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ABSTRACT: The amphiphilic monomer 2-(4-vinylphenyl)pyridine (VPPy) has been successfully polymerized
using a complex o$ecbutyllithium (s-BuLi) with lithium chloride (LiCl) and coordination of VPPy with LiCl

at —45 °C for 72 h without side reactions such as cross-linking and branching. However, it takes 3 days to
complete the polymerization with 100% yield, and the polydispersity inigxXNl, = 1.15) was relatively broad.

In contrast, the anionic polymerization using diphenylmethyl potassium (DPM-K) as the weak initiator was more
feasible. The yield of the polymer reached 100% within 150 min-@8 °C, which significantly reduced
polymerization time with a narrow molecular weight distribution below 1.1. To investigate their living nature
and reactivity, the block copolymerization of VPPy with styrene, isoprene, 2-vinylpyridine, and methyl methacrylate
were carried out by sequential anionic polymerizations without additives such as LiCl gtrd Ehe resulting

block copolymers of PVPP-PMMA in tetrahydrofuran showed the microphase separation, which was confirmed
by transmission electron microscopy.

Introduction via the nucleophilic attack of another carbanion on the pyridine
have been reported previousRTherefore, to prevent the side
reactions, many groups have researched various approaches such
as using low temperature, adding lithium chloride (Li€l),
dibutylmagnesium (BsMg),*® or 1,1-diphenylethylene (DPES,

and initiating by diphenylmethyl potassium (DPM-K) as a weak
reactive initiator2°

Ever since living anionic polymerization of styrene was
discovered, the various vinyl monomers such as styrene,
2-vinylpyridine, and their derivatives have been widely studied.
The living anionic polymerization of styrene can be carried out
easily, but the polymerization of styrene derivatives containing
functional groups is not straightforward due to the side reactions

by the strong reactivity of the carbanidrfor the anionic Methylmethacrylate (MMA) is another class of interesting
polymerization of para-substituted styrene derivatives, the monomer. However, during the living anionic polymerization
e|ectr0n-withdrawing functional groups such as _CQNRz of MMA using alkylllthlums such as- and sec—butylllthlum,

methyl, ethyl, propyl, or ally§,-COCHC(CHs)N (oxazolinyl)4 the side reaction takes place by strong nucleophilic attack on
-CN 5 -COOR (R= methyl, isopropyl, otert-butyl) ® and -COR the carbonyl group of the monomer, which results in polymers
(R = H or methyly have been used extensively. These electron- With a broad molecular weight distribution (MWD) and low
withdrawing functional groups reduced electron density in the Yyield.?! To suppress the side reactions, the reactivity of the
phenyl moiety of styrene, which weakened the nucleophilicity initiators should be equal to that of the propagating chain ends.
of the living polymer and stabilized the carbaniGfsS In Therefore, many research groups have reported various initiation
addition, the polymerization of the para-substituted styrene strategies based on the coordination of the additives to ester
derivatives with the electron-donating functional groups such enolate for the successful anionic polymerization of MMA. 1,1-
as -CH,2 -NH,,2 -(CH,)NR; (R = H, or CHg),1°-OH 11 -(CHy) - Diphenylalkyl metal is the most useful initiator because the
OR (R= H, methyl, ortert-butyl),'? -(CH2),SH,1® and -(CH)- reactivity of 1,1-diphenylalkyl metal is approximately the same
SCH;“was also difficult to control because the nucleophilicity — as that of the propagating chain ef@3.eyssieand co-workers
of the living polymer strengthened by the high electron density synthesized PMMA with high conversion, controlled MW, and
in the phenyl moiety of styrene caused side reactions such asnarrow MWD using (1,1-diphenylalkyl)metal such as (1,1-
cross-linking or branching. diphenylhexyl)lithium (DPH-Li) and diphenylmethyl potassium
Polymers with pyridine as a functional group, such as poly- (DPM-K), etc?? In addition, they used DPM-Li or DPH-Li plus
(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP), are Vvarious kinds of ligands such as 12-crown-4, lithitert-
interesting materials due to the presence of the lone pair butoxide, and triethylaluminum, e#¢. Nakahama and co-
electrons in the nitrogen atom. These have found numerousworkers found the novel initiation system for anionic polym-
applications as polymeric templates for metal nanoparticles, €rization of MMA and its derivatives using DPM-K/&Zn as a
nanocomposites, quaternizations, polyelectrolytes, polymeric Lewis acid, which produced well-defined polymers with narrow
reagents, and ligands of metalated compléReBuring the MWD.25 Miiller and co-workers reported successful anionic
anionic polymerization of 2-vinylpyridine (2VP) or 4-vinylpy-  polymerization of MMA in the presence of aluminum alky! in
ridine (4VP) initiated by organolitium or a strong nucleophile, toluene at—78 °C2¢ In particular, Miler and Baskaran
side reactions forming either branched or cross-linked polymers presented the review of controlling living anionic polymerization
of alkyl (meth)acrylatéla2?
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Table 1. Anionic Polymerization of VPPy in Presence of LiCl in THF

temp (C) Mn x 1073
entry initiator (mmol)  LiCl (mmol)  VPPy/LiCl (mmol) | P time (h) caléd obs® My/M,P vyield of polymer (%)
Naph-K
1 0.137 0 2.62/0 -78 -78 1 15 32.6 161 22.0
s-BulLi
2 0.072 0 2.60/0 -78 -78 1 0.8 224 1.37 13.0
3 0.028 0.076 2.55/0 —78 —45 6 4.29 4.16 1.22 26.0
4 0.035 0.103 2.42/0 —78 —45 12 7.95 8.02 1.46 63.6
5 0.040 0.076 2.84/0 —78 —45 24 12.7 15.4 1.54 100
6 0.039 0 2.96/2.97 —78 —45 12 7.7 5.7 2.84 55.6
7 0.039 0 2.92/2.93 —78 —45 72 13.7 29.8 2.13 100
8 0.039 0.085 2.60/0.69 —-78 —45 72 12.0 16.8 1.42 100
9 0.044 0.083 3.04/1.96 —78 —45 72 12.6 11.3 1.47 100
10 0.040 0.080 2.39/2.16 —78 —45 72 10.7 9.9 1.22 100
11 0.085 0.124 2.71/3.48 —78 —45 24 5.8 6.7 1.22 63.1
12 0.034 0.136 2.98/3.85 —-78 —45 48 15.8 19.5 1.19 79.6
13 0.031 0.091 2.96/4.14 —78 —45 72 17.3 17.6 1.15 100

aMp(caled)= (MW of VPPy) x [VPPy]/[initiator] x yield of polymers (%)? Mn(obsd) andV,,/M, were obtained by SEC calibration using polystyrene

standard in THF containing 2% ¢Bs)3N as the eluents at 4TC.

semblies such as hollow micelle and vesicle, etc. Recently, some Polymerization of VPPy with s-BuLi or Naph-K. The anionic
groups have introduced new classes of polymer superstructuregolymerization of VPPy in THF was carried out under high-vacuum
in both a polar and nonpolar solvent of styrene-based ho- conditions (10° mmHg) far 1 h in aglass apparatus equipped with

mopolymers having a hydrophilic carboxylic acid moiety and
a hydrophobic benzyl moiety within the same mono#¥en
this prospective, the unique micellization behavior of the
homopolymer, poly(2-(4-vinylphenyl)pyridine) (PVPPYy) is pre-
dicted in view of the fact that it contains hydrophilic (pyridyl)
and hydrophobic (phenyl) moieties in the same monomer.

In this study, amphiphilic monomer, 2-(4-vinylphenyl)-

break-seals in the usual manner. VPPy and initiator were prepared
and divided in THF under reduced-vacuum condifids-BuLi in
heptane or Naph-K in THF was transferred into the reaction flask,
and then the solution was stabilized-&t8 °C. VPPy in THF was
added to the initiator solution, polymerized fbh at—78°C, and
terminated with methanol. After termination, the polymers were
precipitated in a large amount of methanol, dried, dissolved in
benzene, and freeze-dried. The polymers were characterized by

pyridine (VPPy) was synthesized by a Suzuki coupling reaction NMR and SEC.

and was polymerized anionically. For the preparation of their

Polymerization of VPPy Using the Complex ofs-BuLi and

well-defined homopolymers and block copolymers, we have LIiCl. LiClin THF was added to the solution sfBuLi in heptane
applied two different approaches: (i) the conventional procedure at various mole ratios (Table 1, entries3) at —78 °C, turning

of using the complex of-BuLi with LiCl to reduce the reactivity

of carbanion and to protect the reactivearbon of the pyridine
moiety, and (ii) a simple method of using DPM-K as a weak
initiator for prevention of side reactions. The block copolym-
erization of VPPy with various monomers, the nucleophilicity
of living PVPPy, electrophilicity of VPPy, and its living nature
were also investigated.

Experimental Section

Materials. (4-Vinylphenyl)boronic acid (Aldrich), 2-bromopy-
ridine (Aldrich, 99%), and tetrakis(triphenylphosphine)palladium-
(0) (Pd(PPB)4, Aldrich) were used as received.,®O; solution
(Aldrich, 2M in H,O, 99%) in distilled water was prepared. LiCl
(Aldrich, 99.99%) was dried at 150C for 24 h under reduced
pressures-BuLi (Aldrich, 1.4 M in cyclohexane) was used as

red immediately. Sequentially, VPPy in THF was added to the
solution for initiation for 30 min and followed by propagation at
—45°C for 6, 12, and 24 h, respectively. The color of the reaction
media changed from red to deep violet. The polymerization was
terminated with methanol, precipitated in a large amount of
methanol, dried, dissolved in benzene, and filtered in order to
remove LiCl salt. The filtered polymer solution was freeze-dried
with benzene, and the polymers were characterized by NMR and
size exclusion chromatography (SEC).

Polymerization of VPPy Coordinated with LiCl. VPPy
coordinated with LiCl in THF was initiated bgBulLi in heptane
solution at—78 °C for 30 min, and it was polymerized for 12 h,
and 3 days at-45 °C, respectively (Table 1, entries 6 and 7). The
solution turned from deep violet to dark green. After polymerization,
purification was carried out as described above.

Polymerization of VPPy Coordinated with LiCl Using the

received; naphthalenide potassium (Naph-K) was prepared andComplex of s-BuLi and LiCl. LiCl in THF was added te-BulLi

stored at—30 °C in ampules equipped with break-seals. Styrene
(St, Aldrich, 99%), isoprene (IP, Aldrich, 99%), 2-vinylpyridine
(2VP, Aldrich, 97%), and methyl methacrylate (MMA, Aldrich,

in heptane solution, which turned red instantly because of formation
of a complex ofs-BuLi and LiCl. The coordinated VPPy with
different amounts of LiCl (Table 1, entries=81) was initiated

99%) were passed through an alumina column, washed with into the complex solution o$-BuLi and LiCl at —78 °C for 30

aqueous NaOH solution to remove inhibitors, then rinsed with
distilled water, dried for 24 h over anhydrous Galdnd distilled

min and propagated at45 °C for 24, 48, and 72 h, respectively.
The reaction media maintained a dark green color. After polym-

under reduced pressure. Tetrahydrofuran (THF, Fisher, GR grade)erization, purification was carried out as described above.

was distilled under Bafter refluxing with sodium for 5 h. Potassium
(K, Aldrich, 98%) and diphenylmethane (DPM, Aldrich, 99%) were

Polymerization of VPPy Using DPM-K. DPM-K in THF was
transferred into the reaction flask and stabilized-@8 °C. VPPy

used as received. DPM-K was prepared by the reaction of DPM in THF was polymerized into DPM-K in THF solution at78 °C

and Naph-K in THF at room temperature for 2 da&$& The
efficiency of DPM-K was determined by titration using octyl
alcohol (36-50%) and used for polymerization.

Synthesis of 2-(4-Vinylphenyl)pyridine.VPPy was synthesized
and characterized according to our previously reported procétiure.

for 30, 90, 120, and 150 min, respectively. After this, it turned
deep violet instantly. After polymerization, purification was carried
out as described above. The characterization of polymers was
performed using'H NMR, SEC, FT-IR, differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA). PVPPy

VPPy was freeze-dried under the reduced pressure of 1 mmHg for(MW, 18 900 g/mol; MWD, 1.06; Table 2, entry T);: 161.3°C.

24 h and then dried without any drying agent at4tmHg for
24 h.

T4 370°C. 'H NMR spectra (CDGl 300 MHz; ppm): 6 6.4—
7.8 (phenyl and pyridine of PVPPy), 8.6 ECH-C=), 1.2-2.0
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Table 2. Living Anionic Polymerization of VPPy Using DPM-K in THF

My, x 1073
entry DPM-K (mmol) VPPy (mmol) temp’C) time (min) calcd obsd Mw/M, P yield of polymers (%)

1 0.0167 2.94 —78 30 15.0 15.8 1.04 47.2
2 0.0171 2.97 -78 90 221 20.4 1.04 70.3
3 0.0410 3.58 —78 120 14.6 15.6 1.10 92.0
4 0.0174 3.08 —78 150 32.0 32.2 1.04 100
5 0.0200 3.31 -78 150 29.9 30.2 1.05 100
6 0.0416 2.69 -78 150 11.7 11.9 1.06 100
7 0.0323 3.59 —78 150 20.1 18.9 1.06 100
8 0.0269 4.25 —78 150 28.7 29.2 1.04 100
9 0.0246 541 -78 150 37.8 39.7 1.06 100

10 0.0160 5.59 —78 150 63.4 64.5 1.04 100

aMp(caled)= (MW of VPPy) x [VPPyJ/[DPM-K] x yield. ® Mn(obsd) andMi,/M,, were obtained by SEC calibration using polystyrene standard in THF
containing 2% (@Hs)3N as the eluents at 4CC. Efficiencies of DPM-K were measured by titration using octyl alcohol.

Table 3. Block Copolymerization of VPPy at—78 °C

block copolymer (homopolymer)

first monomer  second monomer Mp x 10728 yield of
DPM-K2 (mmol) (mmol) (mmol) time (min) calcl obsd Mw/Mp© block copolymer (%)  fvpp ¢
VPPy St
0.0220 3.10 7.29 180 57.3(22.9) 23.9 1.04 0
VPPy IP
0.0223 2.98 7.04 360 45.8(25.5) 26.0 1.06 0
VPPy 2VP
0.0392 3.53 5.16 180 40.2(16.3) 41.7(16.4) 1.08(1.06) 100 0.41
0.0460 9.49 1.52 180 40.6(37.0)  40.0(37.2) 1.07(1.07) 99 0.86
2VP VPPy
0.0282 2.80 2.61 180 27.3(10.5) 28.7(13.8)  1.04(1.03) 99 0.48
0.0893 13.6 2.92 180 22.1(16.1) 22.7(18.5) 1.04(1.05) 100 0.18
VPPy MMA
0.0201 1.85 5.55 180 44.4(16.7)  45.6(16.2)  1.04(1.09) 99 0.25
0.0244 3.04 3.29 180 36.1(22.6)  36.0(22.9)  1.10(1.08) 98 0.48
0.0310 6.99 2.16 180 47.8(40.8)  47.7(41.0)  1.09(1.07) 99 0.76

a Efficiencies of DPM-K were measured by titration using octyl alcoRdll,(calcd)= (MW of first monomer)x [first monomer]/[DPM-K]+ (MW of

second monomery [second monomer]/[DPM-K]¢ My(obsd) andviw/M,, were

measured by SEC calibration using polystyrene standard in THF containing

2% (GHs)3N as the eluent at 48C. 4 Block copolymer composition was determined by mean¥-bNMR spectroscopy.

(-CH,—CH-). 13C NMR (CDCk, 75 MHz; ppm): 6 47—38 (-CH,—
CH-), 148, 135.4137.5, 124.9-129.8 (phenyl of PVPPy), 157.8,
149.4-151.5, 145.1146.9, 119.+122.9 (pyridine of PVPPy). FT-
IR (KBr, cm™1): 3150 and 3000 (aromatieC—H), 2925, 2850
(aliphatic -C-H), 1588, 1472, 1439, 1410 (aromatic amine=ig,
phenyl -G=C).

Block Copolymerization of VPPy with 2VP, MMA, St, and
IP, Respectively.VPPy in THF was polymerized in DPM-K in
THF solution at—78 °C for 150 min in an all-glass apparatus under
reduced vacuum (18 mmHg). The living PVPPy solution was
deep violet. A portion of living PVPPy was withdrawn to an
attached receiver for the characterization of the homopolymer.
Sequentially, either 2VP or MMA was added as the second
monomer into the living PVPPYy solution, and the copolymerization
was carried out at-78 °C for 30 min. In the case of 2VP, the
solution remained deep violet, whereas, for MMA, the deep violet
solution turned pale yellow. After the polymerization, the purifica-

MWD, 1.09; Table 3)Ty: 119.1 (PMMA) and 177.8C (PVPPYy).
IH NMR spectra (CDCk, 300 MHz; ppm): 6 6.4—7.8 (phenyl
and pyridine of PVPPy), 8.5 (-RCH—C= of PVPPYy), 3.6 (-O€l3
of PMMA), 0.7—2.3 (-CH,—CH- of PVPPy and -E,—C(CHj3)-
of PMMA).

Preparation of Samples for Microphase SeparationThe block
copolymer solutions in THF (3 mg/mL) were drop cast on the
carbon-coated copper grid and annealed at I®@inder reduced
pressure (10t mmHg) for 24 h. The annealed sample was stained
with |, vapor for 8 h, and the excesswas removed under vacuum
at 25°C for 24 h.

Characterization. Molecular weights of the polymers were
estimated using SEC (Waters M 77251, M 510) with four columns
(HR 0.5, HR 1, HR 3, and HR 4, Waters Styragel columns run in
series). The pore size of the columns was 50, 108, drtid 16 A,
respectively, with a refractive index detector at a flow rate of 1
mL/min using THF containing 2% (&1s)sN as elution solvent at

tion was carried out as described above. The polymers were thengg °c and calibrated with styrene standards (American Polymer

characterized byH NMR, SEC, and FT-IR. Block copolymeriza-
tions of VPPy with either styrene or isoprene were carried out by
following the above procedure, but the block copolymerizations
were not successful. Poly(2-(4-vinylphenyl)pyridine&-vinylpy-
ridine) (PVPPyb-P2VP;fyppy = 0.48; MW, 28 700 g/mol; MWD,
1.04; Table 3)T; 98.5 (P2VP) and 191.2C (PVPPy).XH NMR
spectra (CDCE, 300 MHz; ppm): 6 6.2—7.9 (phenyl and pyridine),
8.5 (-N=CH—-C= of PVPPy), 8.+8.4 (-N=CH—-C= of poly-
(2VP)), 1.2-2.0 (-CH,—CH- of PVPPy and -El,—CH- of P2VP)),
2.1-2.4 (-CH,—CH- of P2VP). FT-IR (KBr, cm1): 3150, 3000,
2925, 2850 (aromatie=C—H and aliphatic -G-H of PVPPy and
P2VP), 1575, 1472, 1434 (aromatic amin€=N, phenyl—C=C

of PVPPy and P2VP). Poly(2-(4-vinylphenyl)pyridiemethyl-
methacrylate) (PVPPRB-PMMA; fyppy= 0.76; MW, 47 700 g/mol;

Standards Corp.). TREl and*C NMR spectra (JEOL JNMLA300WB)
were measured using CD{As the solvent. Chemical shifts were
referred to tetramethylsilane (TMS) at 0 ppm. FT-IR spectra were
run in Perkin-Elmer System 2000 using KBr pellets. Thermal
properties were characterized using thermogravimetric analysis
(TGA, TA-2050) and differential scanning calorimetry (DSC,
TA2010) at 10°C/min. Microphase preparation of block copolymers
was confirmed using an energy-filtering transmission electron
microscope (EF-TEM, EM912 OMEGA [ZEISS, S-4700])).

Results and Discussion

Effect of Initiators on Anionic Polymerization. The results
of PVPPy polymerized using Naph-K in THF &BuLi in
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Scheme 1. Possible Side Reactions in Polymerization of VP3¢
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heptane at-78 or—45 °C are shown in Table 1. The reaction the precipitation during the polymerization. However, the
solution changed from purple to brown with abrupt precipitation MWD of PVPPy became broad as the polymerization time
during the polymerization, and the yield of polymer was very was increased from 6 to 24 h (Table 1, entriess3. The side
low because of side reactions such as branching or cross-reactions were reduced by the complex &BuLi with
linking.16 The possible side reactions in polymerization of VPPy LiCl during initiation, but the carbanions attacked the
are shown in Scheme 1. These are based on the reports otarbon of the pyridine moiety«{N=CH-) which was not
Tardi’s and Sigwalt's groups, which suggested several possible completely protected. This caused the side reaction to take place
side reactions, mainly during anionic polymerization of again.
2-vinylpyridine6b.¢ The nucleophilicity ofs-BuLi is strong In condition ii, coordination of VPPy with LiCl protected
enough both to initiate the vinyl group and to make an amine the a-carbon of the pyridine moiety. It was expected that the
anion (N) of pyridine moiety during initiation. In case I, this  nucleophilicity of living VPPy would be reduced because LiCl
side reaction takes place only during the initiation step becausewithdraws electrons from the pyridine moiety. Therefore, it
the nucleophilicity of the amine anion (i) is too weak to would not be strong enough to attack thecarbon of the
initiate the vinyl group. In addition, another side reaction also pyridine moiety. In contrast to this expectation, the precipitation
occurs during the propagation step as in case Il. Therefore,was instantly observed during the polymerization (Table 1,
anionic polymerization of VPPy was not controlled in this entries 6 and 7). It showed that the reactivity of its nucleophi-
condition. (Table 1, entries 1 and 2). licity was still high enough to attack tle-carbon of the pyridine
Effect of LiCl on Anionic Polymerization of VPPy. LiCl moiety even though the nitrogen of pyridine moiety was
as an additive was introduced into the polymerization in order coordinated with LiCl. As a result, the further stabilization of
to prevent the side reactions as shown in Scheme 1. The resultswcleophilicity using a complex with LiCl is required as well
of the polymerization under the three conditions using LiCl, (i) as coordination of the nitrogen of pyridine with LiCl for living
a complex ofs-BuLi with LiCl, (ii) a coordination of VPPy polymerization of VPPy.
with LiCl, and (iii) combination of i and ii, are summarized in In condition iii, the results are summarized in Table 1, entries
Table 1. 8—13. The polymerization of VPPy was successfully carried
In condition i, the solution of living VPPy initiated by the  out with 100% yield by the combination involving the complex
complex of sBuLi with LiCl turned dark green without  of thes-BuLi and coordination of VPPy with LiCl (Scheme 2).

2
\
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Figure 1. SEC profiles of poly(VPPy): (a) VPPy:LiGE 1:0.26 (Table 1, entry 8), (b) VPPy:LiG+ 1:0.64 (Table 1, entry 9), (c) VPPy:LiGt
1:0.9 (Table 1, entry 10), (d) VPPy:LiGk 1:1.4 (Table 1, entry 13), and (e) VPPYy initiated by DPM-K (Table 2, entry 2).

Scheme 3. Living Anionic Polymerization of VPPYy Initiated by DPM-K

H,C=CH [: ]
; o ¢ 78°C i ©
-9 at-78°C InTHE  g-C-cH,—HCO @ ¢ M8 CITHE  y_cLcn,—cn ~CH;—HC™® g
@ Z N @ n+1 VPPy @
X —
Z N Z "N Z "N
~ | . | S~ |
MW and MWD were gradually controlled by increasing LiCl In comparison with the results of anionic polymerization using
in the ratio of VPPy to LiCl (Table 1, entries80 and 13 and  the coordination of VPPy with LiCl and the complexsBulLi
Figure 1la-d). with LiCl (Table 1), the introduction of DPM-K significantly
As mentioned above, the complex sfBuLi with LiCl reduced the polymerization time from 72 h to 150 min and
reduced the reactivity of the carbanion and coordination of VPPy showed very narrow molecular weight distribution because the
with LiCl protected then-carbon of the pyridine moiety as well.  polarizability of carbanion plus K is higher than that of

This reduced the reactivity of the carbanion because electronscarhanion plus Li with LiCl during propagation; the rate of

withdrawn from the pyridine moiety to LiCl, which considerably  pe polymerization in the presence of DPM-K was higher (Table
controlled the anionic polymerization without side reactions. 5 5nq Figure 1e). At the same time, it diminished the chance
The monomodal SEC profile with narrow MWD also ensured  {o, gjge reaction due to weak reactivity by steric hindrance and

thz_arththe pOnymﬁ rizationls w;rg sLu_ccedssfuIIyd_carr_ied C;u\t/'PP resonance of DPM-K during initiation, which prevents the attack
e use of the complex &fBuLi and coordination o Y on theo-carbon of the Dyridiné?

with LiCl has some drawbacks. First, it takes 72 h to synthesize
the polymers with controlled molecular weight and 100% yield

even though it was polymerized ir-45 °C because the caled M,

propagation rate was reduced due to the coordination of initiator 71 o M, bySEC

with LiCl. It also requires a complicated procedure to prepare 61 —"—MWD s

LiCl in THF and to change reaction temperature. 5] ;
Effect of DPM-K as an Initiator on the Polymerization o 4]

of VPPy. DPM-K as an initiator with weak reactivity was =°

introduced in order to circumvent the drawbacks of the three 3

polymerization methods using addition of LiCl as mentioned 21 ‘_I 120

above. The polymerization of VPPy with DPM-K was success- 11 L o

fully carried out in various reaction times at78 °C (Scheme 0 . . . . . . .

3), and the results are summarized in Table 2. The yield was 50 100 150 200 250 300 350 400

increased from 47.2 to 100% as the polymerization time was My/[1]

increased from 30 to 150 min. The calculated molecular weight Figure 2. Molecular weight and molecular weight distribution vs the
(Mp) was in the good agreement with the observigl)( feed ratio of VPPy to DPM-K.
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Figure 3. Nucleophilicity order of 2-(4-vinylphenyl)pyridine.
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{1 PVPPy
!\ My =16,400 g/mol
| My/M, =106

PVPPy-b-P2VP
M, = 41,700 g/mol

M /M, =1.08
i

24 25 26 27 128
Elution time (min)

Figure 4. SEC profile of PVPPy homopolymer and PVPByR2VP
block copolymer.

21 22 23

Figure 5. TEM images of PVPPY-PMMA block copolymers at 3
mg/mL concentration in THF, annealed at 190 under reduced
pressure (108 mmHg) for 24 h: (afveey = 0.25, (b)fvery = 0.48, and
(c) fvepy = 0.76. The dark regions stained with\apor are PVPPy.

To prove the living nature, poly(2-(4-vinylphenyl)pyridine)
was synthesized using various molar ratios of VPPy to DPM-K
in the MW range of 11 90664 500 g/mol (Table 2, entries
6—10). The good linear relationship betwekly and the feed
ratio of VPPy to DPM-K as observed in Figure 2 verifies that
the PVPPy has a living nature.

Block Copolymerization of VPPy with Various Monomers.

To investigate the reactivity of living PVPPy, the block
copolymerizaitons of VPPy were carried out with styrene (St),
isoprene (IP), 2VP, and MMA using DPM-K. The results of
block copolymerizations of VPPy are summarized in Table 3.

The block copolymerization of VPPy as the first monomer
was carried out with the styrene first and isoprene second, bu
the block copolymers were not synthesized as confirmed by
SEC and'H NMR. This means that the nucleophilicity of the
living PVPPy is not strong enough to initiate styrene and
isoprene. The two sequential block copolymerizations of either

The block copolymerization of VPPy with MMA was
successfully carried out using DPM-K in the absence of any
additives. As shown, MW and narrow MWD were controlled
due to the pyridine moiety of styrene derivative (Table 3).
However, the block copolymerization of 2VP with MMA in
the absence of additives caused side reacfibRsactionation
was also required to obtain pure block copolymers of 2VP with
MMA, and it was difficult to control MW and the block ratio
without using some additives such as LiCl. From the block
copolymerizations of VPPy with the various vinyl monomers,
it was confirmed that the nucleophilicity of living PVPPy was
between that of 2VP and that of MMA. Therefore, the increasing
order of the nucleophilicity of living polymer is shown in
Figure 3.

The electrophilicity of VPPy was compared again to that of
St from -carbon chemical shift values of VPPy and St. The
B-carbon chemical shift of VPPy (114.25 ppm) fréf€ NMR
is higher than that of styrene (113.7 ppfA)which means
pyridine moieties in the para-position of VPPy played the role
of a withdrawing group in reducing-electron densities on the
vinyl bonds. Therefore, the electrophilicity of VPPy is stronger
than that of St (that is, electrophilicity of VPPy that of St).

The observed MW of each block copolymer was in the good
agreement with calculated MW, and the MWD was narrow, as
shown in Table 3. The clear shift of the SEC profile from PVPPy
to PVPPyb-P2VP as shown in Figure 4 verified that block
copolymers were successfully synthesized by sequential living
anionic polymerization.

Study of Microphase Separation. The resulting block
copolymers, PVPPy-PMMA (fypp, = 0.25,fyppy = 0.48, and
fvepy = 0.76), were utilized to study their phase separation
behaviors by TEM, as shown in Figure 5. The phase separation
of block copolymers depends on physical and chemical char-
acteristics of the polymers such as molecular weight, block
composition, and the kind of solvent for film casting, &dhe
dark regions are PVPPy segments of PVRFRMMA, and the
gray regions are PMMA segments. As the volume fraction of
VPPYy in the block copolymer, PVPRyPMMA, the dark region
of the PVPPy domain was extended. The gray spherical domain
of PMMA was observed from the block copolymer witfppy
= 0.76 (Figure 5¢). The change of morphology dependent upon
the block ratio confirmed the synthesis of block copolymers by

tsequential anionic polymerization and the living property of

poly(2-(4-vinylphenyl)pyridine).

Conclusions

The living anionic polymerization of 2-(4-vinylphenyl)-

VPPy as the first monomer and 2VP as the second, or the pyridine (VPPy) was successfully optimized by using two
opposite sequential order, in the absence of additives, weredifferent initiation systems: (i) using both the complexs@ulLi

successfully carried out without side reactions. It was confirmed
that the nucleophilicity of living PVPPy is similar to that of
living 2VP.

with LiCl and the coordination of VPPy with LiCl and (ii) using
DPM-K as an initiator. The living anionic polymerization of
VPPy with the DPM-K initiator was more effective, as it
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significantly reduced the polymerization time to 150 min. Fetters, L. JPolymer1978 19, 1320. (i) Varshney, S. K.; Zhong, X.

i ; F.; Eisenberg, AMacromoleculesl993 26, 701. (j) Watanabe, H.;
Moreover, the calculated molecular weight (MW) was in good Shimura, T.; Kotaka, T.; Tirrell, MMacromoleculed 993 26, 6338.

agreement with the observed MW. The living nature of poly- (;17) (a) Quirk, R. P.; Galvan-Corona, Bacromolecule2001, 34, 1192.
(2-(4-vinylphenyl)pyridine) (PVPPy) was observed through (b) Watanabe, H.; Amemiya, T.; Shimura, T.; KotakaMacromol-
synthesis of the block copolymers by sequential anionic ecules2001, 34, 1192. (c) Tsitsilianis, C.; Sfika, Wiacromol. Rapid

polymerization. It was clearly observed that the nucleophilicity ¢ %%Te”:“hr)lz_ofénfzhsﬁ'Makromol Chem1989 100 1153

of living PVPPy is between that of 2VP and MMA even though (19) () Ludwigs, S.; Bker, A.; Abetz, V.: Miler, A. H. E.: Krausch, G.
it is a styrene derivative containing pyridine as a withdrawing Polymer2003 44, 6815. (b) Giebeler, E.; Stadler, Racromol. Chem.

group. The block copolymerization of VPPy with either 2VP Phy5k1997v 198 3815-| (© IWata”abe, H.; Amem(ijya, T Shifgufav T

or MMA was successful in the absence of additives. The PVPPy gﬁitr?luaré,-l:ll.;Mlggtgjkna]?'l?.(;:lﬂl’ﬁfellﬁgl\zllthaz:’rozniglee.céIe)a\é\é%taZré?G%éSH.’

homopolymer contained hydrophilic and hydrophobic moieties (20 (a) Shin, Y.-D.; Han, S.-H.; Samal, S.; Lee, J3SPolym. Sci., Part

in its monomer unit, a fact which will be useful for studying éihePn?ilgm I_Cof;]ernqé?]oa :ru3é goés(éﬁe)xlssa}isyi\lgsfhysiiggl Organic

the solution properties. 21) () Baskaran, b Mier. A H. E Prog. Polym. Sei2007 32, 173,

. . (b) Yin, R.; Hogen-Esch, T. El. Polm. Sci., Part A: Polym. Chem.
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