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ABSTRACT: We report the controlled synthesis of an amino acid based polymer by reversible a¢dition
fragmentation chain transfer (RAFT) polymerization Mdfacryloyl+-phenylalanine (A-Phe-OH), which has a
carboxylic acid group. Three chain transfer agents (CTAs), benzyl dithiobenzoate (CTA 1), benzyl 1-pyrrole-
carbodithioate (CTA 2), an@®-ethyl-S-(1-phenylethyl) dithiocarbonate (CTA 3), were compared for the direct
polymerization of A-Phe-OH without protecting chemistry. With'2320bis(isobutyronitrile) as an initiator, the
dithiocarbamate-type RAFT agent (CTA 2) is efficient for the preparation of poly(A-Phe-OH) with relatively
narrow molecular weight distributions. The effects of several parameters, such as solvent, temperature, CTA to
initiator molar ratio, etc., were investigated in order to determine the conditions, leading to optimal control of the
direct polymerization. Good control of the polymerization in the presence of CTA 2 in methanol was confirmed
by the formation of narrow polydispersity products and the linear relationship between the molecular weight and
conversion. Depending on the monomer/CTA ratio, the amino acid based polyelectrolytes, poly(A-Phe-OH)s,
with number-average molecular weights between 6500 and 54 400 and polydispersities between 1.23 and 1.27
were obtained, as evidenced by size-exclusion chromatography of the methylated samples.

Introduction Scheme 1
In recent years, there has been renewed interest in synthetic A ~
polypeptides, because of their potential applications as bio-

degradable and biomedical polymérs, as well as their
feasibility to create highly ordered hierarchical structures through \\\\

COOH COOMe
noncovalent forces, such as hydrogen bondiidncorporation
of a high degree of amino acid functionality and chirality in @ @
polymer chains can enhance the potential to form secondary
structures ¢-helix andp-sheet) and higher ordered structutes. A-Phe-OH A-Phe-OMe

These synthetic polymers can be useful as chiral recognition
stationary phased, metal ion absorbenté, drug-delivery ~ boxylic acid moiety is intact without a protecting group, as
agentst314 and biocompatible materiat8.Such characteristic ~ shown in Scheme 1. Controlled polymerization of amino acid
self-assembled structures and the potential applications ofbased monomers with carboxylic acid moiety is promising for
polymers derived from amino acids have attracted researchersproducing tailored functional polymers for various applications,
to develop new synthetic routes to design a variety of amino because the carboxylic acid groups in polymers can be interacted
acid based polymers using various polymerization technifu&s. ~ with various metal ions, nonionic proton-accepting polymers,
Although a variety of amino acid based polymers has been their derivatives, and cationic polyelectrolytes. Polymers con-
synthesized by conventional free radical polymerization of vinyl taining carboxylic acid groups can be also regarded as weak
monomers carrying amino acid residd#est was difficult to polyelectrolytes, in which the degree of ionization is governed
control the molecular weights and their architectures. To utilize by the pH and ionic strength of aqueous solution. Their chemical
these noncovalent bonds between amino acid residues for thestructure and three-dimensional architectures of block and
self-organization behavior of synthetic polymers and their unique complex polymers containing carboxylic groups may be tuned
properties and functions, it is desirable to establish precise for a wide range of applications covering different aspects, such
synthetic methods to control molecular weight, polydispersity, as stabilization of colloids, induced micelle formation, compo-
topology, composition, and functions. Recently, we reported nents of intelligent materials, and polyelectrolyte complexing
controlled radical polymerization of acrylamides having amino toward novel drug carrier syster#fs.

acid moieties in the side chainbl-acryloyli-phenylalanine Recent development in controlled radical polymerization
methyl ester (A-Phe-OM#&) and N-acryloyl+-proline methyl methods has provided methodologies to synthesize well-defined
ester?” via a reversible additionfragmentation chain transfer ~ functional polymers by a very facile and simple approach. The
(RAFT) process. systems include atom transfer radical polymeriza#foi?,ni-

In this contribution, we present direct RAFT polymerization troxide-mediated radical polymerizatihand RAFT polym-
of N-acryloyl4i-phenylalanine (A-Phe-OH), in which the car- erization3233 Among these controlled radical polymerizations,
RAFT is the most versatile with respect to the monomer and
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N,N-dimethylacrylamidé?-36 N-isopropylacrylamidé/—4° and
N-acryloylmorpholing!1=43 These results confirm the ability of
RAFT to produce well-controlled polymer chains either from
monosubstituted or disubstituted acrylamide derivatives with
narrow molecular weight distribution. RAFT provided controlled
polymerization of carboxylic acid-containing monomers, such
as acrylic acid, without protecting chemistry. For example,
Rizzardo et al. reported a direct synthesis of poly(acrylic acid)
with narrow polydispersityNlw/M, = 1.23) via RAFT polym-
erization of acrylic acid with 1-phenylethyl dithiobenzoate as
chain transfer agent (CTA) and 2@zobis(isobutyronitrile)
(AIBN) as an initiator at 60°C in N,N-dimethylformamide
(DMF).32 Controlled polymerization of the acidic monomer,

acrylic acid, was also attained using 1-cyanoethyl 2-pyrrolidone-

1-carbodithioate as CTA Polymerization of acrylic acid was
reported to be controlled in alcohol and water with phenoxy-
xanthates or with trithiocarbonat&sThe polymerization of
acrylic acid was also controlled using dibenzyl trithiocarbonate
and bis(1-phenylethyl) trithiocarbonate as C1%Direct syn-
thesis of well-defined poly(acrylic acid) was achieved with a
xanthate CTA (so-called macromolecular design via the inter-
change of xanthates, MADIX, proces$y*¥The polymerization

of acrylic acid was also performed under gamma-irradiation in

the presence of dibenzyl trithiocarbonate at room temperature

and well-defined poly(acrylic acid) with narrow polydispersity
was successfully preparéd.

One of the key points for the synthesis of well-defined
products via RAFT process is the design of the CTA, as the
choice of R and Z groups depends on the mono®erThe
mediating compounds employed in most RAFT polymerizations
are dithioesters, ZC(=S)S—R, with great structural variety
with respect to their leaving R-groups and to their stabilizing
Z-moieties. Effective RAFT agents include dithiobenzoates,

dithioalkanoates, trithiocarbonates, dithiocarbonates (xanthates)

and dithiocarbamate$.In this study, we selected three different
CTAs, namely benzyl dithiobenzoate (CTA 1), benzyl 1-pyr-
rolecarbodithioate (CTA 2), andD-ethyl-S-(1-phenylethyl)
dithiocarbonate (CTA 3), as shown in Scheme 2. An important
monosubstituted acrylamid@&-isopropylacrylamide, was po-
lymerized successfully via RAFT using benzyl 1-pyrrolecar-
bodithioate (CTA 22 We previously demonstrated that con-
trolled radical polymerization of a monosubstituted acrylamide
having phenylalanine methyl ester moiety, A-Phe-OMe, was
attained by RAFT process using CTA?2Whereas, benzyl
dithiobenzoate (CTA 1) was efficient as the CTA for the
preparation of near-monodisperse pbdldcryloylL-proline
methyl ester)s with controlled molecular weigRt<TA 1 was
employed as a RAFT agent for well-controlled polymerization
of N,N-dimethylacrylamid& andN-isopropylacrylamidé’ The

R group in CTA must be a good free radical leaving group and
efficient at reinitiating polymerization. CTA 1 and CTA 2 have
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(CTA 3), which is a xanthate-type CTA, was employed for
controlled polymerization of acrylic acid by so-called MADIX
process’ We describe the conditions best suited toward the
controlled synthesis of poly(A-Phe-OH) without protecting
chemistry.

Experimental Section

Materials. 2,2-Azobis(isobutyronitrile) (Kanto Chemical, 97%)
was purified by recrystallization from methanol. 1,4-Dioxane (Kanto
Chemical, 99%) was distilled from sodium wire, and toluene (Kanto
Chemical, 99.5%) was distilled before useé?henylalanine (Kanto
Chemical, 99%), methanol (Wako Pure Chemical, 99.8%), and
ethanol (Wako Pure Chemical, 99.5%) were used as received. DMF
(Kanto Chemical, 99.5%) was distilled from CaHhe methylation
agent, trimethylsilyldiazomethane (2 M solution in diethyl ether),
was purchased from Aldrich and used as received. Other materials
were used without further purification.

N-Acryloyl- L-phenylalanine (A-Phe-OH).The monomer was
prepared by the reaction of acryloyl chloride witfphenylalanine
according to a method reported previously with a slight modifica-
tion.5253 Reaction of sodium salt af-phenylalanine with acryloyl
chloride in aqueous solution, followed by acidification of the
medium produced the monomer as a white solid, and the product
was purified by column chromatography on silica with ethyl acetate
as the eluent to give A-Phe-OH. [MP = 150.2, ¢ = 0.1 g/dL,
THF, m.p.= 125 °C (lit.5> m.p. = 126 °C). The'H NMR and
FT-IR spectra of the monomer are shown in Figures S1 and S2,
respectively (see Supporting Information).

Synthesis of Chain Transfer Agents (CTAs).The syntheses
of benzyl dithiobenzoate (CTA %)% and benzyl 1-pyrrolecar-
bodithioate (CTA 2°54were conducted according to the procedures

'reported previously. The CTA 2 was finally purified by column

chromatography on silica with-hexane as the eluent to afford the
corresponding product as yellow oil. CTA 1 was purified by vacuum
distillation using a glass tube oven (Shibata GTO-250RS) to give
red oil. O-Ethyl-S(1-phenylethyl) dithiocarbonate (CTA 3) was
synthesized by the reaction of potassium ethyl xanthogenate and
(1-bromoethyl)benzene according to a procedure reported in the
literature?>55 CTA 3 was finally purified by column chromatog-
raphy on silica with hexane/ethyl acetate, in which the content was
gradually changed from 85/15 to 50/50 vol %, as the eluent to give
pale yellow oil.

' General Polymerization Procedure All polymerizations were
carried out with AIBN as an initiator in a degassed sealed tube. A
representative example is as follows: the monomer (0.50 g, 2.3
mmol), CTA 2 (10.7 mg, 0.046 mmol), AIBN (3.8 mg, 0.023
mmol), and methanol (2.0 mL) were placed in a dry glass ampule
equipped with a magnetic stirring bar, and then the solution was
degassed by three freezevacuate-thaw cycles. After the ampule
was flame-sealed off under vacuum, it was stirred at@%or the
desired time. The characteristic pale yellow color remained during
the polymerization. The reaction was stopped by rapid cooling with
liquid nitrogen. For the determination of the monomer conversion,
theH NMR spectrum of the polymerization mixture collected just
after the polymerization was measured in DM8Qat room
temperature, and the integration of the mononeQ=-H resonance

at around 5.6 ppm was compared with the sum of theONH
peak intensity of the polymer and the monomer at arounet4.4
ppm. Conversion determined by this method was 76%. The polymer
obtained was purified by reprecipitation from a tetrahydrofuran
(THF) solution into a large excess of ethyl acetate/hexane (7/3 vol-

the same R group, which yields a benzyl radical species upon %), and the resulting product was freeze-dried from dioxane: yield

fragmentation. Indeed, as the Z group influences strongly the

stability of the dithioester radical intermediate, strong stabilizing
groups will favor the formation of the radical intermediate and,
therefore, enhance the reactivity of the=G bond toward radical

0.32 g, 64%. The resulting poly(A-Phe-OH) was soluble in basic
water (pH> 11), methanol, ethanol, dioxane, dimethyl sulfoxide
(DMSO), DMF, while insoluble in neutral water (pk 7), acidic
water (pH< 4), ethyl acetate, chloroform, diethyl ether, and hexane.
FT-IR (KBr) vmax 3327 (NH), 2926 (CH), 1727 (carboxylic acid

addition. However, the stability of the intermediate needs to be c=0), 1657 (amide €0), 1530, 1214 cmt. 'H NMR (DMSO-

finely tuned to favor its fragmentation, which will free the
reinitiating group (R)O-Ethyl-S(1-phenylethyl) dithiocarbonate

dg): 0 0.3—2.4 (3H, CH and CHlin the polymer main chain), 2:6

3.7 (2H, CH in the phenylalanine residue), 4:2.8 (1H, CH inCDV
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the phenylalanine residue) #8.5 (1H, amide NH), and 6-77.7
ppm (5H, aromatic protons).
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Table 1. Polymerization of N—Acryloyl- L-phenylalanine (A-Phe-OH)
Using Different Chain Transfer Agents (CTAs) in 1,4-Dioxane at 60

For size-exclusion chromatography (SEC) measurements, the °Cfor24 h?
resulting poly(A-Phe-OH)s were modified by methylation of the entry CTA conve% M, dtheory) M,%SEC) My/M;,%SEC)
carboxylic acid groups using trimethylsilyldiazomethane according 1 =99 59 000 3.09
to a method reported previously with a slight modificat®rin CTAL 42 5100 3500 131
this way, 25 mg of each sample was dissolved in a mixture of THF/ 3 CTA2 97 11 500 10 500 1.42
methanol (2/1 vol %, to get solubilization at room temperature), 4  CTA3 >99 11 800 6500 1.69

overall volume 3.0 mL. The yellow solution of trimethylsilyldi-
?zomethtane .(Ot'SOtth‘ 3|'38 mmoll)t\.NaS deed d(:;’g_[t)_vwsebatbg)lom 0.25 g/mL, where AIB_N= 2,2-azobis(isobutyrqnitrile), A-Phe-OH=
emperature into the polymer solution. Upon addition, DUbbIeS \ ocrioyl4 -phenylalanine® CTA 1 = benzyl dithiobenzoate, CTA 2
appeared and the bright yellow solution became instantaneouslypenzy| 1-pyrrolecarbodithioate, CTA= O-ethyl-S-(1-phenylethyl) dithio-
pale yellow. Addition of the methylation agent was continued until cahonate (see Scheme 2Falculated by*H NMR in DMSO-ds. @ The
the stopped bubbling. Then, an excess of methylation agent wastheoretical molecular weighMp ieor) = (MW of A-Phe-OMe)x [A-Phe-
added and the solution was stirred foh more at room temperature.  OH]¢/[CTA]o x conversior+ (MW of CTA), A-Phe-OMe= N-acryloyl-
After the solvents were removed by evaporation and then the L-phenylalanine methyl estetMethylated samples were measured by size-
resulting solid was freeze-dried from dioxane, the methylated exclusion chromatography (SEC) using polystyrene standards,k
samples were employed without any purification for the SEC dimethylformamide (DMF, 10 mM LiBr).
measurements. For the confirmation of the degree of the esterifi-
cation, the methylated mixture was precipitated from THF into exclusion chromatography (SEC) using a Tosoh HPLC HLC-8220
hexane/diethyl ether (1/1 vol %), then sample was evaluated by System equipped with refractive index and ultraviolet detectors at
1H NMR spectroscopy in CDGKsee Supporting Information). The 40 °C. The column set was as follows: three consecutive hydro-
degree of esterification was at least 95%, as judgedrb}MR philic vinyl polymer-based gel columns [TSK-GELs (bead size,
spectroscopy by comparing the integration of the methyl resonanceexclusion limited molecular weight): SuperAWS5000 (i, 4 x
at around 3.2:3.8 ppm with the intensity of the methine resonance 10f), SuperAW4000 (G:m, 4 x 10°), SuperAW3000 (4:m, 6 x
in the phenylalanine residue at 44.7 ppm peak. The poly(A-  10%, 15 cm each] and a guard column [TSK-guardcolumn Super
Phe-OMe) obtained after the methylation was soluble in most AW—H, 3.5 cm]. The system was operated at a flow rate of 0.6
organic solvents, such as dichloromethane, acetone, dioxane, DMFmL/min, usingN,N-dimethylformamide containing 10 mM LiBr
and DMSO, and insoluble in diethyl ether, hexane, and water. FT- as an eluent. Polystyrene standards were employed for calibration.
IR (KBr) vmax 3340 (NH), 2951 (CH), 1737 (ester=€D), 1675 For detailed SEC evaluation of the polymers obtained by kinetic
(amide G=0), 1530, 1213 cmt. 'H NMR (CDCl): ¢ 0.3-2.4 investigations, the following system was employed; column set:
(3H, CH and CH in the polymer main chain), 2-63.2 (2H, CH four consecutive vinyl polymer-based gel columns [TSK-GELs
in the phenylalanine residue), 3:3.8 (3H, CH), 4.4-4.7 (1H, (bead size, exclusion limited molecular weighty:M (13 um, >
CH in the phenylalanine residue) #8.5 (1H, amide NH), and 1 x 107), a-4000 (10um, 4 x 10°), a-3000 (7um, 9 x 10%),
6.9-7.6 ppm (5H, aromatic protons). o-2500 (7um, 5 x 10°), 30 cm each] and a guard column [TSK-
The theoretical number-average molecular weight on conversion guardcolumno, 4.0 cm]; flow rate: 1.0 mL/min.
is defined as follows:

a[AIBN] o/[CTA]o/[A-Phe-OH} = 1/2/100, monomer concentraticn

Results and Discussion
[Monomerl},

M, (theor)=

—_ t X
[CTA],+ 2f[1], (1 — e
MMonomer>< convn+ MCTA (1)

in which Mcta andMponomerare molecular weights of chain transfer

Preliminary Comparison of Chain Transfer Agents (CTAS).
To provide an effective route for the controlled synthesis of
amino acid based polymers derived freaphenylalanine, we
initially investigated the influence of the chain transfer agent
(CTA) on the homopolymerization df-acryloyl+-phenylala-

agent and the methylated monomer (A-Phe-OMe), and [Monemer] nine (A-Phe-OH). The unprotected monomer, A-Phe-OH, was
and [CTA} are the initial concentrations of the unprotected directly polymerized using three different CTAs, and the results
monomer, A-Phe-OH, and chain transfer agent, respectively. The are summarized in Table 1. When A-Phe-OH was polymerized
right-hand side of the denominator accounts for radicals derived using CTA 2 with AIBN as an initiator at [A-Phe-OW[CTA
from initiator with an initial concentration [§] at timet with a 2]o/[AIBN] o 100/2/1 in dioxane. almost full conversion
decomposition rateky. The initiator efficiency is represented by 97% determined B NMR ' ¢ btained
In an ideal RAFT process, polymer directly derived from the ( °°’ as determine Spec roscopy) was o aine
initiators is minimal, and thus the second term in the denominator at 60°C after 24 h. The characteristic pale yellow color remained
becomes negligible and eq 1 can be simplified to eq 2. throughout the polymerization without significant change in the
viscosity. For SEC measurement, the resulting poly(A-Phe-OH)
was converted into its methyl ester form by treating the
carboxylic acid groups using trimethylsilyldiazometh&hés
verified by IH NMR analysis of the polymers, the proportion
For the kinetic study, typically a mixed solution of the A-Phe- Of methyl ester was almost quantitative in all cases. The
OH (2.00 g, 9.1 mmol), CTA 2 (14 mg, 0.061 mmol), AIBN (5.0 methylated polymer, poli{-acryloyl+-phenylalanine methyl
mg, 0.030 mmol), and methanol (8.0 mL) were divided into six ester) (poly(A-Phe-OMe)), showed symmetrical unimodal SEC
glass ampules, and then each solution was degassed by threpeak (see Supporting Information) with relatively narrow
freeze-evacuatethaw cycles. After the ampule was sealed by molecular weight distributionMy/M,, = 1.42). The number-

flame under vacuum, it was placed in a thermostatic oil bath at 45 ayerage molecular weight of the poly(A-Phe-OMe), measured
°C for the desired time. The reaction was stopped by rapid cooling by a GPC in DMF with 10 mM LiBr, wadl, = 10 500’ which

with liquid nitrogen, and the monomer conversion was determined is roughly comparable to the theoretical valié,(= 11 500)

0 Ve )
by the "H NMR spectrum of the polymerization mixture. calculated from the monomer/CTA molar ratio and the monomer

Instrumentation. 'H NMR (270 MHz) spectra were recorded ; . N . .
with a JEOL EX-270. Specific rotationso,) were measured on ~ CONVersion using eq 2. The polymerization with CTA 3 provided

a JASCO DIP-1000 digital polarimeter equipped with a sodium the polymer with broader polydispersitil¢/M, = 1.69). In
lamp as a light source. Number-average molecular welgRt#nd this case, the number-average molecular weight of the meth-
molecular weight distributionM,,/M,) were estimated by size-  ylated polymer, = 6500) is slightly lower than the theoretic&IDV

[Monomer},

M, (theor)= [CTAL

X MMonomerX convn+ MCTA (2)
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Table 2. Effects of Temperature and Solvent on Polymerization of
N—Acryloyl- L-phenylalanine (A-Phe-OH) with AIBN in the Presence
of Benzyl 1-Pyrrolecarbodithioate (CTA 2) for 24

temp, solvent convnP M,S g Mw/Md
entry °C (vol ratio) % (theory) (SEC) (SEC)
1 60 1,4-dioxane 97 11500 10500 1.42
2 60 MeOH 94 11200 12800 1.30
3 60 MeOH/toluene (1/1) 94 11200 8800 1636
4 60 MeOH/toluene (9/1) 91 10 800 7300 1.29
5 45  1,4-dioxane 84 10 000 7100 1.45
6 45 MeOH 76 9100 6500 1.25
7 45  EtOH 63 7600 5000 1.40
8 45  MeOH/toluene (9/1) 73 8700 5700 1.26
9 45 MeOH/1,4-dioxane (1/1) 73 8700 5500 1.30
10 45 DMF 90 10 800 7200 1.35

a[AIBN] o/[CTA 2]o/[A-Phe-OH} = 1/2/100, monomer concentration
= 0.25 g/mL, where AIBN= 2,2-azobis(isobutyronitrile), CTA 2= benzyl
1-pyrrolecarbodithioate, and A-Phe-OH N-acryloyl+-phenylalanine.
b Calculated by*H NMR in DMSO-ds. ¢ The theoretical molecular weight
(Mn,theory = (MW of A-Phe-OMe) x [A-Phe-OHBP/[CTA]o x conversion
+ (MW of CTA), A-Phe-OMe= N-acryloyl+-phenylalanine methyl ester.
d Methylated samples were measured by size-exclusion chromatography
(SEC) using polystyrene standardsNiN-dimethylformamide (DMF, 10
mM LiBr). € Polymer precipitation during the reaction.

value M, = 11 800). Here, we cannot exclude the possibility
of contributing to the chains derived from the initiators at
[CTA]W/[AIBN] o = 2/1. If the AIBN-derived chains are taken
into account in this system, a rough estimation suggests that
M theory COrresponds to 7800 (calculated form eq 1 with=
2.5x 105515 f= 0.6, at 60°C, complete conversion for 24

h reaction), instead d¥l, eory= 11 800 (calculated from eq 2
without consideration of AIBN-derived chains).

The polymerization with AIBN in the presence of CTA 1 at
60 °C produced the polymer with a relatively narrow molecular
weight distribution A,/M,, = 1.31,M,, = 3500), while achieving
only 42% conversion even after 24 h. This is an indication that
the polymerization of A-Phe-OH with CTA 1 is much slower
than that with CTA 2 in dioxane at 6@. Similar phenomenon
was observed in our previous work, in which RAFT polymer-
ization of A-Phe-OMe with CTA 1 led to slow polymerization
rate, compared to that with CTA% In contrast, a conventional
radical polymerization of A-Phe-OH under the similar conditions
in the absence of CTA afforded a high molecular weight
homopolymer with high polydispersityv, = 59 000 andVi,/

M, = 3.09, entry 1). The difference in the molecular weights
of the polymers obtained in the presence and absence of CTA
under the similar conditions supports the effectiveness of the
reaction conditions to achieve controlled polymerizab®Rrom
these preliminary results, we selected CTA 2 for our further
investigations toward the precise synthesis of poly(A-Phe-OH)s
having low polydispersity and controlled molecular weights.

Optimization of Polymerization Conditions. In the next

stage, the effects of the polymerization temperature and solvent

were investigated in terms of the molecular weights and the
polydispersity of the resulting poly(A-Phe-OH). In a previous
publication, we demonstrated that alcohols, such as methanol
and toluene/methanol mixture, were effective solvents for the
controlled radical polymerization of A-Phe-OMe, and poly(A-
Phe-OMe)s with low polydispersity could be obtained by RAFT
polymerization at various temperatures (45, 60, and°GQ
depending on the solvery.The polymerization was carried
out in various solvents at [A-Phe-OHICTA 2]o/[AIBN] ¢ =
100/2/1, and the results are shown in Table 2. In all instances
the target molecular weight at quantitative conversion was 11000
g/mol in the carboxylic acid form, poly(A-Phe-OH).

When A-Phe-OH was polymerized using CTA 2 with AIBN
in methanol, almost full conversion (94%, as determinedHby
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Figure 1. SEC traces of the methylated poly(A-Phe-OH)s obtained
by RAFT polymerization of A-Phe-OH at [A-Phe-OHICTA 2]/
[AIBN] o = 100/2/1 under different conditions, at where AIBN2,2-
azobis(isobutyronitrile), A-Phe-OH N-acryloyl+-phenylalanine. CTA

2 = benzyl 1-pyrrolecarbodithioate. See Table 2 for detailed polym-
erization conditions.

NMR) was obtained at 60°C after 24 h. Although the
polydispersity remains lowMy/M, = 1.30, entry 2 in Table

2), the resulting polymer shows SEC peak with a broad shoulder
at high molecular weight region, as can be seen in Figure 1.
This is frequently observed for RAFT polymer obtained at high
monomer conversion, which is most probably attributed to
species arising from bimolecular termination reactions of the
growing polymer chains. In contrast, the polymerization in
methanol at lower temperature (46) was relatively successful

in terms of the suppression of the termination reactions and
afforded the polymer with low polydispersitii(/M, = 1.25,

entry 6 in Table 2) with reduced shoulder peak. The reduced
termination may be caused by a significant decrease in radical
flux at low temperature. This behavior can be also explained
by the assumption that decreasing the temperature leads to a
decrease in the radical reactivity, resulting in the increased
selectivity of the various radical reactions to minimize unfavor-
able side reactions. Another possible explanation is that lower
polymerization temperature causes a remarkable decrease of the
fragmentation rate constant, leading to the decreased number
of the active propagating radical. As shown in Table 2, in all
cases lower polymerization temperature (from 60 t6@5bled

to the decrease in the conversion, regardless of the nature of
the solvent.

Narrow polydispersity productdvi,/M, = 1.26 and 1.29)
were obtained by RAFT polymerization in methanol/toluene
mixture (9/1 vol %) at 45 and 60C, respectively. Whereas,
the polymerizations in 1,4-dioxane and ethanol at@5gave

the polymers having relatively broad molecular weight distribu-
tions Mw/M, = 1.40-1.45). When the polymerization was
conducted in DMF, which is a strong proton-accepting solvent
and is known to act as a complex-breaking (hydrogen bond-
breaking) solvent, relatively high conversion (90%, as deter-
mined by'H NMR spectroscopy) was obtained even at°45
after 24 h, whereas there was no significant influence on the
molecular weight and polydispersitW(/M, = 1.35). These
results suggest that the AIBN/CTA 2 system in methanol or
methanol/toluene mixture (9/1 vol %) at lower temperature (45
°C) is a suitable system for controlled polymerization of A-Pa%\/
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Table 3. Effect of Chain Transfer Agent/Initiator Molar Ratio on Table 4. Effect of Chain Transfer Agent/Initiator Molar Ratio on
Polymerization of N-Acryloyl- L-phenylalanine (A-Phe-OH) Using Polymerization of N-Acryloyl- L-phenylalanine (A-Phe-OH) Using
AIBN and Benzyl 1-Pyrrolecarbodithioate (CTA 2) in MeOH at 45 AIBN and Benzyl 1-pyrrolecarbodithioate (CTA 2) at 60 °C for 24 h

°ca in Different Solvents*
[CTA2]¢ time, convnP Mpe Mpd Mu/Mpd [CTA 2]/ convnP  ME Mnd  Mo/Md
entry  [AIBN]o h % (theory) (SEC) (SEC) entry solvent [AIBN] o % (theory) (SEC) (SEC)
1 15 24 81 9700 7300 1.24 1 2 97 11500 10500 1.42
2 2 24 76 9100 6500 1.25 2 1,4-dioxane 5 94 11200 10500 1.41
3 3 24 69 8300 6300 1.26 3 10 92 11000 10300 142
4 5 24 67 8100 6100 1.23 4 2 94 11200 12800 1.30
5 10 24 49 5900 5200 1.26 5 MeOH 5 86 10 300 9600 1.23
6 5 48 72 8600 5800 1.25 6 10 80 9500 8200 1.22
7 10 48 62 7500 4400 1.24 7 2 91 10 800 7300 1.29
a[A-Phe-OH}/[CTA 2]o = 50, monomer concentration 0.25 g/mL, g ?g/elo) Hitoluene 105 8869 1100260000 89710000 11_'2224
where AIBN = 2,2-azobis(isobutyronitrile), CTA 2= benzyl 1-pyrrole-
carbodithioate, and A-Phe-OH N-acryloyl4.-phenylalanineP Calculated a[A-Phe-OHL/[CTA 2]o = 50, monomer concentratios 0.25 g/mL,
by *H NMR in DMSO-s. ¢ The theoretical molecular weigh¥l iheor) = where AIBN = 2,2-azobis(isobutyronitrile), CTA 2= benzyl 1-pyrrole-
(MW of A-Phe-OMe) x [A-Phe-OH}/[CTA]o x conversion+ (MW of carbodithioate, A-Phe-OH= N-acryloyl+-phenylalanine® Calculated by

CTA), A-Phe-OMe= N-acryloyl+-phenylalanine methyl estetMethylated IH NMR in DMSO-dg. ¢ The theoretical molecular weight1 imeor) = (MW

samples were measured by size-exclusion chromatography (SEC) usingof A-Phe-OMe)x [A-Phe-OHL/[CTA]o x conversiont+ (MW of CTA),

polystyrene standards N,N-dimethylformamide (DMF, 10 mM LiBr). A-Phe-OMe= N-acryloyl-phenylalanine methyl esteétMethylated samples
were measured by size-exclusion chromatography (SEC) using polystyrene

OH, but the increase in the polymerization temperature leads Standards il\.N-dimethylformamide (DMF, 10 mM LiBr).

to unfavorable side reactions. are due to the difference in hydrodynamic volume between poly-
Influence of CTA/I Ratio. The CTA/initiator ratio acts (A-Phe-OMe) obtained after the methylation and the linear

frequently as a critical role in determining the overall success polystyrene standards used for the calibration.

of a RAFT polymerization with respect to control over the In RAFT polymerization, the total number of chains is

molecular weight and molecular weight distribution. To evaluate determined by the number of CTAs that have successfully

the effect, we conducted the polymerization of A-Phe-OH in fragmented and reinitiated polymerization plus the number of

methanol at 43C for 24 h at different [CTA 2}[AIBN] ¢ ratios initiator-derived chains. In other words, the molecular weights
between 1.5 and 10, keeping the monomer-to-chain transferof resulting polymers should be decreased with decreasing
agent ratio at a constant value of [A-Phe-QFJTA 2], = 50/ [CTA]d/[Initiator]p ratio under the same monomer-to-chain

1. As shown in Table 3, the monomer conversion decreasedtransfer agent ratio and monomer conversion. However, the
gradually from 81% to 49% as [CTA]/[AIBN] ratio increased number of polymer chains directly derived from the initiator
from 1.5 to 10. Interestingly, no significant influence on the molecules should be minimal in an ideal RAFT process, and
molecular weight distribution was observed, and the resulting the initial CTA concentration is large enough compared to the
polymers showed symmetrical unimodal SEC peaks without number of the initiator-derived chaif%° In our system at
shoulders and tailingMw/M, = 1.23-1.26, see Supporting [A-Phe-OH}/[CTA 2]o = 50 in methanol at 45°C, the
Information), regardless of the [CTA]/[AIBN] ratio. In the cases molecular weights obtained at [CTJAIBN] o = 1.5-5 can

of the polymerizations at [CTA]/[AIBN]= 5 and 10, longer be simply controlled by the monomer conversion and the
polymerization time led to slight increase in the conversion, molecular weight distributions remain narrow, indicating con-
while achieving only 72% and 62% conversions even after 48 trolled character of the polymerization. Further increase in the
h, respectively. Since no significant shoulder peaks at high [CTA]/[AIBN], ratio leads to significant retardation of the
molecular weight regions were observed in GPC charts, the polymerization rate.

radical coupling reaction at the end of the polymerization is  The effect of CTA/initiator ratio was also investigated at 60
not a main reason for the limited conversions at [CTA]/[AIBN] °C for 24 h in three different solvents, 1,4-dioxane, methanol,
= 5 and 10. This behavior may be due to that lower concentra- and methanol/toluene mixture (9/1 vol %). The polymerizations
tion of initiator and/or lower fragmentation rate result in lower were conducted at different [CTA 2JAIBN] ¢ ratios, 2, 5, and
number of radicals available for the propagation at’@5 In 10, keeping the monomer-to-chain transfer agent at a constant
all cases, the molecular weights determined by SEC are muchvalue of [A-Phe-OHJ[CTA 2], = 50/1. The results are
smaller than the corresponding calculated ones using eq 2, andsummarized in Table 4. The polymerizations in dioxane
the ratios of the calculated molecular weigMn(neory to the produced the polymers having relatively broad molecular weight
value determined by SEG/, seq are constantNin theoryMn,sec distributions M./M, = 1.41-1.42), irrespective of the con-

= 1.3—1.4) in the range of the concentration ratio of CTA to centration ratio of CTA to initiator. In this case, no significant
initiator, [CTA 2]o:[AIBN] o = 1.5-5 at 24 h. These behaviors influence of the CTA/initiator ratio was observed on the
may due to the fact that the experimentally determined molecular monomer conversion, molecular weights, and molecular weight
weights are not absolute values but are apparent ones usinglistribution. When the polymerization was carried out in
polystyrene standards for GPC calibration. In a previous methanol at 60C, the monomer conversion decreased gradually
publication2® we reported that the absolute molecular weights from 94% to 80% as the [CTA]/[AIBN] ratio increased from 2
of poly(A-Phe-OMe)s determined by GPC with a multiangle to 10. The molecular weight distributions of the polymers
light scattering detector (GPC-MALS) were comparable to the obtained at [CTAJ[AIBN] o, = 5 and 10 are narroalMy/Mp =
theoretical values calculated by eq 2, but apparently higher than1.23 and 1.22), which are apparently lower than that at [GTA]
those determined by conventional GPC. The reported ratios of [AIBN] o = 2/1 (Mw/M, = 1.30). Generally, decreasing initiator
the molecular weight determined by GPC-MALS to the value concentration leads to an improvement of the control of the
determined by SECMncepc-maLs/Mnsec = 1.4—1.5) were polymerization, since termination reactions will be disfavored.
roughly comparable to the ratid, heoryMn,sec = 1.3—1.4, The narrow molecular weight distribution is apparently due to
observed in this study. Hence, we believe that the discrepanciesrapid establishment of the “preequilibrium”, which involves t&f)v
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Figure 2. (a) Dependence of number-average molecular weight and
molecular weight distribution on [MJ[CTA], ratio for the polymeri-
zation of N-acryloyli-phenylalanine (A-Phe-OH) with 2;azobis-
(isobutyronitrile) (AIBN) in the presence of benzyl 1-pyrrolecarbodithio-
ate (CTA 2, see Scheme 2) in methanol at 4G. Monomer
concentration= 0.25 g/mL. [CTA 2}/[AIBN]o = 2/1. Monomer
conversion= 76—85%. (b) SEC traces of the corresponding poly(A-
Phe-OMe)s obtained after the methylation. experiments of representative samples, the Rl detector and the

UV detector monitoring the absorption due to the phenyl groups
consumption of CTA and reversible fragmentation of intermedi- in the polymer at 280 nm gave similar curves within the same
ate to produce reinitiating*Rragment, efficient reinitiation from  elution time range (Figure S6, see Supporting Information).
the R fragment, and attainment of the so-called “main- These results suggest good control of the polymerization, leading
equilibrium” in which the population of dormant chains and/or to that the molecular weights of the amino acid based poly-
intermediate radicals is much higher than the total number of electrolytes, poly(A-Phe-OH)s, can be easily adjusted by the
propagating chain&. The polymerization in methanol/toluene monomer-to-CTA ratio.
mixture (9/1 vol %) afforded the polymers with relatively low Polymerization Kinetics. The polymerization kinetics of
polydispersitiesNlw/M, = 1.22-1.24) and reasonable molecular  A-Phe-OH in the presence of CTA 2 in methanol at@5was
weights at [CTAY[AIBN] o = 5 and 10. investigated at different chain transfer agent-to-initiator ratios,

Control of Molecular Weights. Aiming to control the [CTA 2]o:[AIBN] o = 2 and 5, keeping the monomer-to-chain
molecular weights, we further examined the polymerization of transfer agent ratio at a constant value of [A-Phe-{JB]TA
A-Phe-OH in methanol at 48C for 24 h at different [M{: 2]o = 150. The time-conversion and the pseudo-first-order
[CTA], ratios between 50 and 200, keeping the chain transfer kinetic plots are shown in Figure 3. When A-Phe-OH was
agent-to-initiator ratio at a constant value of [CTA/EAIBN] o polymerized using CTA 2 with AIBN at [A-Phe-OR[CTA
= 2/1. Under the conditions, the conversion determinedtby  2]o/[AIBN] o = 300/2/1 in methanol (0.25 g/mL), which corre-
NMR was 76-85% in all cases. Figure 2a shows the relation sponds to [M]= 1.14 mol/L, [CTA]= 0.0076 mol/L, [AIBN]
of the molecular weight and polydispersity of the methylated = 0.0038 mol/L, relatively high conversion (85%, as determined
samples, poly(A-Phe-OMe)s, with [M]CTA], ratio for the by IH NMR spectroscopy) was reached after 36 h. Actually,
polymerization. A linear increase of the number-average mo- the reaction times are 6, 9, 15, 18, 20, 36, 60, and 72 h,
lecular weight with the ratio without significant change of the corresponding to monomer conversions of 15, 23, 50, 57, 65,
polydispersity W./M, = 1.23-1.27) indicates a feasibility to 85, 86, and 86%, respectively, suggesting that the polymerization
control the molecular weights by the ratio. Note that the straight is relatively slow and the conversion reaches a plateau value
line could be obtained only when the monomer conversions are under the mild conditions used in this study. The polymerization
substantially the same in all cases. When high molecular weightwas relatively slower for the ratio of 5 than for the ratio of 2,
product M, = 54 400,M,/M, = 1.27 in the methylated sample, which is due to lower number of propagating radicals. Indeed,
which corresponds t¥, = 51 100 in the original carboxylic ~ 74% conversion was reached after 48 h, and then the conversion
acid form) was produced, apparent viscosity increase was“plateau” was observed in the case of the polymerization at
detected during the polymerization. Nevertheless, in all cases[CTA 2]o:[AIBN] o = 5. In both cases, the initial polymerization
the SEC traces are unimodal with no evidence of high molecular rate was relatively high, in which more than 60% conversion
weight species, as can be seen in Figure 2b. In the SECwas reached after 224 h, and then the polymerizatioeDV

Figure 3. (a) Time—conversion and (b) first-order kinetic plots for
the polymerization oN-acryloyl+-phenylalanine (A-Phe-OH) with 2;2
azobis(isobutyronitrile) (AIBN) in the presence of benzyl 1-pyrrole-
carbodithioate (CTA 2, see Scheme 2) in methanol &Cl3vionomer
concentration= 0.25 g/mL. [A-Phe-OHJ[CTA 2], = 150. [CTA 2}y
[AIBN] o = 2 (circles) and 5 (squares).
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Figure 4. (a, c) Number-average molecular weight (circles) and polydispersity (squares) as a function of conversion, and (b, d) evolution of SEC

traces with conversion for the polymerization of A-Phe-OH with AIBN in the presence of CTA 2 in methanof@t IGTA 2]o/[AIBN] o = 2 (a,

b) and 5 (c, d). See Figure 3 for detailed polymerization conditions.

apparently slowed. Such curved semilogarithmic plots indicate

complex kinetics. Similar conversion “plateau” was also reported
on RAFT polymerization of bulky monosubstituted acrylamide,
such asN-tert-butylacrylamide andN-octadecylacrylamide?
The first-order kinetic plot is considered to be linear only if the

Figure 4 shows the evolutions d¥l, and Mw/M, with
conversion for A-Phe-OH during the polymerizations at [CTA
2]o:[AIBN] o = 2 and 5, respectively. In both cases the number-
average molecular weights],, increase linearly with conver-
sion. The molecular weight vs monomer conversion plots go

kinetics is first-order with respect to the monomer and the through the origin, while the experimental molecular weights
concentration of active species remains constant. Since there isare slightly lower than the calculated ones. The SEC traces of
no reason to suspect a higher order dependence of the polymthe methylated samples of poly(A-Phe-OH)s obtained at dif-
erization rate on monomer conversion, the concentration of ferent polymerization times clearly illustrate the increase in
radicals are not constant under the conditions. Note that themolar mass with time (Figure 4b,d) having symmetrical uni-
viscosity is low enough to ensure an efficient stirring up to modal SEC peaks without shoulders and tailings. These results
relatively high conversion under the conditions, which is due suggest that the polymerization proceeds in a controlled fashion

to relatively low molecular weighs of the resulting produdts, (
of poly(A-Phe-OH)< 25000) and good solubility in methanol.

without nondegenerative chain transfer. For the polymerizations
at [CTA 2]o:;[AIBN] o = 2, the polydispersity indicesv{,/Mp)

In both cases, induction periods are seen in the pseudo-first-for all samples range between 1.26 and 1.38, regardless of the

order kinetic plots at 48C, as shown in Figure 3. The induction
period roughly estimated simply by extrapolating the linear part
of each curve to the time axis is about 10 h at [CT&[AIBN] o

= 5, while it apparently decreases to lessntfah at[CTA
2]o:[AIBN] o = 2 (Figure S7, see Supporting Information). This
is an indication that both the induction period and the polym-

monomer conversion. In the case of the polymerization at [CTA
2]o:[AIBN] o = 5, the polydispersity obtained a maximum value
of Mw/M, = 1.45 at 12% conversion, which then decreased with
conversion, reaching a final value of 1.24 at 80%.

The polymerization of A-Phe-OH in the presence of CTA 2
was also investigated in methanol at 8C at a constant

erization rate, namely inhibition and retardation, are apparently monomer/chain transfer agent/initiator molar ratio, [A-Phe-DH]

affected by the ratio. The consumption of CTA and reversible
fragmentation of intermediate to produce reinitiatinrgr@gment
are referred to as the “preequilibrium”, which is correlated
closely with the induction period. An induction period is often
observed in RAFT polymerization of various monosubstituted
and disubstituted acrylamidé36.38.404However, the reasons
for the induction periods with some CTAs are not clearly
understood® 67 The rate retardation effect is attributed to the
main equilibrium after all initial CTA have been transformed
into macro-CTA (the so-called macro-RAFT agent), and may

[CTA 2]o/[AIBN] o = 750/5/1. The time-conversion and the
pseudo-first-order kinetic plots are shown in Figure 5a. More
than 80% conversion was reached within 15 h and an induction
period less tha 5 h isseen in the pseudo-first-order kinetic
plot. The induction period roughly estimated simply by ex-
trapolating the linear part of the curve to the time axis is about
3 h (Figure S7, see Supporting Information). It means that the
induction period significantly decreases with increasing the
polymerization temperature from 45 to 6C at [CTA 2}:
[AIBN] o = 5. A similar tendency was also observed in our

therefore be ascribed to different stabilities of the intermediate previous papeté in which the induction was about 50 min at
radicals in the main equilibrium. There is an ongoing debate 60 °C, while it decreased to less than 10 min at@in RAFT

on the mechanism that causes the inhibition and retarddér?

polymerization of A-Phe-OMe. In general, increasing @BV
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Figure 5. (a) Time-conversion (circles) and first-order kinetic

(squares) plots for the polymerization Nfacryloyl+-phenylalanine
(A-Phe-OH) with 2,2-azobis(isobutyronitrile) (AIBN) in the presence
of benzyl 1-pyrrolecarbodithioate (CTA 2, see Scheme 2) in methanol
at 60°C. Monomer concentratiorr 0.25 g/mL. [A-Phe-OHJ[CTA

2]o = 150. [CTA 2}/[AIBN]o = 5. (b) Number-average molecular
weight (circles) and polydispersity (squares) as a function of conversion.
(c) Evolution of SEC traces with conversion.
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a shorter induction period. Note that higher temperature condi-
tions also have a potential drawback for achieving controlled
radical polymerizations, such as accelerated side reactions and
the gradual decomposition of CTA. Nevertheless, the linear
relationship between thil, and the conversion, maintaining
low polydispersity, was observed at 80 in methanol at [CTA
2]0:[AIBN] o = 5, as shown in Figure 5b. Symmetrical unimodal
SEC peaks without shoulders and tailings were observed for
the polymers obtained even at higher conversioB0%, Figure

5c), and the polydispersity indiced1¢/M,) for all samples
ranged between 1.27 and 1.36. These results suggest that the
polymerization of A-Phe-OH mediated by CTA 2 shows a good
control in methanol at both temperatures, 45 and¢®Qnder

the conditions used in this study, even if the kinetic behavior is
affected by the polymerization temperature.

Comparison of A-Phe-OH and A-Phe-OMe.To clarify the
effect of the carboxylic acid group on the control of the
polymerization of the amino acid-containing monomer, we
compared RAFT polymerizations of the unprotected monomer,
A-Phe-OH, and the protected monomer, A-Phe-OMe, under the
same conditions. In all cases, the polymerization was carried
out with AIBN in the presence of CTA 2 at [MI[CTA 2]d/
[AIBN] o = 200/2/1, and the results are summarized in Table 5.
When the polymerization was conducted in dioxane (monomer
concentratior= 0.5 g/mL) at 60°C, almost full conversion was
obtained after 24 h, regardless of the monomer. The polydis-
persity index M,/M, = 1.49) of the product prepared by direct
polymerization of A-Phe-OH, followed by methylation was
broader than that\./M, = 1.27) obtained from A-Phe-OMe.
The behavior should be attributed to the difference in the
solubility of poly(A-Phe-OH) and poly(A-Phe-OMe) formed
during the polymerization. Actually, the polymer precipitation
occurred when A-Phe-OH was polymerized in dioxane. Al-
though the homogeneous system could be achieved with
maintaining characteristic pale yellow color in a diluted dioxane
solution (0.25 g/mL), the solution became viscous at the end
of the polymerization, leading to the production of poly(A-Phe-
OH) having relatively broad polydispersity (entry 1, Table 2).
In general, dilution favors intramolecular reactions, like frag-
mentation, against intermolecular reactions, like termination. In
our cases, the dilution had no remarkable effect on the RAFT
polymerization of A-Phe-OH in methanol at lower temperature
(45 °C). Narrow polydispersities products with reasonable
monomer conversions were obtained, regardless of the monomer
concentration (0.250.50 g/mL). Under the conditions, the
monomer conversion, molecular weights, and polydispersity of
the product obtained by RAFT polymerization of A-Phe-OH

temperature favors the increase in the AIBN decomposition ratesare almost the same to those of A-Phe-OMe. In both cases, the
and the fragmentation of the intermediate radical, leading to an resulting polymers exhibited symmetrical unimodal SEC peaks
increased polymerization rate. In the present system, higherwith low polydispersity #./M, = 1.20-1.30). This is an
polymerization temperature may also lead to the increase in theindication that the existence of the carboxylic acid group has
fragmentation of the intermediate radical in the preequilibrium no significant influence on the control of the polymerization
to produce the reinitiating Rragment efficiently, resulting in under the suitable conditions.

Table 5. Comparison of RAFT Polymerizations of A-Phe-OH and A-Phe-OMe Using AIBN and Benzyl 1-Pyrrolecarbodithioate (CTA 2) for

24 @
conditions A-Phe-OH A-Phe-OMe
solvent temp?C  convn®% M, (theor) M A(SEC) Mu/MA(SEC) conviF% M (theor) MA(SEC) Mw/M(SEC)
dioxane 60 95 22400 20500 1.49 96 22 600 17 000 1.27
MeOH 45 80 18 900 15 400 1.30 81 19 000 19 000 1.20

a[AIBN] o/[CTA 2]o/[M]o = 1/2/200, where AIBN= 2,2-azobis(isobutyronitrile), CTA 2= benzyl 1-pyrrolecarbodithioate, A-Phe-OH N-acryloyl-
L-phenylalanine, A-Phe-OMe N-acryloyl+-phenylalanine methyl ester, and monomer concentrati@50 g/mL.P Calculated by*H NMR in DMSO-0s.
¢ The theoretical molecular weighMg ieory = (MW of A-Phe-OMe) x [M]¢/[CTA]o x conversion+ (MW of CTA). ¢ Measured by size-exclusion
chromatography (SEC) using polystyrene standardsl,M-dimethylformamide (DMF, 10 mM LiBr)¢ Heterogeneous systefrSamples modified by

thylation.
methylation cDV
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