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The macromolecular radical crossover reaction of disulfide-containing polyester triggered by free-radical 
generators was successfully carried out in solution. IR, NMR, and gel permeation chromatographic (GPC) 
measurements revealed that the macromolecular crossover reaction between the main chains of 
disulfide-containing polymers occurred only in the presence of free-radical generators such as benzoyl 
peroxide (BPO) and 2,2'-azobis(isobutyronitrile) (AIBN). The fractionated polymer with narrow molecular 
weight distribution reorganized to the polydispersed polymer due to the chain transfer reaction, but no 
decomposition of repeating units was observed during the reaction. The number average molecular weight 
slightly decreased after the reaction because catalytic amount of free-radical generators gave terminal groups 
of the polymer chains. The generated free-radicals initiated the chain transfer-type crossover reaction to give 
the scrambled polymers. 
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1. INTRODUCTION 
Reorganization of polymer main chains by external 

stimulation is an attractive method to control the 
molecular weight and composition of polymer library by 
combinatorial scrambling. Not only the use of 
supramolecular chemistry but also the introduction of 
dynamic covalent chemistry1 opened the door to the 
facile reorganization of polymer main chains. 2 Dynamic 
covalent bond can dissociate and associate reversibly 
under thermodynamic control by a particular external 
stimulation such as heating, catalyst, and so on. Very 
recently, the authors reported that the thermally 
exchangeable polyalkoxyamines, in which the initiator 
units for nitroxide mediated radical polymerization are 
incorporated, can reorganize upon heating without the 
formation of any monomeric or oligomeric compounds 
during the scrambling process.3 

On the other hand, disulfide bonds are one of the 
simplest dynamic covalent bonds, and also exist in 
nature: the thiol-disulfide interchange reaction is widely 
acknowledged to be important in stabilizing protein 
structures. Disulfide bonds are tolerant for many 
functional groups except for thiol group,4 the cleavage 
of sulfur-sulfur bonds is known to occur either 
homolytically or heterolytically: (a) short-lived sulfenyl 
radicals are generated by homolytic scission via 
photolysis,5 oxidation,6 or heating;7 and (b) ionic 
scission generates mercaptides (xs·) under 
basic/nucleophilic conditions8 or sulfenium cation (XS+) 
under acidic/electrophilic conditions.9

•
10 The generated 

sulfur radical, anion, or cation then reacts with another 
disulfide, resulting in exchange reactions (Fig. 1 ). 11 

Because of having such a character, the compounds with 
disulfide groups have been the subject of many studies. 12 

Takata et al. have recently reported a new synthetic 
method for rotaxanes based on the concept of dynamic 
covalent chemistry, which involves the thermodynamic 
control of the thiol-catalyzed reversible cleavage of a 
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Fig. 1 Exchange reaction of the disulfide 
compounds. 

disulfide linkage. 13 An interesting application of 
disulfide polymers is the formation of copolymers with 
vinyl monomers under irradiation of UV light, which 
occurs via the cleavage of the disulfide group. 14 In this 
paper, the authors report the macromolecular radical 
crossover reaction between the main chains of 
disulfide-containing polyester triggered by free-radical 
generators. 

2. EXPERIMENTAL SECTION 
2.1 Measurement 

1H and 13C NMR spectroscopic measurements 
were carried out with a JEOL JNM-EX400 spectrometer 
using tetramethylsilane (TMS) as an internal standard in 
chloroform-d (CDCh). IR spectra were obtained with a 
Perkin Elmer Spectrum One infrared spectrometer as 
thin films on NaCl or neat. Analytical thin layer 
chromatography (TLC) was performed on commercial 
Merck plates coated with silica gel (0.25 mm thick). 
Number and weight average molecular weights (Mn and 
Mw, respectively) and molecular weight distribution 
(Mw!Mn) were estimated by gel permeation 
chromatography (GPC) on a TOSOH system equipped 
with a refractive index (RI) detector using THF as an 
eluent at a flow rate of 0.8 mL·min·1

, calibrated with 
polystyrene standards. Fractionation was conducted on a 
JAI LC-908 HPLC system equipped with two mixed 
polystyrene gel columns [JAIGEL-2H, JAIGEL-3H (600 
x 20 mm)]. Chloroform was used as an eluent at a flow 
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rate of3.8 mL·min-1
• 

2.2 Preparation of disulfide-containing polymer 
Adipoyl chloride ( 4.1 mL, 28 mmol) was added to 

the solution of 2-hydroxyethyl disulfide (REDS) ( 4.3 g, 
28 mmol) and pyridine (4.9 mL, 60 mmol) in 
dichloromethane (28 mL). The reaction mixture was 
stirred at room temperature under nitrogen for 72 h. 
After the addition of methanol (2.5 mL), 
dichloromethane was added to the reaction mixture and 
washed with 0.1 mol/L RCl aqueous solution. Then, the 
organic layer was washed with water three times, dried 
with anhydrous magnesium sulfate, and evaporated to 
dryness. The residue was purified by reprecipitation with 
chloroform/hexane and dried in vacuo to give the 
polymer as a white powder. Mn = 28400, MwiMu = 1.82; 
1R NMR: o I ppm 1.67 (m, 4R), 2.36 (m, 4R), 2.92 (t, J 
= 7 Rz, 4R), 4.34 (t, J = 7 Rz, 4R); 13C NMR: o I ppm 
24.31, 33.76, 37.23, 62.16, 172.86; FT-IR (NaCI, cm-1

): 

2947, 2871, 1734, 1453, 1385, 1244, 1166, 1077, 992, 
749. 

2.3 Polymer reaction 
Typical example: A mixture of 

disulfide-containing polyesters (Mu= 102700, Mw!Mu = 
1.13 as high molecular weight species and Mn = 21800, 
MwiMu = 1.20 as low molecular weight species) was 
dissolved in anisole (total concentration of disulfide 
unit: 0.2 M), added benzoyl peroxide (BPO) as 
free-radical generator, sealed, and heated at 353 K for 24 
h. 

3. RESULTS AND DISCUSSION 
3.1 Synthesis of disulfide-containing polyester 

Disulfide-containing polyester (DSPES) was 
synthesized by polycondensation from REDS and 
adipoyl chloride in CR2Cl2 in the presence of pyridine at 
room temperature. Chemical structure of synthesized 
DSPES is shown in Scheme 1. The corresponding 
DSPES with Mu= 28400, Mw!Mu = 1.82 was obtained in 
89% yield after purification. The structure of DSPES 
was confirmed by IR and NMR measurements. Fig. 2 
shows the 1H-NMR spectrum of DSPES in CDCh. The 
methylene protons derived from REDS were observed at 
4.34 and 2.92 ppm and those of adipate were observed at 
2.36 and 1.67 ppm. 13C NMR and IR spectra revealed 
the signals of carbonyl group at 172.86 ppm and 1734 
cm-1

, respectively. 

Scheme 1 

Disulfide-containing polyester (DSPES) 

3.2 Influence of free-radical generators 
To follow the macromolecular radical crossover 

reaction of DSPES, the reaction behavior of fractionated 
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Fig. 2 1H NMR spectrum of DSPES (400 MHz, 
CDCb). 

DSPES 1 (Mn = 41300, MwiM.., = 1.24) in the presence of 
free-radical generator (BPO) was investigated. The 
macromolecular radical crossover reaction of 1 was 
carried out by heating with 1 mol% of BPO in anisole 
at 353 K. 1 ([disulfide unit= 0.2 M]) was dissolved in 
anisole, added BPO as free-radical generator, sealed, and 
heated at 333 K or 353 K for 24 h. 1 was also heated in 
anisole without BPO at 353 K for 24 h. The GPC 
profiles of the resulted polymers are shown in Fig. 3. In 
the absence of BPO, no significant change in the GPC 
profile was observed. On the other hand, Mw!Mn of the 
resulted polymers increased from 1.24 to 1.59 in the 
presence of BPO at 353 K, which indicates that the 
radical crossover reaction between the main chains in 
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Fig. 3 GPC profiles of DSPES a) before heating, 
b) after heating without BPO at 353 K and after 
heating with I mol% of BPO at c) 333 K and d) 
353 Kin anisole for 24 h. 
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disulfide-containing polymers occurred due to the 
radical chain transfer reaction of disulfide units. Mn 
slightly decreased from 41300 to 32100 and the moiety 
of low molecular weights produced after the reaction. 
This is probably due to the introduction of the polymer 
chain end derived from BPO of free-radical generator. In 
the case of the addition of AIBN instead of BPO as 
free-radical generator, similar reaction phenomena were 
observed. 

3.3 Influence of reaction time 
In order to investigate the influence of reaction 

time on the macromolecular radical crossover reaction 
of DSPES, the reaction of fractionated DSPES 2 (Mn = 
52700, MwiMu = 1.18) was carried out by heating with 1 
mol% of BPO in anisole at 353 K. 2 was dissolved in 
anisole ([disulfide unit = 0.2 M]), added BPO as 
free-radical generator, sealed, and heated at 353 K. The 
Mn vs. reaction time and the MwfMn vs. reaction time 
plots are shown in Fig. 4. As the reaction proceeded, 
Mw!Mn increased to 1.64 and Mu became constant after 6 
h, which indicates the radical crossover reaction between 
the main chains in disulfide-containing polymers 
occurred and reached to the equilibrium. 
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Fig. 4 The Mu and Mwl Mu vs. reaction time plots 
of 2 (Mn = 52700, MwiMn = 1.18) with 1 mol% of 
BPO in anisole ([disulfide unit= 0.2 M]) at 353 K. 

By careful fractionation of DSPES using 
preparative HPLC, two polymers with narrow molecular 
weight distribution, DSPES 3 (Mu = 102700, Mw!Mn = 
1.13) and DSPES 4 (Mn = 21800, MwiMu = 1.20), were 
successfully isolated. The mixture of 3 and 4 showed 
two apparent peaks in the GPC profile as shown in Fig. 
5a. Equal amounts of 3 and 4 were mixed in anisole 
(total concentration of disulfide units: 0.2 M), sealed, 
and heated at 353 K. The reaction was carried out in the 
presence or absence of free-radical generators. 

The GPC profiles of the resulted polymers are also 
shown in Fig. 5b-f. In the presence of 1 mol% BPO as a 
free-radical generator, as the reaction proceeded, the 
peaks derived from 3 and 4 gradually fused into a 
unimodal peak. In contrast, no significant change in 
GPC profiles was observed in the absence of free-radical 
generators (Fig. 5t). Therefore, the phenomenon can 
undoubtedly be attributed to the radical crossover 
reaction of disulfide units between the main chains 
triggered by free-radical generators. 

3.4 Mechanism of the reaction 
The structure of the resulted polymers was 
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Fig. 5 GPC profiles of the mixture of DSPESs 
with different molecular weight a) before 

·heating and after heating for b) 0. 5 h, c) 1 h, d) 
6 h and e) 24 h with 1 mol% of BPO and t) 
after heating for 24 h without BPO in anisole 
(total concentration of disulfide units: 0.2 M) 
at 353 K. 

characterized by NMR measurements. Decomposition of 
repeating units and generation of byproducts were not 
confirmed because no significant change was observed 
in 1H and 13C NMR spectra before and after the reaction. 
Although the possibility of the formation of ring 
compounds was presumed, by NMR measurements the 
end group analysis of the prepolymer and the obtained 
polymer at present concentration gave no significant 
information whether any cyclic compounds were formed 
or not. 

The predictable mechanism of this scrambling 
reaction was shown in Fig. 6. Disulfide bond cannot 
dissociate at 353 K. However, in the presence of 
free-radical generators, the generated radicals attack the 
disulfide bond and consequently thiyl radicals generate 
like chain transfer reaction in radical polymerization. 
The generated thiyl radicals attack the other disulfide 
bond to generate new thiyl radicals. These repeated 
reactions are originally triggered by catalytic amount of 
free-radical generator molecules but attain the 
rnacromolecular crossover reaction in total. These 
findings showed strongly that the disulfide--containing 
polymers are reorganizable and can dissociate and 
associate reversibly in the main chain like 
polyalkoxyamine when triggered by free-radical 
generator as external stimulation. 
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Fig. 6 The predictable mechanism of the 
scrambling reaction of disulfide-containing 
polymer in the presence of free-radical 
generator. 

4. CONCLUSION 
In summary, the present study demonstrated the 

possibility of free-radical induced polymer scrambling 
reaction by incorporating dynamic covalent disulfide 
bonds into the polymer main chain. The simple and 
facile polymer reactions based on sulfur-containing 
dynamic covalent bonds can be applicable to the other 
types of external stimulation such as catalyst, light, and 
redox-type radical generating reactions. 
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