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Methods

Materials

Commercially available chemicals were used as received: ethanol (Japan Al-

cohol); silica gel (Merck); tetrahydrofuran (Nacalai Tesque); diethanolamine,

33% hydrobromic acid in acetic acid, potassium tert-butoxide, sodium hy-

droxide, and thiourea (Sigma-Aldrich); 2,2-dimethoxy-2-phenylacetophenone

(abbreviated herein as DMPA) and p-toluenesulfonyl chloride (Tokyo Chem-

ical Industry); acetic acid, acetone, tert-butanol, chloroform, chloroform-d,

dichloromethane (abbreviated as DCM), diethyl ether, dimethyl sulfoxide,

n-hexane, hydrochloric acid, methanol, phenol, sodium hydrogen carbon-

ate, toluene, triethylamine, and thionyl chloride (Wako Pure Chemical In-

dustries).

Synthesis of N,N-bis(2-hydroxyethyl)-4-methylbenzenesulfonamide (2):

reaction I (see Fig. 1)

p-Toluenesulfonyl chloride (45.4 g, 0.238 mol), dissolved in DCM (100 mL),

was added dropwise to diethanolamine (30.0 g, 0.285 mol) and triethylamine

(72.7 g, 0.718 mol) in a flask cooled with ice water. While being stirred at

room temperature for 4 h, the reaction mixture became viridescent and vis-

cous. The solvent was removed using a rotary evaporator, and the residue

underwent extraction with water and DCM. The organic layer was con-

densed and recrystallized from a mixed solvent of water and ethanol. White

crystals were collected by filtration, washed with water, and dried in vacuo

at 45 ˚ C. The yield was 55.6 g (90%). 1H NMR (500 MHz, CDCl3, δ, see
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Fig. S1): 7.70 (d, ortho N-tosyl, 2H), 7.33 (d, meta N-tosyl, 2H), 3.87 (br s,

–CH2OH, 4H), 3.23 (br s, –CH2N–, 4H), 2.43 (s, –CH3 N-tosyl, 3H).

Synthesis of N,N-bis(2-chloroethyl)-4-methylbenzenesulfonamide (3): re-

action IIS1

Compound 2 (50.0 g, 0.193 mol) was dissolved in DCM (120 mL) stirred in

a three-necked flask equipped with a reflux condenser connected to a trap

containing sodium hydroxide solution. Thionyl chloride (70.1 g, 0.589 mol)

was dropwise added into the flask, with the trap bathed in ice water. The

reaction mixture, foaming vigorously, was stirred at ambient temperature

for 22 h and then heated gradually up to 95 ˚ C to remove DCM. After the

residual liquid was cooled to room temperature, water was added to quench

excess thionyl chloride, and then sodium hydroxide solution was added to

adjust the pH to about 10. The solution underwent extraction with water

and DCM. The organic layer was condensed on a rotary evaporator and,

furthermore, in a vacuum oven at 45 ˚ C to yield green liquid (55.5 g, 97%),

which quickly crystallized at ambient temperature. 1H NMR (500 MHz,

CDCl3, δ, Fig. S2): 7.71 (d, ortho N-tosyl, 2H), 7.33 (d, meta N-tosyl, 2H), 3.67

(t, –CH2N–, 4H), 3.43 (t, –CH2OH, 4H), 2.43 (s, –CH3 N-tosyl, 3H).

Synthesis of 4-methyl-N,N-divinylbenzenesulfonamide (4): reaction IIIS2

Compound 3 (11.1 g, 37.5 mmol) was dissolved in tert-butanol (64 mL)

stirred in a three-necked flask equipped with a reflux condenser, and then

potassium tert-butoxide (16.8 g, 150 mmol) was added. While standing

stirred at 70 ˚ C for 24 h, the solution gradually turned brown. Afterward,

tert-butanol was removed, and the remaining liquid was subjected to extrac-

tion with water and DCM. The organic layer was condensed under reduced

pressure overnight, purified by column chromatography on silica gel with

a mixed eluting solvent (DCM : n-hexane = 4 : 1, Rf of the product = 0.60 ∼
0.65), and condensed overnight to yield 4 as yellow liquid (3.78 g, 45%). 1H

NMR (500 MHz, CDCl3, δ, Fig. S3): 7.64 (d, ortho N-tosyl, 2H), 7.28 (d, meta

N-tosyl, 2H), 6.41 (q, –CHN–, 2H), 4.93 (d, trans CH=, 2H), 4.79 (d, cis CH=,

2H), 2.40 (s, –CH3 N-tosyl, 3H).

Synthesis of (tosylazanediyl)bis(ethane-2,1-diyl) bis(4-methylbenzene sul-

fonate) (5): reaction IV
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p-Toluenesulfonyl chloride (92.8 g, 0.487 mol), dissolved in DCM (150 mL),

was added dropwise into diethanolamine (16.0 g, 0.152 mol) and triethy-

lamine (92.4 g, 0.913 mol) in a flask bathed in ice water, and the mixture was

stirred at room temperature for 150 min. Afterward, the fluid components

were removed under reduced pressure, and yellowish green solid remained.

The crude product was washed with ethanol and dried overnight in a vac-

uum oven at 45 ˚ C to yield 5 as white solid (85.4 g, 99%). 1H NMR (500

MHz, CDCl3, δ, Fig. S4): 7.76 (d, ortho O-tosyl, 4H), 7.64 (d, ortho N-tosyl,

2H), 7.36 (d, meta O-tosyl, 4H), 7.28 (d, meta N-tosyl, 2H), 4.11 (t, –CH2O–,

4H), 3.38 (t, –CH2N–, 4H), 2.46 (s, –CH3 O-tosyl, 6H), 2.43 (s, –CH3 N-tosyl,

3H).

Synthesis of N,N-bis(2-mercaptoethyl)-4-methylbenzenesulfonamide (6):

reactions V1 and V2
S3

Thiourea (2.95 g, 38.8 mmol) was added to absolute ethanol (100 mL) con-

taining 5 (10.0 g, 17.6 mmol) in a three-necked flask equipped with a reflux

condenser, the flask was kept at 70 ˚ C in an oil bath for 24 h, and then

ethanol was removed with a rotary evaporator. The residue was diluted

with water (100 mL), and the mixture, stirred vigorously, was heated up to

70 ˚ C. Sodium hydrogen carbonate (7.4 g, 88 mmol) was added, and the

mixture was refluxed at 100 ˚ C for 2 h. The reaction mixture, standing

cooled to room temperature, was acidified with hydrochloric acid to pH ≈
5 and subjected to extraction with water and DCM. The organic layer was

condensed on a rotary evaporator and, furthermore, in a vacuum oven at 45

˚ C overnight to be viscous reddish oil. The crude product was purified by

column chromatography on silica gel with a mixed eluting solvent (DCM :

methanol = 199 : 1, Rf of the product = 0.5 − 0.75) and condensed to yield

6 as colorless liquid, which gradually solidified at room temperature. The

yield was 2.1 g (41%).

Air oxidation of 6 gives a cyclic compound, 5-tosyl-1,2,5-dithiazepane

(6s: side product of 6, see Fig. S5). The amount of 6s increases with time;

four months later, about 66% of 6 was changed to 6s. Therefore, it is prefer-

able that 6 should be used as soon as possible. Because 6 and 6s are sol-

uble in similar solvents, 6s could not be separated from 6 even by column

chromatography. Fortunately, however, 6s was unreactive in the following

copolymerization and could be removed thereafter. 1H NMR (500 MHz,
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CDCl3, δ, Fig. S5) of 6: 7.64 (d, ortho N-tosyl, 2H), 7.28 (d, meta N-tosyl,

2H), 3.28 (t, –CH2N–, 4H), 2.72 (q, –CH2S–, 4H), 2.43 (s, –CH3 N-tosyl, 3H),

1.41 (t, –SH, 2H). 1H NMR (500 MHz, CDCl3, δ, Fig. S5) of 5-tosyl-1,2,5-

dithiazepane 6s: 7.72 (d, ortho N-tosyl, 2H), 7.32 (d, meta N-tosyl, 2H), 3.64

(t, –CH2N–, 4H), 2.99 (t, –CH2S–, 4H), 2.43 (s, –CH3 N-tosyl, 3H).

Polymerization between 4 and 6: reaction VI

Compounds 4 (0.60 g, 2.69 mmol) and 6 (0.78 g, 2.68 mmol) were dissolved

in chloroform in a 50-mL flask, DMPA (0.014 g, 1.0 wt%) was added,S4 and

the flask was shaken vigorously so that the mixture would be uniform. The

common solvent, chloroform, was removed with a rotary evaporator, and

the residue in the flask was dried in a vacuum oven at 45 ˚ C for 1 h. The

flask, being dipped in a water bath kept at 50 ˚ C and rotated continuously

on the evaporator with its inner pressure left atmospheric, was exposed for

10 min to ultraviolet light (wavelength = 375 nm),S5 whose source was 41

light emitting diodes of an OptCode LED-41UV375N Black Light. As the

irradiation time increased, the contents became more viscous and finally

lost fluidity. The hardened product, dissolved in chloroform (20 mL), was

poured into ethanol (250 mL) and kept still for 3 days to yield white precip-

itate. The deposit was collected by suction filtration with Advantec GS-25

glass fiber filters, washed with ethanol, and dried at 45 ˚ C under reduced

pressure to yield the final product 7 (0.29 g, 21%) as yellowish solid. 1H

NMR (500 MHz, CDCl3, δ, Fig. 2): 7.69 (br s, ortho N-tosyl, 2H), 7.31 (br s,

meta N-tosyl, 2H), 3.28 (br s, –CH2N–, 4H), 2.73 (br s, –CH2S–, 4H), 2.42 (br

s, –CH3 N-tosyl, 3H).

Instead of chloroform, acetone was used as the common solvent, and the

thiol-ene polymerization was conducted with a smaller amount (0.1 wt%) of

the initiator, DMPA. Then, the UV irradiation of as long as 1 hr was needed

to attain full gelation of the polymer. Its 1H NMR spectrum was essentially

identical with that in Fig. 2; therefore, no further characterization was car-

ried out for this product.

When the polymer was collected by suction filtration, three pieces of

glass fiber filters were laid in the funnel. Nevertheless, the filtrate was so-

lidified after evaporation of the solvent. 1H NMR showed that the resid-

ual solid included a significant amount of 7, probably, of smaller molecular

weights. Accordingly, the actual yield of the thiol-ene photopolymerization

4

Electronic Supplementary Material (ESI) for Polymer Chemistry
This journal is © The Royal Society of Chemistry 2011



must be higher than the above value (21%). Fractionations with good and

poor solvents will give some fractions of different molecular weights.

Deprotection: reaction VIIS6

Acetic acid solution (8 mL) of hydrobromic acid (33%) was added into phe-

nol (0.18 g, 1.9 mmol) and 7 (0.20 g), and the mixture was gradually heated

and kept at 90 ˚ C for 12 h. Afterward, acetic acid solution of 33% HBr was

added again by 8 mL, and the mixture was stirred at 90 ˚ C for 24 h. The

reaction mixture was condensed on a rotary evaporator and dried in vacuo

overnight to yield dark solid, which was dissolved in chloroform and fil-

tered. The filtrate was condensed and dried as above. The residual solid

was subjected to washing and decantation with diethyl ether three times

and dried in a vacuum oven at 45 ˚ C. The yield was 0.11 g. 13C NMR with
1H broad-band decoupling (125.7 MHz, CDCl3, δ) of 1S: 49.0 (s, –CH2N–),

34.7 (s, –CH2S–)

According to the literature,S7 it is desirable that the deprotected com-

pound should be purified by ion exchange resin. However, insolubility

of 1S in water prevented us from employing this procedure. Although a
1H NMR spectrum (not shown here) of the deprotected sample showed the

presence of a small amount of impurities such as the eliminated tosyl group,

we could characterize 1S as described in the text.

NMR measurements

Proton (13C) NMR spectra were measured at 500 (125.7) MHz on a JEOL

JNM-ECA500 spectrometer in the Chemical Analysis Center of Chiba Uni-

versity. The free induction decays were accumulated 8 or 16 (256) times.

The π/2 pulse width and recycle delay were 5.6 (5.0) µs and 2.0 (2.0) s, re-

spectively. Here, the 13C NMR parameters are given in the parentheses. The

solvent was chloroform-d, and the chemical shifts were calibrated with re-

spect to the tetramethylsilane signal.

Molecular orbital calculations of NMR chemical shifts

Density functional calculations were carried out at the B3LYP/6-311++G(3df,

3pd) level with the Gaussian03 programS8 installed on an HPC 8000-Z500

computer. Geometrical parameters of N-ethyl-4-methyl-N-vinylbenzene-

sulfonamide, CH3CH2N(Ts)CH=CH2, and 4 were fully optimized, and their
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1H NMR chemical shifts were calculated by the gauge-independent atomic

orbital methodS9 and subtracted from that of tetramethylsilane to derive the

δ values in ppm. All the self-consistent field calculations were conducted

under the tight convergence.

Static light scattering

Static light scattering (SLS) experiments were carried out using a Photal

DLS-8300CU photometer equipped with a He−Ne laser (wavelength, 632.8

nm). Five chloroform solutions of different polymer concentrations (0.260

− 0.977 mg mL−1) of 7 were prepared. The solution was optically puri-

fied by filtration through a 0.45 µ m cellulose membrane filter. During the

measurement, the sample temperature was maintained at 34.0±0.1 ˚ C. The

excess Rayleigh ratio was measured in a scattering angle range of 30 ≤ θ ≤
130 ˚ at intervals of 5 ˚ . The differential refractive index increment (dn/dc)

was measured by a Photal DRM-3000 differential refractometer with the

He−Ne laser. The sample temperature and concentrations were the same

as in the SLS measurement. The dn/dc value was evaluated as 0.1309 mL

g−1. The weight-average molecular weight Mw of 7 was determined by a

Zimm plot to be 2.77 ×104.

Thermogravimetry (TG) and differential thermal analysis (DTA)

Thermal histories of 7 and 1S on heating at a rate of 10 ˚ C min−1 from

room temperature to 500 ˚ C under nitrogen atmosphere were investigated

with a MAC Science TG−DTA2000 differential thermal analysis system. The

recorded temperatures were calibrated with respect to the melting point of

lead. TG/DTA curves of 7 and 1S are shown in Fig. S6.

Solubility classification test

Solubilities of 7 and 1S were investigated for a variety of solvents. For

7, 10 mg of sample was mixed in a solvent of 2.0 mL and shaken vigor-

ously at room temperature to visually distinguish the solubility into three

degrees: (1) completely soluble, (2) partially soluble, or (3) insoluble. For

1S, a smaller amount of sample was used.
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Fig. S1  1H NMR spectrum of N,N-bis(2-hydroxyethyl)-4-methylbenzenesulfonamide (2).
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Fig. S2  1H NMR spectrum of N,N-bis(2-chloroethyl)-4-methylbenzenesulfonamide (3).
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Fig. S3  1H NMR spectrum of 4-methyl-N,N-divinylbenzenesulfonamide (4).
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Fig. S4  1H NMR spectrum of (tosylazanediyl)bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (5).
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Fig.  S5  1H NMR spectrum observed from a mixture of N,N-bis(2-mercaptoethyl)-4-
methylbenzenesulfonamide (6) and 5-tosyl-1,2,5-dithiazepane (6s).
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Fig S6 TG/DTA curves of (a) 7 and (b) 1S As-recorded and calibratedFig. S6   TG/DTA curves of (a) 7 and (b) 1S. As recorded and calibrated
temperatures are given in and outside the parentheses, respectively.
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