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A dithiobenzoate end group of polystyrene generated by
reversible addition–fragmentation chain-transfer radical poly-
merization was reduced to a thiol group in various reduction
methods, and the structure of the products was analyzed using
1HNMR, IR, and MALDI-TOFMS. It was found that the side
reactions including a dimerization of the polymers were
observed and they can be prevented by a specific process.

Reversible addition–fragmentation chain-transfer (RAFT)
radical polymerization, a kind of living radical polymerization,
is known to be a useful method for not only the control of mo-
lecular weight and polydispersity of polymers but also synthesis
of block copolymers.1 The dithiobenzoate end group of the poly-
mers produced by the RAFT polymerization can be functional-
ized to a thiol group using a reducing agent. There are several
methods to reduce the end group of the polymers, for example
metal hydrides reduction,2–7 aminolysis,8–11 and hydrolysis.12

In their reduction methods, disappearance of the dithiobenzoate
end group was confirmed. However, the reaction mechanism and
the evidence of generation of the thiol end group are not
discussed in detail. Besides, a dimerization of the reactant was
observed as a side reaction in some papers.8–11 The resulting
polymers with the thiol end group can be used for functionaliza-
tion of noble metal surface and metal nanoparticles. In this letter,
we report on the structure of polystyrenes (PSTs) reduced by
different reaction conditions using various reducing agents.
We found that the use of NaBH4 in water/THF as the reduction
method produced PST with the controlled molecular weight,
polydispersity, and end group.

PST with the dithiobenzoate end group was synthesized by
the RAFT polymerization using styrene, azobisisobutyronitrile
(AIBN), and 1-phenylethyl dithiobenzoate (PEDB) as the RAFT
agent (Scheme 1).13 Reduction reactions of the dithiobenzoate
group were performed in four different methods using NaBH4

in water/THF phase, NaBH4 in water/toluene with tetraoc-
tylammonium bromide (TOAB) as the phase-transfer reagent,14

Super-Hydride (lithium triethylborohydride) in THF,2 and
propylamine in THF,11 as shown in Table 1.

Disappearance of the dithiobenzoate group in each reduced

PST was confirmed by IR spectrum,15 UV–vis absorption spec-
trum (see Figures S1 and S2 in Supporting Information),16 and
1HNMR spectrum.17 In these spectra, peaks derived from the
RAFT end group disappeared certainly, but four 1HNMR spec-
tra in Figures 1b–1e are different from each other at 2.5–
3.7 ppm.18 This indicates that the structure of the end group of
the reduced PSTs varies with the reduction methods and reaction
conditions.

Gel permeation chromatograph (GPC) and matrix-assisted
laser desorption/ionization time-of-flight mass spectra
(MALDI-TOFMS) of the dithiobenzoate-teminated PST and
the reduced PST are shown in Figures 2 and S3,16 respectively.
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Scheme 1. Synthesis and reduction of PST with dithiobenzoate
group.

Table 1. Conditions of reduction reaction in the end groupsa

Reactantb/Solvent Additive Reducing agent/Solvent

(usage) (usage) (usage)

PST/THF — NaBH4/water

(200mg/5mL) (179mg/1mL)

PST/toluene TOAB NaBH4/water

(200mg/3mL) (344mg) (179mg/3mL)

PST/THFc — Super-Hydride/THFd

(200mg/5mL) (1mL) under Ar

PST/THF Na2S2O3/water propylamine

(200mg/5mL)e (a few drops) (1mL)e under Ar

aAll reactions were carried out for 1.5 days at room temperature.
The resulting polymers were purified by reprecipitation. bProduced
by bulk polymerization of styrene for 4 days at 60 �C ([PEDB] =
0.117M, [AIBN] = 1:06� 10�2 M). Mn(GPC) = 2100, Mw=Mn ¼
1:14. cAnhydrous THF. d1.0M Super-Hydride in THF solution
is commercially available. eDegassed by freeze–pump–thaw cycle
before reaction.

Figure 1. 1HNMR spectra of (a) PST synthesized by RAFT poly-
merization and PST reduced by (b) NaBH4 in water/THF, (c)
NaBH4 in water/toluene with TOAB, (d) Super-Hydride in THF,
and (e) propylamine in THF.
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The results indicate that the reduction reaction certainly dimer-
ized the polymer through a disulfide group except for the reduc-
tion using NaBH4 in water/THF. The degree of dimerization
reaction depends on the reaction conditions. The reaction with
Super-Hydride in THF or propylamine in THF proceeded with
very fast, whereas the reduction with NaBH4 in water/THF
was slow. Hence, it is thought that the dimerization reaction
may be caused by strong reducing ambient.

Enlarged MALDI-TOFMS of PST with the dithiobenzoate
group, PST reduced by NaBH4 in water/THF, and PST reduced
by Super-Hydride in THF are shown in Figure 3. The main peak
of PST synthesized by RAFT accounts for ca. 52% of all MS
peak intensity, and the peak corresponds to the structure with
the dithiobenzoate end group. Other peaks produced during the
measurement of MALDI-TOFMS can be assigned by referring
to previous studies.9,19 The peaks of PST with the thiol end group
are confirmed in each polymer after the reduction. Especially,
products reduced by NaBH4 in water/THF clearly have the
peaks of the polymer with the thiol end group as shown in
Figure 3. This main peak accounts for ca. 57% of all MS peak
intensity. In contrast, MALDI-TOFMS of PST produced by
other reduction methods shows peaks that are related to not only
the thiol end group but also other by-products including the
dimerized polymer. As shown in Figure 3, the main peak of
PST reduced by Super-Hydride in THF around m=z 2575
appeared at two units larger than that of PST with the dithio-
benzoate end group. Therefore, it is thought that the peak is
derived from a product of the addition of two hydrogens to
the dithiobenzoate end group. The MALDI-TOFMS of PST
reduced by NaBH4 in water/toluene with TOAB also shows
the same peaks. These results indicate that the strong reduction
reactions of the end group in the RAFT polymers generate not
only thiolated or dimerized polymers but also other chemical
species.

In conclusion, the reduction of PST polymerized by RAFT
was performed using various reduction methods. PST with the
dithiobenzoate end group was reacted to not only PST with the
thiol group but also the dimerized PST thorough the disulfide

group and other minor species. However, these side reactions
can be prevented by selecting the reduction condition using
NaBH4 in water/THF.

This work was partly supported by a Grant-in-Aid for
Scientific Research (c) (no. 19550142) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan,
and PRESTO, Japan Science and Technology Agency.

References and Notes
1 J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J. Jeffery, T. P. T. Le,

R. T. A. Mayadunne, G. F. Meijs, C. L. Moad, G. Moad, E. Rizzardo,
S. H. Thang, Macromolecules 1998, 31, 5559.

2 J. Shan, M. Nuopponen, H. Jiang, T. Viitala, E. Kauppinen, K.
Kontturi, H. Tenhu, Macromolecules 2005, 38, 2918.

3 A. B. Lowe, B. S. Sumerlin, M. S. Donovan, C. L. McCormick,
J. Am. Chem. Soc. 2002, 124, 11562.

4 M.-Q. Zhu, L.-Q. Wang, G. J. Exarhos, A. D. Q. Li, J. Am. Chem. Soc.
2004, 126, 2656.

5 S. Luo, J. Xu, Y. Zhang, S. Liu, C. Wu, J. Phys. Chem. B 2005, 109,
22159.

6 B. S. Sumerlin, A. B. Lowe, P. A. Stroud, P. Zhang, M.W. Urban, C. L.
McCormick, Langmuir 2003, 19, 5559.

7 C. W. Scales, A. J. Convertine, C. L. McCormick, Biomacromolecules
2006, 7, 1389.

8 J. Xu, J. He, D. Fan, X. Wang, Y. Yang, Macromolecules 2006, 39,
8616.

9 A. Favier, C. Ladavière, M.-T. Charreyre, C. Pichot, Macromolecules
2004, 37, 2026.

10 Z. Wang, J. He, Y. Tao, L. Yang, H. Jiang, Y. Yang, Macromolecules
2003, 36, 7446.

11 D. L. Patton, M. Mullings, T. Fulghum, R. C. Advincula, Macro-
molecules 2005, 38, 8597.

12 C. Schilli, M. G. Lanzendörfer, A. H. E. Müller,Macromolecules 2002,
35, 6819.

13 S. Perrier, C. Barner-Kowollik, J. F. Quinn, P. Vana, T. P. Davis,
Macromolecules 2002, 35, 8300.

14 M. K. Corbierre, R. B. Lennox, Chem. Mater. 2005, 17, 5691.
15 C.-Y. Hong, Y.-Z. You, C.-Y. Pan, Chem. Mater. 2005, 17, 2247.
16 Supporting Information is available electronically on the CSJ-Journal

Web site, http://www.csj.jp/journals/chem-lett/index.html.
17 X.-S. Feng, C.-Y. Pan, Macromolecules 2002, 35, 4888.
18 The peaks at 3.3–3.7 ppm in Figure 1b are assigned to PST–

CH2CHPh–SH. The peaks at 3.2–3.4 ppm in Figure 1d are assigned
to PST–S–CHPh–SH. The peaks at 2.6–3.2 ppm in Figure 1e are
assigned to –CHPh–S– in PST–S–S–PST.

19 G. Zhou, I. I. Harruna, Anal. Chem. 2007, 79, 2722.

Figure 2. GPC elution curves of PST with dithiobenzoate end
group (- - -) and PST reduced by (a) NaBH4 in water/THF, (b)
NaBH4 in water/toluene with TOAB, (c) Super-Hydride in THF,
and (d) propylamine in THF (—). GPC was performed at 40 �C
in THF as the eluent. Standard polystyrenes were used as a calibra-
tion standard. Figures in the graph correspond to the molecular
weight at the top of the peak. Mn and Mw=Mn of the polymer after
the reduction are shown in box.

Figure 3. MALDI-TOFMS of PST with dithiobenzoate group
(- - -), PST reduced by NaBH4 in water/THF (� � �), and
reduced by Super-Hydride in THF (—), and possible structures
estimated from the results in this study. Dithranol and NaTFA
were used as the matrix and the ionization reagent for analysis,
respectively. The values in parentheses show the calcd m=z value
including Na.
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