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Macromonomers are important precursors for supermolecular
construction and have been utilized broadly in the syntheses of
branchedmacromolecular architectures and a variety of polymer
materials.1-6 Two general methods have been used in the
preparation of macromonomers: (a) polymerization from a
monomer-based initiator7-13 or chain transfer agent14,15 and
(b) terminal functional group transformation of polymer
chains,16-18 such as end-capping of living polymers,19-23 to
introduce monomer functionalities. The resulting macromono-
mers typically have a monomer functionality bonded with one
polymeric chain. Homopolymer-based macromonomers with in-
chainmonomer functionalities have been obtained viamonomer-
based bifunctional initiators or coupling agents, andpolymerizat-
ion of such homopolymerizable macromonomers has produced
either brush polymers with relatively high grafting densities11,12

or graft copolymers with special grafting structures.19,20 On the
other hand, several examples of macromonomers with 1,1-
diphenylethylene (DPE) functionalities carrying compositionally
different polymeric chains have been reported by Hirao and co-
workers.21-23 These macromonomers were synthesized by end-
capping of living anions at the block or star junctions of diblock
or miktoarm star copolymers using DPE-based alkyl bromides.
Because the DPE group is non-homopolymerizable,24 these
macromonomers would not serve as precursors for brush poly-
mers butwere further used for the preparation of asymmetric star
copolymers based on anionic living linking chemistry of DPE
functionalities.21-23 Hadjichristidis and co-workers have also
used DPE-functionalized macromonomer to prepare miktostar-
based macromonomers and graft copolymers.25 However, to our
best knowledge, well-defined diblock macromonomers that pos-
sess homopolymerizable monomer functionality at the block
junction have not been reported. These macromonomers are of
interest because they can be converted into novel “double-brush”
copolymers inwhich eachmain chain repeat unit carries a diblock
graft at the block junction, and potentially the unusual copoly-
mers may further self-assemble into a variety of unique nano-
structures. Brush copolymers converted from diblock macromo-
nomers with terminal monomer functionality generally have
core-shell morphologies.9,26

Hereinwe report a living linkingmethod for the preparation of
such a macromonomer and its transformation into “double-
brush” copolymers (Figure 1). The macromonomer synthetic

method is based on the terminal functionalization reaction of a
living polymer with a monomer-functionalized living linking
agent, followed by polymerization of a secondmonomer initiated
by the resulting ω-monomeric macroinitiator. The norbornene
(NB) group was selected as the monomer functionality of
macromonomer because its high reactivity in ring-opening me-
tathesis polymerization (ROMP) allows for high conversions of
macromonomers.9-11,14-16 Because of the high stability of NB
group under typical anionic polymerization conditions as re-
ported by H�eroguez et al.,9,10 and the broad application of
anionic living linking chemistry of DPE in the preparation of
well-defined complex copolymers,21-24,27-30 a NB-functiona-
lized DPE agent (1) was used as the linking agent to covalently
connect NB group to diblock copolymer chain at the block
junction. The preparation of 1 was described in our previous
publication.30

As the first step of themacromonomer synthesis, a poly(styryl-
d8)lithium (2) was prepared by anionic polymerization of styrene-
d8 (St-d8) using sec-butyllithium (s-BuLi) as initiator in benzene
at room temperature ([St-d8]0:[s-BuLi]0 = 10.0). The polymeri-
zation was allowed to proceed for 30 min to complete conversion
(DPn,calcd: 10.0). A small amount of polymerization solution was
withdrawn and terminated by methanol. On the basis of matrix-
assisted laser desorption/ionization time-of-flight mass spectro-
metry (MALDI-TOF MS) analysis of the resulting methanol-
terminated adduct, 2 was shown to have a Mn of 1250 Da
(corresponding to a DPn,MALDI of 10.6) and a low PDI of 1.10
(Figure S1). As the second step of the macromonomer synthesis,
addition reaction of a solutionof 2with an excess of 1 (1.27 equiv)
was conducted at -78 �C in THF for 1 h to obtain a NB-
functionalized poly(St-d8)-based 1,1-diphenylalkyllithium (3).
The -CH2O(CH2)10- spacer of 1 can reduce unfavorable steric
influence on NB group and help to maintain the high ROMP
reactivity of the resulting macromonomer. Quantitative forma-
tion of 3 was confirmed in a control experiment through a
derivative of 3 formed by end-capping of 3 with ethylene oxide,
followed by terminationwithmethanol (see Supporting Informa-
tion for details).As the final step of themacromonomer synthesis,
anionic polymerization of 2-vinylpyridine (2-VP) was performed
inTHFat-78 �C, using 3 as themacroinitiator in the presence of
lithium chloride ([LiCl]0:[3]0 = 10). To obtain similar lengths
of heterochains in the resulting macromonomer 4, 10.6 equiv of
2-VP relative to macroinitiator 3was used. Lithium chloride was
added to obtain high initiation efficiency and decrease the rate
constant ratio of propagation to initiation for anionic polymer-
ization of 2-VP.31,32 The polymerization was allowed to proceed
for 1 h to complete conversion. After the polymerization, the
reaction solution was passed through silica gel to remove lithium
chloride, followed by precipitated in pentane, to give 4 in 90%
isolated yield.

The molecular structure of 4 was verified through its char-
acteristic 1H NMR resonances (Figure 1b, top plot), including
resonances of norbornenyl alkene protons a and b (from 1) at
6.12, 6.05, and 5.93 ppm,methylene protons c and d (CH2OCH2,
from the -CH2O(CH2)10- spacer of 1) at 3.53-2.92 ppm,
methyl protons e and f (from 2, at the R-end of poly(St-d8) chain)
at 0.78-0.52 ppm, and aromatic protons g (from poly(2-VP)
chain, on the R-carbon of pyridine nitrogen atom) at 8.66-7.95
ppm. Although the intensity of the resonances of norbornenyl
alkene protons a and b could not be accurately determined due to
their overlap with adjacent resonances, the integration area ratio
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of 4.00:6.21 for resonances of protons c and d to resonances of
protons e and f agreed with the number ratio of corresponding
protons of 4:6 within experimental error, indicating that each
macromonomer molecule has quantitatively one poly(St-d8)
chain. Based on the integration area ratio of 4.00:10.9 for
resonances of protons c and d to resonances of protons g, a
DPn of 10.9 for the poly(2-VP) chain of 4 was deduced.

MALDI-TOFMSanalysis gavemolecularweight information
on 4, including aMn of 2950Da and a lowPDI of 1.08 (Figure 2).
Based on a DPn of 10.6 for the poly(St-d8) chain of 3, the
Mn,MALDI of 4 indicated a DPn of 12.0 for its poly(2-VP) chain.
This DPn,MALDI was in good agreement with the DPn,NMR value
of 10.9, and both values were close to the theoreticalDPn value of
10.6 for the poly(2-VP) chain of 4, suggesting well-controlled
anionic polymerization of 2-VP. The low PDI of 1.08 for 4 by
MALDI-TOFMS further supports a high initiation efficiency of
3 and a fast initiation relative to propagation in anionic polym-
erization of 2-VP. Relative to linear polystyrene standards, GPC
measurement gave aMn of 2360 Da and a low PDI of 1.05 for 4.
Its PDIGPC agreed with PDIMALDI. The Mn,GPC of 4 was

considerably lower than the correspondent Mn,MALDI value as
expected for the structure of 4 having a significant side chain at
the block junction.

ROMP of macromonomer 4 with its novel structure gave
poly(4), i.e. 5, having unique double-brush architecture with each
main-chain repeat unit carrying a diblock graft at block junction
(Table 1). A series of polymerization experiments of 4 were
carried out at room temperature using a commercially available
Grubbs’ catalyst, RuCl2(CHC6H5)[P(C6H11)3]2,

33 as the initiator
([4]0:[I]0 = 10, 25, 50). Tomonitor readily the ROMP process by
1H NMR spectroscopy, deuterated chloroform was used as the
polymerization solvent. With the progress of ROMP, macro-
monomer 4 was converted into 5, as indicated by the decrease in
intensities of 1H NMR resonances of the norbornenyl alkene
protons a and b of 4 at 6.12, 6.05, and 5.93 ppm, along with the
appearance of 1HNMRresonance of the alkene protons a0 and b0
of poly(NB)-based backbone of 5 at 5.49-5.03 ppm (Figure 1b,
bottom plot). The resonance intensities of these alkene protons
from 5 were further compared with the entire resonance inten-
sities of methylene protons c and d from 4 and c0 and d0 from 5 at
3.54-3.05 ppm to determine conversions of 4. After 4-6 h of
polymerization, high macromonomer conversion (74-94%) was
observed by 1H NMR analysis of each trial, although the
conversion dropped with increased molar feed ratio of macro-
monomer 4 to initiator. Then no appreciable increase in macro-
monomer conversion could be detected with further increase of
polymerization time. Finally, all trials were terminated with ethyl
vinyl ether after 12 h of polymerization and analyzed by GPC
calibrated with linear polystyrenes. Based on the integration area
of the GPC peak of 5 relative to the sum of integration areas of
both 4 and 5, GPC analysis of the resulting polymerization
solutions confirmed the high conversion of 4 in each trial
(Figure 3), and the excellent agreement between GPC measure-
ments and 1H NMR measurements in macromonomer conver-
sion suggests no appreciable occurrence of side reactions for 4
under the ROMP conditions. Well-controlled ROMP behavior
of 4 was indicated by the monomodal GPC traces of 5 with low
polydispersity values (1.13-1.19). However, the apparent Mn

Figure 1. (a) Anionic living linking synthesis and ROMP of novel
macromonomer 4. (b) 600 MHz 1H NMR spectra of macromonomer
4 (top) and its ROMP solution (for entry 5c in Table 1).

Figure 2. MALDI-TOF MS spectrum of macromonomer 4 (linear
mode; matrix: 2,5-dihydroxybenzoic acid).

Table 1. ROMP of Macromonomer 4
a

conversion (time)

entry [4]0/[I]0
1H NMR GPC

Mn,calcd
b

(kDa)
Mn,GPC

c

(kDa) PDIc

5a 10 94%(4 h) 94%(12 h) 27.8 11.7 1.15
5b 25 88%(4 h) 88%(12 h) 64.9 20.4 1.13
5c 50 74%(6 h) 77%(12 h) 114 40.6 1.19
aInitiator: RuCl2(CHC6H5)[P(C6H11)3]2; solvent: CDCl3; room tem-

perature. bMn,calcd,5 = (Mn,MALDI,4 � convGPC � [4]0/[I]0) þ 91. cBy
GPC relative to linear polystyrenes.
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values of 5 by GPC were only 31-42% of the calculated Mn

values (Mn,calcd,5 = (Mn,MALDI,4 � convGPC � [4]0/[I]0)þ 91), in
agreement with the unusual compactness of densely grafted
structure of 5 relative to linear structure of polystyrene stand-
ards.12,14

In summary, a novel macromonomer with a NB group
carrying a diblock copolymer chain at block junction was
synthesized by using an NB-functionalized DPE agent as linking
agent in anionic polymerization, and its high polymerization
reactivity inROMPwas established. The synthetic strategy of the
macromonomer via a monomer-functionalized macroinitiator
intermediate can be further extended by applying a range of
combinations of monomer functionalities and polymerization
systems34 as well as linking chemistry.35-38 The poly(macro-
monomer)s derived from such a novel macromonomer possess
unique “double-brush” architectures with each main-chain re-
peat unit carrying two blocks with diverse properties. The
macromonomer potentially may also serve as a comonomer for
the preparation of a broad variety of grafted architectures with
interesting structural features.

Acknowledgment. The authors gratefully acknowledge the
support ofNSF through theMRSEC for Polymers at Engineered
Interfaces, New York State Office of Science Technology Aca-
demic Research through the Center for Engineered Polymeric
Materials, CePM, and a CUNY-PSC award.

Supporting Information Available: Synthetic and other
experimental details. This material is available free of charge
via the Internet at http://pubs.acs.org.

References and Notes

(1) Hadjichristidis, N.; Pitsikalis, M.; Iatrou, H.; Pispas, S.Macromol.
Rapid Commun. 2003, 24, 979.

(2) Chambon, P.; Chemtob, A.; Cloutet, E.; Cramail, H.; Gibanel, S.;
Gnanou, Y.; H�eroguez, V.; Quemener, D.; Radhakrishnan, B.
Polym. Int. 2006, 55, 1146–1154.

(3) Boutevin, B.;David,G.; Boyer,C.Adv.Polym. Sci. 2007, 206, 31–135.
(4) Nuttelman, C. R.; Rice, M. A.; Rydholm, A. E.; Salinas, C. N.;

Shah, D. N.; Anseth, K. S. Prog. Polym. Sci. 2008, 33, 167–179.
(5) Gao,H.; Ohno, S.;Matyjaszewski, K. J. Am.Chem. Soc. 2006, 128,

15111–15113.

(6) Nederberg, F.; Trang, V.; Pratt, R. C.;Mason,A. F.; Frank, C.W.;
Waymouth, R. M.; Hedrick, J. L. Biomacromolecules 2007, 8,
3294–3297.

(7) Cheng, C.; Khoshdel, E.; Wooley, K. L.Macromolecules 2005, 38,
9455–9465.

(8) Liu, X.; Ma, P. X. Biomaterials 2010, 31, 259–269.
(9) H�eroguez, V.; Gnanou, Y.; Fontanille, M. Macromolecules 1997,

30, 4791–4798.
(10) H�eroguez, V.; Am�edro, E.; Grande, D.; Fontanille, M.; Gnanou,

Y. Macromolecules 2000, 33, 7241–7248.
(11) Jha, S.; Dutta, S.; Bowden, N. B. Macromolecules 2004, 37, 4365.
(12) Morandi, G.; Montembault, V.; Pascual, S.; Legoupy, S.; Fontaine,

L.Macromolecules 2006, 39, 2732.
(13) Piog�e, S.;Morandi,G.; Legoupy, S.;Montembault, V.; Pascual, S.;

Fontaine, L. Macromolecules 2008, 41, 9595–9601.
(14) Li, Z.; Zhang, K.; Ma, J.; Cheng, C.; Wooley, K. L. J. Polym. Sci.,

Part A: Polym. Chem. 2009, 47, 5557–5563.
(15) Li, Z.; Ma, J.; Cheng, C.; Zhang, K.; Wooley, K. L. Macromole-

cules 2010, 43, 1182-1184.
(16) Xia, Y.; Olsen, B. D.; Kornfield, J. A.; Grubbs, R.H. J. Am. Chem.

Soc. 2009, 131, 18525–18532.
(17) Grumelard, J.; Taubert, A.; Meier, W. Chem. Commun. 2004,

1462–1463.
(18) Jahnke, E.; Lieberwirth, I.; Severin,N.; Rabe, J. P.; Frauenrath,H.

Angew. Chem., Int. Ed. 2006, 45, 5383–5386.
(19) Driva, P.; Iatrou, H.; Lohse, D. J.; Hadjichristidis, N. J. Polym.

Sci., Part A: Polym. Chem. 2005, 43, 4070–4078.
(20) Nikopoulou, A.; Iatrou, H.; Lohse, D. J.; Hadjichristidis, N.

J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 3513–3523.
(21) Hirao, A.; Inoue, K.; Higashihara, T.Macromol. Symp. 2006, 240,

31–40.
(22) Zhao, Y.; Higashihara, T.; Sugiyama, K.; Hirao, A. J. Am. Chem.

Soc. 2005, 127, 14158–14159.
(23) Fragouli, P.; Iatrou, H.; Hadjichristidis, N.; Sakurai, T.; Matsunaga,

Y.; Hirao, A. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 6587–
6599.

(24) Quirk, R. Q.; Yoo, T.; Lee, Y.; Kim, J.; Lee, B. Adv. Polym. Sci.
2000, 153, 67–162.

(25) Driva, P.; Lohse, D. J.; Hadjichristidis, N. J. Polym. Sci., Part A:
Polym. Chem. 2008, 46, 1826–1842.

(26) Djalali, R.; Li, S.-Y.; Schmidt, M.Macromolecules 2002, 35, 4282–
4288.

(27) Fujimoto, T.; Zhang, H.; Kazama, T.; Isono, Y.; Hasegawa, H.;
Hashimoto, T. Polymer 1992, 33, 2208–2213.

(28) Hirao, A.; Sugiyama, K.; Tsunoda, Y.; Matsuo, A.; Watanabe, T.
J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 6659–6687.

(29) Zhang, W.-B.; Sun, B.; Li, H.; Ren, X.; Janoski, J.; Sahoo, S.;
Dabney, D. E.; Wesdemiotis, C.; Quirk, R. P.; Cheng, S. Z. D.
Macromolecules 2009, 42, 7258–7262.

(30) Cheng,C.;Yang,N.-L.Macromol. RapidCommun. 2005, 26, 1395–
1399.

(31) Fayt, R.; Forte, R.; Jacobs, C.; J�erôme, R.; Ouhadi, T.; Teyssie, P.;
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