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Poly(p-phenylene vinylene)s (PPVs) have been studied for decades, but research on this interesting class

of conjugated polymers is far from being completed. New applications like in bioimaging keep emerging

and even simple structural variations are still waiting to be explored. Surprisingly, not even dithioalkyl-sub-

stituted PPVs (S-PPVs) have been reported in the peer-reviewed literature, although the corresponding

dialkoxy-substituted PPVs (O-PPVs) like MEH-PPV or MDMO-PPV are most frequently used and although

thioalkyl substituents can improve the material properties significantly. We herein report the development

of a highly efficient, scalable two-step synthesis of Gilch monomers for S-PPVs starting from low-cost

1,4-diiodobenzene. A low-temperature polymerization protocol has been developed for these mono-

mers, affording high-molecular weight S-PPVs in excellent yields. The thermal, electrochemical, and

photophysical properties of S-PPVs are reported to highlight the potential of these polymers.

Furthermore, treatment with dimethyldioxirane is demonstrated to result in rapid conversion into sulfone-

substituted PPVs (SO2-PPVs), introducing a route to high-molecular weight SO2-PPVs with exceptional

stability and solid-state photoluminescence quantum yields of up to 0.46.

Introduction

Poly(p-phenylene vinylene)s (PPVs) have shaped the field of

organic electronics and had a strong impact on many other

fields of research. Nevertheless, despite their status as the

materials of choice for fundamental research on conjugated

polymers,1–3 the synthetic chemistry of this interesting class of

polymers is still “far from being mission accomplished” (as we

highlight by this work).1 Furthermore, exciting new appli-

cations like in bioimaging and drug delivery are emerging,

making use of the excellent fluorescence properties, the low

toxicity, and the biocompatibility of PPVs.3–5

For most applications of PPVs, substituents are attached to

the conjugated polymer backbone. The substituents not only

render the polymers soluble, but they are also useful to adjust

the electronic, spectral, morphological, and self-assembly pro-

perties.1 Most frequently, alkoxy substituents are attached; di-

alkoxy-substituted PPVs (O-PPVs, Scheme 1a) have become the

best investigated substituted PPVs. However, remarkably, there

is not a single report of their dithioalkyl-substituted analogs

(S-PPVs, Scheme 1b) in the peer-reviewed literature, although

monothioalkyl-substituted PPVs have been reported (see

ESI ).6–8 This is further surprising, as replacing alkoxy by

thioalkyl substituents is known to be a small, but very effective

Scheme 1 Polymer structures of (a) dialkoxy substituted PPVs

(O PPVs) and (b) dithioalkyl substituted PPVs (S PPVs), examples with

different alkyl groups (R, R’).
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structural variation. Most likely, this gap in PPV research is

due to difficulties in the preparation of S-PPVs, which pre-

vented a proper investigation of these polymers.

In contrast to PPVs, replacing alkoxy by thioalkyl substitu-

ents is well investigated for other conjugated polymers.9

Intermolecular S⋯S interactions can facilitate the π-stacking of

polymer chains and thereby improve the charge carrier mobili-

ties.10,11 Furthermore, thioalkyl substituents show significantly

weaker electron-donating properties than alkoxy substituents.

This can be rationalized by the poorer overlap of their orbitals

with the π-system of the conjugated polymer backbone, as a

result of the larger size of the sulfur atom.12 To some extent,

thioalkyl substituents can also accept π-electrons from the

polymer backbone, primarily through a low-lying antibonding

σ-orbital.13 The combined effects often result in lower highest

occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) energy levels. The lower energy

levels can improve the stability of the polymers, facilitate elec-

tron injection from metal electrodes, result in more balanced

transport of holes and electrons, and increase the open-circuit

voltage when used in solar cells.9,14 However, these effects

strongly depend on the particular polymer structure, as tor-

sional twisting induced by the larger size of the sulfur atom

can change the conformation of the polymer backbone and

reduce the effective conjugation length, resulting in unexpect-

edly wide band gaps and blue-shifted absorption.15,16

Conformational changes can also outweigh the positive effects

of intermolecular S⋯S interactions on the material pro-

perties.17 However, such negative conformational effects were

not expected for S-PPVs (see ESI†), which prompted our

immense interest in preparing these polymers.

Moreover, we expected S-PPVs to be useful precursors for

the synthesis of high-quality sulfone-substituted PPVs (SO2-

PPVs, Scheme 2a) by post-polymerization oxidation. SO2-PPV

was previously prepared by Stille coupling and found to be a

strong electron acceptor as well as an excellent light emitter,

with a fluorescence quantum yield of 0.95 in solution.18

However, Stille coupling yielded rather low-molecular weight

polymers and the 1H NMR spectrum indicated a high number

of structural defects. These are inherent issues of Stille

polymerization that can be avoided by oxidation of S-PPVs pre-

pared by other methods.

Generally, the material properties of PPVs can depend dra-

matically on the polymerization method; several polymeriz-

ation methods are available beside Stille coupling.1 Previous

attempts to prepare S-PPVs by Gilch polymerization were

reported in conference preprints.19,20 It seems that the out-

lined preparation of the monomers was successful and that

polymers were obtained, but experimental details on the

monomer preparation were not provided and consistent infor-

mation on the polymerization conditions as well as character-

ization results are missing. Nevertheless, we agree that Gilch

polymerization is an excellent choice to prepare S-PPVs, as it

should yield very high-molecular weight polymers and is the

most convenient and versatile method for PPV preparation.

Rehahn et al. provided an excellent overview of the mechan-

istic knowledge and challenges of the Gilch polymerization.21 In

the first step, substituted α,α′-dihalogenated p-xylenes are con-

verted into α-halogenated p-quinodimethanes by 1,6-elimin-

ation of hydrogen halide upon addition of a base. These

p-quinodimethanes are the active monomers that afford a non-

conjugated precursor polymer upon radical polymerization,

which then undergoes another elimination to yield PPVs

(Scheme 2b). The polymerization is initiated by diradicals, usually

formed by thermal dimerization of the active monomers.3

Besides the above mentioned advantages, Gilch polymeriz-

ation is also an economical method for the industrial scale

preparation of O-PPVs.1 The industrial interest arises from the

low price and the convenient accessibility of the starting

materials and reagents, as well as from the simple preparation

and purification of the polymers.21 However, most of these

advantages did not apply for the preparation of S-PPVs so far.

The monomer synthesis outlined in the preprints was carried

out in as many as five steps starting from rather expensive

diethyl 2,5-dihydroxyterephthalate and the polymerization

caused severe issues ranging from very low yields to insolubility

of the polymers and – most likely – a lack of reproducibility.

Therefore, it was our aim to (i) develop a short and simple

low-cost synthesis of the Gilch monomers for S-PPVs, (ii) find

reliable polymerization conditions, (iii) investigate the post-

polymerization oxidation of S-PPV to SO2-PPV, and (iv)

measure the thermal, electrochemical, and photophysical pro-

perties of the obtained polymers.

Results and discussion

For designing a short and simple low-cost synthesis of the

Gilch monomers for S-PPVs, we looked at the synthesis of the

monomers for O-PPVs, which is done in two facile steps: (i)

alkylation of 1,4-dihydroxybenzene or 1-hydroxy-4-methoxy-

benzene, affording 1,4-di(alkoxy)benzenes, and (ii) subsequent

chloro- or bromomethylation (see ESI†). Unfortunately, the

corresponding alkylation of thiols is not a suitable reaction, as

1 g of the required thiols costs as much as 1 kg of the hydroxy-

benzenes. However, we achieved a convenient, high-yielding,

low-cost preparation of different Gilch monomers for S-PPVs

by a related approach (Scheme 3).

The development of the reactions as well as the challenges

faced are discussed in the following two subsections.

Scheme 2 (a) Polymer structure of sulfone substituted PPV (SO2 PPV),

(b) synthesis of PPV by Gilch polymerization on the example of O PPV:

1,6 elimination of hydrogen halide (HX) and subsequent radical

polymerization afford a precursor polymer, which forms PPV in a

second elimination step.
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Synthesis of 1,4-di(thioalkyl)benzenes by microwave-assisted

reactions

Instead of using thiols as starting materials, 1,4-di(thioalkyl)

benzenes with two identical thioalkyl substituents (such as

2a–d) can be prepared from 1,4-dihalogenated benzenes by

lithium-halogen exchange using t-butyllithium (t-BuLi) and

subsequent addition of sulfur and alkyl iodide.22,23 Initially,

we were following a similar approach by developing a method

that allows for using alkyl bromides instead of alkyl iodides

(see ESI†), as the bromides are available at much lower cost.

However, the highly pyrophoric nature of t-BuLi is an undesir-

able risk, particularly on a larger scale. As a safer alternative,

coupling of 1,4-diiodobenzene 1a with 2-ethylhexylthiol has

been described to yield di(thioalkyl)benzene 2a.18 However,

when following this approach, we found the work-up of this

reaction to be tedious, due to the large amounts of DMF and

CuI (20 mol%) present (except for the synthesis of compound

2d, which precipitated from the reaction medium and was

simply filtered off (see ESI†)). As an additional disadvantage,

the ligand used for this reaction, neocuproine, is far from

being a low-cost reagent.

Fortunately, Anilkumar et al. recently reported a protocol

for the coupling of aryl iodides with alkylthiols using 1,2-di-

methoxyethane (DME) as a more convenient solvent, less CuI

as catalyst (5 mol%), and low-cost 1,4-diazabicyclo[2.2.2]octane

(DABCO) as ligand.24 We adapted this protocol for the twofold

reaction of 1,4-diiodobenzene 1a, but the reaction took several

days to be complete. Hence, we decided to develop a related

microwave-assisted reaction protocol at higher temperatures

(Table 1, entries 1–5). The initially used base, K2CO3, had to be

replaced by K3PO4 to avoid pressure increase in the sealed vial

as a result of CO2 formation. Interestingly, using this base, we

did not observe any difference in conversion when leaving out

the ligand DABCO (neither at 180 °C in the microwave reactor

nor at 120 °C under conventional heating).

The final, optimized protocol allowed for a rapid synthesis

of compounds 2a–d (Scheme 3) in two hours reaction time

and good yields of 70–80% after purification by flash chrom-

atography (Table 1, entries 5 and 6). For a moderate scale-up

of the synthesis of 2a and 2b, four consecutive microwave reac-

tions were carried out and combined for work-up (Table 1,

entries 7 and 8), which resulted in even higher yields of about

90%. Considering the high purity of the crude products, we

assume that purification by methods other than flash chrom-

atography (e.g. distillation) is feasible for large batches.

For the synthesis of 1,4-di(thioalkyl)benzenes with two

different thioalkyl substituents (2e–h), we first tested if

1-bromo-4-(thiomethyl)benzene could be used as starting

material, as this compound is available at a reasonable price.

However, conversion of this brominated starting material was

limited to about 20%, except for a slight increase to about 30%

when adding stoichiometric amounts of catalyst. Hence, we

used 1-iodo-4-(thiomethyl)benzene 1b instead (Scheme 3),

which was obtained from 1a in excellent yields following a

published protocol using n-buthyllithium (n-BuLi).25 1b was

used for the microwave reactions without further purification

after solvent extraction. Yields of about 80% were achieved for

compounds 2e–h (Table 1, entry 9). Reaction times of less than

two hours resulted in incomplete conversion.

Synthesis of Gilch monomers by bromomethylation of 1,4-di

(thioalkyl)benzenes

For the final step of the monomer synthesis, we opted for

bromomethylation instead of chloromethylation, as higher

reactivity in Gilch polymerizations was reported when bromides

are the leaving groups.26 The higher reactivity facilitates the

monomer activation by 1,6-elimination, but should also

result in more effective conversion of the precursor polymers

into PPVs.

Scheme 3 Synthesis of Gilch monomers for S PPVs in two/three steps

starting from 1,4 diiodobenzene 1a. aUsed crude for further conversion.
bRequired alternative reaction conditions: paraformaldehyde (PFA), HBr

in acetic acid, trifluoroacetic acid, trifluoroacetic anhydride, 80 °C, 24 h.

Table 1 Development of a CuI catalyzed microwave assisted reaction

for the conversion of aryl iodides 1a and 1b into 1,4 di(thioalkyl)benz

enes 2a–h (scale: 3.0 mmol). Final reactions highlighted in grey. Scale

up carried out by four consecutive reactions and combined work up

(entries 7 and 8)

a Reaction time after reaching 180 °C. b Yield determined by work up
as described in the experimental section when full conversion was
indicated by thin layer chromatography. c Reaction aborted after
10 min (maximum pressure of 22 bar exceeded). d Incomplete conver
sion (1 : 3 ratio of single reacted intermediate to product, according to
1H NMR of crude product), not purified by flash chromatography. e See
Scheme 3.
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We previously developed a convenient protocol for the

bromomethylation of 1,4-di(alkoxy)benzenes, which affords

Gilch monomers for O-PPVs in quantitative yields (see ESI†).

However, when subjecting 1,4-di(thioalkyl)benzene 2e to the

same procedure, no product was obtained. Thin-layer chrom-

atography (TLC) indicated unreacted starting material even

after stirring for one week. Apparently, the weaker electron-

donating properties of thioalkyl substituents impede electro-

philic substitution. Another protocol, which was successful for

the bromomethylation of 1-alkoxy-4-thioalkyl-benzene employ-

ing acetic acid as the solvent,27 also failed.

Fortunately, when replacing acetic by formic acid as in a

procedure reported by Sun et al.,28 Gilch monomer 3e could be

obtained. Some optimization of the reaction resulted in 63%

crude yield in an overnight reaction (see ESI†). Work-up was

simply performed by precipitation into water followed by fil-

tration and washing with methanol. However, the synthesis of

3e required sealed reaction vials in this protocol to avoid a loss

of formaldehyde and HBr at elevated temperatures. Such con-

ditions constitute a safety issue, as decomposition of formic

acid results in a significant pressure rise during the reaction.

For the final procedure, all these issues were solved. The

bromomethylation was carried out in a three-necked flask

equipped with a condenser and a CaCl2-filled drying tube.

Repeated addition of paraformaldehyde (PFA) and HBr

enabled high yields of about 60 to 80% for monomers 3a–c

and 55 to 70% for monomers 3e–h (Scheme 3). Precipitation

of the monomers was observed for all reactions. If this precipi-

tation started too early, the reactions remained incomplete

and had to be carried out at elevated temperatures of 80 °C

(instead of 70 °C). This ensured full conversion for the syn-

thesis of all monomers, except for 3d. For work-up, the off-

white precipitates were filtered, washed with methanol, and

recrystallized from acetonitrile for high purity.

The necessity of using formic acid as the solvent was again

confirmed for these final conditions. When using acetic acid

for the synthesis of monomer 3a, but keeping all other para-

meters constant, no precipitation was observed. 1H NMR spec-

troscopy (after work-up by solvent extraction) revealed that

some product was formed, but several other signals were

present. Most of these signals can be assigned to the single

bromomethylated intermediate (see ESI†); the estimated

product to intermediate ratio was 1 : 2.3.

Regarding the incomplete conversion of di(thioalkyl)

benzene 2d into monomer 3d mentioned above, which is a

result of the large alkyl groups and the poor miscibility with

the reaction medium, we tested the addition of various tetra-

alkylammonium bromides as phase-transfer catalysts.

Although this was reported to improve bromomethylations

before,29 we did not observe any considerable effect. However,

full conversion and yields of 50% were achieved using trifluoro-

acetic acid and some trifluoroacetic anhydride as the reaction

medium (Scheme 3) by adapting a procedure successful for

similar compounds with large alkyl groups.30 The reactions in

trifluoroacetic acid afforded a dark byproduct, which we found

difficult to separate when testing the synthesis of other mono-

mers than 3d (3a and 3b), resulting in low yields and impure

products.

Although we prepared monomers 3a–h for Gilch polymeriz-

ation, it should be noted that they may also be used for other

reactions, such as the synthesis of dialdehydes or diphospho-

nates for Horner-Emmons (poly)condensations,28,31 opening

up additional routes to conjugated polymers with dithioalkyl-

substituted phenylene units.

Preparation of S-PPVs by Gilch polymerization

Initial polymerization experiments were carried out at room

temperature (r.t.), using monomers 3a and 3b, dry tetrahydro-

furan (THF) as the solvent, and KOtBu as the base (Scheme 4).

During these initial experiments, we observed that reproduci-

bility was a challenge. The polymerization yields (determined

by precipitation into methanol, filtration and drying) fluctu-

ated strongly and were usually low. We decided to address this

issue by reversing the order of addition of monomer and base

as well as by changing the suppliers of KOtBu (1.0 M in THF)

and THF. However, no improvement was observed until we dis-

covered that precipitation of the KOtBu solution (when

purging with argon prior to addition to the monomer solution)

caused the issues. To avoid precipitation, we diluted the com-

mercial 1.0 M KOtBu solution with dry THF to a concentration

of 0.33 M and purged the solution with argon (using an argon

balloon equipped with a needle) for only 2 min (4 min for

larger scale polymerizations). This improved the reproducibil-

ity, but the polymerization yields remained moderate (Table 2,

entries 1 and 4).

However, when adding the base to a stirred solution of

monomer at a low temperature of −60 °C, keeping this temp-

erature for 3 h, warming to r.t. within 1 h, and stirring at r.t.

for another hour, higher yields were obtained (Table 2, entries

2 and 5). In addition to improved yields, low polymerization

temperatures were also reported to result in fewer structural

defects, which improves the polymer performance and the

durability in devices.21,32 Nevertheless, temperatures below

−60 °C must be avoided at any time of the polymerization, as

we found this to significantly decrease the polymerization

yields, which explains our choice of −60 °C as polymerization

temperature.

The preparation of the other S-PPVs 4c–h was also carried

out under the described low-temperature conditions. However,

the weaker solubilizing effect of the alkyl groups of these poly-

mers resulted in lower yields and considerably smaller soluble

Scheme 4 Preparation of S PPVs 4a–h by Gilch polymerization at r.t.

or 60 °C.
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fractions, in particular for polymers 4e–h (Table 2, entries

7–12). Hence, we focused on polymers 4a and 4b for further

investigation and characterization. Interestingly, we could

further improve the yields for these polymers by scaling-up the

polymerization (Table 2, entries 3 and 6); we observed this

effect repeatedly for both polymers. Precipitation of the puri-

fied polymer solution obtained from Soxhlet extraction

(instead of evaporation of the solvent) reduced the yield, but

redissolution of the resulting fluffy solid for characterization

and post-polymerization oxidation was found to be easier than

redissolution of the polymer films resulting from evaporation

of the solvent. Hence, we used the precipitated polymers (pre-

pared on a larger scale) for further investigations.

Gel permeation chromatography (GPC) confirmed the

expected high molecular weights. For polymer 4a, a mass

average molecular weight (Mw) of 431 kDa and a number

average molecular weight (Mn) of 100 kDa were measured (Đ =

4.3), for polymer 4b, 87 kDa (Mw) and 31 kDa (Mn) (Đ = 2.8).

The lower values for polymer 4b are attributed to earlier pre-

cipitation during polymerization, which is due to lower

solubility.
1H NMR measurements of 4a and 4b (see ESI†) indicated

that there were no considerable structural defects such as

tolane-bis-benzyl defects, cis-configurated vinylene moieties,

or non-conjugated defects resulting from incomplete macro-

molecular HBr elimination, which would result in the appear-

ance of additional peaks.2,21,33 Infrared (IR) spectra showed

the characteristic aliphatic C–H stretching modes around

2900 cm−1 (resulting from the side chains) as well as the aro-

matic and vinylic C–H stretching modes slightly above

3000 cm−1 (originating from the polymer backbone) (see ESI†).

Both polymers exhibit an intense mode close to 970 cm−1,

which confirms the formation of HC CH trans-double bonds;

the characteristic HC CH mode for cis-double bonds in the

expected region of 890 to 900 cm−1 is very weak, indicating a

high cis–trans selectivity of the polymerization.34

Preparation of SO2-PPVs by post-polymerization oxidation of

S-PPVs

Dimethyldioxirane (DMDO) can be used for selective post-

polymerization oxidation of thioalkyl-substituted conjugated

polymers to sulfone-substituted polymers,23,35 similar to post-

polymerization modification using Rozen’s reagent.36 Treating

S-PPVs 4a and 4b with DMDO yielded SO2-PPVs 5a and 5b

(Scheme 5) within seconds; a drastic change of the fluo-

rescence properties was observed (see link to videos in ESI†).

Conveniently, oxidation with DMDO yields acetone as the only

side product, which can be easily removed by evaporation

together with the solvent and excessive reagent. Doing so, the

oxidized polymers were obtained in yields of exactly 100%.

GPC and 1H NMR measurements could not be carried out

for the oxidized polymers, as the solubility was found to be

very low. In contrast, SO2-EH-PPV prepared by Stille coupling

was reported to be readily soluble in common organic sol-

vents.18 We attribute the differences in solubility to the signifi-

cantly higher molecular weight of our polymers (the chain

length is expected to be unaffected by the oxidation) and to

higher cis–trans selectivity of the polymerization. For appli-

cations, processing the polymers before oxidation followed by

post-processing oxidation is potentially a feasible approach to

circumvent solubility issues.

As expected, the oxidation gives rise to significant changes

in the IR spectra. Most notably, it results in the appearance of

very indicative SO2 modes at 1145 cm−1 (symmetric stretching)

and 1310 cm−1 (asymmetric stretching) (see ESI†). The spectra

again show the characteristic aliphatic C–H stretching modes

around 2900 cm−1 as well as aromatic and vinylic C–H stretch-

ing modes above 3000 cm−1. The configuration of the double

bonds appears to be unaffected.

While some vinylene epoxidation by DMDO cannot be fully

ruled out by our measurements, this reaction seems to be un-

likely based on absorption measurements and elemental ana-

lysis. Furthermore, selective oxidation to sulfones in the pres-

ence of double bonds using DMDO has been reported

before.37,38

Table 2 Gilch polymerization reactions at different conditions. Crude

yield determined by precipitation into methanol, followed by filtration

and drying. Purified yield after removing impurities with methanol and

n hexane in a Soxhlet extractor, extracting the polymer with CHCl3, and

evaporating the solvent

Target
polymer Temp.

Scale
[mmol]

Crude
yield [%]

Purified
yield [%]

1 4a r.t. 0.30 61 55
2 4a 60 °C 0.30 73 68
3 4a 60 °C 1.0 90 88/82a

4 4b r.t. 0.30 52 47
5 4b 60 °C 0.30 64 56
6 4b 60 °C 1.0 77 67/29a

7 4c 60 °C 0.30 62 19
8 4d 60 °C 0.30 60 17
9 4e 60 °C 0.30 67 4
10 4f 60 °C 0.30 49 6
11 4g 60 °C 0.30 41 8
12 4h 60 °C 0.30 37 5

a Yield obtained by pouring the CHCl3 solution from Soxhlet extraction
into methanol for precipitation and filtering off and drying the
polymer (instead of evaporating the solvent).

Scheme 5 Post polymerization oxidation of S PPVs 4a and 4b to SO2

PPVs 5a and 5b using dimethyldioxirane (DMDO). Synthesis of oxidized

Gilch monomer 3a SO2 and attempted polymerization.
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For comparison, we also wanted to prepare SO2-PPVs by

Gilch polymerization of oxidized monomers such as 3a-SO2

(Scheme 5). However, the reaction rapidly turned dark when

adding KOtBu at −60 °C; no polymer was obtained upon pre-

cipitation into methanol. Presumably, the electron-withdraw-

ing properties of the sulfone groups prevent the formation of

halogenated p-quinodimethanes that are required as the active

monomers. Nevertheless, 3a-SO2 may be a useful precursor for

the synthesis of monomers for other polymerization methods.

Thermal properties of the S-PPVs and SO2-PPVs

The thermal stability of 4a, 4b, 5a, and 5b was investigated by

thermogravimetric analysis (TGA) (see ESI†). The decompo-

sition temperatures of the S-PPVs were as high as 367 °C (4a)

and 378 °C (4b). Both polymers show literally no mass loss

below 300 °C and the mass loss at 350 °C is still below 4%. In

contrast, the SO2-PPVs exhibited a continuous mass loss to

approximately 8% at 300 °C, which starts around 100 °C. We

attribute this mass loss to adsorbed water, as SO2 containing

polymers can strongly adsorb water by hydrogen bonding.39

The decomposition temperatures of the SO2-PPVs were mar-

ginally lower than those of the corresponding S-PPVs, 364 °C

(5a) and 372 °C (5b).

Electrochemical properties of S-PPVs and SO2-PPVs

Cyclic voltammetry (CV) measurements were carried out to

estimate the HOMO and LUMO energy levels of the polymers

from the oxidation and reduction onsets (Fig. 1 and Table 3).

The energy levels of S-PPVs 4a and 4b are 0.5–0.6 eV lower

than reported for MEH-PPV (Scheme 1) prepared by Gilch

polymerization (LUMO: −2.7 eV, HOMO: −5.02 eV)40 and

about 0.3 eV lower than given for commercially available

MEH-PPV, which aligns well with the expected effects of repla-

cing alkoxy by thioalkyl groups. The oxidation to sulfones

results in even lower HOMO and LUMO energy levels, as deter-

mined for SO2-EH-PPV 5a. The HOMO energy level of this

polymer was estimated by subtracting the optical bandgap

energy from the LUMO energy level, as the oxidation onset

could not be measured reliably with our set-up. The results are

in good agreement with SO2-EH-PPV prepared by Stille coup-

ling.18 Interestingly, considering the LUMO–LUMO offset of

0.39 eV, all-polymer solar cells of 4a (as donor) and 5a (as

acceptor) may be feasible, which may be an exciting future

application of the demonstrated post-polymerization oxi-

dation. It has been previously shown that SO2-containing poly-

mers can be used for (inverted structure) solar cells.41

Polymer 5b could not be processed into thin-films due to

insolubility and hence has not been measured.

Photophysical properties of S-PPVs and SO2-PPVs

Polymers 4a, 4b, and 5a show very similar absorption spectra

in solution (Fig. 2, left) with a maximum at about 450 nm for

all three polymers (Table 4). Remeasuring the solutions after

storing in a flask under air and ambient light for 5 days (Fig. 2,

dashed lines) indicates that even dissolved in CHCl3 photo-

bleaching is weak for polymers 4a and 4b (approx. 10% lower

absorption at the maximum) and almost non-existent for

polymer 5a (2% lower absorption at the maximum).

The photoluminescence (PL) spectra of 4a and 4b in solu-

tion are identical (Fig. 2, right). In contrast, the PL maximum

of polymer 5a is blue-shifted by 27 nm, but the spectrum fea-

tures an additional shoulder close to the PL maximum wave-

length of 4a and 4b. The smaller Stokes shift of 5a is con-

sidered to be a result of higher rigidity of the polymer back-

bone induced by the sterically demanding sulfone groups.

In thin-films, both the absorption and the PL of

S-DMO-PPV 4b are red-shifted compared to S-EH-PPV 4a

Fig. 1 Cyclic voltammograms of drop cast thin films of polymers 4a,

4b, and 5a on indium tin oxide (ITO) electrodes, reduction (left) and oxi

dation (right).

Table 3 Reduction and oxidation onset potentials (Ered and Eox),

bandgap energy (Eg), and estimated HOMO and LUMO energy levels of

drop cast thin films of polymers 4a, 4b, and 5a

Ered/Eox vs.
Fc/Fc+ [V]a

Eg [eV]
(CV/optb)

LUMO [eV]
(CVc)

HOMO [eV]
(CVc/optd)

4a 1.53/0.74 2.27/2.24 3.27 5.54/ 5.51
4b 1.53/0.66 2.19/2.16 3.27 5.46/ 5.43
5a 1.14/n.a. n.a./2.47 3.66 n.a./ 6.13

a See ESI for determination. bDetermined from the absorption onset
(see Table 3). c Calculated from the reduction and oxidation onsets on
the premise that the Fc/Fc+ energy level is 4.80 eV. dDetermined by
subtracting the optical bandgap energy from the LUMO level.

Fig. 2 Solid lines: Normalized absorption and photoluminescence (PL)

of polymers 4a, 4b, and 5a in solution (CHCl3). PL excitation wavelength:

450 nm. Dashed lines: Absorption spectra after storing the solutions

under air and ambient light for 5 days to assess the photobleaching, nor

malized to the initial measurement.
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(Fig. 3 and Table 4), which indicates stronger interactions of

the polymer backbones enabled by the less bulky DMO side

chains. Nevertheless, the large Stokes shifts (4a: 137 nm, 4b:

160 nm, cp. MEH-PPV: 66 nm (ref. 40)) indicate strong inter-

molecular interactions for both polymers, as expected as a

result of S⋯S interactions. As in solution, the PL of SO2-

EH-PPV 5a is blue-shifted compared to its non-oxidized

counterpart; however, in thin films, the absorption is blue-

shifted too, indicating weaker interactions of the polymer

backbones due to the bulkiness of the sulfone groups and the

absence of S⋯S interactions. The Stokes shift of 5a (101 nm) is

significantly smaller than for the non-oxidized polymers.

Polymer 5b could not be measured in solution or processed

into thin-films due to insolubility.

The solid-state photoluminescence quantum efficiencies

(PLQEs, Table 4) were estimated measuring the polymers as

obtained after work-up (no processing into thin-films).

Polymer 4a is strongly fluorescent directly after precipitation

and filtration (see ESI† for pictures), but the PLQE of both, 4a

and 4b, was found to be below 0.10 after drying (cf. MEH-PPV:

0.10–0.15 (ref. 42)). We assume that strong intermolecular

interactions deteriorate the PL properties, but render these

polymers interesting for applications other than light emis-

sion. In contrast, very high solid-state PLQEs of 0.36 and 0.46

were measured for the oxidized polymers 5a and 5b. Notably,

the PLQEs were lower, if 4.50 equiv. DMDO (instead of 4.05

equiv.) were used for the post-polymerization oxidation (see

ESI†), but the thin-film PL spectra were identical for both

batches of SO2-EH-PPV 5a. PLQEs in solution have not been

measured, but were as high as 0.95 for SO2-EH-PPV prepared

by Stille coupling.18

Experimental section

Reagents and solvents were purchased from commercial sup-

pliers and used without further purification. Anhydrous THF

was prepared by filtration through drying columns. 3,7-

Dimethyl-1-octanethiol used in the synthesis of compound 2b

was prepared via the respective bromide following published

protocols starting from 3,7-dimethyl-1-octanol (see ESI†).43,44

All reaction temperatures were monitored internally using a

thermometer.

Synthesis of 1-iodo-4-(thiomethyl)benzene 1b

A solution of 1,4-diiodobenzene (4.95 g, 15.0 mmol, 1.0 equiv.)

in dry Et2O (150 mL) was cooled to −80 °C under argon. n-BuLi

(2.5 M in hexanes, 6.6 mL, 16.5 mmol, 1.1 equiv.) was added

slowly and the reaction was stirred for 40 min while slowly

warming to –65 °C. Subsequently, the reaction was cooled to

−70 °C and sulfur (553 mg, 17.25 mmol, 1.15 equiv.) was

added in one portion. The reaction stirred for 40 min before

the addition of methyl iodide (4.26 g, 1.87 mL, 30.0 mmol, 2.0

equiv.) and was then kept in the cooling bath, but slowly

warmed to room temperature overnight. Saturated aqueous

NH4Cl solution (90 mL) was added to the reaction, the mixture

separated and the aqueous layer further extracted three times

using Et2O (2 × 100 ml, 1 × 50 ml). The combined organic

layers were washed with water and brine, dried over sodium

sulfate, and evaporated in vacuo to yield 3.31 g (13.2 mmol,

88%) crude compound 1b, which slowly crystallized. 1H NMR

(400 MHz, CDCl3): δ = 7.57 (d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.6

Hz, 2H), 2.45 (s, 3H) ppm (impurity signals omitted). 13C(APT)

NMR (100 MHz, CDCl3): δ = 138.7 (C), 137.7 (CH), 128.3 (CH),

89.3 (C), 15.8 (CH3) ppm (impurity signals omitted).

General procedure for the synthesis of 1,4-di(thioalkyl)-

benzenes 2a–d in a microwave reactor.

1,4-Diiodobenzene (990 mg, 3.0 mmol, 1.0 equiv.), CuI (57 mg,

0.3 mmol, 0.1 equiv.), and K3PO4 (2.61 g, 12.3 mmol,

4.1 equiv.) were weighed into a 20 mL reaction vial and purged

with argon. The respective alkylthiol (6.6 mmol, 2.2 equiv.)

and the solvent 1,2-dimethoxyethane (DME) (15 mL, 0.2 M)

were purged with argon and added to the vial, which was then

sealed and heated to 180 °C while stirring in a microwave

reactor. After reaching 180 °C, which usually took about

15–20 min, this temperature was kept for 2 h. After cooling,

the reaction was poured on 100 mL water and extracted three

times with CH2Cl2 (2 × 100 mL, 1 × 50 mL). The combined

organic layers were dried over Na2SO4 and the solvent

was evaporated in vacuo. The residue was purified by flash

chromatography, dry loading a 40 g silica column (compound

Table 4 Overview of photophysical properties in solution and solid

state (thin films and as obtained after work up)

Solution Solid (thin film) Solid

λabs,max

[nm]
λPL,max

[nm]
λabs,max

[nm]
λPL,max

[nm]
λabs,onset

[nm] PLQEa

4a 453 527 445 582 554 0.08
4b 453 526 468 628 573 0.05
5a 451 500 429 530 502 0.36
5b n.a.b n.a.b n.a.b n.a.b n.a.b 0.46

a Estimated error: ±0.05, excitation wavelength: 415 nm (4a, 5a, 5b),
480 nm (4b). bNot measurable due to insolubility; not processable into
thin films.

Fig. 3 Normalized thin film absorption and photoluminescence (PL) of

polymers 4a, 4b, and 5a. PL excitation wavelengths: 440 nm (4a),

480 nm (4b), 425 nm (5a).
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dissolved in CH2Cl2, 8 g silica added, solvent removed

in vacuo) and using petroleum ether as the eluent.

Scale-up (2a and 2b only): four consecutive microwave reac-

tions were carried out as described above, poured on 250 mL

water together and extracted three times with CH2Cl2 (2 ×

200 mL, 1 × 100 mL). The combined organic layers were dried

over Na2SO4 and the solvent was evaporated in vacuo. The

residue was purified by flash chromatography, dry loading a

90 g silica column (compound dissolved in CH2Cl2, 30 g silica

added, solvent removed in vacuo) and using petroleum ether as

the eluent.

2a: Synthesis according to the general procedure using

2-ethyl-1-hexanethiol (966 mg, 1.15 mL, 6.6 mmol, 2.2 equiv.).

Column chromatography yielded 838 mg (2.29 mmol, 76%) of

slightly yellow liquid 2a. Scale-up: 3.96 g (10.8 mmol, 90%). 1H

NMR (600 MHz, CDCl3): δ = 7.23 (s, 4H), 2.87 (d, J = 6.4 Hz,

4H), 1.58–1.52 (m, 2H), 1.51–1.33 (m, 8H), 1.32–1.22 (m, 8H),

0.91–0.85 (m, 12H) ppm. 13C(APT) NMR (150 MHz, CDCl3): δ =

135.0 (C), 129.7 (CH), 39.0 (CH/CH3), 38.6 (CH2), 32.4 (CH2),

28.9 (CH2), 25.6 (CH2), 23.1 (CH2), 14.2 (CH/CH3), 10.9

(CH/CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for

C22H38S2 366.24094; found 366.24088.

2b: Synthesis according to the general procedure using 3,7-

dimethyl-1-octanethiol (1.15 g, 6.6 mmol, 2.2 equiv.). Column

chromatography yielded 914 mg (2.16 mmol, 72%) of slightly

yellow liquid 2b. Scale-up: 4.45 g (10.5 mmol, 88%). 1H NMR

(600 MHz, CDCl3): δ = 7.23 (s, 4H), 2.95–2.83 (m, 4H),

1.67–1.42 (m, 8H), 1.32–1.19 (m, 6H), 1.16–1.08 (m, 6H), 0.89

(d, J = 6.6 Hz, 6H), 0.86 (d, J = 6.7 Hz, 12H) ppm. 13C(APT)

NMR (150 MHz, CDCl3): δ = 134.5 (C), 129.7 (CH), 39.3 (CH2),

37.0 (CH2), 36.3 (CH2), 32.4 (CH/CH3), 31.9 (CH2), 28.1 (CH/

CH3), 24.8 (CH2), 22.8 (CH/CH3), 22.7 (CH/CH3), 19.5 (CH/

CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for C26H S2
422.30354; found 422.30345.

2c: Synthesis according to the general procedure using

1-hexanethiol (780 mg, 0.94 mL, 6.6 mmol, 2.2 equiv.).

Column chromatography yielded 661 mg (2.13 mmol, 71%) of

white solid 2c. 1H NMR (600 MHz, CDCl3): δ = 7.23 (s, 4H),

2.88 (t, J = 7.4 Hz, 4H), 1.62 (quint, J = 7.5 Hz, 4H), 1.41 (quint,

J = 7.4 Hz, 4H), 1.33–1.24 (m, 8H), 0.88 (t, J = 6.9 Hz, 6H) ppm.
13C(APT) NMR (150 MHz, CDCl3): δ = 134.5 (C), 129.8 (CH),

34.1 (CH2), 31.5 (CH2), 29.2 (CH2), 28.6 (CH2), 22.7 (CH2), 14.2

(CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for C18H30S2
310.17834; found 310.17847.

2d: Synthesis according to the general procedure using

1-dodecanethiol (1.34 g, 1.58 mL, 6.6 mmol, 2.2 equiv.).

Column chromatography yielded 1.15 g (2.37 mmol, 79%) of

white solid 2d. 1H NMR (600 MHz, CDCl3): δ = 7.23 (s, 4H),

2.88 (t, J = 7.4 Hz, 4H), 1.62 (quint, J = 7.5 Hz, 4H), 1.40 (quint,

J = 7.4 Hz, 4H), 1.32–1.21 (m, 32H), 0.88 (t, J = 7.0 Hz, 6H)

ppm. 13C(APT) NMR (150 MHz, CDCl3): δ = 134.5 (C),

129.7 (CH), 34.1 (CH2), 32.1 (CH2), 29.80 (CH2), 29.78

(CH2), 29.73 (CH2), 29.65 (CH2), 29.5 (CH2), 29.31 (CH2),

29.27 (CH2), 29.0 (CH2), 22.8 (CH2), 14.3 (CH3) ppm. HRMS

(APCI/Orbitrap) m/z: [M]+ calcd for C30H54S2 478.36614; found

478.36572.

Alternative procedure using conventional heating for the

synthesis of 1,4-di(thioalkyl)benzenes 2a-d on the example of 2d

1,4-Diiodobenzene (330 mg, 1.0 mmol, 1.0 equiv.), CuI (19 mg,

0.1 mmol, 0.1 equiv.), and K3PO4 (870 mg, 4.1 mmol, 4.1

equiv.) were weighed into a 5 mL reaction vial and purged with

argon. The respective 1-dodecanethiol (445 mg, 2.2 mmol, 2.2

equiv.) and the solvent 1,2-dimethoxyethane (DME) (5 mL, 0.2

M) were purged with argon and added to the vial, which was

then heated to 120 °C by conventional heating while stirring.

After 5 days, the reaction was poured into 100 mL water and

extracted three times with CH2Cl2 (1 × 100 mL, 2 × 50 mL). The

combined organic layers were dried over Na2SO4 and the

solvent was evaporated in vacuo. The residue was purified by

flash chromatography, dry loading an 8 g silica column (com-

pound dissolved in CH2Cl2, 3 g silica added, solvent removed

in vacuo) and using petroleum ether as the eluent. Evaporation

of the solvent afforded 331 mg (0.69 mmol, 69%) of white

solid 2d.

General procedure for the synthesis of 1,4-di(thioalkyl)-

benzenes 2e–h

Crude 1-iodo-4-(thiomethyl)benzene 1b (750 mg, 3.0 mmol,

1.0 equiv.), CuI (57 mg, 0.3 mmol, 0.1 equiv.), and K3PO4

(2.61 g, 12.3 mmol, 4.1 equiv.) were weighed into a 20 ml reac-

tion vial and purged with argon. The respective alkylthiol

(3.6 mmol, 1.2 equiv.) and the solvent 1,2-dimethoxyethane

(DME) (15 mL, 0.2 M) were purged with argon and added to

the vial, which was then sealed and heated to 180 °C while stir-

ring in a microwave reactor. After reaching 180 °C, which

usually took about 15–20 min, this temperature was kept for

2 h. After cooling, the reaction was poured on 100 mL water

and extracted three times with CH2Cl2 (2 × 100 mL, 1 × 50 mL).

The combined organic layers were dried over Na2SO4 and the

solvent was evaporated in vacuo. The residue was purified by

flash chromatography, dry loading a 40 g silica column (com-

pound dissolved in CH2Cl2, 6 g silica added, solvent removed

in vacuo) and using petroleum ether as the eluent.

2e: Synthesis according to the general procedure using

2-ethyl-1-hexanethiol (527 mg, 0.62 mL, 3.6 mmol, 1.2 equiv.).

Column chromatography yielded 643 mg (2.39 mmol, 80%) of

slightly yellow liquid 2e. 1H NMR (600 MHz, CDCl3): δ = 7.26

(d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H), 2.86 (d, J = 6.4 H,

2H), 2.47 (s, 3H), 1.54 (sept, J = 6.3 Hz, 1H), 1.51–1.33 (m, 4H),

1.32–1.21 (m, 4H), 0.91–0.85 (m, 6H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 135.9 (C), 134.3 (C), 130.0 (CH), 127.5

(CH), 39.0 (CH/CH3), 38.8 (CH2), 32.4 (CH2), 28.9 (CH2), 25.6

(CH2), 23.1 (CH2), 16.3 (CH/CH3), 14.2 (CH/CH3), 10.9 (CH/

CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for C15H24S2
268.13139; found 268.13152.

2f: Synthesis according to the general procedure using 3,7-

dimethyl-1-octanethiol (628 mg, 3.6 mmol, 1.2 equiv.).

Column chromatography yielded 704 mg (2.37 mmol, 79%) of

slightly yellow liquid 2f. 1H NMR (600 MHz, CDCl3): δ = 7.26

(d, J = 8.5 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 2.95–2.82 (m, 2H),

2.47 (s, 3H), 1.66–1.40 (m, 4H), 1.32–1.18 (m, 3H), 1.16–1.07
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(m, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H) ppm.
13C(APT) NMR (150 MHz, CDCl3): δ = 136.2 (C), 133.6 (C),

130.1 (CH), 127.4 (CH), 39.3 (CH2), 37.0 (CH2), 36.4 (CH2), 32.3

(CH/CH3), 32.2 (CH2), 28.1 (CH/CH3), 24.8 (CH2), 22.8 (CH/

CH3), 22.7 (CH/CH3), 19.5 (CH/CH3), 16.3 (CH/CH3) ppm.

HRMS (APCI/Orbitrap) m/z: [M]+ calcd for C17H28S2 296.16269;

found 296.16250.

2g: Synthesis according to the general procedure using

1-hexanethiol (426 mg, 0.51 mL, 3.6 mmol, 1.2 equiv.).

Column chromatography yielded 568 mg (2.36 mmol, 79%) of

white solid 2g. 1H NMR (600 MHz, CDCl3): δ = 7.26 (d, J = 8.5

Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 2.87 (t, J = 7.3 Hz, 2H), 2.47 (s,

3H), 1.61 (quint, J = 7.5 Hz, 2H), 1.40 (quint, J = 7.4 Hz, 2H),

1.33–1.24 (m, 4H), 0.88 (t, J = 7.0 Hz, 3H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 136.2 (C), 133.6 (C), 130.2 (CH), 127.4

(CH), 34.3 (CH2), 31.5 (CH2), 29.3 (CH2), 28.6 (CH2), 22.7

(CH2), 16.3 (CH3), 14.2 (CH3) ppm. HRMS (APCI/Orbitrap) m/z:

[M]+ calcd for C13H20S2 240.10009; found 240.10021.

2h: Synthesis according to the general procedure using

1-dodecanethiol (729 mg, 0.86 mL, 3.6 mmol, 1.2 equiv.).

Column chromatography yielded 759 mg (2.34 mmol, 78%) of

white solid 2h. 1H NMR (600 MHz, CDCl3): δ = 7.26 (d, J = 8.5

Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 2.87 (t, J = 7.4 Hz, 2H), 2.47 (s,

3H), 1.61 (quint, J = 7.5 Hz, 2H), 1.39 (quint, J = 7.3 Hz, 2H),

1.32–1.21 (m, 16H), 0.88 (t, J = 7.2 Hz, 3H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 136.2 (C), 133.6 (C), 130.2 (CH), 127.4

(CH), 34.3 (CH2), 32.1 (CH2), 29.79 (CH2), 29.78 (CH2), 29.73

(CH2), 29.65 (CH2), 29.5 (CH2), 29.31 (CH2), 29.30 (CH2),

28.9 (CH2), 22.8 (CH2), 16.3 (CH3), 14.3 (CH3) ppm. HRMS

(APCI/Orbitrap) m/z: [M]+ calcd for C19H32S2 324.19399; found

324.19387.

General procedure for the synthesis of Gilch monomers 3a–c

and 3e–h

A solution of the respective 1,4-di(thioalkyl)benzene

(2.0 mmol, 1.0 equiv.) and paraformaldehyde (PFA) (240 mg,

8.0 mmol, 4.0 equiv.) in formic acid (10 mL) and HBr (2.8 mL,

30% in acetic acid) were heated to 70 °C in a three-necked

flask equipped with a thermometer and a CaCl2 protected con-

denser. PFA (240 mg, 8.0 mmol, 4.0 equiv.) and HBr (2.8 mL,

30% in acetic acid) were added again after 1 h, 2 h, and 3 h

reaction time. The reaction stirred overnight at 70 °C and was

then allowed to cool to room temperature to complete precipi-

tation. The precipitate was filtered off, washed with small

amounts of methanol, and dried in vacuo. The resulting solid

was recrystallized from acetonitrile (continued stirring results

in improved crystallization), filtered off, and washed with

small amounts of acetonitrile.

Scale-up (3a and 3b only): the reactions were carried out fol-

lowing the same procedure as described above but using

10.0 mmol 1,4-di(thioalkyl)benzene as starting material and

correspondingly increased amounts of reagents and solvents.

3a: Synthesis according to the general procedure using 2a

(733 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 780 mg (1.41 mmol, 71%) off-white

solid 3a. Scale-up: 3.89 g (7.04 mmol, 70%). 1H NMR

(600 MHz, CDCl3): δ = 7.36 (s, 2H), 4.64 (s, 4H), 2.93 (d, J = 6.2

Hz, 4H), 1.59 (sept, J = 6.3 Hz, 2H), 1.54–1.36 (m, 8H),

1.34–1.24 (m, 8H), 0.92–0.88 (m, 12H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 138.3 (C), 135.7 (C), 131.9 (CH), 39.1

(CH/CH3), 38.9 (CH2), 32.5 (CH2), 31.4 (CH2), 28.9 (CH2), 25.8

(CH2), 23.1 (CH2), 14.3 (CH/CH3), 11.0 (CH/CH3) ppm. HRMS

(APCI/Orbitrap) m/z: [M]+ calcd for C24H40Br2S2 550.09327;

found 550.09363.

3b: Synthesis according to the general procedure using 2b

(846 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 793 mg (1.30 mmol, 65%) off-white

solid 3b. Scale-up: 4.75 g (7.81 mmol, 78%). 1H NMR

(600 MHz, CDCl3): δ = 7.36 (s, 2H), 4.63 (s, 4H), 3.02–2.90 (m,

4H), 1.71–1.56 (m, 4H), 1.54–1.45 (m, 4H), 1.33–1.20 (m, 6H),

1.18–1.09 (m, 6H), 0.91 (d, J = 6.5 Hz, 6H), 0.86 (d, J = 6.6 Hz,

12H) ppm. 13C(APT) NMR (150 MHz, CDCl3): δ = 138.3 (C),

135.2 (C), 131.8 (CH), 39.3 (CH2), 37.0 (CH2), 36.2 (CH2), 32.4

(CH/CH3), 32.2 (CH2), 31.3 (CH2), 28.1 (CH/CH3), 24.8 (CH2),

22.9 (CH/CH3), 22.8 (CH/CH3), 19.5 (CH/CH3) ppm. HRMS

(APCI/Orbitrap) m/z: [M]+ calcd for C28H48Br2S2 606.15587;

found 606.15582.

3c: Synthesis according to the general procedure using 2c

(621 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 618 mg (1.24 mmol, 62%) white solid

3c. 1H NMR (600 MHz, CDCl3): δ = 7.35 (s, 2H), 4.63 (s, 4H),

2.95 (t, J = 7.4 Hz, 4H), 1.66 (quint, J = 7.5 Hz, 4H), 1.44 (quint,

J = 7.4 Hz, 4H), 1.35–1.26 (m, 8H), 0.89 (t, 7.0 Hz, 6H) ppm.
13C(APT) NMR (150 MHz, CDCl3): δ = 138.3 (C), 135.2 (C),

131.9 (CH), 34.4 (CH2), 31.5 (CH2), 31.3 (CH2), 29.1 (CH2), 28.7

(CH2), 22.7 (CH2), 14.2 (CH3) ppm. HRMS (APCI/Orbitrap) m/z:

[M]+ calcd for C20H32Br2S2 494.03067; found 494.03033.

3e: Synthesis according to the general procedure using 2e

(537 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 498 mg (1.10 mmol, 55%) off-white

solid 3e. 1H NMR (600 MHz, CDCl3): δ = 7.36 (s, 1H), 7.27 (s,

1H), 4.66 (s, 2H), 4.59 (s, 2H), 2.92 (d, J = 6.2 Hz, 2H), 2.52 (s,

3H), 1.61–1.36 (m, 5H), 1.34–1.24 (m, 4H), 0.90 (t, J = 7.4 Hz,

6H) ppm. 13C(APT) NMR (150 MHz, CDCl3): δ = 138.7 (C),

136.75 (C), 136.66 (C), 135.0 (C), 132.1 (CH), 129.2 (CH), 39.12

(CH/CH3), 39.11 (CH2), 32.5 (CH2), 31.5 (CH2), 31.0 (CH2), 28.9

(CH2), 25.7 (CH2), 23.1 (CH2), 16.5 (CH/CH3), 14.2 (CH/CH3),

10.9 (CH/CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for

C17H26Br2S2 451.98372; found 451.98385.

3f: Synthesis according to the general procedure using 2f

(593 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 578 mg (1.20 mmol, 60%) off-white

solid 3f. 1H NMR (600 MHz, CDCl3): δ = 7.35 (s, 1H), 7.27 (s,

1H), 4.66 (s, 2H), 4.59 (s, 2H), 3.01–2.89 (m, 2H), 2.53 (s, 3H),

1.70–1.44 (m, 4H), 1.33–1.19 (m, 3H), 1.17–1.09 (m, 3H), 0.91

(d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 138.8 (C), 136.9 (C), 136.7 (C), 134.3 (C),

132.1 (CH), 129.2 (CH), 39.3 (CH2), 37.0 (CH2), 36.2 (CH2),

32.43 (CH2), 32.39 (CH/CH3), 31.4 (CH2), 31.0 (CH2), 28.1 (CH/

CH3), 24.8 (CH2), 22.9 (CH/CH3), 22.8 (CH/CH3), 19.5 (CH/

CH3), 16.5 (CH/CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+

calcd for C19H30Br2S2 480.01502; found 480.01503.
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3g: Synthesis according to the general procedure using 2g

(481 mg, 2.0 mmol, 1.0 equiv.) as starting material.

Recrystallization yielded 538 mg (1.26 mmol, 63%) off-white

solid 3g. 1H NMR (600 MHz, CDCl3): δ = 7.35 (s, 1H), 7.27 (s,

1H), 4.66 (s, 2H), 4.59 (s, 2H), 2.94 (t, J = 7.5 Hz, 2H), 2.53 (s,

3H), 1.65 (quint, J = 7.5 Hz, 2H), 1.44 (quint, J = 7.4 Hz, 2H),

1.34–1.26 (m, 4H), 0.89 (t, J = 7.0, 3H) ppm. 13C(APT) NMR

(150 MHz, CDCl3): δ = 138.8 (C), 136.9 (C), 136.7 (C), 134.3 (C),

132.2 (CH), 129.2 (CH), 34.6 (CH2), 31.5 (CH2), 31.4 (CH2), 31.0

(CH2), 29.1 (CH2), 28.6 (CH2), 22.7 (CH2), 16.5 (CH3), 14.2

(CH3) ppm. HRMS (APCI/Orbitrap) m/z: [M]+ calcd for

C15H22Br2S2 423.95242; found 423.95259.

3h: Synthesis at 80 °C, but otherwise according to the

general procedure using 2h (649 mg, 2.0 mmol, 1.0 equiv.) as

starting material. Recrystallization yielded 721 mg (1.41 mmol,

71%) off-white solid 3h. 1H NMR (600 MHz, CDCl3): δ = 7.35

(s, 1H), 7.27 (s, 1H), 4.66 (s, 2H), 4.59 (s, 2H), 2.94 (t, J = 7.4

Hz, 2H), 2.53 (s, 3H), 1.65 (quint, J = 7.5 Hz, 2H), 1.43 (quint,

J = 7.5 Hz, 2H), 1.33–1.22 (m, 16H), 0.88 (t, J = 7.0 Hz, 3H) ppm.
13C(APT) NMR (150 MHz, CDCl3): δ = 138.8 (C), 136.9 (C),

136.7 (C), 134.3 (C), 132.2 (CH), 129.2 (CH), 34.6 (CH2), 32.1

(CH2), 31.4 (CH2), 31.0 (CH2), 29.80 (CH2), 29.78 (CH2), 29.7

(CH2), 29.6 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2), 29.0

(CH2), 22.8 (CH2), 16.5 (CH3), 14.3 (CH3) ppm. HRMS (APCI/

Orbitrap) m/z: [M]+ calcd for C21H34Br2S2 508.04632; found

508.04618.

Synthesis of Gilch monomer 3d

1,4-Di(thioalkyl)benzene 2d (1.20 g, 2.5 mmol, 1.0 equiv.) and

paraformaldehyde (PFA) (450 mg, 15.0 mmol, 6.0 equiv.) were

weighed into a 20 ml reaction vial. Trifluoroacetic acid

(2.5 mL, 0.1 M), trifluoroacetic anhydride (0.5 mL), and

1.75 mL HBr (30% in acetic acid) were added and the sealed,

stirred vial was heated to 80 °C for 24 h. The reaction was then

allowed to cool to room temperature; the precipitate was fil-

tered off and washed with water and methanol. The resulting

solid was purified by recrystallization from acetonitrile, yield-

ing 838 mg (1.26 mmol, 50%) white solid 3d. 1H NMR

(600 MHz, CDCl3): δ = 7.35 (s, 2H), 4.63 (s, 4H), 2.95 (t, J = 7.4

Hz, 4H), 1.66 (quint, J = 7.5 Hz, 4H), 1.43 (quint, J = 7.3 Hz,

4H), 1.33–1.22 (m, 32H), 0.88 (t, 7.0 Hz, 6H) ppm. 13C(APT)

NMR (150 MHz, CDCl3): δ = 138.3 (C), 135.2 (C), 131.9 (CH),

34.4 (CH2), 32.1 (CH2), 31.3 (CH2), 29.80 (CH2), 29.79 (CH2),

29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2), 29.0

(CH2), 22.8 (CH2), 14.3 (CH3) ppm. HRMS (APCI/Orbitrap) m/z:

[M]+ calcd for C32H56Br2S2 662.21847; found 662.21865.

General procedure for the preparation of S-PPVs 4a-b by Gilch

polymerization at room temperature

To the respective Gilch monomer (0.30 mmol, 1 equiv.) in an

argon purged three-necked flask was added dry, degassed THF

(30 mL, 0.01 M). The solution was purged with argon for

15 min. In the meantime, 1.5 mL KOtBu (1.0 M in THF,

1.50 mmol, 5.0 equiv.) were diluted with 3 ml dry THF in an

8 mL reaction vial (to prevent precipitation), purged with an

argon balloon equipped with a needle for 2 min, and added to

the reaction in one portion. The reaction stirred for 5 h at

room temperature and was then slowly poured into 150 mL

methanol for precipitation. The resulting red polymer was fil-

tered off and dried in vacuo to determine the crude yield. For

purification, the polymer was first treated with methanol (1 h)

and then hexane (1 h) in a Soxhlet extractor to remove impuri-

ties. CHCl3 was finally used to extract the soluble polymer frac-

tion. The solution was then evaporated to yield the purified

red polymer.

4a: Gilch monomer 3a used for the polymerization. Crude

yield: 71 mg, 61%. Purified yield: 65 mg, 55%. 1H NMR: see

preparation at −60 °C.

4b: Gilch monomer 3b used for the polymerization. Crude

yield: 70 mg, 52%. Purified yield: 63 mg, 47%. 1H NMR: see

preparation at −60 °C.

General procedure for the preparation of S-PPVs 4a–h by Gilch

polymerization at −60 °C

To the respective Gilch monomer (0.30 mmol, 1.0 equiv.) in an

argon purged three-necked flask was added dry, degassed THF

(30 mL, 0.01 M). The solution was purged with argon for

15 min and then cooled to −60 °C using a CHCl3-liquid N2

cooling bath. In the meantime, 1.5 mL KOtBu (1.0 M in THF,

1.50 mmol, 5.0 equiv.) were diluted with 3 ml dry THF in an

8 mL reaction vial (to prevent precipitation), purged with an

argon balloon equipped with a needle for 2 min, and added to

the reaction in one portion at −60 °C to start the polymeriz-

ation. After stirring for 3 h at −60 °C to −55 °C, the cooling

bath was removed, and the reaction warmed to room tempera-

ture within about 1 h. The reaction stirred for another hour at

room temperature and was then slowly poured into 150 mL

methanol for precipitation. The resulting red polymer was fil-

tered off and dried in vacuo to determine the crude yield. For

purification, the polymer was first treated with methanol (1 h)

and then hexane (1 h) in a Soxhlet extractor to remove impuri-

ties. CHCl3 was finally used to extract the soluble polymer frac-

tion. The solution was then evaporated to yield the purified

polymer.

Scale-up (4a and 4b only): the reactions were carried out in

a 250 mL three-necked flask following the same procedure as

described above but using 1.0 mmol Gilch monomer as start-

ing material and correspondingly increased amounts of KOtBu

solution (which was purged with an argon balloon equipped

with a needle in a 25 mL round bottom flask) and solvents.

The monomer solution was purged with argon for 30 min, the

KOtBu solution for 4 min. Yields were determined for two

different work-up methods, evaporation of the polymer solu-

tion obtained by Soxhlet extraction (as described above) as well

as precipitation of the solution from methanol and sub-

sequent filtration and drying of the polymer.

4a: Synthesis following the general procedures. Gilch

monomer 3a used for the polymerization. Crude yield: 85 mg,

73%. Purified yield: 79 mg, 68%. Scale-up: crude yield:

352 mg, 90%. Purified yield: 346 mg, 89% (evaporation after

Soxhlet extraction), 320 mg, 82% (precipitation after Soxhlet

extraction) (used for characterization and post-polymerization
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oxidation). 1H NMR (600 MHz, CDCl3): δ = 7.75 (bs, 2H), 7.65

(bs, 2H), 3.03–2.83 (m, 4H), 1.69–1.36 (m, 10H), 1.36–1.18 (m,

8H), 0.96–0.80 (m, 12H) ppm. Found: C, 73.93; H, 9.86; S,

16.11. Calc. for C24H38S2: C, 73.78; H, 9.80; S, 16.41%. Mw =

429 kDa, Mn = 100 kDa, PDI = 4.3. Td = 367 °C.

4b: Synthesis following the general procedures. Gilch

monomer 3b used for the polymerization. Crude yield: 86 mg,

64%. Purified yield: 75 mg, 56%. Scale-up: crude yield:

342 mg, 77%. Purified yield: 299 mg, 67% (evaporation after

Soxhlet extraction), 130 mg, 29% (precipitation after Soxhlet

extraction) (used for characterization and post-polymerization

oxidation). 1H NMR (600 MHz, CDCl3): δ = 7.73 (bs, 2H), 7.62

(bs, 2H), 3.17–2.73 (m, 4H), 1.78–1.58 (m, 4H), 1.58–1.42 (m,

4H), 1.34–1.18 (m, 6H), 1.18–1.06 (m, 6H), 0.93 (d, J = 6.4 Hz,

6H), 0.84 (d, J = 6.5 Hz, 12H) ppm. Found: C, 74.39; H, 10.26;

S, 13.87. Calc. for C28H46S2: C, 75.27; H, 10.38; S, 14.35%. Mw =

87 kDa, Mn = 31 kDa, PDI = 2.8. Td = 378 °C.

4c: Gilch monomer 3c used for the polymerization. Crude

yield: 62 mg, 62%. Purified yield: 19 mg, 19%.

4d: Gilch monomer 3d used for the polymerization. Crude

yield: 90 mg, 60%. Purified yield: 25 mg, 17%.

4e: Gilch monomer 3e used for the polymerization. Crude

yield: 59 mg, 67%. Purified yield: 4 mg, 4%.

4f: Gilch monomer 3e used for the polymerization. Crude

yield: 47 mg, 49%. Purified yield: 6 mg, 6%.

4g: Gilch monomer 3e used for the polymerization. Crude

yield: 32 mg, 41%. Purified yield: 6 mg, 8%.

4h: Gilch monomer 3e used for the polymerization. Crude

yield: 39 mg, 37%. Purified yield: 5 mg, 5%.

Synthesis of compound 3a-SO2 by oxidation

Gilch monomer 3a (110 mg, 0.20 mmol, 1.0 equiv.) was dis-

solved in 5 mL CH2Cl2 (0.04 M). 11.7 mL DMDO (0.077 M in

acetone, 0.90 mmol, 4.5 equiv.) were added and the reaction

stirred for 1 h at room temperature. The solvent and excessive

DMDO were evaporated in vacuo and the crude product was

purified by flash chromatography using an 8 g silica column

and CH2Cl2 : petroleum ether 3 : 1 as the eluent. Evaporation

of the combined product fractions yielded 77 mg (0.125 mmol,

63%) white solid 3a-SO2.
1H NMR (600 MHz, CDCl3): δ = 8.23

(s, 2H), 5.06 (s, 4H), 3.34–3.26 (m, 4H), 2.13 (sept, J = 6.2 Hz,

2H), 1.59–1.51 (m, 4H), 1.50–1.45 (m, 4H), 1.33–1.22 (m, 8H),

0.92–0.86 (m, 12H) ppm. 13C(APT) NMR (150 MHz, CDCl3): δ =

143.3 (C), 138.7 (C), 135.9 (CH), 60.2 (CH2), 34.4 (CH/CH3),

32.5 (CH2), 28.3 (CH2), 27.1 (CH2), 25.8 (CH2), 22.8 (CH2), 14.2

(CH/CH3), 10.3 (CH/CH3) ppm. HRMS (ESI/Orbitrap) m/z:

[M + Na]+ calcd for C24H40Br2NaO4S2 637.06270; found 637.06216.

General procedure for the preparation of SO2-PPVs 5a-b by

post-polymerization oxidation

The respective S-PPV (0.08 mmol repeating units, 1.0 equiv.)

was dissolved in 16 ml CHCl3 (0.005 M) by stirring and heating

to 150 °C for 1 h in a sealed, pressure-resistant flask. The solu-

tion was cooled to r.t., 3.45 mL DMDO (0.094 M in acetone,

0.32 mmol, 4.05 equiv.) were added, and the reaction stirred

for 10 min. Solvent and excessive DMDO were then evaporated

in vacuo to yield the respective SO2-PPV.

5a: Synthesis following the general procedure. S-PPV 4a

(31.3 mg) used for the reaction, which yielded 36.5 mg (100%)

of yellow-orange polymer 5a. Solubility in common NMR sol-

vents too low for measurements. Found: C, 62.11; H, 8.07; O,

13.58; S, 14.49. Calc. for C24H38O4S2: C, 63.40; H, 8.42; O,

14.07; S, 14.10%. Td = 364 °C.

5b: Synthesis following the general procedure. S-PPV 4b

(35.7 mg) used for the reaction, which yielded 40.8 mg (100%)

of yellow-orange polymer 5b. Insoluble in common NMR sol-

vents. Found: C, 64.17; H, 8.72; O, 12.98; S, 12.75. Calc. for

C28H46O4S2: C, 65.84; H, 9.08; O, 12.53; S, 12.55%. Td = 372 °C.

Preparation of dimethyldioxirane (DMDO) solution in acetone

Preparation adapting a published protocol.45 NaHCO3 (140 g)

was suspended in water (250 mL) and acetone (200 mL) in a 2

L flask. The flask was connected to a vacuum pump via two

cold traps (using liquid N2-ethyl acetate for cooling). Oxone

was then added in five portions (50 g each) and a vacuum of

400 mbar was applied after each addition until the reaction

calmed down (5–10 min). The condensate in the cold traps

was then collected and dried over Na2SO4 to yield approx.

100 mL DMDO solution in acetone (0.094 M). Note: Using

liquid N2-acetone for cooling (instead of liquid N2-ethyl

acetate) can result in clogging of the cold traps and overpres-

sure in the flask.

The concentration of the DMDO solution was determined

by dissolving a known amount of thioanisole (approx. 100 mg)

in 10 mL CH2Cl2. 0.25 mL DMDO solution was added to

1.00 mL of the prepared thioanisole solution and the mixture

stirred at r.t. for 5 min. The solvent was then evaporated at

45 °C at a pressure of 800 mbar, 600 mbar, and 400 mbar

(5 min each). The residue was dissolved in CDCl3 and sub-

jected to 1H NMR measurements. The ratios of the integrals of

the CH3 signals of unreacted thioanisole (2.48 ppm) and the

corresponding sulfoxide (2.73 ppm) and sulfone (3.06 ppm)

were used to calculate the concentration (see ESI† for

equation). Three individual measurements were carried out

and averaged. Note: Removing the solvent at lower pressure

results in evaporation of thioanisole and consequently in false

concentrations.

Conclusions

As our results demonstrate, Gilch polymerization is a very con-

venient and cheap method for the preparation of S-PPVs.

However, the challenges that had to be overcome to achieve an

efficient monomer synthesis and a reliable polymerization give

an idea of why these polymers have not been reported in the

peer-reviewed literature so far.

Several conclusions can be drawn regarding the synthesis of

the monomers and the preparation of the polymers:

(i) 1,4-Dithioalkylbenzenes (which are required as precur-

sors for the monomer synthesis) are best prepared by Cu-cata-
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lyzed reactions of 1,4-diiodobenzene and alkylthiols in 1,2-di-

methoxyethane (DME) in a microwave reactor, as reaction

times are short, yields are high, and no ligands are needed. (ii)

Formic acid (instead of acetic acid) is required as the reaction

medium for the bromomethylation of 1,4-dithioalkylbenzenes.

For precursors with very long alkyl chains, a mixture of tri-

fluoroacetic acid and trifluoroacetic anhydride is a suitable

reaction medium. (iii) The polymerization must be carried out

at low temperatures of −60 °C to obtain S-PPVs in high yields

reproducibly. (iv) Two branched alkyl chains per phenylene

unit are required for the polymers to be soluble. 2-Ethylhexyl

groups are better suited than 3,7-dimethyloctyl groups,

making S-EH-PPV the polymer of choice for future investi-

gations. (v) Very high molecular weights can be achieved, if the

S-PPVs are soluble. (vi) The developed synthetic route is also

industrially relevant, as it is short, efficient, and scalable and

does not require any expensive catalysts, reagents or solvents.

(vii) Post-polymerization oxidation of S-PPVs to SO2-PPVs using

DMDO is fast and simple but changes the material properties

drastically.

It can be further concluded that the effects of replacing the

alkoxy substituents of O-PPVs by thioalkyl substituents are as

follows: (i) The thermal stability of S-PPVs is very high

and photobleaching is weak, even dissolved in CHCl3.

The stability towards photobleaching is further improved by

oxidation to SO2-PPVs. (ii) The HOMO and LUMO energy levels

are significantly lower than for O-PPVs. The levels are further

decreased by the oxidation, which may render all-

polymer solar cells using a combination of non-oxidized and

oxidized polymers feasible. (iii) For S-PPVs, the photophysical

measurements indicate strong interactions of the

polymer backbones, most likely due to intermolecular S⋯S

interactions.

In our opinion, S-PPVs and SO2-PPVs are likely to become

the conjugated polymers of choice for studying the effects of

thioalkyl and sulfone substituents; comparison to O-PPVs and

unsubstituted PPVs is easy, considering the large number of

available studies of these polymers. Regarding applications,

the excellent PLQEs of the SO2-PPVs as well as the indicated

strong intermolecular interactions of S-PPVs may be beneficial.

Furthermore, S-PPVs and SO2-PPVs are a useful pair of poly-

mers to investigate and exploit the full potential of the post-

polymerization modification using DMDO. For example,

surface modification S-PPV nanoparticles by DMDO could give

rise to exciting properties.
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