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Introduction

Photo- and thermolabile polymers are primarily synthe-

sized for the application in modern printing techniques and

for the fabrication of microelectronic devices. In this field,

many affords were made to enhance the performance of

such compounds.[1,2] Their synthesis is quite challenging,

because incorporated labile groups must still be sufficiently

stable during the preparation and purification steps. There-

fore, alternative synthetic routes allowing milder reaction

conditions are needed in order to improve the yield and to

broaden the structural variety of these polymers.

Potential candidates for photolabile units which can

be incorporated into polymeric materials are diazosulfo-

nates,[3] triazenes[2] and diazophosphonates.[4] They can be

located within the polymer main chain[1] as well as in the

side group of a monomer unit. The latter can be achieved

by either polymer-analogous reaction or polymerization of

functional monomers. However, both routes are not suitable

for the preparation of polymers bearing functional groups

in each monomer unit. Polymer-analogous reactions do not

result in quantitative functionalizations under the reaction

conditions restricted by the labile function.[5] Free-radical

polymerization of, e.g., diazosulfonate vinyl monomers,

do not result in homopolymers because of the retarding

effect of the azo function. This is due to the radical addition

reaction of the azo group resulting in a hydrazyl radical of

low reactivity.[6] To circumvent this problem, photolabile

polymeric films were prepared from statistical copolymers

of methyl methacrylate or styrene with relatively low con-

tent of diazosulfonate monomers.[5]

Recently, polymerization of functional monomers

employing enzymes gained increasing attention.[7] Tri-

pathy et al. reported on the preparation of aromatic diazo-

polymers with phenol, aniline and sulfonic acid derivates

as monomers, using horseradish peroxidase as a catalyst.[8]

The enzymatic polymerization is especially intriguing for

the preparation of photo- and thermolabile polymers,

since the reaction conditions are mild as compared to

the standard polymerization procedures. Enzymatic poly-

merizations are usually carried out at room tempe-

rature and in aqueous media under neutral or slightly

acidic pH. This renders this polymerization technique

ideal for the conversion of diazosulfonate-containing

monomers.

In a first step, 4-hydroxybenzenediazosulfonate (4) and

4-hydroxybenzenediethyltriazene (2) as well as the corre-

sponding benzene derivatives 1 and 3 were prepared
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(Scheme 1) and polymerized by means of enzymatic

polymerization using horseradish peroxidase (Scheme 2).

Experimental Part

Measurements

UV-vis spectra were recorded on a Hitachi U-2001 UV-vis
spectrometer. FT-IR spectra were recorded using a Perkin
Elmer Spectrum One FT-IR spectrometer equipped with an
ATR sampling accessory (single bounce, diamond crystal) and
DTGS detector. 1H and 13C NMR spectroscopy was performed
on a Bruker 400 MHz NMR spectrometer. Thermal analysis
of the polymer and monomer were studied using a Seiko
Instrument TG/DTA 220 thermogravimetric analyzer (heating
rate: 10 8C/min; nitrogen atmosphere). The polymer analytical
values were obtained using a Tosoh gel permeation chromato-
graphy system at 60 8C (pump: Tosoh model DP-8020; detec-
tors: RI-8020; UV-8020; oven: CO-8020; stationary phase:
TSK gel; mobile phase: N,N-dimethylformamide (DMF) con-
taining 1% lithium chloride). The instrument was calibrated
with polystyrene standards from Wako. For irradiation experi-
ments, a standard Hg-Xe high-pressure lamp (lmax¼ 254,
363 nm) was used.

Syntheses

All chemicals and solvents (analytical grade or higher)
were purchased from Wako Japan Ltd. and used as received.
Synthesis and further conversion of azo-containing com-
pounds were performed under exclusion of light. Benzenedia-
zonium fluoroborate (5) was prepared according to the
literature.[9]

4-Hydroxybenzenediazosulfonate (4)

4-Hydroxyaniline (5.45 g, 0.05 mol) was dissolved in 50 mL of
aqueous HCl (10 vol.-% ) at 0 8C. After 15 min, 3.45 g
(0.05 mol) of sodium nitrite in 25 mL of cold water (0 8C) was
added dropwise over a period of 5 min. The solution was stirred
for 20 min at 0 8C and then poured into a 0 8C cold sodium
sulfite solution (12.6 g, 0.1 mol, in 75 mL water). After
vigorous stirring for additional 30 min at 0 8C, the final pro-
duct precipitated overnight at approximately 2 8C. The yellow
crystals were recrystallized from water; yield: 4.93 g (44%).

1H NMR (DMSO-d6, 400 MHz): d¼ 6.89–6.93 (m, 2 H,
CH), 7.64–7.68 (m, 2 H, CH), 10.33 (br s, 1 H, OH).

13C NMR (DMSO-d6, 100 MHz): d¼ 116.1 (CH), 126.3
(CH), 143.2 (Cquart), 161.6 (Cquart).

IR (ATR): 3561 (s), 3500 (s), 3430 (s), 3321 (s), 3175 (s),
1653 (m), 1608 (m), 1591 (s), 1509 (m), 1472 (m), 1444 (m),
1249 (s), 1222 (s), 1198 (s), 1151 (s), 1042 (s), 900 (w), 837
(m), 757 cm�1 (m).

UV-vis: lmax (H2O) (e): 327 (88 000), 237 nm (58 200 L �
mol�1 � cm�1).

TGA: tdec¼ 210.8 8C, weight loss: 35.8%.

4-Hydroxybenzenediethyltriazene (2)

4-Hydroxyaniline (1.636 g, 15 mmol) was dissolved in 10 mL
of an aqueous HCl solution (10 vol.-%) at 0 8C. After 15 min,
1.04 g (15 mmol) of sodium nitrite in 5 mL of cold water (0 8C)
were added dropwise over a period of 2 min. The solution was
stirred for 15 min at 0 8C. Afterwards, 15 mL of diethylamine
were added to the reaction mixture, which was stirred at 0 8C
for 30 min. The solution was extracted three times with ethyl
acetate and the combined organic phases were dried over
sodium sulfate. After filtration and evaporation of the solvent, a
brown product was obtained. Further attempts of purification
(flash chromatography or drying under high vacuum) only lead
to decomposition of the triazene compound. Thus, the crude
product was used.

1H NMR (DMSO-d6, 400 MHz): d¼ 1.15 (t, 3J(H,H)¼
7.0 Hz, 6 H, CH3), 3.64 (q, 3J(H,H)¼ 7.0 Hz, 4 H, CH2), 6.69
(dd, 3J(H,H)¼ 4.5 Hz, 5J(H,H)¼ 2.0 Hz, 2 H, CH), 7.14 (dd,
3J(H,H)¼ 4.5 Hz, 5J(H,H)¼ 2.0 Hz, 2 H, CH), 9.21 (br s, 1 H,
OH).

13C NMR (DMSO-d6, 100 MHz): d¼ 115.5 (CH), 121.2
(CH), 143.3 (Cquart), 155.3 (Cquart).

IR (ATR): 3300–2500 (br), 1609 (m), 1590 (s), 1501 (m),
1470 (s), 1452 (m), 1409 (s), 1376 (m), 1350 (m), 1337 (s),
1299 (w), 1265 (s), 1228 (s), 1103 (s), 1089 (m), 1072 (m), 843
(m), 815 (m), 753 cm�1 (m).

SEC (DMF, 1% LiCl, RI):Mn¼ 354,Mw¼ 370, PDI¼ 1.04.

Scheme 1. Synthesis of benzenediethyltriazene (1, via tetra-
fluoroboric acid), benzenediazosulfonate (3), 4-hydroxybenze-
nediethyltriazene (2), and 4-hydroxybenzenediazosulfonate (4).

Scheme 2. Enzymatic polymerization of 4-hydroxybenzene-
diethyltriazene (2) and sodium 4-hydroxybenzenediazosulfo-
nate (4).
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Benzenediazosulfonate (3)

Aniline (9.31 g, 0.1 mol) was dissolved in 100 mL of an
aqueous HCl (10 vol.-%) solution at 0 8C. After 15 min, 6.90 g
(0.1 mol) of sodium nitrite in 15 mL of cold water (0 8C) were
added dropwise over a period of 5 min. The solution was stirred
for 15 min at 0 8C and poured into a 0 8C cold solution of
200 mL water and 26.2 g (0.2 mol) sodium sulfite, stirred
vigorously for further 30 min before the solvent was removed
by freeze drying. The obtained product was recrystallized
(water/THF); yield: 6.45 g (31%).

1H NMR (DMSO-d6, 400 MHz): d¼ 7.55–7.58 (m, 3 H,
CH), 7.71–7.76 (m, 2 H, CH).

IR (ATR): 3536 (w), 3060 (w), 1509 (w), 1450 (w), 1289 (s),
1228 (s), 1076 (m), 1060 (s), 757 cm�1 (m).

Benzenediethyltriazene (1)

Diethylamine (0.80 g, 11 mmol) and 1.2 g (12 mmol) of
triethylamine were dissolved in 40 mL of THF. At 0 8C the
benzenediazonium fluoroborate (5) was added in small por-
tions and stirred for 30 min. The solution was extracted three
times with hexane (in the second extraction step, brine was
added to the aqueous phase). The combined organic phases
were dried over sodium sulfate and the solvent was evaporated
under reduced pressure to yield an orange liquid.; yield: 82%
(1.45 g).

1H NMR (CDCl3, 400 MHz): d¼ 1.19 (t, 3J(H,H)¼ 7.0 Hz,
6 H, CH3). 3.67 (q, 3J(H,H)¼ 7.0 Hz, 4 H, CH2), 7.09 (t,
3J(H,H)¼ 4.5 Hz, 1 H, p-CH), 7.28–7.32 (dd, 3J(H,H)¼ 7.0 Hz,
2 H, m-CH), 7.42 (d, 2 H, o-CH).

13C NMR (CDCl3, 400 MHz): d¼ 120.3 (CH), 124.9 (CH),
128.6 (CH), 151.1 (Cquart).

IR (ATR):¼ 3064 (w), 3027 (w), 2974 (s), 2934 (m), 2872
(w), 1593 (m), 1482 (m), 1457 (s), 1433 (m), 1411 (s), 1377
(m), 1341 (m), 1326 (s), 1235 (s), 1195 (m), 1158 (w), 1099 (s),
1069 (s), 759 (s), 692 cm�1 (s).

Standard Procedure for the Enzymatic Polymerization of
Phenolic Azo Compounds

After dissolving the enzyme in the buffer solution, the
monomer was dissolved in either buffer or a mixture of buffer
and methanol. The reaction started upon addition of hydrogen
peroxide using a syringe pump over a period of 60 min. The
polymerization was allowed to complete within 2 h. If the
polymer was to precipitate, it was centrifuged and washed
several times with water. The water-soluble polymers were
purified by dialysis and freeze dried.

Poly(4-hydroxybenzenediazosulfonate) (P-4)

Compound 4 (1.12 g, 5 mmol) was dissolved in 30 mL
of phosphate buffer (0.1 M, pH 6.8), horseradish per-
oxidase (5 mg), dissolved in 10 mL of phosphate buffer,
and 566 mL H2O2 (30 vol.-%) in 1.434 mL water were
added. Dialysis with water (cut-off at 2000 g �mol�1); yield:
130 mg (12%).

1H NMR (DMSO-d6, 400 MHz): d¼ 6.0–9.0 (br, o, m,
p-CH).

IR (ATR): 3645–2445 (br), 1633 (w), 1590 (m), 1496 (m),
1225 (s), 1136 (m), 1108 (m), 1046 (s), 623 cm�1 (w).

UV-vis: lmax (H2O) (e): 318 nm (38 000 L �mol�1 � cm�1).
SEC (DMF, 1% LiCl, RI): Mn¼ 3 000, Mw¼ 4 500,

PDI¼ 1.51.
TGA: tdec¼ 198.9 8C, weight loss: 13.8%.

Poly(4-hydroxybenzenediethyltriazene) (P-2)

Compound 2 (0.193 g, 1 mmol) in 17 mL methanol and horse-
radish peroxidase (15 mg), dissolved in 15 mL of phosphate
buffer were mixed. 220 mL H2O2 (15 vol.-%) were added over
2 min. Centrifugation: 12 000 rpm, 4 8C, 15 min; yield: 126 mg
(65%)

1H NMR (DMSO-d6, 400 MHz): d¼ 0.7–1.4 (br s, CH3),
3.5–3.8 (br s, CH2), 6.5–7.7 (br s, CH).

IR (ATR): 3640–2469 (br), 2974 (m), 2934 (m), 2871 (w),
2112 (w), 1660 (w), 1579 (w), 1490 (m), 1465 (m) 1451 (m),
1434 (m), 1401 (s), 1340 (s), 1234 (s), 1202 (s), 1095 (s), 1076
(s), 994 (w), 883 (w), 832 cm�1 (w).

SEC (DMF, 1% LiCl, RI): Mn¼ 880, Mw¼ 1 200,
PDI¼ 1.53.

Polymerizations of the benzene derivates were carried out
analogously.

Results and Discussion

The enzymatic polymerization of 4-hydroxybenzene-

diazosulfonate (4) with horseradish peroxidase lead instantly

to water-soluble homopolymer P-4 with a number-average

molecular weight ofMn¼ 3 000 and a polydispersity index

(PDI) of 1.51. The formation of the polymer was confirmed

by NMR and FT-IR spectroscopy. 1H NMR spectroscopy of

P-4 showes a broadening of the phenolic proton signals

(monomer signals at 6.89–6.93 and 7.64–7.68 ppm

compared with 6.0–9.0 ppm in the corresponding poly-

mer). This indicates the formation of a rigid polyphenol

backbone and confirms the successful polymerization of 4.

As indicated in Scheme 2, the enzymatic polymerization

of phenols yields a mixture of 3,4- and 3,5-bridged

polyphenols.[10] The ratio of the two species, however,

could not be determined due to the significant line broaden-

ing for polyphenols. Quantification of the phenolic proton

content is not possible due to the rapid H/D exchange (D2O

experiments) or the poor solubility of P-4 in dimethyl

sulfoxide (DMSO).

In the FT-IR spectrum (not shown) the band broadening

of all characteristic signals is also noticeable. In the poly-

mer spectrum, the signal around 1040 cm�1, which can be

assigned to the S-O stretching mode of the sulfonate unit,

is still present. Control experiments with the respective

benzene derivatives of 1 and 3 did not show any formation

of oligomeric or polymeric products. This indicates that for

the polymerization as proposed in Scheme 2 the hydroxyl

group is necessary for the successful conversion with

horseradish peroxidase.
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The thermal stability of the monomer and polymer P-4
was studied by means of thermogravimetric analysis (TGA;

Figure 1).

The monomer shows a maximum decomposition tem-

perature of 210 8C whereas the polymer decomposes at

lower temperature of around 199 8C. Furthermore, the tem-

perature range for the degradation of the polymer is broader

as compared with that of the monomer. While the monomer

decomposes between 193 8C and 227 8C, the polymer

degrades from 157 8C to 240 8C. This shift as well as the

broadening of the decomposition temperature is typical

for the decomposition of polymers containing diazosulfo-

nate units. For example, 4-vinylphenylazosulfonate de-

composes around 243 8C while the corresponding poly-

[(4-vinylphenylazosulfonate)-co-(methyl methacrylate)]

decomposes at 225 8C. This can be explained by the amor-

phous structure of the corresponding polymers.

While diazosulfonate compounds show a high thermal

stability in bulk, they readily decompose upon irradiation.

The absorption maximum for the majority of these com-

pounds is in the range of 300 to 370 nm. The diazosulfo-

nate monomer and polymer synthesized have absorption

maxima around 318 nm (Figure 2). Upon irradiation of an

aqueous solution of P-4 with UV light (Hg-Xe high-

pressure UV lamp, l¼ 363 nm) the rapid reduction of the

absorption due to photolysis of the diazosulfonate group is

also displayed in Figure 2.

Already after 3 s of irradiation, absorption decays

by 25%, after 14 s, only 44% of the original absorption can

be detected, and no further decrease was observed after

about 30 s of irradiation. A slight shift of the absorption

maxima from 320 nm to 308 nm can be observed. This

was also noticed by Mezger et al. for diazosulfonate

emulsifiers.[11]

While 4 results in the water-soluble homopolymer P-4,

the enzymatic polymerization of phenolic triazene com-

pound 2 yields an oligomer insoluble in water, with a

degree of polymerization of 3–5 (Mw¼ 1 200, Mn¼ 880,

PDI¼ 1.53, as measured by GPC). This anticipated a

conversion of 2 to polymers of higher molar masses due

to the quick precipitation. In the case of the triazene com-

pound, multiplicity of the ethyl units is still visible.

Conclusions

For the first time, a diazosulfonate homopolymer was

prepared. This was achieved by enzymatic polymerization

of 4-hydroxybenzenediazosulfonate using horseradish

peroxidase under mild conditions. The resulting polymer

with Mn of 3 000 g �mol�1 and a polydispersity index of

1.51 is water-soluble, thermally stable and photosensitive.

The conversion of 4-hydroxybenzenediethyltriazene only

yields oligomeric products, due to its low solubility in the

solvent/buffer solution. The facile reaction procedure and

mild reaction conditions of enzymatic polymerization offer

a unique opportunity for the preparation of photo- or

thermosensitive functional polymers.

Figure 1. TGA analysis of sodium 4-hydroxybenzenediazosulfonate (4; left) and the corresponding
polymer (P-4; right).

Figure 2. Irradiation of poly(4-hydroxybenzenediazosulfonate)
(P-4) with a Hg-Xe high-pressure UV lamp (c(0)¼ 3.97�
10�4 mol L�1, A(0)¼ 1.39, e¼ 35 000 L � cm�1 �mol�1).
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