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ABSTRACT: The lower critical solution temperature (LCST) of amphiphilic poly(2-isopropyl-2-oxazoline)
(PiPrOx) was precisely tuned via the copolymerization with 2-ethyl-2-oxazoline (EtOx) as a hydrophilic
comonomer. The copolymerization was cationically initiated by metkigisylate at the optimum condition (42

°C in acetonitrile) for living polymerization, obtaining the copolymers with a narrow molecular weight distribution
(My/M, = 1.02). The monomer reactivity ratios of 1.78 and 0.79 respectively were derived for EtOR@

from the cumulative and instantaneous compositions of the copolymers determined fighiNiR and MALDI-

TOF mass spectrometry. This set of the reactivity ratios are sufficiently different enough to form the gradient
copolymers, in which each polymer chain has a trend of a gradually decreasing EtOx and an inéR¥&»ing
composition along the backbone from theterminal tow-chain end. These gradient copolymers followed a
rather simple rule in their thermosensitive behaviors to show a linear increase in LCST with an increasing mol
% of EtOx. Consequently, a series of P(Et@xPrOx) with finely tuned LCST in aqueous medium were obtained
through the cationic copolymerization simply by varying the initial composition of both monomers, opening a
new way to engineer the thermosensitivity of polymeric materials directing to particular applications.

Introduction 1.03), having never been accomplished in those of the conven-
tional poly(2-oxazolines) (POx) homologues often viewed as
“pseudopeptides’. Of importance is that iPrOx exhibits a
characteristic lower critical solution temperature (LCST) near
physiological conditions, like poly-isopropylacrylamide)
(PNIPAAmM) 8 the typical representative of the thermosensitive
polymers with numerous applications. The notable transition
behaviors of BPrOx, characterized by a fast responsivity, viz.,
transition sharpness, could be achieved by the precise control
of the well-defined polymeric structures through the living
polymerization mechanism. It should be also noted that POX,
as a rule, are nontoxic and that some of them carry US Food
and Drug Administration (FDA) approvél.

Recently, enormous attention has been paid to so-called
“smart” polymeric materials showing a discrete change in their
propensity responding to external physical and chemical stimuli,
including light, temperature, pH, and magnetic and electric
fields. Of special interest is temperature-responsive polymers
useful for various practical applications, such as supports for
catalysts, sensorg, separation systenfsenzymatic bioconju-
gatest and drug carrier3Drastic changes in solubility, turbidity,
and other physicochemical properties of thermosensitive poly-
mers can be simply induced by adding or removing heat energy,
and such feasibility is particularly important to design “smart”
polymeric materials that instantly respond to the external stimuli. ) )
Careful engineering of polymer structure should be needed for I the meantime, the LCST ofiPrOx can be controlled by
the fine-tuning of responding temperature as well as sharpnesdncorporating the specific composition of hydrophilic or hy-
of transition. Furthermore, additional functionalization in a drophobic 2-oxazoline monomer units within the main chains,
controllable manner may be required for some applications as in the case of conventional thermosensitive polyrifefs.
directing to construct thermosensitive block or graft copolymers, Number of recent studies have shown that thermosensitive

which have received growing interest particularly in bio-related Copolymers from different monomers are simply synthesized
fields. by the living ionic or controlled/living radical polymerization

technique, and these copolymers with well-balanced hydrophilic/
hydrophobic monomer sequences are attractive to realize the
elaborate manipulability of their LCST valu&sNevertheless,

little attention has been paid to the living cationic copolymer-
ization between 2-isopropyl-2-oxazoliné®?(Ox) and various
hydrophilic/hydrophobic 2-substituted-2-oxazolines (Ox). Al-
though there are several examples of copolymers composed of
some Ox sequences includiigrOx 12 the study on the LCST

In this regard, we have been recently focusing on the
guantitative polymerization and selective end-functionalization
of thermosensitive poly(2-isopropyl-2-oxazoline)RFOx) tele-
chelics® The polymerization proceeded in a good controlled
manner under an optimum temperature condition°@gwith
appreciably narrow molecular weight distributioMd (M, <

lGraduate School of Engineering. control of POx through the well-defined cationic copolymeri-
Graduate School of Medicine. zation ofiPrOx with either the hydrophilic or hydrophobic Ox
§ Center for NanoBio Integration. .
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Fax +81-3-5841-7139; e-mail kataoka@bmw.t.u-tokyo.ac.jp. various hydrophilic and hydrophobic Ox monomers, it is
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Scheme 1. Synthetic Scheme for the Gradient Copolymerization
of 2-Ethyl-2-oxazoline (EtOx) and 2-Isopropyl-2-oxazoline
(iPrOx) Initiated with Methyl p-Tosylate
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Laboratories, Ltd., UK). The mass measurements were performed
using a MALDI-TOF mass spectrometer (Bruker REFLEX 1),
operating at an acceleration voltage of 23 kV in the reflection mode.
The UV—vis spectra were obtained using a V-550 UV/vis JASCO
spectrophotometer.

Synthesis of Poly(2-isopropyl-2-oxazoline) ({PrOx) Having
a Hydroxyl Group at the w-Terminal End. 2-lIsopropyl-2-
oxazoline {PrOx) (10 g, 88.4 mmol) was added via a syringe to a
solution of methylp-tosylate (MeOTs) (0.186 g, 1.0 mmol) in
acetonitrile (30 mL). The polymerization mixture was stirred at 42
°C for 476.5 h under an argon atmosphere. The mixture was cooled
to room temperature and treated with methanolic NaOH (1 M) to
introduce a hydroxyl group at one of the chain ends. The solution
of Me-PIPrOx-OH was purified via dialysis for 2 days against
distilled water and then recovered by lyophilization. Six samples
were collected during the course of the polymerization. They were
subjected to the same treatment above and analyzed by a MALDI-
TOF mass spectrometer in order to determine the conversion yield
(total yields: 9 g, 90%).

relatively easy to select the appropriate comonomer for varying  Synthesis of Poly(2-ethyl-2-oxazoline) (PEtOx) Having a

the solubility of RPrOx in water. However, careful consideration
should also be taken into account for the diversity of the
copolymerization conditions, derived from the many combina-

Hydroxyl Group at the w-Terminal End. 2-Ethyl-2-oxazoline
(EtOx) (8.763 g, 88.4 mmol) was added via a syringe to a solution
of MeOTs (0.186 g, 1.0 mmol) in acetonitrile (30 mL). The

tions among initiators, solvents, and temperatures vs the polymerization mixture was stirred at £4Z for 315 h under an

respective Ox monomers. It has been also noted that, in the

controlled living copolymerization system of two monomers
with sufficiently different reactivity ratios, a gradient copolymer,

argon atmosphere. The mixture was then cooled to room temper-
ature and treated with methanolic NaOH (1 M) to introduce a
hydroxyl group at one of the chain ends. The solution of Me-PEtOXx-
OH was purified via dialysis for 2 days against distilled water and

in which the instantaneous composition continuously varies then recovered by Iyophilization. Four samples were collected
along the chain contour, could be predominantly produced due during the course of the polymerization. They were subjected to
to the feed composition drift that spontaneously occurs during the same treatment described above and analyzed using a MALDI-
the reactiort® Therefore, it was hypothesized that the choice TOF mass spectrometer in order to determine the conversion yield

of the appropriate hydrophilic or hydrophobic Ox comonomer
exhibiting a sufficiently different reactivity against therOx
monomer may create thermosensitive gradient copolymers.

In the present study, we report the facile and precise synthetic

route of thermosensitive gradient copolymers via the living
cationic polymerization ofPrOx, including the specific com-
position of EtOx as a hydrophilic comonomer (Scheme 1). It
was confirmed from theéH NMR and MALDI-TOF mass
spectrometry that EtOx an&rOx were found to have reactivity
ratios sufficiently different from gradient copolymers under mild
temperature conditions (4Z). Furthermore, these POXx gradient

(total yields: 8.3 g, 95%).

Synthesis of Gradient Copolymers (P(EtOxsoiPrOX7s0),
P(EtOxXs091 PrOXs00), P(EtOX7500i PrOX2s0,)) Having a Hydroxyl
Group at the w-Terminal End. The respective mixtures of 2-ethyl-
2-oxazoline (EtOxso: 2.19 g, 22.1 mmol; EtOx.; 4.38 g, 44.2
mmol; EtO%sy, 6.57 g, 66.3 mmol) and 2-isopropyl-2-oxazoline
(iPrOxse 7.5 g, 66.3 mmol;iPrOxgs 5 g, 44.2 mmol;iP-
rOXzs0s 2.5 @, 22.1 mmol) were added to a solution of MeOTs
(0.186 g, 1.0 mmol) in acetonitrile (30 mL). The polymerization
mixture was stirred at 42C for 309.5 h (P(EtOx.d PrOx:sey)),
407 h (P(EtOxuyd PrOx0s)), and 288 h (P(EtOxi PrOxse)) under
an argon atmosphere. The reaction mixtures were cooled to room

copolymers showed a rapid and linear response to temperaturdeémperature and then treated with methanolic NaOH (1 M) to

change from 38.7 to 67.3C.

Experimental Section
Materials. 2-Isopropyl-2-oxaxoline was synthesized from isobu-

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

tyric acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and described above and analyzed by MALDI-TOF mass #h8IMR
2-aminoethanol (Wako Pure Chemical Industries) as previously spectrometers in order to determine the conversion yield and

described:'* Methyl p-tosylate (Tokyo Kasei Kogyo Co., Ltd.,
Tokyo, Japan) was distilled from calcium hydride under reduced
pressure. 2-Ethyl-2-oxaxoline (Aldrich Chemical Co., Ltd., Mil-

waukee, WI) and acetonitrile (Wako Pure Chemical Industries) were

distilled from calcium hydride following conventional procedutes.
Other chemicals such asehl N NaOH aqueous solution and

composition of the copolymers (total yields: 8.4 g, 87% (P(E&x
PrOxsw), 8.5 0, 91% (P(EtOxePrOxoy), 7.7 g, 85%
(P(EtOX 594 PrOxsos).

MALDI-TOF Mass Spectrometry. An external calibration was
performed using poly(ethylene glycol) standards (MeO-PEG-OH,;
MW = 5000, 12 000, NOF Corp). lons were generated by laser

methanol were purchased from Wako Pure Chemical Industries anddesorption at 337 nm (Naser, 3 ns pulse width, $810" W/cn).

used without further purification.

Techniques.TheH NMR spectra were recorded using a JEOL
EX 300 spectrometer at 300 MHz. The chemical shifts were
reported in parts per million (ppm) downfield from tetramethyl-
silane. The molecular weights and molecular weight distributions
were determined using a GPC (TOSOH HLC-8220) system
equipped with two TSK gel columns (G400Qkland G3000HR)
and an internal refractive index (RI) detector. The columns were
eluted with DMF containing lithium bromide (10 mM) and
triethylamine (30 mM) at the flow rate of 0.8 mL/min and were
maintained at a temperature of 40. The molecular weights were

For each spectrun;-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. o-Cyano-4-hydroxycinnamic acid (CCA) (Fluka) was selected
as a suitable matrix. A trifluoroacetic acid/acetonitrile (0.1% TFA:
CH3;CN = 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 (luL) was placed on the target plate and
inserted into the ion source chamber after being slowly dried. The

calibrated using poly(ethylene glycol) (PEG) standards (Polymer polymer concentration of the polymer/matrix mixture solution CO&'BV
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Figure 1. GPC diagrams of iPrOx (DRneo = 88.4) synthesized under different temperature conditions (PEG standard, eluent: DMF (containing
10 mM LiCl and 30 mM TEA), temperature: 4T, RI detection).

Table 1. Copolymerization Results ofiPrOx with EtOx at Different Feed Composition? and Their T, Values

Mn (Mw/Mp)
feed ratio (EtOXPrOx) yield (%) MALDI-TOF-MS GPC m:nd Tep® (°C) (with 150 mM NaCl)
100:0 95 8300 (1.01) 8000 (1.02) 100:0
25:75 87 8700 (1.01) 9300 (1.02) 22:78 67.3 (65.4)
50:50 91 9300 (1.01) 9300 (1.02) 48:52 55.2 (54.0)
75:25 85 9100 (1.01) 9300 (1.02) 73:27 46.0 (45.1)
0:100 90 10200 (1.01) 9700 (1.02) 0:100 38.7 (37.4)

aReaction conditions: ([EtOx} [iPrOx])/[MeOTs]nit = 88.4, [MeOTs}i/[CH3CN]sov = 0.033 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 reflector mfod®F (10 mM LiCl and 30 mM
TEA), 40 °C, RI detection? Determined by'H NMR spectroscopy for the final copolymer products (monomer compositior: [EtOXx], n = [iPrOx]).

€ Measured by UV-vis spectroscopyc(= 1.0 wt %).

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 transmitteinee (
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. Values for the cloud points
of the polymer solutions were determined as the temperature
corresponding to a 10% decrease in optical transmittance.

Results and Discussion

Synthesis of Homopolymers.Prior to the synthesis of
copolymers, the respective polymerization behaviors of both the
PiPrOx and PEtOx homopolymers needed to be screened in
order to gain the kinetic information under the identical reaction
conditions.

As far as the polymerization oPrOx initiated with methyl
p-tosylate (MeOTSs) in acetonitrile, the mild temperature condi-
tion should be adapted for avoiding the spontaneously occurring
side reactions such as chain transfer and coupling, resulting in
wide molecular weight distributions (Figure 1). There has been
an argument that the branching in 2-alkyl-2-oxazoline polym-
erization is susceptible to occur with the increasing monomer
conversion, deriving from a chain transfer to monomer followed
by repolymerization and coupling.This effect was visible in

@
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the GPC traces of Figure 1 as a lower molecular weight tailing Figure 2. GPC traces of two homopolymers ((a)PPOx and (b)
and a higher molecular weight shoulder, even notable with PEtOX) having different molecular weights (PEG standard, eluent:

increasing temperature. In particular, at polymerization tem-
perature of 85C, the higher molecular weight shoulder on the

DMF (containing 10 mM LiCl and 30 mM TEA), temperature: 20,
RI detection).

GPC diagram become pronounced, which is most likely due to reactive oxazoline monomer is exhausted, the terminal enamine
the occurrence of a coupling or branching. In the chain transfer end groups on the dormant chains are able to compete for the
step, a monomer, instead of adding nucleophilically to the oxazolinium chain ends. Each of these couplings produces a
growing chain end, abstracts a proton to produce a dormantbranch point and regenerates another oxazolinium end group.
enamine-terminated polymer chain and an oxazolinium mono- The evidence of these side reactions was often observed as both
mer which can continue the kinetic chain. In the coupling (or lower molecular weight tailings and higher molecular weight

branching) step, after the majority of the presumably more shoulders in the GPC traces oiFPOx, so that the miI%DV
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Figure 3. MALDI-TOF mass spectrum ab-hydroxyl-terminated PEtOx after 315 h (left) and its expanded spectrum in the region of 8330
(right).
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Figure 4. Degree of polymerization (DP) (closed symbols) and e,

polydispersity index (PDI) (open symbols), obtained from MALDI-
TOF mass spectrometry, against reaction time for two homopolymers
(PiPrOx (@, ©) and PEtOx @, O)) and three gradient copolymers
(P(EtO%s50d PrOxse) (4, 2), P(EtO¥%00d PrOx009) (M, O0), and P(EtOxsod
PI’O)Qs%) (*, +))
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temperature of 42C was found to be a key condition factor to
have complete control over the side reactions (Figure 1).

Based on the results described above, the cationic ring-
opening polymerization aPrOXx initiated with MeOTs was done (c)
to obtain the well-defined poly(2-isopropyl-2-oxazoline) carrying
a hydroxyl group at one end (MafOx-OH). Under mild
temperature conditions (4Z), the polymerization had to be
left to proceed for lengths of time up to ca. 476.5 h, but no
noticeable side reactions occurred. It was ascertained from the
GPC diagrams (Figure 2a) and MALDI-TOF mass spectra
(Figure Slag in the Supporting Information) that the time-
dependent change in the number-average molecular wéight ( R N
and the molecular weight distribution were consistent with the 15 1 17 18 18 2 2 o2
living polymerization process; the polydispersity index was low Elution Volume [mL]

(PDIgpc=1.02, PDlror-ms = 1.01), and the experimentsl, Figure 5. GPCtraces ofthree gradient copolymers ((a) P(E#RrOxso),
value Mnepc= 9700,Mn1or-ms = 10 200) was close to the  (b) P(EtOx%0.iPrOxoy), and (c) P(EtOxs.iPrOxss) having different
value predicted from the initial monomer/initiator ratid{caic molecular weights (PEG standard, eluent: DMF (containing 10 mM
= 10 000) (Table 1). An end-group analysis of the polymer was LiCl and 30 mM TEA), temperature: 4TC, RI detection).

also performed from the MALDI-TOF mass spectrum recorded  The polymerization of Me-PEtOx-OH (8.763 g, 88.4 mmol)
for a Me-RPrOx-OH after 476.5 h (Figure S1g in the Supporting was also done under the synthetic conditions similar to that of
Information). The most intense signal can be assigned to the Me-PPrOx-OH with the initiation of methyp-tosylate (MeOTs)
sodium adduct of Me4fPrOx-OH, while the second most intense (0.186 g, 1.0 mmol) in acetonitrile (30 mL) under mild
signal is due to the potassium adduct of M&@®x-OH. temperature conditions (4Z), followed by the treatment Wit?ﬁDV
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Figure 6. 'H NMR spectra for the final products of three gradient (b)
copolymers (P(EtOs%y PrOxse), P(EtO%0sd PrOxs00), and P(EtOxsl
PrOxsqy)) in CDCl; at 25°C. 1
methanolic NaOH (1 M) for introducing a hydroxyb-end
group. Under this condition, the polymerization should be left o | T A
to proceed for ca. 315 h, but no noticeable side reactions AL
occurred, as in the system of MéHPOX-OH. It was confirmed - A
from the GPC diagrams (Figure 2b) and MALDI-TOF mass % 06 b [ | .,
spectra (Figure S2&d) in the Supporting Information and Figure g R [ A
3) that the polydispersity indices of all the sampling polymers o 5
including the final product were below 1.03, and the experi- é .n
mental M, value Mncpc = 8000, Mn1orms = 8300) was 041
almost identical to the value predicted from the initial monomer/ |77 o n
initiator ratio (M, caic= 8800) (Table 1). The end-group analysis . -
of the Me-PEtOx-OH was also done using the MALDI-TOF 02 ® .o
mass spectrum recorded after 315 h (Figure 3). The most intense
signal can be assigned to the sodium adduct of Me-PEtOx-OH,
while the second most intense signal is due to the lithium adduct 0 , ,
of Me-PEtOx-OH. The'H NMR spectrum of Me-PEtOx-OH 0 0.2 04 0.6 0.8 1

in CDCI; presented a broad singlet at 3.4 ppm attributed to the . .
methylene protons of the polymer backbone, two broad singlets Normalized chain length
at 2.1-2.4 ppm, ascribed to methylene protons of the ethyl side Figure 7. (a) Cumulative Ecum e0) and (b) instantaneousis: oy

chain and a broad singlet at 1.0 ppm due to the side chain methylCOmposition plots for spontaneous gradient copolymers. The theoretical
prediction curves (dotted) were calculated using the simulation program

protons (Figure S3). To the best of our knowledge, this is the pROCORY (P(EtOxsiPrO%s:) (@), P(EtO%0miPrO%os) (M), and
first demonstration of polymerizing an extremely monodisper- P(EtOxsyiPrOxsy) (a)).

sive PEtOx homopolymerdA,/M, < 1.02) without inadvertent

side reactions such as chain transfer and coupfingften 4.38 g, 44.2 mmol; EtOx%s 6.57 g, 66.3 mmol) and 2-iso-

observed during the synthesis of conventional PEtOx systemspropyl-2-oxazoline iPrOxsso; 7.5 g, 66.3 mmoljPrOxsow 5

under high-temperature conditiokfs. g, 44.2 mmol;iPrOxse: 2.5 g, 22.1 mmol) were added to a
The time-dependent monomer conversion obtained from the solution of MeOTs (0.186 g, 1.0 mmol) in acetonitrile (30 mL)

MALDI-TOF mass spectrometry for the respective polymeriza- and polymerized at 42C, as in the case of the two homopoly-

tions of bothiPrOx and EtOx is also depicted in Figure 4, mers (PEtOx and iPrOx). The synthesis results of three

whereby the degree of polymerization (DP) was positioned at copolymers (P(EtOxoiPrOx:se), P(EtO%00d PrOxsoe), and

the left ordinate and the polydispersity index (PDN}(M,,) at P(EtO%s50d PrOxsy)) including two homopolymers with the

the right ordinate. From the time-dependent DP and PDI changessame initial monomer/initiator ratio (R = 88.4) are sum-

of the two respective homopolymers, it was obvious that the marized in Table 1. The polymerization behaviors of the

polymerization rate of EtOx®) was somewhat faster than that copolymers with the initial EtOx anidPrOx molar ratios of 25%:

of iPrOx (®) at 42°C. 75%, 50%:50%, and 75%:25% were characterized by the time-
Synthesis of Gradient Copolymersin view of the synthesis  dependent change in the DP and PDI via the MALDI-TOF mass

result of the two homopolymers described above, we plannedand GPC traces, as seen in Figure 4. Regardless of the

to next synthesize a series of copolymers comprising EtOx andcomonomer ratio in the feed, the experimental degree of

iPrOx in order to explore the hydrophilic contribution of EtOx polymerization (DP from MALDI-TOF mass spectrometry) of

on the LCST of PPrOx (Scheme 1). The respective mixtures the respective copolymers was close to the predicted value from

of 2-ethyl-2-oxazoline (EtOx%. 2.19 g, 22.1 mmol; EtOxos the initial monomer/initiator ratio (DR. = 88.4) and theirCDV
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Figure 8. MALDI-TOF mass spectra of gradient copolymer samples comprising di£and iPrOxoy, after 24, 44, and 407 h, respectively
(upper), and enlarged detail in the mass region of 3300 for the first sampling P(EtQxdPrOxo%) after 24 h (lower).
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molecular weight distributions were appreciably narrow in all reactivity ratios can be measured at low conversioog. 10%)
cases (Figure 4). The GPC traces of the three copolymers withwith different monomer feeds, in the living process high polymer
different monomer ratios in the feed (P(Et#gyPrOxsy), is not formed immediately in the reaction. Besides, measure-
P(EtOx%0ud PrOxso00), and P(EtOxswd PrOxsq)), wWhich were ments at such a low conversion could be also affected by the
sampled at different polymerization times, also showed an different reactivity of the initiator against a specific monomer.
increase in the molar mass with time and symmetrical mono- For this reason, the reactivity ratios should be calculated at
modal peaks, as shown in Figure -5a In addition, the comparatively higher monomer conversions (20% or higke#).
compositions of the final copolymer products determined by As far as the polymerization of 2-oxazolines is concerned, it is
IH NMR spectrometry were in good agreement with the also well-known that the initial polymerization rate can be
calculated values from the feed ratio of both monomers, different from the terminal polymerization rat&so that we
indicating their quantitative conversion into the respective selected monomer conversions of ca. 2890% as a reasonable
copolymers (Figure 6 and Table 1). interval in this living system. This difference in the reactivity
In this living polymerization system, copolymers are expected ratios of two monomers indicates that EtOx should initially be
to have a gradient composition, providing sufficiently different consumed much faster thaRrOx. However, because of the
reactivity ratios of the two monomers, EtOx aiftOx. Indeed, decreasing concentration of the former in the residual feed, the
from the composition analysis B NMR spectrometry of the  rate of its incorporation into the polymer chain also decreased.
respective copolymer samplings (monomer conversions: ca.This resulted in an increased instantaneous incorporation of
20%—40%) plotted in Figure 4, the reactivity ratios of the iPrOx into the copolymer as the reaction progressed and
respective monomers were calculated torpex = 1.78 and ultimately in the formation of aiPrOx-rich chain end. Because
riprox = 0.79 through the nonlinear TidwelMortimer (TM) of the simultaneous initiation and uniform propagation kinetics
method, showing the most reasonable result among the well-in this living system as known from the appreciably low
established calculation methods for the further composition polydispersity indicesNlw/M, < 1.02), each polymer chain
analysis of the copolymers (For the details on the determination should display a similar trend of a gradually decreasing EtOx
of the reactivity ratios, see Tables S1 and S2 in the Supporting and an increasingPrOx composition along the backbone from
Information.) While in a conventional process the monomer the a-terminal to activew-chain end. The cumulative arElDV
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Assign. Mass_,. Mass@

a. [EtOx] .+ [{PrOx], . | 1754.270 | 1754.62

e m b. [EtOx], .+ [{PrOx], . | 1768.298 | 1768.65

L ¢. [EtOX] ) ey, + [(PYOX]y ., | 1782.326 | 1782.65

d g n d. [EtOx]yy .., + [PTOX], .. | 1796.354 | 1796.69

! k e. [EtOX]y, 1per, + [/PYOX]¢ ., | 1810.382 | 1810.73

o 0 f. [EtOX])) ey, + [PYOX] ., | 1824.410 | 1824.76

h g [EtOx],, ..+ [{PrOx], . | 1838.438 | 1838.79

ap i Pq h. [EtOx],_+ [{PrOx], . | 1852.466 | 1852.83
" _ ! i. [EtOx] g .., + [PrOx], .., | 1867.428 | 1867.84

‘ ‘ | | SRR l || | j. [EtOX] ¢ 1pep. + [{PTOX]y ., | 1881.456 | 1881.87

J LU ll\. \du L‘L U \'».. | lU L| H{L k. [EtOx]y .., + [{PTOX], . | 1895.484 | 1895.88

L [EtOX] 3 pere + [[PYOX]g e, | 1909.512 | 1909,92
m. [EtOx],, .. + [[PrOx], . | 1923.540 | 1923.95
n. [EtOx],, -+ [iPrOx], . | 1937.568 | 1937.99
0. [EtOX] g pers + [[PTOX]g 1y | 1951.596 | 1952.02
p. [EtOxly ..., + [[PTOx]y .., | 1965.624 | 1966.05
0. [EtOX]g e, + [IPTOX]y ;. | 1980.586 | 1981.07

Figure 9. Enlarged detail of MALDI-TOF mass spectrum in the region of 175090 (wz) for gradient copolymer sample comprising Et@x
andiPrOxoy after 24 h (left) and assignment of mass spectral peaks (right).

instantaneous composition plo&:{m etoxaNdFinst e10x respec- calculated mass of each copolymer is expressed by the following
tively) vs the normalized chain length were obtained for the equation:

three copolymerizations with different initial molar ratios of

EtOx andiPrOx in the feed (Figure 7). According to the plots, Masg,c = [EtOX] - merst [1PTOX],_mers

the shape of the obtained gradient copolymers closely followed _ .

the theoretical predictions usimgiox= 1.78 and'ip;ox= 0.792° = A[ELOX]y, + A[iPrOx], +

In particular, the plots of the instantaneous composition vs [a-methyl andw-hydroxyl groupsH- [Na']

normalized chain length showed the dependence of the gradient ) )
shapes on the initial feed composition. When the initial feed Where masgic(n2) is the calculated mass of a copolymer with
ratio of EtOx andiPrOx was varied from 75%:25% to 25%: degree of polymerization nearest the measured val[tOx]

75%, no significant continuous change in the instantaneous (O A[iPrOx]) is the mass of the monomer unit, and &
composition was observed, suggesting the gentle slope of theth® mass of a sodium ion. The detailed peak assignments are
gradient along the copolymer main chain. The feasibility of this Summarized in Table 2, where magss the experimental mass
type of methodology has been well-known to trace the composi- Valué of the most and second intense signals among the
tion drift of gradient copolymers in the example of atom transfer €SPective homologue series in the mass region of +2@00.

radical polymerization (ATRP) living systefd. For instance, the strongest signal (mass= 1810.73) and
second most intense signal (mags= 1824.76) in the mass

In addition, a series of MALDI-TOF mass spectra for yoqinn of 1750-1990 were in good agreement with the
P(EtO%04d PrOx0y), which were sampled at different polym- 5 jated mass values of the two corresponding copolymers,
erization times, were obtained as shown in Figure 8, showing as shown below.

a good coincidence with the results of the GPC traces. When

viewing the copolymers by mass spectra, the relative abundance{EtoX]1 o mers+ [IPTOXE_ o= 99.13x 12+ 113.158x

of all the copolymers with a defined chain length reflects the 5+ 32.042+ 22.99= 1810.382
information about the sequence and composition present in the

copolymer?! The MALDI-TOF mass spectrometry thus pro-  [EtOX];_mers+ [IPrOXk_pers= 99.13x 11+ 113.158x

vided a useful method to evaluate these two quantities with good 6 + 32.042+ 22.99= 1824.410
precision, comparing the theoretical mass values and relative

intensities for a specific copolymer with the experimental mass A more detailed assignment for all the mass spectral peaks in
spectrum. The series of all the copolymer samplings with the the region of 17561990 is also presented in Figure 9. Similar
chain lengths below cavl, = 10 000 could provide compara-  results for the other two gradient copolymers (P(BtgRrOx sy,
tively clearer mass spectra, and the enlarged mass spectrum ofind P(EtOxsed PrOxs0)) with different monomer ratios in the
P(EtOx%00d PrO%0o%) sampled after 24 h was selected for the feed were also confirmed by MALDI-TOF mass spectrometry
detailed analysis of copolymer composition and sequence (Figures S4ad and S5ad in the Supporting Information).
distribution (Figure 8). All the peaks shown in the mass In the case that the MALDI-TOF mass spectra were clearly
spectrum of Figure 8 were assigned to copolymers comprisedrecognized, the contour map exhibiting the numberRfOx

of the EtOx andPrOx monomer units with both methyl groups  units per chain on the abscissa and the number of EtOx units
at thea-terminals and hydroxyl groups at theterminals. The per chain on the ordinate could be obtained by 2D plots UEBQ/
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Thermosensitive Poly(2-isopropyl-2-oxazoline$629

Table 2. Assignment of MALDI-TOF Mass Spectral Peaks Shown in Figure 8

assignt massic massxp assignt massic massxp
[EtOX]g-merst [IPrOXk-mers 1300.704 1300.91 [EtO] mers+ [IPrOXk-mers 1286.676 1286.89
[EtOX]o-mers+ [IPrOXh-mers 1399.834 1400.05 [EtOxd-mers+ [IPrOXk-mers 1385.806 1386.02
[EtOX]10-mers+ [IPTOXh-mers 1498.964 1499.19 [EtO%}mers+ [IPrOXB-mers 1512.992 1513.21
[EtOX]10-mers+ [IPrOXk-mers 1612.122 1612.37 [EtOX-mers+ [IPrOX}hi-mers 1598.094 1598.34
[EtOX]11-mers+ [IPrOXE-mers 1711.252 1711.54 [EtOXd-mers+ [IPrOXk-mers 1725.280 1725.56
[EtOX]12-merst+ [IPrOXB-mers 1810.382 1810.73 [EtOX]-mers+ [IPrOXs-mers 1824.410 1824.76
[EtOX]12-mers+ [IPTOX}s-mers 1923.540 1923.95 [EtOXd-mers+ [IPrOXB-mers 1909.512 1909.92
[EtOX]13-merst [IPrOXk-mers 2022.670 2023.15 [EtOX-mers+ [iPrOX}—mers 2036.698 2037.19
[EtOX]14-merst+ [IPrOXf-mers 2121.800 2122.36 [EtOx-mers+ [IPrOXF-mers 2135.828 2136.39
[EtOX]14-mers+ [IPTOXp—mers 2234.958 2235.59 [EtOXd-mers+ [IPrOX-mers 2220.930 2221.56
[EtOX]15-mers+ [IPTOXF-mers 2334.088 2334.80 [EtOX}-mers+ [IPrOXB-mers 2348.116 2348.83

Microsoft Excel 2002 softwaré After completing the precise
mass assignment of all the peaks in the region of +33M0
(m/z) for the P(EtOx0wdPrOxos) sampling after 24 h, the
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Relative
intensity
H0.8-1

30.6-0.8
M 0.4-0.6
00.2-0.4

[i PrOx] (n)

Belatiye
intensity
m0.8-1
M 0.6-0.8
M 0.4-0.6
0.2-0.4
0-0.2

0 10 20

30 40

i PrOx] (n)

Figure 10. Gradient copolymer fingerprint obtained from MALDI-
TOF mass analysis: a contour map showing the numbigr@ix units

[EtOx] (m)

[EtOx] (m)

function of the number of EtOx anidPrOx units (Figure 10a).
From this 2D graph, it was obvious that the amount of EtOx in
the copolymer backbone was ca. twice thatRrOx during the
contribution of each monomer unit to the calculated mass value initial period of copolymerization (24 h), which was caused by
of a copolymer with the degree of polymerization to nearest the sufficiently different reactivity ratios of the two monomers.
the measured value was determined, and the relative abundanc&urthermore, the six contour maps after 24, 44, 70, 168, 265,
(or intensity) of the assigned copolymer was represented as aand 407 h are also represented on the singlg coordinate
system with the similar treatments (Figure 10b). Since it was

hard to consider all the mass regions of the copolymer, the
specific intervals within the seven lines and seven columns
centering on the most intense signals should be selectively
exhibited for clarification. The traces of all the contour maps
were in good agreement with the result of the composition
analysis of the two monomer units Bid NMR spectrometry
as shown in Figure S6 of the Supporting Information.
Determination of the Cloud Points (T¢p). The measurement
of the changing points in turbidity, defined here as the cloud
points (T¢p), was adapted to determine the lower critical solution
temperature (LCST) of a polymer solution. Figure 11a shows
the dependence of the turbidity on the increasing temperature
for the (co)polymer solutions with a different EtOx composition.
The transmittance sharply decreased at a specific temperature
in phosphate-buffered solution (10 mM PBS (pH7.4)) in

(2)
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Mol% of 2-ethyl-2-oxazoline (EtOx)

Figure 11. (a) Transmittance changes at 500 nm of 1.0 wt % (co)-
polymer solutions (FPPrOx @, <), P(EtOxs.dPrOxsy) (@, O),
P(EtO%00d PrOx00) (4, A), and P(EtOxs:d PrOxse) (M, O0)) as a

on the abscissa and the number of EtOx units on the ordinate (a) in thefunction of temperature (10 mM PBS (pH 7.4) in the absence (open
mass region of 13002400 for the first sampling P(EtQ@ud PrOxso%)
after 24 h and (b) trace of six contour maps obtained after 24, 44, 70, (b) Relationship between cloud point.f) and comonomer (EtOx)

168, 265, and 407 h.

composition in the (co)polymers.

shape) or presence (closed shape) of 150 mM NacCl, rat&ddBin).

Ccbv
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the absence (open symbols) or presence (closed symbols) oEvolutional Science and Technology (CREST) from the Japan
150 mM NaCl, indicating a sharp LCST-type phase transition. Science and Technology Agency (JST).

The LCST values were found to linearly increase with the  Supporting Information Available: Figures StS6 and Tables
increasing mol % of EtOxn), from 38.7°C (or 37.4°C) atn S1 and S2. This material is available free of charge via the Internet
= 0% to 67.3°C (or 65.4°C) atn = 75% for a 1.0 wt % at http://pubs.acs.org.
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