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ABSTRACT: The lower critical solution temperature (LCST) of the poly(2-alkyl-2-oxazoline)s (POx) was precisely
tuned over a broad range of temperatures via the well-defined gradient or random copolymerization between
2-n-propyl-2-oxazoline fPrOx) and either 2-isopropyl-2-oxazolind?(Ox) or 2-ethyl-2-oxazoline (EtOx). All

the copolymerizations were cationically initiated by metlpylosylate at the optimum condition (4ZC in
acetonitrile) for the living polymerization, resulting in an extremely narrow molecular weight distribiigh (

M, < 1.05). It was determined from the composition analysi$hNMR and MALDI—TOF mass spectrometry

that the respective monomer reactivity ratios were found to be 3.15 and 0.BPrOx andiPrOx, respectively,
sufficiently different to form the gradient copolymersnP¢(Oxgrad-iPrOx), and 1.28 and 1.04 faPrOx and

EtOx, respectively, indicating the favorable formation of the random copolymeiPs®x+an-EtOx). Both gradient

and random copolymers followed a simple and practical rule during their LCST modulation, depending on the
compositional variation between the hydrophilic/hydrophobic 2-alkyl-2-oxazoline monomers centering on the
iPrOx. In particular, it was found that poly(2propyl-2-oxazoline) (RPrOx) independently exhibited a sharp
LCST behavior near room temperature, even comparable to that of poly(2-isopropyl-2-oxazolPrE)x)P
Furthermore, the PPrOx+an-EtOx) copolymers were not only synthesized much faster than the gradient
copolymers with thePrOx component but also showed a clear phase transition behavior over the wide temperature
range from 23.8 to 75.C, offering the most ideal choice, viz., a simple random distribution of the two monomers
for tuning the LCST.

Introduction mide) (PNiPAAm)7 could be achieved by the precise control
» of the well-defined polymeric structures with appreciably narrow
molecular weight distributions (MWD) through the living
polymerization mechanism. For the development of a ther-
mosensitive drug carrier,jPrOx-based polyion complex (PIC)

A great deal of attention has focused on the so-called “smart
polymeric materials showing a discrete change in their propen-
sity that respond to external physical and chemical stimuli,

including light, temperature, pH, and magnetic and electric """ i ; -
micelles were also prepared via the complexation of a pair of

fields. In particular, temperature-responsive polymers are con- - X & - o
sidered useful for various practical applications, such as supports®PPositely charged block ionomershe PIC micelles exhibited

for catalysts: sensoré,separation systenfenzymatic biocon- @ Sharp and constant LCST of 32 regardless of the total
jugates and drug carrier8.Drastic changes in the solubility, concentration, demonstrating that the precise control of the
turbidity, and other physicochemical properties of thermosen- POlymer structure, such as the molecular weight, MWD, and
sitive polymers can be simply induced by adding or removing €nd group was closely related to the characteristic phase
heat energy, and such feasibility is especially important when transition behavior of the hierarchal self-assembly like po.Iymerlc
designing “smart” polymeric materials that respond to the micelles. I_:urthermor_e, the LCST _o_i‘FFrOx Was_a_ble to be finely
external stimuli. At this time, careful engineering of the polymer tUn€d by incorporating the specific composition of the hydro-
structure should be inevitable in order to realize the precise Philic 2-ethyl-2-oxazoline monomer units within the main
modulation of the responding temperature as well as the chains, mainly considering the biorelated application with a
transition sharpness. LCST near the physiological conditioAdn that system, the

In this regard, we have recently established the controlled 9%azoliné monomers of 2-isopropyl-2-oxazoline and 2-ethyl-
synthetic route of novel end-functionalized thermosensitive poly- 2-0Xazoline had sufficiently different reactivity ratios of 1.78
(2-isopropyl-2-oxazoline) ([PrOx) telechelics at the optimum and 0.79, re_s_pectlvel_y, thus offering a l.JSEfUI route to engineer
condition (42°C in acetonitrilef The notable LCST-type thermosensitive gradient copolymers with an extremely narrow
transition behaviors of iIPrOx, characterized by a fast respon- MWD (Mu/Mn = 1.02).

sivity comparable to the conventional pdisopropylacryla- For now, it is well-known that the length of the alkyl
substituents of the poly(2-alkyl-2-oxazoline)s (POx) determines

* Corresponding author. Telephone:81-3-5841-7138. Fax:+81-3- to a large extent their relative hydrophilicity, and only a few
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Scheme 1. Synthetic Schemes for the Gradient Copolymerization ofPrOx and iPrOx and the Random Copolymerization ofnPrOx

and EtOx
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values were observed around-625 °C depending on molecular  and 2-aminoethanol (Wako Pure Chemical Industries) as previously
weight and concentration, much higher than that itfrDx 1! described. Methy! p-tosylate (MeOTs) (Tokyo Kasei Kogyo Co.,
In this respect, we also focused on the polp(Rropyl-2- Ltd., Tokyo, Japan) was distilled from calcium hydride under
oxazoline) (RPrOx) which has one more hydrophobic meth- reduced pressure. 2-Ethyl-2-oxazoline (Et(_)x) (Aldrich Ch_emlcal
ylene group in the side 2-position compared to PEtOx as well S0 Ld-, Milwaukee, W1), Z+propyl-2-oxazolinerPrOx) (Aldrich
as becomes a chemical isomer oPROx. Although there is an Chemical Co., Ltd), and acetonitrile (Wako Pure Chemical

. s ) - Industries) were distilled from calcium hydride following conven-
example investigating the property of theFROx-based lipogel

: : ) : tional procedure&® All other chemicals were used without further
(organogel) swollen in organic solvertdhe solution properties  pyrification.

of the FPrOXx oligomers have not yet been studied, especially * 1¢.ppiques The 'H NMR spectra were recorded using a JEOL
in terms of their temperature-induced phase transition behaviorgx 300 spectrometer at 300 MHz. The chemical shifts were
in water. Moreover, little attention has been pald to the LCST reported in parts per million (ppm) downfield from tetramethylsi-
control of POx copolymers except for our recent gradient lane. The molecular weights and molecular weight distributions
system, though there are various hydrophobic and hydrophilic were determined using a GPC (TOSOH HLC-8220) system
Ox monomers such aPrOx, iPrOx, and EtOx. Thus, it was  equipped with two TSK gel columns (G400& G3000H,r and

highly motivating that a variety of combinations between two SuperAW4000 & SuperAW3000) and an internal refractive index
Ox monomers with different or similar reactivity ratios could (RI) detector. The columns were eluted with DMF containing

selectively produce the thermosensitive gradient or random POx/ithium bromide (10 mM) and triethylamine (30 mM) at the flow
copolymers according to particular applications rate of 0.8 mL/min and were maintained at a temperature of

. . 40 °C. The molecular weights (MW) were calibrated using poly-
In this study, we have accomplished the accurate control of (5 is,nropy1-2-0xazoline) (ProOx) standards of which the absolute
the LCST in the POXx system over a wide range of temperature moecular weights were determined by MALBTOF mass spec-
by obtaining the well-defined gradient or random copolymers trometry (Me-PiPrOx—OH; MWror s = 5400, 8700, 11500,
via the selective combination betwerRrOx and eitherPrOx 17000). The mass measurements were performed using a MALDI
or EtOx (Scheme 1). Of special interest is th@PROXx TOF mass spectrometer (Bruker REFLEX Ill) operating at an
homopolymer independently exhibiting a sharp LCST-type acceleration voltage of 23 kV in the reflection mode. The-tiNs
phase transition behavior around 23@ even comparable to  SPectra were obtained using a V-550 UV/vis JASCO spectropho-
that of RPrOx. To the best of the author's knowledge, this is tometer.
the first example proving thatrPrOx was also soluble in an Synthesis of Homopolymers.The synthetic results of poly
aqueous solution as well as having a clear thermosensitivity (2-iSopropyl-2-oxazoline) (#rOx) and poly(2-ethyl-2-oxazoline)
near room temperature. Furthermore, the copolymers composed” E{OX) homopolymers having hydroxyl groups at éhéerminal
of nPrOx and EtOx resulted in a fully random composition, ends were taken from our r_ecent account unlgss otherwise 8tated.
and also showed a rapid and modulated response to the POly(211-propyl-2-oxazoline) (Prox) Having a Hydroxyl

. Group at the w-Terminal End. 2-n-Propyl-2-oxazoline fPrOx)
temperature change from 23.8 to 7501, considered the most (5.0 g, 44.2 mmol) was added via syringe to a solution of methyl

ideal system for tuning the LCST. p-tosylate (MeOTs) (0.093 g, 0.50 mmol) in acetonitrile (15 mL).
Experimental Section The polymerization mixture was stirred at 4@ for 162.3 h under
P an argon atmosphere. The mixture was then cooled to room
Materials. 2-Isopropyl-2-oxazolinePrOx) was synthesized from  temperature, then treated with methanolic NaOH (1 M) to introduce
isobutyric acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan)a hydroxyl group at one of the chain ends @vRnPrOx—OH).
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Figure 1. (a) GPC traces ab-hydroxyl terminated RPrOx homopolymers (MePnPrOx—OH) with different molecular weights (column, G400QH
and G3000Hg; PiPrOx standard; eluent, DMF (containing 10 mM LiCl and 30 mM TEA); temperaturé 4@RI detection) and (bJH NMR

spectrum of Me-PnPrOx—OH in CDCk at 25°C.

Table 1. Gradient Copolymerization Results betweemPrOx and
iPrOx at Different Feed Composition$ and Their T, Values

Table 2. Random Copolymerization Results betweenPrOx and
EtOx at Different Feed Composition$ and Their T¢p Values

Mp (Mw/My) Mp (Mw/My)

feed ratio yield MALDI—-TOF Tep® feedratio  yield MALDI—-TOF Tep®

(NProxiPrOx) (%) MsP GPC km?  (°C) (NPrOx:EtOx) (%) MSsP GPC Ind (°C)
100:0 94 10800 (1.04) 12000 (1.04) 100:0 23.8 100:0 94 10800 (1.04) 12000 (1.04) 100:0 23.8
75:25 80 11100 (1.01) 13300 (1.03) 80:20 26.3 75:25 95 11000 (1.01) 12900 (1.02) 74:26 36.3
50:50 88 11400 (1.01) 12300 (1.02) 54:46 30.1 50:50 90 10000 (1.01) 12400 (1.02) 53:47 41.8
25:75 84 10100 (1.01) 12300 (1.02) 33:67 33.8 25:75 88 14000 (1.01) 14000 (1.05) 32:68 50.6
0:100 90 10200 (1.01) 9700 (1.02) 0:100 38.7 5:95 91 10100 (1.01) 10200 (1.04) 991  75.1

0:100 95 8300 (1.01) 8000 (1.02) 0:100

aReaction conditions: PrOx] + [IPrOx])/[MeOTshi. = 88.4, [MeOTs}-
it/[]CH3CN]sorv. = 0.031 mol/L, 42°C, terminated with methanolic NaOH
(1 M) for hydroxyl w-end group® Bruker REFLEX lII, operating at an
acceleration voltage of 23 kV in the reflection mod&MF (10 mM LiCl
and 30 mM TEA), 40°C, RI detectiond Determined by!H NMR

spectroscopy for the final (co)polymer products (monomer composition:

= [nPrOx], m = [iPrOx]). ¢ Measured by UV-vis spectroscopyc(= 1.0
wt %).

The solution of Me-PnPrOx—OH was purified via dialysis for 2

aReaction conditions: iPrOx] + [EtOx])/[MeOTs}i. = 88.4, [MeOTs}-
it/[CH3CN]sorv. = 0.031 mol/L, 42°C, terminated with methanolic NaOH
(1 M) for hydroxyl w-end group® Bruker REFLEX lll, operating at an
acceleration voltage of 23 kV in the reflection mod®&MF (10 mM LiCl
and 30 mM TEA), 40°C, RI detectiond Determined by!H NMR
spectroscopy for the final (co)polymer products (monomer composition:
| = [nPrOx], n = [EtOX]). ® Measured by UV-vis spectroscopyc(= 1.0
wt %).

days against distilled water and then recovered by lyophilization. propyl-2-oxazoline fPrOxse, = 0.625 g, 5.53 mmolnPrOXsgy, =
Several samples were collected during the course of the polymer-1.25 g, 11.1 mmolnPrOxsy = 1.88 g, 16.6 mmol) and 2-isopropyl-
ization and subjected to the same treatment. The conversion yield2-oxazoline (PrOxsy, = 1.88 g, 16.6 mmoljPrOxsq, = 1.25 g,

and structure of the polymers were analyzed by GPC'ENdMR
spectroscopy (total yields: 4.7 g, 94%).

Synthesis of Gradient Copolymers (RPrOXasyi PrOX7sy,
PnPrOxsg%iPrOX5%, PnPI'OX75%iPrOX25%) Having a Hydroxyl
Group at the w-Terminal End. The respective mixtures of 2-

11.1 mmol;iPrOxsy = 0.625 g, 5.53 mmol) were added to a
solution of MeOTs (0.0465 g, 0.250 mmol) in acetonitrile (8 mL).
The polymerization mixture was stirred at #Z for 378 h
(PnPrOx%s0d PrOx:se), 308.5 h (RPrOXsg0d PrOxs00), and 206.8 h
(PnPrOxs0d PrOxese,) under an argon atmosphere, respectively. The
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Figure 2. Degree of polymerization (DP) (left ordinate, symbols with
dashed lines) and polydispersity index (PDI) (right ordinate), obtained
from MALDI—-TOF mass spectrometry, vs reaction time for two
homopolymers (FPrOx (@, O), PiPrOx (#, <)) and three gradient
copolymers (RPrOxzsyd PrOxzsy, (A4, A), PNPrOXsoud PrOxsoy, (M, 0O),

and I?1Pr0<75%iPr()(25% (*, X))
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acetonitrile (0.1% TFA:CBCN = 2:1) solution of CCA (10 mg/

mL) was mixed with a solution of the polymer in acetonitrile
(1 mg/mL) at an equimolar ratio. The resulting mixture was shaken
for a few seconds. An aliquot of the mixture g1) was placed on

the target plate and inserted into the ion source chamber after being
slowly dried. The polymer concentration of the polymer/matrix
mixture solution could be diluted for the optimum ionization with
an acetone solution of CCA (10 mg/mL).

Turbidity Measurements. Cloud points were determined by
spectrophotometric detection of the changes in transmittainee (
500 nm) of the aqueous polymer solutions (1.0 wt %) heated at a
constant rate (0.8C/min). The samples were placed in a temper-
ature-controlled circulating water bath. The cloud point values of
the polymer solutions were determined as the temperature corre-
sponding to a 10% decrease in the optical transmittance.

Results and Discussion

Synthesis of Poly(2a-propyl-2-oxazoline) (fhPrOx). Prior
to the synthesis of a series of gradient and random copolymers,
the kinetic behavior of theriiPrOx homopolymer was compared
with those of PPrOx and PEtOx under identical reaction
conditions. To avoid the spontaneously occurring side reactions,
such as chain transfer and couplifaall the polymerizations
of the respective Ox monomensRrOx,iPrOx, and EtOx) were
conducted under mild temperature conditions {€2in aceto-

reaction mixtures were cooled to room temperature, and then treatedhitrile).

with methanolic NaOH (1 M) to introduce a hydroxyl group at
one of the chain ends. The copolymer solutions were purified via
dialysis for 2 days against distilled water and then recovered by
lyophilization. Several samples of the respective copolymers were
collected during the course of the copolymerization. They were
subjected to the same treatment as described above, and analyz
by GPC, MALDI-TOF mass, antH NMR spectrometers in order

to determine the conversion yield and composition of the copoly-
mers (total yields: 2.1 g, 84% (PrOxs.d PrOX:sy); 2.2 g, 88%
(PnPrOxs00d PrOxa00); 2.0 g, 80% (RPrOXsed PrOxese).

Synthesis of Random Copolymers (RPrOXsy,EtOXgs5u
PnPrOxosy,EtOX 750, PNPrOXspsEtOX 500, PnPrOx75%EtOx2_r%)
Having a Hydroxyl Group at the e-Terminal End. The respec-
tive mixtures of 2n-propyl-2-oxazoline fPrOx., = 0.126 g, 1.11
mmol; NPrOxse, = 0.626 g, 5.53 mmolnPrOxg., = 1.250 g, 11.1
mmol; NPrOxse, = 1.873 g, 16.6 mmol) and 2-ethyl-2-oxazoline
(EtOxo50, = 2.081 g, 21.0 mmol; EtOx., = 1.642 g, 16.6 mmol;
EtOXs00, = 1.095 g, 11.1 mmol; EtQx., = 0.548 g, 5.53 mmol)
were added to a solution of MeOTs (0.0465 g, 0.250 mmol) in
acetonitrile (8 mL). The polymerization mixture was stirred at
42°C for 264.5 h (RPrOxyEtOxgs0), 200 h (RMPrOxeseEtOXrs0s),
235.5 h (PPrOxs00EtOxs000), @and 200 h (RPrOxgseEtOx0s0) UNder

The cationic ring-opening polymerization aiPrOx, initiated
with MeOTs in acetonitrile, was done to obtain the poly2-
propyl-2-oxazoline) carrying a hydroxyl group at theend
(Me—PnPrOx—0H) under a mild temperature condition (%2).

e,éfter the polymerization was left to proceed for ca. 162.3 h, it

was ascertained from the GPC diagrams (Figure 1a) that the
time-dependent change in the number-average molecular weight
(M) and the molecular weight distribution were almost con-
sistent with the living polymerization process; for the final
product, the polydispersity index was low (PBbc = 1.04,
PDlror-ms = 1.04) and the experiment®d, value M gpc=

12 000,M; tor-ms = 10 800) was close to the value predicted
from the initial monomer/initiator ratio NI caica = 10 000]
(Tables 1 and 2). ThiH NMR spectrum of Me-PnPrOx—OH

in CDCl; (Figure 1b) presented a broad singleba®.39 ppm
attributed to the resonance of the methylene protons on the
polymer backbone, a broad singlet&@0.90 ppm ascribed to
the resonance of the methyl protons of tieropyl group on

the polymer side chain, and a singletoa8.01 ppm due to the
resonance of ther-terminal methyl protons. However, in the

an argon atmosphere, respectively. The reaction mixtures werecase of the RPrOx polymerization, the side reactions, such as

cooled to room temperature, and then treated with methanolic NaOH
(12 M) to introduce a hydroxyl group at one of the chain ends. The
copolymer solutions were purified via dialysis for 2 days against
distilled water and then recovered by lyophilization. Several samples
of the respective copolymers were collected during the course of

the copolymerization. They were subjected to the same treatment

as described above, and analyzed using MAEDOF mass and

1H NMR spectrometers in order to determine the conversion yield
and composition of the copolymers (total yields: 2.0 g, 91%
(mpro)@,%EtOXg@/(): 2.0 g, 88% (mpro)@‘r,u/ﬁtOX75%); 2.1 g, 90%
(PNPrOxs00EtOXs000); 2.3 @, 95% (RPrOX50EtOXos00)).

MALDI —TOF Mass Spectrometry.An external calibration was
performed using poly(2-isopropyl-2-oxazoline) standards (Me
PiPrOx-OH; MW = 5400, 8700, 11500, 17000). lons were
generated by laser desorption at 337 nmléser, 3 ns pulse width,
10°—10" W/cmP). For each spectrum, approximately 400 transients
were accumulated and all spectra were recorded in the reflection
mode. The data evaluation was performed with the Bruker XMASS
program using the reflection spectra only in order to achieve a better
signal-to-noise ratio.a-Cyano-4-hydroxycinnamic acid (CCA)
(Fluka) was selected as a suitable matrix. A trifluoroacetic acid/

chain transfer and coupling, were slightly more pronounced than
the other POx systems, such aBfx and PEtOx, as seen from
the GPC charts with a lower molecular weight tailing and a
higher molecular weight shoulder. It was likely that thi€.p
values of the methine (CH) at the 2-isopropyl groupRfOx

and the methylene (Chat the 2n-propyl group oPrOx and

the 2-ethyl group of EtOx in proximity to the cationic oxazoli-
num ring were related to the difficulty level of proton abstraction
by the p-tosylate anion. This assumption could be supported
by applying Hammett's substituent constanj ¢alues taken
from a conventional referende.lt was thus calculated to be
oipr = —0.340 for CH at the 2-isopropyl group with two GH
onpr = —0.144 for CH at the 2n-propyl group with one gHs

and one Hog = —0.170, for CH at the 2-ethyl group with
one CH and one H. To put it more concretely, the substituent
effect, viz., abundance of electron density on the carbon (C) of
the methine (CH) and methylene (@Hbf the respective 2-alkyl
groups could be expressed in the ordergropyl < 2-ethyl<
2-isopropyl, indicating that the methylene proton of the-2-
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Figure 3. (a) GPC trace of RPrOxsmi PrOXm, copolymer samples with different molecular weights (column, G4Q@Gihd G3000Hg; PiPrOx

standard; eluent, DMF (containing 10 mM LiCl and 30 mM TEA); temperature5GORI detection) and (b) MALD+TOF mass spectrum of
PnPrOxs: PrOxoy after 112.5 h (left) and its expanded spectrum in the mass region of-H1AD (right).

propyl group was most likely to be withdrawn under the same g HiC %NCSZCEZ HNC:ZC:ZH—OH

reaction conditions. - : Lo e A PaPrOn PO
The time-dependent monomer conversion into the backbone | |

for the respective homopolymers poPrOx, iPrOx, and EtOx CHob o oH ® c B PRPrOXspPrOxson

were obtained from the MALD+TOF mass spectrometry as CHye MG CFb C. PnPrOX;soiPrOx;sy

depicted in Figures 2 and 6, whereby the degree of polymeri- CHy d

zation (DP) was positioned on the left ordinate and the

polydispersity index (PDI)NIw/My) on the right ordinate. From Solv, *‘\

the time-dependent DP and PDI changes of the respective

homopolymers, it was obvious that the polymerization rates of

both nPrOx and EtOx were much faster than thaifOx as

well asnPrOx was slightly faster than EtOx. As far as the slower J

polymerization rate ofPrOx was concerned, it was reasonable m = 80% : 20%

to suppose that the bulky structure of the 2-isopropyl group

could be sterically unfavorable for the rapid propagation.
Synthesis of Gradient Copolymersin view of the synthetic o R40f - 46O J

resglt of the homopolymerspdeyscribed above, we S))//nthesized a B J l:im=584%:46% UL—

series of copolymers comprisingPrOx andiPrOx in order to

explore the hydrophobic contribution aPrOx on the LCST

of the POPrOxgrad-iPrOx) copolymers (Scheme 1). The A | 1:m=33%:67%

respective mixtures of B-propyl-2-oxazoline fPrOxsy, 5.53 ' R

mmol; NPrOX, 11.1 mmol; nPrOXsy,, 16.6 mmol) and é""%"".';"".'"".'"":'.""é""l'"'PZM'

2-|sopropyl-2-oxazollne|PrOx75%, 16.6 mmol;iPrOXsmy, 11.1 Figure 4. H NMR spectra for the final products of three

mmol; iPrOxsy, 5.53 mmol) were added to a solution of MeOTs  yradient copolymers (PrO%siPrO% s PIPrO%odPrO%ms, and

(0.250 mmol) in acetonitrile and polymerized at 242, as in PnPrOxsyiPrOxsy) in CDCl; at 25°C.

the case of the two homopolymersn®@Ox and FPrOx). The

synthesis results of three copolymersnPiPOXsyi PrOX sy, in Table 1. The polymerization behaviors of the copolymers

PNPrOxsmul PrOXsom%, and MPrOxys,iPrOxsy) with the same with the initial NPrOx and PrOx molar ratios of 25%:75%, 50%:

initial monomer/initiator ratio (DRycs= 88.4) are summarized  50%, and 75%:25% were characterized by the time-dependent

L
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PROCOP” (PnPrOxsyiPrOxsy, (@), PnPrOxmsiPrOxoe, (M), and
PnPrOxsi PrOxsy, (4)).
1.20
A
8
= - 1.15
2
5 <
g -0 3
= =
5 E
St
=]
3 - 1.05
b
o0
3
[=]
1.00
0 50 100 150 200 250 300 350
Time [hrs]

Figure 6. Degree of polymerization (DP) (left ordinate, symbols with
dashed lines) and polydispersity index (PDI) (right ordinate), obtained
from MALDI—-TOF mass spectrometry, vs reaction time for two
homopolymers (RProx (@, O), PEtOX (+, —)) and four random
copolymers (BPrOxsoEtOxgses (%, x), PnPrOxzseEtOX7s0, (¢, ),
PnPrOxs00EtOXs509 (A, A), and MPrOx7s¢EtOxzs59, (., D))

change in the DP and PDI via the MALBITOF mass and GPC

traces, as seen in Figures 2 and 3. Regardless of the comonomé?Y
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The GPC trace of BPrOxsumi PrOxsms, Which was sampled at
different polymerization times, also showed an increase in the
molar mass with time and symmetrical monomodal peaks, as
shown in Figure 3a. Similar results for the other two copolymers
(PNPrOxs0i PrOx s, and MPrOxsyi PrOxsy,) with different
monomer ratios in the feed were also confirmed by the
respective GPC traces (data not shown). Although the detailed
analysis of the copolymer composition and sequence distribution
for PnPrOxsme PrOxsoy, could not be done due to the same mass
value betweemPrOx andiPrOx Mnnprox = Mnjproy), the end
group analysis was conducted using the MAEOIOF mass
spectrum recorded after 112.5 h (Figure 3b). The most and
second intense signals were assigned to the sodium and
potassium adducts of M&PNPrOxsmi PrOxsm:—OH with a-m-
ethyl andw-hydroxyl terminal groups, respectively, while the
third intense signal was due to the sodium adduct efPH
Proxsm PrOxg,—OH as a result of the undesirable proton
initiation. In addition, the compositions of the final copolymer
products determined byH NMR spectrometry were almost in
good agreement with the calculated values from the feed ratio
of both monomers, indicating their quantitative conversion into
the respective copolymers (Figure 4 and Table 1).

In this living polymerization system, copolymers were
expected to have a gradient composition, providing sufficiently
different reactivity ratios of the two monomersPrOx and
iPrOx. Indeed, from the compositional analysis %y NMR
spectrometry of the respective copolymer samplings (monomer
conversions: ca. 2040%) plotted in Figure 2, the reactivity
ratios of the respective monomers were calculated to,fex
= 3.15 andip;ox = 0.57 using the nonlinear TidwetMortimer
(TM) method!® showing the most reasonable result for the
additional composition analysis of the copolymers. Determina-
tion of the reactivity ratio at a low conversion could be affected
by the different reactivity of the initiator against a specific
monomer, therefore, we selected monomer conversions of ca.
20—40% as a reasonable interval in this living system of which
the high polymer was not immediately formed by the reactfon.
This difference in the reactivity ratios of the two monomers
indicates thahPrOx should initially be consumed much faster
thaniPrOx. However, because of the decreasing concentration
of the former in the residual feed, the rate of its incorporation
into the polymer chain also decreased. This resulted in an
increased instantaneous incorporationRyOx into the copoly-
mer as the reaction progressed and ultimately in the formation
of an iPrOx-rich chain end. Because of the simultaneous
initiation and uniform propagation kinetics in this living system
as known from the appreciably low polydispersity indices, each
polymer chain should display a similar trend of a gradually
decreasingiPrOx and an increasinigrOx composition along
the backbone from the-terminal to the activev-chain end.
The cumulative and instantaneous composition plagsnirrox
and Rnsinprox respectively) vs the normalized chain length were
obtained for the three copolymerizations with different initial
molar ratios of nPrOx andiPrOx in the feed (Figure 5).
According to the experimental plots, the shape of the obtained
gradient copolymers closely followed the theoretical predictions
usingrpprox = 3.15 andrip;ox = 0.5718 This type of methodol-

y was useful to trace the composition drift of the gradient

ratio in the feed, the experimental degree of polymerization (DP CO_PO'Ym‘j;S' as in the system of atom transfer radical copolym-
from MALDI-TOF mass spectrometry) of the respective ©€Mzation:

copolymers was close to the predicted value from the initial
monomer/initiator ratio (DR = 88.4) and their molecular
weight distributions were quite narrow in all cases (Figure 2).

Synthesis of Random CopolymersOn the basis of the
synthetic result of twaPrOx and EtOx homopolymers showing
similar polymerization rates, we next synthesized a series of
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Figure 7. GPC traces of four random copolymers ((a)PPOxsEtOXoss, (D) PNPrOx%sEtOXrsw, (C) PAPrOXsmEtOxsms, and (d) PPrOxXsy-
EtOxs%) having different molecular weights (column, SuperAW4000 and SuperAW3000 (a, b) and G40ani G3000Hr (c, d); RPrOx
standard; eluent, DMF (containing 10 mM LiCl and 30 mM TEA); temperature’,GtORI detection).

random copolymers comprisingPrOx and EtOx in order to
explore the phase transition behavior of theFRQOx+an-EtOx)
copolymers without théPrOx component (Scheme 1). The
respective mixtures of B-propyl-2-oxazoline fPrOxse, 1.11
mmol; NPrOx%sy, 5.53 MmMOol;nPrOXsgs, 11.1 mmol;nPrOxysy,
16.6 mmol) and 2-ethyl-2-oxazoline (Etgx%, 21.0 mmol;
EtOX7s, 16.6 mmol; EtO¥gy, 11.1 mmol; EtO¥gy, 5.53 mmol)
were added to a solution of MeOTs (0.250 mmol) in acetonitrile
and polymerized at 42C, as in the case of the two homopoly-
mers (MPrOx and PEtOx). The synthesis results of four
COpOlymerS (ﬁPrO)g%EtO)gg%, PnPrOxsEtOX75, PNPrOXs004
EtOxm%, and MPrOxs,EtOxs)) with the same initial monomer/
initiator ratio (DR.aicq = 88.4) are summarized in Table 2. The
polymerization behaviors of the copolymers with the initial
nPrOx and EtOx molar ratios of 5%:95%, 25%:75%, 50%:50%,

the four copolymers with different monomer ratios in the feed
(PnPI’OXg,%EtO)@s%, PnPrOxs,EtOX750, PNPTrOXs00,EtOXs5006,

and MPrOxsyEtOxsy), Which were sampled at different
polymerization times, also showed an increase in the molar mass
with time and symmetrical monomodal peaks, as shown in
Figure 7a-d. In addition, the compositions of the final
copolymer products determined Hy NMR spectrometry were
almost in good agreement with the calculated values from the
feed ratio of both monomers, indicating their quantitative
conversion into the respective copolymers (Figure 8 and
Table 2).

In this living polymerization system, the copolymers were
expected to form a random composition, providing similar
reactivity ratios of the two monomensPrOx and EtOx. Indeed,
from the composition analysis Byt NMR spectrometry of the

and 75%:25% were characterized by the time-dependent changeespective copolymer samplings (monomer conversions: ca.

in the DP and PDI via the MALD+TOF mass and GPC traces,

20—40%) plotted in Figure 6, the reactivity ratios of the

as seen in Figures 6 and 7. Regardless of the comonomer ratiaespective monomers were calculated torlgox = 1.28 and
in the feed, the experimental degree of polymerization (DP from rgiox = 1.04 using the nonlinear TidwetMortimer (TM)
MALDI —TOF mass spectrometry) of the respective copolymers method'® This similarity in the reactivity ratios of two

was close to the predicted value from the initial monomer/
initiator ratio (DRacqg = 88.4) and their molecular weight

monomers indicates that bothPrOx and EtOx should be
introduced into the copolymer backbone at almost an equal rate.

distributions were quite narrow (Figure 6). The GPC traces of Because of the simultaneous initiation and uniform propagation
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a a a a good coincidence with the result of the GPC trace. The
g HsCHNCHzCHzHNCHzCHzH—OH A. PnPrOx;4EtOxosy; MALDI —TOF mass spectrometry thus provided quantitative
=0 =0 B. PnPrOx;s«EtOxssy information about the sequence and composition present in the
CHy b CHy e copolymer when compared to the theoretical mass values and
[ | C. PnPrOx;;EtOxspo; . . . e . .
CHy ¢ CHs f relative intensities for a specific copolymer with the experi-
CHy d D. PoPrOx7s,EtOxz5 mental mass spectrufi. The series of all the copolymer
samplings with the chain lengths below &4, = 10 000 could
Solv. a provide comparatively clearer mass spectra, and the enlarged
\ mass spectrum of fPrOXuEtOXs0, Sampled after 17 h was
selected for a detailed analysis of copolymer composition and
sequence distribution (Figure 10). All the peaks shown in the
D | 1:n=70%:30% mass spectrum of Figure 10 were assigned to copolymers
comprised of thenPrOx and EtOx monomer units with both
methyl groups at ther-terminals and hydroxyl groups at the
C JL L n = 53% : 47% w-terminals. The calcu!ated mass .of each copolymer was
expressed by the following equation:

HzO
B 1:n=32%: ss%JUUU
A | 1:n=9%:91% JUU\J

| BB B
8 7 G 5 4 3

= A[nPrOx]l + A[EtOx]n + [a-methyl and
w-hydroxyl groupsH- [Na']

(Massaic{m/2); the calculated mass of a copolymer with the
degree of polymerization nearest to the measured value,

) ) A[nPrOx] (or A[EtOX]); the mass of the monomer unit, [Nia
Figure 8. H NMR spectra for the final products of the four random

the mass of sodium ion.) The detailed peak assignments are
gﬂ%ogg\;sor;ggggﬁt%@g%a P;tO;@gJ@I(E:t-Oxm, PIPrOXoEtO%e, summarized in Table 3 in which Masg is the experimental

mass value of the most and second intense signals among the
1 respective homologue series in the mass region of $2000.
For instance, the strongest signal (Mass—= 1554.36) and
second most intense signal (Mags= 1540.12) in the mass
region of 1506-1600 almost agreed with the calculated mass
A A values of the two corresponding copolymers as shown below.

/d
L
U IVlas%alcd [nPrOX] mers+ [EtOX]n mers

0.8 1

061 u [NPrOX}_mers T+ [EtOX]g_mers= 113.158x 8 + 99.13x

-------- 6 + 32.042+ 22.99= 1555.08

0.4 1 [NPIOX],_ers+ [E1OX],_ere= 113.158x 7 + 99.13x
7+ 32.042+ 22.99= 1541.05

Fcum,nPrOx

0.2 _
Similar results for the other three random copolymer&(®xy-

'S 'S ¢ EtOXos, PNPrOX%syEtOx7s%, and MPrOxsEtOXosye) With
o I — I different monomer ratios in the feed were also confirmed by
0 02 0.4 0.6 0.8 1 MALDI —TOF mass spectrometry (data not shown).
Determination of the Cloud Points (T¢). The measurement

Normalized chain length of a 10% decrease point in optical transmittance, defined here

. . " as the cloud pointsTg), was adapted to determine the lower
Figure 9. Cumulative (Eumprroy) composition plots for random o, . .
copolymers. The theoretical prediction curves (dotted) were calculated fifical solution temperature (LCST) of a polymer solution.

using the simulation program PROCBRPNPrO»yEtOXm, (¢), Figure 11a showed the dependence of the turbidity on the
PnPrOxs,EtOx7sy, (@), PNPrOXsoEtOXs0x, (M), and MPrOxsEtOxsy, increasing temperature for the (co)polymer solutions with the
(a))- different compositions betweePrOx andPrOx. The transmit-

tance sharply decreased at a specific temperature in phosphate-

kinetics in this living system as known from the extremely low pyffered solution (10 mM PBS (pH 7.4)), indicating a sharp
polydispersity indices, each polymer chain should exhibit a LCST-type phase transition. The LCST values of®Ox-grad-
similar composition ratio ofiPrOx and EtOx along the backbone iPrOx) were found to linearly decrease with the increasing
from the a-terminal to activew-chain end. The cumulative  mole% ofnPrOx (1), from 38.7°C atl = 0% to 23.8°C atl =
composition plots (Fumpproy) Vs the normalized chain length 1009 for a 1.0 wt % polymer solution (Figure 11b). Regardless
were obtained for the four copolymerizations with different f the nPrOx toiPrOXx ratio, an exceedingly clear sensitivity of
initial molar ratios ofnPrOx and EtOx in the feed (Figure 9). e phase separation was observed in all cases (Table 1).
According to the experimental plots, the shape of the obtained Although PAPrOxgrad-iPrOx) has a compositional gradient
random copolymers almost followed the theoretical curves using along the copolymer strand, a notable point to emphasize about
Fnprox = 1.28 andriprox = 1.0418 this turbidimetric result is that the observed transition behavior

In addition, a series of MALD+TOF mass spectra for  was appreciably sharp and simply connected to the composition
PnPrOxsmEtOxsan, Which were sampled at different polymer-  ratio of both monomers in the copolymers. Of special interest
ization times, were obtained as shown in Figure 10, showing a was the RPrOx homopolymer independently exhibiting a sharp
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Figure 10. MALDI —TOF mass spectra of random copolymer samples comprigti@xq, and EtOxn, after 17, 45, and 234 h (upper), and
enlarged detail in the mass region of #®bOO0 for the first sampling MPrOxm:EtOXs0n, after 17 h (lower).

Table 3. Assignment of MALDI-TOF Mass Spectral Peaks Shown in Figure 10

mass,

mMass.,

MAss o

assignment

exp

MASS

assignment

1213.92

1215.60

a. [nProx]5mﬂ's+ [EtOX]G-mﬂ‘S

1227.96

1229.63

b. [TIPI'OX]G mers + [E‘tO\IS mers

1327.49

1328.76

C. [nP.Ox]6-nlers+ [Etoxlﬁ-mﬂ's

1341.52

1342.79

d. [nPrOxX]7mers T [EtOX] 5 mers

1455.19

1455.95

f' [nPrOxls-mers + [EtOX]S-mﬂ's

1440.96

1441.92

€. [ﬂPr()x]-; mers + [El()\lﬁ niers

1540.12

1541.05

g [nPrOXIT—mrs + [Etoxl T-mers

1554.36

1555.08

h. [n]]roxlﬂ-rm‘rs + [EtO‘]ﬁ-rm‘rs

1667.71

1668.23

j‘ [nPrOX]9-n|ers+ [EtOX]G-mﬂ's

1653.53

1654.21

i' [TIPI‘OX]S mers + [l“to\l" mers

1752.64

1753.34

k. [nPrOX]S-mﬂ's + [EtOX]S-mers

1766.76

1767.36

L [TIPI‘OX]g mers + [l“to\l" mers

1880.17

1880.522pm. [nPrOX]1g.mers T [EtOX]7.merg

1865.95

1866.49

n. [0PrOXJo.mers + [E£OX]5.mers

of PNNnPAAmM than PNiPAAm is ascribed to a reduced solvent
accessible area of the lineapropyl group against the branched

LCST behavior near room temperature. The LCST (Z2&8
of PnPrOx with a more hydrophobic 8propyl side group was
lower by a large margin compared to that {65 °C) of the isopropy! grou°

PEtOx high polymers, but almost constant regardless of the Similarly, Figure 12a shows the dependence of the turbidity
increasing molecular weight and concentration (data not shown).on the increasing temperature for the (co)polymer solutions with
In addition, the LCST of RPrOx was also lower than that the different compositions betweemPrOx and EtOx. The
(38.7 °C) of PPrOx, a chemical isomer of iPrOx. This transmittance sharply decreased at a specific temperature in
difference in LCST A = 14.9°C) between RPrOx and HPrOx phosphate-buffered solution (10 mM PBS (pH7.4)). The
could be explained by the similar trend between PNIiPAAmM and LCST values of R{PrOx+an-EtOx) increased linearly with
poly(N-n-propylacrylamide) (PNnPAAm), viz., the lower LCST  decreasing the content aPrOx to 32 mol % from 23.8C at
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Figure 11. (a) Transmittance changes at 500 nm of 1.0 wt % gradient
(co)polymer solutions ({f#PrOx (@), PNPrOsyi PrOXsy, (@), PnPrOxs- ] )
PrOXo (A), PNPrOxsiPrOxs; (M), and RPrOx (x)) as a function Figure 12. (a) Transmittance changes at 500 nm of 1.0 wt % random
of temperature (10 mM PBS (pl= 7.4); rate, 0.5°C/min). (b) (co)polymer solutions (#PrOx (@), PnPrOXEtOXesy (@), PNPrOxs;:-
Relationship between cloud poirii.§) and composition in the RPrOx- EtOxrs (a), PNPrOXoEtOXm, (M), PNPrOXsEtOxsy (X)) as a
grad-iPrOx) (co)polymers. function of temperature (10 mM PBS (pH 7.4); rate, 0.5°C/min).

(b) Relationship between cloud pointcf) and composition in the
| = 100% to 50.6°C atl = 32% for a 1.0 wt % polymer P(PrOx+an-EtOx) (co)polymers.

solution, but progressively increased in the region below

Mol% of 2-n-propyl-2-oxazoline (nPrOx)

32% approaching to 75.1C at| = 9% (Figure 12b). No practical rule correlated to the molar ratio of both monomers.
observable change in the transmittance appeared in the case dPetailed solution behaviors of these gradient and random
a 100% PEtOx homopolymeiM gpc = 8000, My tor-ms = copolymers including the®rOx homopolymer should be an

8300) as previously describ&dRegardless of thePrOx to EtOx important topic for further study to understand their fundamental

ratio, an exceedingly clear sensitivity of the phase separation molecular dynamics related to temperature changes, but we
was observed with the increasing temperature in all casesrecall that the present study focused on the well-defined Ox
(Table 2). polymerization as a convenient synthetic route to selectively
It may be reasonable to assume that the LCST property of obtain the gradient or random copolymers with finely tuned
such a gradient copolymer asP¢Ox-grad-iPrOx) may become LCSTs.
more complicated than RIPrOx+an-EtOx) with a simple .
random composition, due to the possible formation of a micelle- Conclusions
like molecular association derived from a deviating amphiphi-  This study established the facile and selective synthetic route
licity along the polymer strand. Thus,irOx+an-EtOx) could of thermosensitive POx gradient or random copolymers via the
be ideal for a wide range of LCST tunings rather thamAPQx- living cationic process betweemPrOx andiPrOx (or EtOx).
grad-iPrOx), unless there is a specific application to target the The respective monomer reactivity ratios were found to be 3.15
gradient copolymer. Nevertheless, the static light scattering and 0.57 fonPrOx andPrOx, respectively, sufficiently different
(SLS) measurements of ®m¥rOxgrad-iPrOx) with varying to form the gradient copolymersi®rOx-grad-iPrOx), and 1.28
temperatures provided no obvious evidence of the multimo- and 1.04 fonPrOx and EtOx, respectively, appropriate to obtain
lecular association such as micelle structures, as in ifRe®X- the random copolymers RRrOx+an-EtOx). Turbidity measure-
grad-EtOx) system (data not shown). Although we may not ments revealed that the LCST of both the gradient and random
exclude the possibility of different hydration states between the copolymers could be precisely tuned over a broad range of
gradient and random copolymers below the LCST due to the temperatures by varying the molar ratio of the two Ox
distinct structure and composition of the two monomers monomers. This methodology of copolymerizing a variety of
incorporated in the respective copolymer strand, the turbidi- Ox monomers with different hydrophobic and hydrophilic
metric behaviors of both copolymers followed a simple and balances, apparently lead to the systematic preparation of a series
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of well-defined gradient and random POx copolymers with

finely tuned LCSTs. Most of all, PPrOx+an-EtOx) with a

simple random sequence in the backbone showed a rapid and
modulated response to the temperature change from 23.8 to

Thermosensitivity of Poly(2-alkyl-2-oxazoline)s3609

(5) (a) Yoshida, R.; Sakai, T.; Okano, T.; Sakurai, Y.; Bae, Y. H.; Kim,
S. W.J. Biomater. Sci. Polym. EA99], 3, 155. (b) Cammas, S.;
Suzuki, K.; Sone, Y.; Kakurai, Y.; Kataoka, K.; Okano, 7.
Controlled Releasel997, 48, 157. (c) Kono, K.Adv. Drug. Deliv.
Rev. 2001, 53, 307.

75.1°C, considered the most ideal system for tuning the LCST (6) (&) Park, J. S.; Akiyama, Y.; Winnik, F. M.; Kataoka, Klacromol-

around the physiological condition. These POx (co)polymers

eculex2004 37, 6786. (b) Diab, C.; Akiyama, Y.; Kataoka, K.; Winnik,
F. M. Macromolecule004 37, 2556.

also have a promising use in biomedical applications, such as (7) (a) Heskins, M.; Guillet, J. EJ. Macromol. Sci. Chenl968 A2,

the preparation of thermosensitive bioconjugates and drug
delivery systems via the synthesis of biofunctional block or graft ®

copolymers.
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