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ABSTRACT

The precise molecular engineering of amphiphiliclattk copolymers as thermoresponsive
polymeric ionic liquids (PILs) couples polyisobwggle (PIB) and poly(2-ethyl-2-oxazoline)
(PEtOx) blocks via an imidazolium cation. It enabklermal switching of micellar self-
assembly and yields nanostructured hydrogels. @ustionic liquid (IL)-type imidazolium
cation is readily incorporated into the backbonehaf PIB-IL-PEtOx block copolymers by
terminating the cationic 2-ethyl-2-oxazoline (EtOx)ng-opening polymerization by
alkylation of an imidazole-terminated PIB. The Pkt@ock length varies as a function of the
PIB-imidazole/EtOx molar ratio and governs solupjlhydrophilic/hydrophobic balance, and
nanophase separation. Inspite of the presencegbfyhinydrophobic PIB segments, PIB-IL-
PEtOx are rendered water soluble with increasintPRBblock length and form spherical and
elongated micelles as well as hydrogels exhibitvaym-like nanostructures. Furthermore,
the lower critical solution temperature (LCST) ofEtPx segments is the key to
thermoresponsive behavior of both water-solubleobgpers and copolymer hydrogels.
Owing to low glass temperature and high stability?tB, these PIB-PILs represent attractive
macromolecular nanosystems enabling thermal swigchof solubilization, dispersion,

transport, and shuttling of molecules and nanogesdi

INTRODUCTION
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Among polymeric materials, polyisobutylene (PIBpigstanding with respect to its very low
glass transition temperaturegflcombined with excellent chemical and thermal ifitgblow
permeability, and biocompatibility. However, owitqyits hydrocarbon nature, PIB is highly
water insoluble. In the past, improved conventiorzd well as living isobutylene
polymerization techniques have been develdpednd several synthetic methods have been
introduced to functionalize PIB with varying endbgps® ! PIB succinimides have gained
major technical relevance as ashless dispersafugliand engine oft*? Recent and ongoing
investigations mainly concentrate on the synthasuse of telechelic, star, arborescent, and
in-chain functionalized PIBs as intermediates ie firoduction of novel biomaterials for
implantable medical devicéd*

Monodisperse poly(2-oxazoline)s are readily tailolbg cationic ring-opening polymerization
(CROP) of 2-oxazolines, which proceeds in a higldntrolled fashion. This paves the way
towards well-defined macromolecules with adjustaldemposition, different pendant
moieties, variable functional end groups, conttd#amolar mass, and low polydispersity?®
Depending on the substituent at the-&bom of the oxazoline monomer, water-soluble
polymers displaying lower critical solution tempewra (LCST) phase behavior can be
obtained. By means of facile variation of the podynstructure and composition,g. side
chain substitution, molar mass, and end groups,L(B8T can be fine-tuned in a broad
temperature rang®,>° which renders thermoresponsive poly(2-oxazolin@®mising
candidates for advanced areas of application ssitheamoreversible phase transfeoptical
temperature sensots->and molecular logic gaté€$® Owing to the biocompatibility typical
for many poly(2-oxazoline§§>° and the stealth behavior of poly(2-methyl-2-oxam)l
(PMeOx) and poly(2-ethyl-2-oxazoline) (PEtGRY! this class of polymers bears great
potential to be used in diverse biomedical andegimological applicatior&>° Meanwhile,

a great variety of different oxazoline homopolymeehdom and gradient copolymers, block
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copolymers, poly(2-oxazoline) based networks andrdgels, and more complex structures,
including sophisticated poly(2-oxazoline) biohylsridnd heteropolymer architectures, have
been deSigne .,30,43,45,47,51—57

Today, the development of intelligent functionaltaerals is in the focus of scientific and
industrial research. The precise design of tailaden polymers, utilization of stimuli-
responsive building blocks, and controlled nanastme formation are key issues in the
generation of such systems. Without any doubtctimbination of non-polar liquid PIB and
thermoresponsive poly(2-oxazoline)s holds greatmpge with respect to the creation of well-
defined amphiphilic macromolecules and their cdlddoself-assembly into smart micelles.
In literature, few examples of copolymers composkgoly(2-oxazoline) and PIB segments
can be found. PIBs equipped with electrophilic gnoups have been used as macroinitiators
in the CROP of 2-oxazolines, especially 2-methyx2zoline (MeOx) or 2-ethyl-2-oxazoline
(EtOXx), to afford the corresponding PiBpoly(2-oxazoline) diblock copolymer&:®* This
strategy has been expanded to telechelic and #rraestar PIB macroinitiators as well as
isobutylene-chloromethylstyrene copolymers, whiokd Ito triblock, star, and graft
copolymers, respectiveR7-°® However, in case of initiator groups with insuiict reactivity,
the macroinitiator approach bears the risk of pooty rather broad molecular weight
distributions. Alternative strategies are based cmupling preformed PIB and poly(2-
oxazoline) building block&® Surprisingly, micellar self-assembly of amphiphilPIB-
poly(2-oxazoline) copolymers has not been studied detail. Only in case of
poly(isobutylenezo-chloromethylstyrenegy aft-PMeOx, viscosimetry and light scattering
have been performed and indicate aggregate form#tf§ Remarkably enough, possible
LCST behavior of PIB-poly(2-oxazoline) copolymeesimot been addressed so far.

Due to the unique physico-chemical properties ofddiquids (ILs), it is very attractive to

incorporate IL moieties into polymers, and a pleshof polymeric ionic liquids (PILs) with
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various chemical structures and topologies has hmepared® " The development of
thermoresponsive PILs, as reviewed by Kotetoal.,”* represents an intriguing field of
research. There are some examples of poly(2-oxagslibearing IL cation end groups such
as trialkylammoniurf™"® or pyridinium/®’’ Moreover, ionic poly(2-phenyl-2-oxazoline)
macromonomers and corresponding comb-like polyeltes have been prepar€d.

78384 and imidazolium

Concerning PIB, end-functionalized polymers havibhgype termin
salts bearing two pendant PIB chdfif§ have been reported. However, to the best of our
knowledge, ionic PIB-poly(2-oxazoline) copolymetustures have not been described yet.
Herein, we report on the molecular engineering I&-BPEtOx diblock copolymers as PIB-
PILs in which the hydrophobic PIB block is covalgntoupled with the hydrophilic PEtOx
block via just one imidazolium cation as IL moiefyhese novel PIB-IL-PEtOx diblock
copolymers are readily produced by employing aghtéorward synthetic approach utilizing

a commercially available PIB as intermediate. Sgdeminphasis is placed upon the influence

of the PEtOx segment length on solubility, nanadtre formation, and thermoresponsive

behavior of the amphiphilic copolymers.

RESULTSAND DISCUSSION

The synthetic route for the preparation of the aipiphc PIB-IL-PEtOx diblock copolymers

is illustrated in Scheme 1. Imidazole-terminate® PPIB-Im) serves as macro terminating
agent in the CROP of EtOx. PIB-Im is easily obtdibg means of a series of consecutive end
group modification reactions starting from a PIBtlwian olefinic chain end. First, the
hydroboration/oxidation/hydrolysis sequence yieldgdroxyl-terminated PIB (P1B-OH).
Subsequently, the hydroxyl functions are conventéa toluene sulfonic ester groups to yield
toslyate-terminated PIB (PIB-OTs). Finally, nucledg substitution of the tosylate groups

by imidazole affords PIB-Im. To build up the PEt®bock, methyl tosylate initiated EtOx
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polymerization is employed, which produces PEtOximh bearing cationic oxazolinium
termini. Upon addition of PIB-Im, the oxazoliniurmg is opened by nucleophilic attack of
the imidazole group, which is alkylated to prodirRi8-IL-PEtOx copolymers in which the
PIB and PEtOx blocks are covalently coupled by itbsulting imidazolium cation (with

tosylate as counter anion) as IL moiety.

BH3 SMe2

) NaOH, H202 TsCl, NEt3 DMAP imidazole, cho3 //:N)
n-hexane, 24 h, . CH20|2 48 h, rt BTF 48 h, 80 °C N/
n
J\/ Heot M \f/\ ﬁ
N7 "0 BTF or BTF:DMF BTF or BTF:DMF,
\ ) OTs

4.5h,90°C 72 h,90 °C

Scheme 1. Synthetic route towards PIB-IL-PEtOx diblock copukrs (for simplification,

only the vinylidene-type PIB chain end and struesuerived therefrom are shown)

As starting material, Glissoff4l000 from BASF SE was used, which possesses aimiolef
double bond at one chain terminus as reactive ifmat group. As revealed b{H NMR
analysis, the vast majority (77%) of the isomet&fiaic end groups is of the vinylidene type
(see Figure S1 and S2). SEC measurement indicatesnher-average molar mass jJ\Nof
approximately 1200 g/mol, which is in good accoamwith the value calculated from the
NMR spectrum (1100 g/mol).

On the basis of a synthesis protocol reported bygtBeiter's group:®® the Glissopal was
reacted with B SMe, followed by oxidation and hydrolysis using® and NaOH, to yield
hydroxyl-functionalized PIB chaindH NMR investigation of the product indicated contple
disappearance of any signals of the olefinic pretdrhus, all types of olefinic groupise.

both the highly reactive vinylidenic double bondsdathe less reactive isomers, were
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successfully converted. In order to transform therbxyl functions into toluenesulfonic ester
end groups, PIB-OH was reacted withtoluenesulfonyl chloride in presence of 4-
dimethylaminopyridine and triethylamine. In thigscéion, the majority of approximately 83%
of the hydroxyl groups could be tosylated and rienapts were made to remove the fraction
of non-reacted PIB-OH at this stage. The final shemd transformation was performed by
reacting the PIB-OTs with a large excess of imid@no presence of potassium carbonate. By
this means, near to quantitative replacement oftdbglate groups by the desired imidazole
functions was achieved and formation of side préglucsuch as 1,3-
di(polyisobutylene)imidazolium tosylate was almaosmpletely suppressed. Isolation of the
PIB-Im, i.e. separation from the significant amount of PIB-Chhins and traces of other PIB
derivatives present in the raw mixture, was accowhptl by means of column
chromatography. As a result, a perfectly pure ntenth 100% imidazole functionality was
obtained. ThéH NMR spectrum of PIB-Im is shown in Figure *H(NMR spectra of PIB-
OH and PIB-OTs can be found in the Supporting Imfation). Properties and features of
PIB-Im and the other end-functionalized PIBs, whiate all viscous liquids at room
temperature, are summarized in Table 1. Comparétketparent Glissopal, the Mf PIB-Im

is noticeably higher. NMR analysis reveals the @nes of approximately 23 isobutylene
repeating units, which corresponds to adflca. 1450 g/mol. This increase in molar mass is
mainly a consequence of the loss of low-moleculaigi chains during purification of the
PIB-OTs intermediate by precipitation, as alsoe@td by the narrowing of the molar mass

distribution.
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Figure 1. *H NMR spectrum of PIB-Im.

Table 1. Properties and features of end-functionalized PIBs

polymer M2 M.° M,/M,° DF® yield T TS TS
(NMR) (SEC) (SEC) (@ir) (N
[g9/mol] [g9/mol] [%] [%] [’Cl [°’Cl [C]
Glissopal 1100 1200 1.70 100 — -81 224 257
PIB-OH 1200 1250 1.65 100 100 -70 251 230
PIB-OTs 1800 1650 1.51 83 78 -70 238 256
PIB-Im 1450 nd nd 100 53 -68 316 332

3Calculated via'H NMR end group analysiSDetermined by SEC with CHEleluent.’Degree of
functionality, determined by'H NMR spectroscopy.’Determined by DSC.°Decomposition
temperature, determined by TGA under air andaMnosphere, respectivelfNot determined (SEC

analysis of imidazole-terminated PIB failed).

Methyl tosylate initiated CROP of EtOx and the tu®nd-capping reaction were performed
in benzotrifluoride (BTF) or BTF:DMF mixture, whichre capable of dissolving both the
PEtOx homopolymer initially produced and the notapd”IB-Im macro terminating agent

added after formation of the PEtOx block. The me&iro of initiator (and thus, the active
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PEtOx chains formed) and PIB-Im was adjusted tq arid a rather long reaction time of
three days was chosen for coupling of the polyn®ysthis means, complete reaction of the
PIB-Im is ensured,.e. all PIB chains are incorporated into the desiré&HIR-PEtOx diblock
copolymer structures. This greatly facilitates peoation, since there is no non-reacted PIB-
Im present in the raw product and the PIB-IL-PEt@eds just to be separated from the non-
coupled excess PEtOx homopolymer. By systemati@tan of the oxazoline/initiator ratio,

a series of four copolymers with constant lengththef PIB block and variable degree of
polymerization (DP) of the PEtOx block was preparBoe syntheses of the PILs, which are
abbreviated as PIBIL-PEtOx, (23 = theoretical number of isobutylene repeatings of

the PIB block, m = theoretical DP of the PEtOx Blp@are listed in Table 2.

Table 2. Synthesis and purification of PIB-IL-PEtOx dibloc&polymers

block copolymer EtOx MeOTS PIB-Im solvent purification method

[eq.] [eq.] [eq.]

PIB,s-IL-PEtOxo 10 1.0 0.49 BTF liquid-liquid extraction
PIB,3-IL-PEtOxy0 20 1.0 0.50 BTF:DMF hot filtration
PIB,s-IL-PEtOxgg 30 1.0 0.50 BTF:DMF hot filtration
P1B,3-IL-PEtOx4 40 1.0 0.49 BTF:DMF hot filtration

aMeOTs = methyl tosylat@Solvent for EtOx polymerization (in case of BTF:DM&4:1 v/v mixture

was employed).
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'H NMR analysis clearly confirmed successful formatof the diblock copolymers. This can
already be concluded from the NMR spectra of the peoducts. As an example, in Figure 2
(bottom), the'H NMR spectrum of the unpurified PJBIL-PEtOx is shown. In addition to
peaks stemming from the PIB backbone, very intesigrals arise which are typical for
PEtOx chains. A closer inspection of the spectraueals that there are no signals any more
that can be attributed to imidazole moieties of -RiB proving complete reaction of the
macro terminating agent. Instead, characteristv sggnals are observed, which can be
assigned to the cationic imidazolium ring of th&ML-PEtOx. As a consequence of the sub-
stoichiometric use of PIB-Im, there is a substan@éanount of non-coupled PEtOx
homopolymer present in the raw mixture. Thiseg,, reflected by the appearance of small
signals at 4.1-4.4 ppm and 8.8-9.7 ppm, probablysed by ammoniumethyl propionate-
terminated PEtOx species most likely formed upodrblysis of oxazolinium chain ends by
moisture after opening the reaction ve858f and the fact that the integral values of the
imidazolium cation peaks are far too small as caeghéo those of the tosylate anion signals.
For separation of the PEtOx homopolymer, two déferprocedures were applied. In case of
PI1B,sIL-PEtOx;0, Which does not readily dissolve in water, the -gonpled hydrophilic
PEtOx was removed by liquid-liquid extraction. Théer block copolymers possessing
longer PEtOx segments turned out to be highly delubwater at room temperature but to
precipitate upon heating to 90 °C, which does nappen in the case of the PEtOXx
homopolymers at such relatively low molecular wésghrhus, removal of the PEtOx and
isolation of the PILs was performed by applying @& hiltration procedure. Both methods
enabled very efficient purification of the respeetblock copolymers. In Figure 2 (top), the
'H NMR spectrum of PIB-IL-PEtOxg after hot filtration is depicted. The signals &tPx

homopolymer chain ends completely disappeared lamdntegral values of the imidazolium

10
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peaks now agree well with those of the tosylaterarsignals. NMR spectra of the other
purified PIB-IL-PEtOx copolymers also confirm thdsance of residual homopolymer
impurities (see Figures S6, S7, S9). From SEC aiglyemoval of non-coupled PEtOx is
reflected as well. This is illustrated in Figure, 3ehere the SEC profiles of the raw and
purified PIBs-IL-PEtOxgo are compared. After purification, a significantrnosving of the

distribution is observed. The SEC elugrams of tiele PIB-IL-PEtOx series, which nicely

indicate the differences in molar masses, are showigure 3b.
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Figure 2. 'H NMR spectra of PIg-IL-PEtOxs (top) and unpurified PIB-IL-PEtOxgo prior
to hot filtration (bottom). Singlets at 2.87, 2.9hd 8.01 ppm in the spectrum of the raw

product are attributed to traces of DMF.
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—-— PIB,;-IL-PEtOX,,
- = -PIB,;-IL-PEtOX,,
—— PIB,,-IL-PEtOX,,

29 30 31 32 33 34 35
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Figure 3. SEC traces of raw and purified B{BL-PEtOxs (a). SEC elugrams of the whole

series of PIB-IL-PEtOx block copolymers (b).

In Table 3, the results of structural characteriraind molar mass determination of the PIB-
IL-PEtOx block copolymers are summarized. The blecigths, calculated from tHel NMR
spectra, are in good accordance with the expedkay, especially when taking into account
that the calculation is based on comparing thegmalevalue of a fairly small tosylate anion
signal of the IL group with the huge signals of B8 and PEtOx segments. Consequently,
the molar masses derived from the NMR integralagireg from 2800 g/mol (PIB-IL-
PEtOxo) to 5800 g/mol (PIBs-IL-PEtOxs), agree well with the theoretical molecular
weights. SEC measurements against PMMA standakeslreonclusive M values for the

two lower-molecular-weight copolymers, whereas gallsomewhat larger than plausible

12
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were measured for PIBIL-PEtOx3 and PIBsIL-PEtOx,. Notably, very low
polydispersities <1.2 were detected, which empleasithe feasibility of the synthetic
approach to produce well-defined macromoleculesh wéilored structure in a highly
controlled fashion. All of the diblock copolymersutd easily be prepared in several gram
guantities and were obtained in good to excelldetdg as waxy substance (B4BL-

PEtOxo) or powdery solids (PIB-IL-PEtOx, with m = 20, 30, 40).

Table 3. Characteristics of PIB-IL-PEtOx diblock copolymers

block copolymer n n m m M, M2 M.?  My/M, vyield

PIB® PIB° PEtO® PEtOX (theo.) (NMR) (SEC) (SEC)

(theo.) (NMR) (theo.) (NMR) [g/mol] [g/mol] [g/mol] [%6]
P1B,3-IL-PEtOxy 23 24 10 11 2650 2800 2550 1.18 100
PIB,3-IL-PEtOxy0 23 26 20 22 3600 4000 3800 1.17 80
P1B,s-IL-PEtOxg 23 25 30 32 4600 4850 5450 1.12 95
P1B,3-IL-PEtOx49 23 24 40 41 5600 5800 7000 1.14 72

*Theoretical number of repeating units of the PIBckland the PEtOXx block, respectiveljjumber
of repeating units of the PIB block and the PEtdbck, respectively, calculated from thd NMR
spectraTheoretical molecular weightCalculated from théH NMR spectra®Determined by SEC

with N,N-dimethylacetamide/LiBr eluent.

In order to evaluate the properties of the amphipfiLs and the influence of the block
length ratio, first their solubility in several comon organic solvents was examined (polymer
concentration: 50 mg/mL; see Table S1). The polgneemprising 20, 30, and 40 EtOx units
turned out to behave very similar. They dissolveaigreat variety of protic and aprotic
organic solvents covering a wide range of diffeqgoiarities,e.g., methanol, ethanol, acetone,

dimethylformamide, tetrahydrofuran, and toluenewdeer, they do not mix with diethyl

13
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ether orn-hexane, which are good solvents for PIB, reflectine strong influence of the
PEtOx block in these three copolymers. In contf@i,s-1L-PEtOx;o containing the shortest
PEtOx block in the series of PIB-IL-PEtOx PILs mpatissolves in these two solvents,
which is a clear consequence of a much more pramszlinontribution of the non-polar PIB
segment.

Special emphasis was placed on the solubility hehav water. PIBs-IL-PEtOx4o, P1Bys-IL-
PEtOx, and even PIB-IL-PEtOx, readily dissolve, which means that already
approximately 20 hydrophilicN-propionylethylenimine units in PIBIL-PEtOx,, are
sufficient to render the highly hydrophobic PIB efsoluble. However, when mixing 50 mg
of PIBs-IL-PEtOx;0 with 1 mL of water, the polymer does not dissalveler formation of a
transparent low-viscosity solution like the othét$? Instead, slow formation of an opaque
highly viscous mixture with gel-like consistency mbserved, which does not flow
instantaneously upon tube inversion and exhibigdirdit shear-thinning behavior. Further
solubility tests revealed that this peculiarityaislear consequence of the specific block length
ratio in PIBsIL-PEtOxp and not just an effect of different molar concatitms (see Table
S2). When employing molar amounts that are equitdle 50 mg of PIBs-IL-PEtOx, the
P1B,sIL-PEtOX, copolymers with m = 20, 30, and 40 again gave Vsgosity solutions.
Increasing the content of PIBIL-PEtOx;o to concentrations as few as 100 mg/mL or 150
mg/mL effects a significant gain in strength anduits in the formation of quite stable
hydrogels that flow extremely slowly, as illustditén Figure 4. Gelation upon mixing
amphiphilic molecules with water is a well-knowneplomenon which, depending on the
chemical structure of the amphiphile, can alreaclyuo at low to moderate concentrations as
seen here for PIBIL-PEtOx;0. Such behavior has been reported for both low-oubde-

weight surfactants and amphiphilic (co)polymers asdattributed to specific types of

14
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colloidal self-assemblye.g. dense packing of micelles or vesicles that card lanlarge

volume of water or the formation of long worm-likgcelles capable of entanglifiy®

0

Figure 4. PIB,s-IL-PEtOxo hydrogel before (a) and immediately (b), 2.5 haa)s and 24

a

hours (d) after tube inversion. Comparison of ZBR-PEtOx, hydrogel (e) and low-

viscosity aqueous solution of PBIL-PEtOxgg (f). Polymer concentration is 150 mg/mL.

In order to gain deeper insight into the anticigdt@mation of self-assembled PIB-IL-PEtOx
nanostructures, aqueous solutions of the amphipRiLs were investigated by means of
transmission electron microscopy (TEM; see FigyteFsr PIBs-IL-PEtOxs, TEM images
indicate self-assembly of the copolymer chains ingividual micelles of spherical shape.
However, decreasing the DP of the PEtOx block tad® 20 induces a gradual change in the
morphology of the copolymer nano-objects. Besideespal ones, slightly elongated or rod-
like assemblies as well as aggregates consistirsgwdral individual micelles arise. Finally,
further reduction of the PEtOx chain length in 2iB.-PEtOxy, results in the formation of
extremely long worm-like micelles. Occasionally,eavsome vesicle-like structures can be
found (see Figure S10). The changes in the typeicéllar morphology can be explained by

the variation of the hydrophilic/hydrophobic balanof the copolymers. Shortening of the

15
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PEtOx block at constant PIB chain length decreéisedength of the hydrophilic segment,
which forms the micellar corona, while the lengthtlte hydrophobic segment forming the
core of the micelles is not affected. Obviouslys tariation of the block length ratio changes
the geometric constraints for micellar packing iway that results in the observed transition
from spherical to cylindrical micellé$.Thus, TEM analysis elucidates the distinctly difet
behavior of aqueous mixtures of R{BL-PEtOx;o as compared to the other PILs of the
series. Most likely, worm-worm interactions andaglements of the nano-worms account
for the emergence of colloidal network structuresompanied by the formation of highly

viscous solutions or even hydrogel-like materials.

16
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Figure 5. TEM images of copolymer micelles formed by seBembly in water: PIB-IL-

PEtOxpo (a, b), PIBaIL-PEtOxg0 (C, d), PIBs-IL-PEtOxy0 (€, ), PIBs-IL-PEtOx0 (g, h).

The critical micelle concentration (CMC) of the amyhilic PIB-IL-PEtOx copolymers was
determined by a dye absorption method utilizingguBed lll. It is detected from the strong
increase in light absorption due to encapsulatibthe non-polar dye in the hydrophobic
interior of the PIL micelles formed when reachingfisient concentrations (see Figure S11).
The CMC values were found to be in the order of mitage of several I mol/L and,
surprisingly, decrease with increasing length a ttydrophilic block (see Table 4). This
unexpected trend possibly might be explained bydifierent morphologies of the copolymer
micelles. However, since the CMCs are quite simiard small inaccuracies during
measurement can have a relatively strong impadherresults, we refrain from a definite
interpretation here. Interestingly, despite thgdahydrophobic PIB block, the molar CMC
values seem to be significantly higher than thasesaeported for ordinary hydrophobically
modified PMeOx, PEtOx, and poly(2-isopropyl-2-oxize) homopolymers possessing a

comparably shorn-octadecyl chain en® It can be assumed that this difference is

17
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attributed to the presence of the ionic imidazolitwsylate group, which is expected to
enhance unimer solubility. This assumption is sujgab by the CMCs of ionic
dimethyldodecylammonium-terminated PEtGxyhich are in the same magnitude as those of
the PIB-IL-PEtOx diblock copolymers. However, difat DPs and CMC determination

methods impede conclusive comparisons.

Table 4. Important properties of PIB-IL-PEtOx diblock copolers

block copolymer micelle CMC® Tep (Mg/mLY TS T TS
morphology (20) (20) (50) (@air)  (Ny)

[gil] [moll]  [°C] [*C] [°C] [°Cl  [°Cl [C]

PIB,s-IL-PEtOX,,  worm-like 23 8.2x10 - ~90 40-90 -77|31 318 305

PIB,s-IL-PEtOxy0 elongated 22 55x710 81 -78|40 309 324
P1B,5IL-PEtOxg spherical 21 43x10 - ~90 75 -77]49 311 320

PIB,s-IL-PEtOx4g spherical 1.7 29x10 - 83 72 -76|47 322 332

3predominant morphology of self-assembled copolymégelles in water."Determined by dye
absorption method ' Determined by turbidimetry or, in case of RHR-PEtOxy, by visual
observation (values in brackets specify the coma#oh in mg/mL). “Determined by DSC.

°Decomposition temperature, determined by TGA umaiteand N atmosphere, respectively.

As already mentioned, the diblock copolymers cosipg PEtOx segments with a DP of 20,
30, and 40 were found to precipitate from aquealstisn upon heating, resulting in the
formation of turbid dispersions. Most probablystibhenomenon is attributed to temperature-
induced aggregation of copolymer micelles and tabydration of the PEtOx chains (see
Scheme 2), as demonstrated by Winnik and co-workarshydrophobically end-capped
poly(2-oxazoline)$>* For thorough investigation of the LCST behaviod atcurate cloud

point (Tcp) determination, solutions of the amphiphilic PMusre examined by turbidimetry
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in the temperature range from 30 °C to 90 °C (sgaer€ 6, Figure S12, and Table 4). The T
values, detected from the inflection point of thensmittance—temperature curves,
noticeably decrease with increasing length of tB¢CR block and increase with decreasing
concentration. For a concentration of 50 mg/mLfgheansitions with cloud points of 81 °C,
75 °C, and 72 °C were found for BHHL-PEtOx, with m = 20, 30, and 40, respectively. For
a concentration of 20 mg/mL, only BHEIL-PEtOx4 having the longest PEtOx chain exhibits
a Tep (83 °C) in the temperature range studied. Thotrgim the shape of the transmittance—
temperature curve of PIBIL-PEtOx3, a cloud point just slightly above 90 °C can be
surmised, whereas there is no indication for amyperature-induced phase transition in case
of PIB,sIL-PEtOxyo at this concentration. Finally, at 10 mg/mL, noak the block
copolymers showed a thermal transition below 9@&AE more. The pronounced decrease of
Tep With increasing DP and increasing concentration typical feature of PEtOx chaiffs.
However, the occurrence of cloud points well beB®WC is clearly attributed to the presence
of the hydrophobic PIB block, as ordinary PEtOx lopmiymers with comparably short chain
lengths show much higher thermal transition tentpeea or even no LCST behavior at all.
Cooling curves of the copolymer solutions prove taeersibility of the phase transitions,
albeit in case of PIB-IL-PEtOxyo significant hysteresis and incomplete transmianc

recovery are observed.
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Scheme 2. lllustration of colloidal self-assembly of PIB-IREtOx as well as temperature-
induced dehydration/collapse of PEtOx segmentsagiggegation of copolymer micelles. The
photographs show an aqueous solution of ,RIB-PEtOxsy (polymer concentration: 50

mg/mL) at room temperature (left picture) and dreating plate set to 100 °C (right picture)
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Figure 6. Transmittance—temperature curves of aqueous sofutof PIBsIL-PEtOxy
copolymers with m = 20, 30, and 40 in the rangenf@D °C to 85 °C (polymer concentration:

50 mg/mL each; heating/cooling rate: 1 K/min). Fultves are depicted in Figure S12.

The aqueous mixtures of worm-forming RIBL-PEtOx, were found to display
thermoresponsive properties as well. However, dimbetry measurements did not give
conclusive results (see Figure S13), presumablytawpacity and peculiar phase separation
effects. Hence, the viscous and gel-like solutiaespectively, were examined by heating
them in an oil bath without stirring. Unexpectediy; a concentration of 20 mg/mL, blurring
of the solution at ca. 90 °C was observed. Evenensurprising, the opaque gelatinous
mixture at 50 mg/mL concentration exhibited a gjgarphase transition over a broad
temperature range from approximately 40 °C to 9Q %hich starts with blurring
accompanied by a drastic decrease in viscosityesuu$ with separation into a clear water
phase and a white lump floating to the top. Thearstable hydrogels formed at 100 mg/mL
and 150 mg/mL essentially behaved in the same weg Figure 7). It is obvious that this
behavior, which is distinctly different from thos# the other amphiphilic PILs, is a
consequence of the dominant PIB block in ZHB-PEtOxo, though we do not have detailed

insights into the phase separation process yebabty, temperature-induced dehydration of
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the PEtOx segments causes morphological changeseaete aggregation of the worm-like
nanostructures. Apparently, time plays a crucid @s well. When heating the RHL-
PEtOxo/water mixtures for only a short period of timeHaur), the original gel-like state is
reconstituted after letting to stand at room terapge for some days. In contrast, when
having applied heat for several hours, the moreseldimp formed disintegrates after cooling
under formation of a low-viscous polymer dispersiamd no hydrogel reconstitution is

observed even after several weeks.

(¢ d
25 °C 100 °C 100 °C 25 °C
t=0 t=1h t=24h t=60h

Figure 7: PIBysIL-PEtOxo hydrogel at room temperature (a), situation at 1QGOafter
heating for 1 hour (b), situation at 100 °C afteating for 24 hours (c), and low-viscosity
polymer dispersion obtained after heating at 10GdtC24 hours and subsequently letting to

stand at room temperature for 36 hours (d). Polysnacentration is 150 mg/mL.

Finally, the PIB-IL-PEtOx copolymers were analyzeyl differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). DSC sueaments indicated two distinct
glass transitions: a first one at around -77 °Cictvlis attributed to the PIB segment, and a
second one varying between 31 °C and 49 °C, wisialm & temperature range typical for low-
molecular-weight PEtOx chains (see Table 4). Byémay and within experimental error, the
T, of the PEtOx segment increases with increasingncleagth, as expected. In TGA, no

significant mass loss was detected up to tempeasiirapproximately 300 °C, indicative for
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an outstanding thermal stability. Accompanied bg tthemical robustness of the stable
imidazolium tosylate linkage, this feature repreéseanother highly advantageous property of
the PIB-IL-PEtOx based PILs.

First trials emphasize the perspective of the RHREtOx amphiphiles in view of possible
applications. On the one hand, the water soluble micelles qualify as vehicles for
transporting hydrophobic guest molecules by endapen in the PIB core and solubilization
in aqueous media. This is demonstrated with theohigater-insoluble Sudan Red Ill, which
has been utilized for CMC determination. In pregent the amphiphilic PILs, intensively
colored solutions are obtained. When heating alitnee cloud point of the copolymer,
however, the dye-loaded micelles precipitate and/lgl settle down, as shown in Figure 8a.
Upon cooling to room temperature, the PILs quiakigsolve again, resulting in formation of
the same colored solution as before. Several fgeatinling cycles confirm full repeatability
of the process. Ongoing experiments are focusedexploiting this LCST-mediated
precipitation for separation of the polymer/dyenirdhe aqueous phase by hot filtration,
followed by isolation and redissolution of the ces as well as quantification of the
separation efficiency. Furthermore, the diblock algmers turned out to be efficient
dispersing agents for nanomaterials such as furalieed graphene (FG) nanosheets, which
have been obtained by thermal reduction of grapbitiele® In fact, PIBsIL-PEtOxs
provides aqueous FG dispersions that are stablenéwe than six months, whereas in pure
water at pH 7 no dispersion is obtained at alk Well-known that poly(2-oxazoline)s can act
as dispersing agent§®but it can be strongly assumed that in PIB-IL-PEthis capability is
further enhanced by the ionic imidazolium grougetastingly, heating PIB-IL-PEtOx3o/FG
dispersions above cf induces slow formation of an upper water phase antbwer
water/polymer/FG phase (see Figure 8b). When cgotlown again, the FG sheets are

immediately redispersed in the whole volume of iiguand this phase switching can be
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readily repeated without any problems. Without doybt, these simple experiments clearly
underline the potential of the amphiphilic PIB-IE®x diblock copolymers as
thermoresponsive PILs to be used as thermally balitie solubilizing agents and dispersants
in highly diversified applications such as advancedtalytic processes, reversible

transportation, and temperature-controlled separati

25 °C 100 °C

25°C 100 °C

Figure 8: Temperature-triggered solubilization of Sudan RBdin water by PIBsIL-
PEtOx (a): polymer/dye solution at room temperaturet (#fotograph) and situation after
letting to stand at 100 °C for 14 days (right plgoéph). Temperature-switchable aqueous
dispersion of FG nanosheets stabilized by ,RIB-PEtOxs (b): dispersion at room
temperature (left photograph) and situation aftirlg to stand at 100 °C for 10 days (right

photograph). Polymer concentration is 50 mg/mL.

CONCLUSION

Aiming at the development of stimuli-responsive noatolecular nanosystems, a series of
amphiphilic PIB-IL-PEtOx diblock copolymers have epe tailored. Key feature is the

covalent coupling of the hydrophobic PIB block wite hydrophilic PEtOx block via an
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imidazolium group as a single IL moiety incorpochia the PIL backbone. This coupling
reaction is achieved by means of chain terminatioREtOx bearing a cationic oxazolinium
end group which alkylates the imidazole end groupIB-Im. This straightforward synthetic
approach allows for the production of PIB-IL-PEt@wacromolecules with high purity, well-
defined molecular architecture, and narrow molacwi@ight distribution. By systematic and
controlled alteration of the DP of the polar PEtiack at invariable length of the non-polar
PIB segment, the hydrophilic/hydrophobic balanckiciv governs solubility behavior both in
organic solvents and in aqueous medium, is easalyipulated. Thus, the morphology of the
supra-molecular assemblies formed in water can déd from spherical and elongated
micelles to ultra-long worm-like aggregates, asuaized by TEM. The former types of
diblock copolymer micelles give low-viscosity catlal solutions. Owing to the
thermoresponsive features of the PEtOx block, taey endowed with LCST-type phase
behavior and show sharp transitions at composdependent cloud points. In contrast, the
worm-like micelles form highly viscous solutions @ren hydrogels due to entanglements of
the copolymer nano-worms. These gels show thermatlyced phase transitions as well.
Upon heating, they are transformed from a hydrdigelimaterial to a macrophase separated
state, which occurs over a broad temperature ramgk turned out to be reversible or
irreversible, depending on the conditions applied.

Exceptional chemical composition, thermoresponpnaperties, and the precise control over
polymer structure and, thus, nanostructure formatemder the novel family of amphiphilic
PIB-IL-PEtOx copolymers promising candidates for asinfunctional macromolecular
systems useful in a wide variety of applicationtisThas been outlined by first simple
experiments, which illustrate the capability of thi-IL-PEtOx diblock copolymers to be
applied as thermally switchable solubilization adtspersing agents, respectively, for

transportation and shuttling of hydrophobic molesuand nanomaterials. Ongoing research
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will concentrate on further elucidation of such legaiion perspectives, a more detailed
investigation of the thermoresponsive worm-hydredsl means of rheology, and variation of
the 2-oxazoline monomer employed in the block cgpelr synthesis in order to shift the

cloud point to lower temperatures.

EXPERIMENTAL SECTION

Materials. Glissopaf1000 (BASF SE), borane-dimethyl sulfide complexM2in THF;
Sigma-Aldrich), 4-dimethylaminopyridine (Sigma-Aich, >99.5%), aqueous hydrogen
peroxide (30%; Roth), imidazole (Sigma-Aldrich, 8&), p-toluenesulfonyl chloride (Merck,
98%), potassium carbonate (Sigma-Aldrich, 99%),&uBed IIl (Sigma-Aldrich, technical
grade), cyclohexane (Fisher scientific, 99.9%)aerth (VWR Chemicals, 99.96%);hexane
(Fisher scientific, 98.62%), and methanol (VWR Cleats, 100%) were used as received.
Benzotrifluoride (abcr GmbH, 99%N,N-dimethylformamide (Fisher scientific, 99.9%),
2-ethyl-2-oxazoline (Alfa Aesar, 99%), and triettyline (Roth, 99.5%) were distilled and
stored over molecular sieve 3 A for 24 h prior 8e.uDichloromethane (Fisher scientific,
99.9%) was dried using a double column solventatibn system from MBraun (MB-SPS-
800) equipped with two columns (MB-KOL-A) and stdrever molecular sieve 3 A. Methyl
p-toluenesulfonate (Sigma-Aldrich, 98%) was driedlemvacuum for 2 h at 40 °C directly in
the reaction flask prior to addition of solvent amdnomer. All other chemicals were from
different companies and used without purificatiBanctionalized graphene was synthesized
by thermal reduction of graphite oxide at 700 °Coading to Tolleet al..*®

General Remarks. All reactions were performed under dry conditi@amsl under nitrogen
atmosphere applying standard Schlenk techniquespéxhe synthesis of PIB-Im, which was
carried out under air. In case of PIB derivatizatithe molar masses determined via SEC

have been used for calculation of the equivaleddculation of the equivalents of PIB-Im in
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the synthesis of the PIB-IL-PEtOx diblock copolys& based on the molar mass of PIB-Im
determined from th&H NMR spectrum.

Synthesis of PIB-OH. Synthesis of PIB-OH was performed on the basis diterature
proceduré:® BH;- SMe, (2 M in THF; 36 mL, 72 mmol, 1.4 eq.) was mixedwi-hexane
(260 mL). Under cooling in an ice-water bath, ausioh of Glissopdl1000 (61.3 g,
51.1 mmol) inn-hexane (260 mL) was added slowly. After that, $bkition was allowed to
warm to room temperature and stirred for 24 h. TH&®H (220 mL), a solution of NaOH
(11 g, 0.28 mol, 5.4 eq.) in water (100 mL), anthfiy aqueous kD, (30%; 32 mL, 35 g,
0.31 mol, 6.1 eq.) were added dropwise. The regulinixture was stirred at room
temperature for 2 h, heated to 80 °C, and stirte®D&C for additional 2 h. After cooling to
room temperature, the organic phase was separatediie aqueous phase, washed wit®dH
(3 x 100 mL) and brine (200 mL), dried over MgS@nd filtered. Removal of the solvent
under reduced pressure and drying under vacuun® &C9yielded PIB-OH as colourless
viscous liquid (yield: 62.1 g, 100%)H NMR (300 MHz, CDC}, 23 °C):8 = 0.20-2.25 (m,
165H), 3.20-4.30 (m, 2H) ppm.

Synthesis of PIB-OTs. PIB-OH (42.1 g, 34.7 mmol) was dried at 60 °C undeduced
pressure for 2 h, followed by cooling down to rotemperature and dissolving it together
with DMAP (8.6 g, 70 mmol, 2.1 eq.) and NE(49 mL, 35g, 0.35mol, 10eq.) in
CHCl, (300 mL). Then, a solution gf-toluenesulfonyl chloride (17 g, 91 mmol, 2.7 eq.)
CH.CI, (136 mL) was added dropwise. The solution wasestiat room temperature for 48 h.
After that, CHCI, was removed under reduced pressure. The crudeigracs taken up in
n-hexane (60 mL) and precipitated in MeOH (600 nRrecipitation was repeated two times.
After drying under vacuum at 60 °C, the product whsined as colourless viscous liquid
(yield: 36.0 g, 78%)H NMR (300 MHz, CDC}, 23 °C):5 = 0.20-2.25 (m, 238H), 2.45 (s,

3H), 3.20-4.30 (m, 2H), 7.34 (d,= 7.93 Hz, 2H), 7.79 (d} = 8.40 Hz, 2H) ppm.
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Synthesis of PIB-Im. PIB-OTs (34.6 g, 21.0 mmol), imidazole (34 g, 0r&6l, 29 eq.),
K>CGO; (8.3 g, 60 mmol, 3.5 eq.), and BTF (500 mL) weueipto a flask together and stirred
at room temperature until the PIB-OTs was compjetiedsolved. The resulting mixture was
heated to 80 °C and stirred for 48 h. After cooldavn to room temperature, the solution
was concentrated under reduced pressure. The pradact was taken up in G8I, (40 mL)
and precipitated in MeOH#® (8:2 v/v; 400 mL). The precipitate was dried at°@ under
reduced pressure and purified by column chromapiyrasing cyclohexane:GRBl, (1:1 v/v;
400 mL), then CKCI, (700 mL), and finally CRHCl:EtOH (8:2 v/v; 500 mL; 1:1 viv; 1 L) as
eluent. Volatiles of the product fraction were rem and the residue was dried at 90 °C
under vacuum. For final purification, the producaswdissolved in C¥Cl, (15 mL) and
precipitated in MeOH:kD (8:2 v/v; 200 mL). Precipitation was repeatedeoagain. Drying

in vacuum at 90 °C afforded PIB-Im as colourlesscous liquid (yield: 14.5 g, 53%3H
NMR (300 MHz, CDC}, 23 °C):8 = 0.20-2.25 (m, 194H), 3.40-4.00 (m, 2H), 6.891(d),
7.06 (s, 1H), 7.45 (s, 1H) ppm.

Synthesis of PIB-IL-PEtOx Diblock Copolymers. Block copolymer syntheses were
performed according to the following general pragedamounts of chemicals employed and
yields are specified in Table 5). Methytoluenesulfonate was dried at 40 °C for 2 h under
reduced pressure. After cooling to room temperateiteer BTF or BTF:DMF mixture (4:1
v/v) and 2-ethyl-2-oxazoline were added (see Tahld he flask was immersed in an oil bath
preheated to 90 °C and the solution was stirrddD&C for 4.5 h. Then, a solution of PIB-Im
(P1B-Im has been pre-dried in vacuum at 90 °C fdn)dn BTF (6 mL) was added. The
solution was stirred at 90 °C for 72 h. After caglidown to room temperature and removal
of solvent under reduced pressure, different methvagre applied for purification of the raw
product (.e., removal of non-coupled excess PEtOx homopolynteEpending on the PEtOx

block length.
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PIBos-1L-PEtOx1o: The raw product was dissolved in &FHb (10 mL) and washed with
water (6 x 10 mL). The organic phase was dried dg8Q, and filtered. After removal of
the solvent under reduced pressure and drying &C6h high vacuum, PIB-IL-PEtOxo
was obtained as slightly yellowish waxy substarieeNMR (500 MHz, CDC}, 40 °C):8 =
0.50-1.70 (m, 233H), 1.80-2.70 (m, 30H), 2.85-4(&0 48H), 4.40-4.73 (m, 2H), 7.05-7.20
(m, 3H), 7.36-7.59 (m, 1H), 7.61-7.84 (m, 2H), 9I&50 (m, 1H) ppm.

Pl Bos-1L-PEtOxXo03040: The respective raw product was dissolved in wabeiobtain a
solution with a concentration of 50 mg/mL. The s$ioo was put in an oven heated to 90 °C
and kept at 90 °C for 24 h. The precipitated dikloopolymer was isolated by filtration in
the hot oven using a preheated glass frit. The ymodias taken up in water, isolated by
freeze-drying, and dissolved in water again to iobta solution with a concentration of
100 mg/mL. Temperature-induced precipitation antfitbation were repeated as described
before. Dissolving in water and freeze-drying yeeEldPIBs-IL-PEtOxyo, PIBy3-IL-PEtOX30,
and PIBsIL-PEtOx as white powdery solids. PBIL-PEtOxq ‘H NMR (500 MHz,
CDCls, 40 °C):8 = 0.50-1.70 (m, 279H), 1.80-2.70 (m, 59H), 2.8864(m, 93H), 4.40-4.73
(m, 3H), 7.05-7.20 (m, 3H), 7.36-7.59 (m, 1H), 7684 (m, 2H), 9.77-10.54 (m, 1 H) ppm.
PIB,aIL-PEtOxsq *H NMR (500 MHz, CDC}, 40 °C):8 = 0.50-1.70 (m, 299H), 1.80-2.70
(m, 76H), 2.85-4.20 (m, 131H), 4.40-4.73 (m, 2HQ5¢7.20 (m, 3H), 7.36-7.59 (m, 1H),
7.61-7.84 (m, 2H), 9.75-10.50 (m, 1H) ppm. RB.-PEtOxss: *H NMR (500 MHz, CDC},

40 °C): & = 0.50-1.70 (m, 326H), 1.80-2.70 (m, 94H), 2.8804(m, 169H), 4.40-4.73 (m,

2H), 7.05-7.20 (m, 3H), 7.36-7.59 (m, 1H), 7.6147(B, 2 H), 9.75-10.50 (m, 1H) ppm.

Table5. Synthesis and yield of PIB-IL-PEtOx diblock copwigrs

block copolymer MeOTs EtOx PIB-Im BTF DMF*  vyield

[glmmolleq.] [mL|glmmolleq.] [gimmolleq.] [mL] [mL]  [g%]
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PIBuwIL-PEtOxo  0.77[4.1]1.0  4.2[4.1]42]10  2.96[2.04[049 12.0 - .37|®0
PIB,IL-PEtO%y  0.54[2.9]|1.0 5.9|5.8/58[20  2.11|1.46[0.50 14.4  3.81.24|80
PIB,sIL-PEtOX  0.42[2.3|1.0 6.9/6.8/68(30  1.63|1.12/0.50 16.8  4.2.95|95

PIBIL-PEtOX  0.35[1.9]1.0  7.5[7.4[74/40  1.33|0.92|0.49 18.4  4.8.67|72

®/olume of solvent used for EtOx polymerization.

Application of PIB-IL-PEtOx for Thermally Switchable Solubilization and
Dispersion. 100 mg of PIBs-IL-PEtOx3, was mixed with 2 mL of water and placed in an
ultrasonic bath for 10 min. 1 mL of the solutionsasdded to 5 mg Sudan Red Ill. Another 1
mL was added to 3 mg of functionalized grapheneh Baxtures were placed in an ultrasonic
bath for 10 min, shaken overnight, and sonicatedl@min once again. The Sudan Red Il
mixture was filtrated with a syringe filter (PTFE46 um) in order to remove the portion of
excessive dye not being dissolved in the copolymerelles. Thermal switching of dye
solubilization and graphene dispersion was examiryeplacing the samples in an oven set to
100 °C.

Analysis and Characterization. '"H NMR spectra of end-functionalized PIBs and raw
PIB-IL-PEtOx block copolymers were recorded on aik&r Avance Il 300 MHz NMR
spectrometer'H NMR spectra of purified PIB-IL-PEtOx block copatgrs were recorded on
a Bruker Avance Il HD 500 MHz NMR spectrometer. GGEneasurements of end-
functionalized PIBs were performed on an AgilentAmologies 1200/1260 with chloroform
eluent. SEC measurements of raw and purified PHHIOX block copolymers were
performed on an Agilent 1260 Infinity witN,N-dimethylacetamide/LiBr (0.5%) eluent.
Molecular weights were determined against polystgrand PMMA standards, respectively.
DSC measurements were conducted on a DSC 204 Rl Wetzsch. Glass transition

temperatures were determined from the second lgeatirve (heating rate: 20 K/min). TGA
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was performed on a STA 409 C from Netzsch with atihg rate of 10 K/min. For TEM
imaging of PIB-IL-PEtOx micelles, diluted aqueowsdusions of the diblock copolymers were
placed on plasma-treated carbon-coated copper gndsexcess liquid was removed with
filter paper. Staining of the nanostructures wagopmed with an aqueous uranyl acetate
solution. TEM imaging was realized with a FEI Taltd20C transmission electron
microscope. The CMC of PIB-IL-PEtOx diblock copolgra was determined by a dye
absorption method using Sudan Red Ill. The absashah 506 nm of aqueous dye solutions
with varying concentration of PIB-IL-PEtOx was megsd on a SHIMADZU UV-1800 UV-
Vis spectrophotometer. The CMC was detected bytiptptthe absorbance values against
polymer concentration. Turbidimetry measurementgeweonducted on a Jasco V-650
spectrophotometer at 488 nm wavelength with a hgatoling rate of 1 K/min. Aqueous
mixtures of PIBsIL-PEtOx;o were examined by heating them in an oil bath, dreating

plate, or in an oven. Changes of the samples veglistered by visual observation.
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