the step-growth polymerization character of
thiolene polymerizations. A number-average molecular
weight My, of approximately 26 kg mol~? is obtained for
the graph shown in Figure 3b, with a polydispersity
Mw/M, of 2.5, based on polystyrene calibration stan-
dards.

Structure Analysis. According to the discussed
polymerization mechanism for free-radical propagated
thiolene polymerizations, anti-Markovnikov structures
are obtained. This statement was checked using 12C
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Figure 4. APT-NMR spectrum of poly(ThE 4b4) in tetra-
chloroethane-d, (TCE) after photoinitiated isothermal polym-

erization at 90 °C for 1 h. The inset shows the magnified
aliphatic region of a 13C NMR spectrum of the same polymer.

NMR, with the attached proton test (APT), in combina-
tion with conventional proton NMR spectroscopy. Using
APT, a distinction can be made between secondary and
guaternary carbons, both visible as positive signals in
the NMR spectrum, and primary and tertiary carbons,
visible as negative peaks in the spectrum. Scheme 2
shows the expected signals that can be attributed to
thiolenes with anti-Markovnikov and Markovnikov
structures. The expected signals corresponding to the
polymer structures obtained by homopolymerization and
the TOCO-process are also depicted in this scheme.

The dominant signals visible in the APT spectrum of
poly(ThE 4b4) confirm that the thiolene adducts
obtained by photoinitiated polymerization possess the
anti-Markovnikov orientation, as shown in Figure 4 (see
Experimental Section for a detailed signal assignment).

In comparison to the chemical shifts of the corre-
sponding monomer,1® the signals of the vinyl group (u,
v) are replaced by those of the formed methylene groups
u’ and V' in the polymer (Scheme 2a). The inset in Figure
4 shows an enlargement of the aliphatic region of a 13C
NMR spectrum of the same polymer. Additional signals
can be identified (along with small signals outside the
range shown hereat 6 =79, 6 =99, 6 = 115, 6 = 117,
and 0 = 134 ppm) that may originate from small
fractions displaying Markovnikov orientation (Scheme
2b) or originate from adducts obtained through homo-
polymerization or partial homopolymerization, or through
the TOCO process (Scheme 2c,d). Indications for this
are also found in the corresponding proton spectrum
where small additional signals can be found at 6 = 1.35
(doublet), 6 = 2.50, 6 = 2.75 and 6 = 3.00 ppm, and
may be attributed to adducts showing a Markovnikov
orientation and/or adducts obtained through the TOCO
process. In view of the experimental conditions, where
oxygen was not excluded from the surface of the
samples, the occurrence of the TOCO process can
certainly not be ruled out. Homopolymerization of the
vinyl groups was reported to be a negligible side reaction
for a similar liquid crystalline diolefin.’®> Homopolym-
erization of the vinyl moieties in the thiolene monomers
described here appears to occur only to a minor degree,
based on the almost complete absence of the resonance
of the thiol group in the proton NMR spectrum and in
the Raman spectrum of the corresponding polymer (see
next section).

Although the APT measurement has no quantitative
meaning due to the common nuclear Overhauser effect
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Figure 5. Time-resolved Raman spectra of poly(ThE 4b4),
obtained upon photoinitiated isothermal polymerization at 150
°C (1% wi/w photoinitiator): (a) spectral range from 1500 to
2700 cm™1; (b) magnification of the carbonyl band (1729 cm™1)
area. The vertical line through the peak maximum serves to
illustrate the gradual shift of the carbonyl peak position.

and the different relaxation times for dissimilar sub-
stituted carbons, the fraction of polymers exhibiting
configurations different from the expected anti-Mark-
ovnikov orientations can be estimated to be less than
5% based on the proton NMR spectra.

Time-Resolved Raman Spectroscopy. A quantita-
tive analysis of the monomer conversion was performed
for in situ photopolymerized thiolene monomers at
different temperatures using time-resolved Raman spec-
troscopy. Raman spectroscopy is preferred over FTIR
spectroscopy as the intensity of the thiol band is
stronger in Raman spectroscopy, due to the strong
polarizability of the thiol group. Figure 5a shows the
time-resolved Raman spectra for in situ photopolymer-
ized ThE 4b4 at 150 °C, in the spectral range from
1500—2700 cm~1, which is representative for plots
obtained at other temperatures. The Raman shifts
characteristic for the aromatic ring vibration (1602
cm™1), the vinyl group (1641 cm™1), the carbonyl group
(1729 cm™1), and the thiol group (2573 cm™1) can be
distinguished.
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An absolute decrease of the spectral bands of both
reactive groups is visible, confirming the polymerization
of the monomer. The conversion can be monitored as a
function of time by comparison of the ratio of either the
vinyl or thiol group to an internal standard, such as the
carbonyl band or the band of the aromatic ring vibra-
tion. Equation 1 shows this calculation for the partial
conversion of the thiol group and the vinyl group,
neglecting end group contributions:

t tSH/I tRf t | EZ=C/I tRf
Psu=1=1"%"ro Pe—c=1- T 1)
SH' ' Rf, =C' ' Rf

where pS,, and pt_ are the partial conversions of the
thiol and vinyl group, respectively, I, and 15_. are
the peak intensities or peak areas of the thiol and vinyl
spectral bands, and | refers to the spectral band of
an internal standard, all at time t during polymeriza-
tion. This ratio is compared to the initial ratio before
polymerization of both spectral bands, at time t = 0 s.

The overall intensity of the spectral bands drops
relatively quickly (on the order of 10 s) after the
polymerization is initiated, similar to observations made
in FTIR studies.?627 This effect results from phase
separation of the oligomeric/polymeric species from the
initially isotropic monomeric liquid. The intensity of the
backscattered Raman radiation that is collected on the
spectrometer will depend on the balance between two
factors:?8 (a) the sample volume exposed by the incident
light, which would be less for a diffusely scattering,
phase-separated sample, and (b) the number of Raman
events per unit volume, which would be more in a
scattering, phase-separated sample. In our case, it
appears that factor a, i.e., the volume exposed to the
incident light, predominates.

Phase separation is observed for all samples polym-
erized at the investigated temperatures but the onset
of phase separation is shifted to longer times with
increasing polymerization temperature (a shift of ap-
proximately 7 s at 90 °C to about 15 s at 150 °C).
Whereas there is no shift of all peak positions over time,
the carbonyl band starts at 1729 cm™! and, as the
polymerization progresses, gradually shifts to 1720 cm™!
immediately after phase separation sets in (Figure 5b).
This indicates that the environment of the carbonyl
group changes immediately upon phase separation due
to the formation of oligomeric species. The introduced
heterogeneity is reflected by the shift of the carbonyl
band from its original position.

Although the carbonyl band can in principle function
as the internal standard, the aromatic ring vibration
band at 1602 cm~! was taken as the internal standard,
since the more asymmetric carbonyl band is more
susceptible to changes in the carbonyl group environ-
ment. Figure 6a shows the conversion of both the vinyl
and the thiol group as a function of time for several
polymerization temperatures.

The time-resolved Raman experiments show that high
overall conversions are obtained in a short period of time
(e.g., >70—80% after 10—90 s). The reaction rate
increases with increasing temperature, as can be de-
duced from the slope of the curves at the early stages
of the reaction. The scattering in the data results from
the decreased signal-to-noise ratio immediately after
phase separation sets in. In addition, as the reaction
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Figure 6. Conversion plots of isothermally photopolymerized
ThE 4b4, containing 1% w/w photoinitiator, at the indicated
temperatures. (a) Conversions of the thiol and vinyl group as
a function of time, using time-resolved Raman spectroscopy.
The inset shows an enlargement of the initial stage of the
polymerization (90 °C, top time axis; 150 °C, bottom time axis).
(b) Ultimate conversions of the thiol and vinyl group as a
function of the isothermal polymerization temperature, deter-
mined using time-resolved Raman spectroscopy and *H NMR
spectroscopy.

progresses, the baseline of the spectra rises due to
fluorescence effects, especially around the thiol peak
position.

When a differentiation is made between the conver-
sions of both reactive groups, it is noted that the partial
conversion of the vinyl group exceeds that of the thiol
group. The higher consumption of the vinyl group in
comparison to the thiol group could be the result of side
reactions such as the formation of carbon—carbon bonds
due to homopolymerization of the vinyl group, as
suggested in the literature.?® This would explain the
lower ultimate partial thiol conversion. This effect is
more prevalent at a lower polymerization temperature,
suggesting that the ratio between thiolene addition and
homopolymerization of the vinyl bond shifts in favor of
the thiolene reaction at higher temperatures. On the
other hand, the higher thiol consumption at higher
temperatures could also be attributed to side reactions
involving the thiol moiety, such as disulfide formation
or a transesterification reaction where the thiol group
reacts with the aromatic ester moiety to yield a thioester
adduct.’® This may explain why the conversion of the
thiol group approaches that of the vinyl group. The
difference in partial conversion of the thiol and vinyl
groups is confirmed by an earlier study involving a triple
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phenyl ring thiolene.?° It was found that the overall
conversion increased if the thiol—olefin stoichiometry
was adjusted in favor of the vinyl group to compensate
for the higher vinyl consumption.

The ultimate conversion increases with increasing
polymerization temperature for the investigated tem-
perature range, and approaches almost complete con-
version of the vinyl bonds at higher temperatures, based
on both time-resolved Raman spectroscopy measure-
ments and proton NMR spectroscopy (Figure 6b). The
term “ultimate” conversion should be used with care
since post-polymerization processes are not uncommon
in free-radical-based polymerizations, once the irradia-
tion is stopped.3! However, from the conversion curves
(Figure 6a), it seems justified to speak of an ultimate
conversion in view of the long polymerization times and
the plateau values that were reached for the conver-
sions. The higher values for the ultimate conversion at
higher temperatures suggest an effect of crystallization
during the course of the polymerization process. Crys-
tallization reduces the monomer mobility and retards
the polymerization, leading to a lower overall conver-
sion. This is supported by the earlier mentioned delay
in the onset of crystallization, when the temperature is
raised and the polymerization temperature approaches
the crystallization temperature of the polymer (Figure
1b). The driving force for crystallization is lower and
crystallization is delayed, thus enabling a higher overall
conversion at higher polymerization temperatures. Al-
though the influence is not detected here, a ceiling
temperature effect may start to play a more pronounced
role above the crystallization temperature of the poly-
mer. From that point on, the contribution from the
crystallization process to the free energy change for the
propagation process is diminished, thus making the free
energy change less negative, similar to the situation
encountered for addition polymerizations.3233 A further
increase in temperature could then be reflected in a
lower molecular weight of the polymer as the reverse
reaction in the usually rate-determining step (Scheme
1, part I11) becomes more significant.

Conclusions

Liquid crystalline thiolene monomers based on a
phenyl benzoate core can be polymerized substantially
in bulk, and the polymerization can be initiated on
demand by UV-irradiation. The liquid crystalline thi-
olene polymers exhibit a nematic mesophase, and the
molecular weight and molecular weight distribution are
typical for polymers obtained by a step-growth polym-
erization. Anti-Markovnikov structures are predomi-
nantly formed, with a small fraction of the structures
displaying different configurations that can be at-
tributed to thiol olefin addition—cooxidation processes
or to homopolymerization of the olefinic moiety. The
partial conversions of the thiol and vinyl groups were
readily monitored using time-resolved Raman spectros-
copy and dissimilar partial reaction rates were demon-
strated. An optimal effective stoichiometry, and hence
an optimal overall conversion, can be achieved by
adjusting the initial thiol—olefin ratio to compensate for
a higher consumption of one of the groups.
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