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A series of alternating copolymers consisting of vinyl phenol and n-alkyl maleimide was synthesized via radical copolymerization of a protected styrene

derivative with a functional maleimide monomer followed by the deprotection.

The copolymers carrying long alkyl pendant such as Cy,Hys— or CigHs7— chains

on the maleimide unit showed UCST-type thermal response in aromatic solvents and organogels were specifically formed upon cooling of the fluid solution

prepared at higher temperature. Hydrogen bonding of the phenol units is crucial for the gelation and the gelation temperature and stiffness were tuneable

by varying concentration, solvent and polymerization degree. Analyses by

"H-NMR, linear rheology, WAXD, SANS and cryo-TEM gave the picture of

vermicular self-assembled nano-objects formed through segregated and hydrogen-bonded packing by the precisely incorporated two units in alternating

sequence.

Introduction

Radical copolymerizatidnis useful for tuning properties of

polymers, and indeed copolymers have been widegd ws
polymer materials. The arrangement of comonoméis un
each chain and the composition distribution amolngirs are
significant for understanding the aggregation bé&ravand
properties, and the occurrence of particular secggnin
copolymer chains can be predicted to a certainegeffom the
reactivity ratios as well as the polymerization hoatology
(non-living vs living). For example, when two conmmers of

reactivity ratios (; =r, = 1) are employed in copolymerization,

the product is an “ideal random copolymer” (Figum®). In

this case, the two units (A and B) are randomlyritisted in

chains and composition distribution among chaingstex
although not so broad, regardless of
methodology. On the other hand, when the reagtiatios are
deviated from 1, the resultant sequence depends
polymerization methodology: copolymerization witlivihg

polymerization system could give a “gradient copoty” (B),

in contrast to non-living system resulting in braaamposition
distribution, i.e., mixed copolymer chains of varso
composition ratios (C). Combinations with readtiviatios of
extremely different values (e.g., styrene and viagetate)
would hardly give copolymers. An exceptional batieresting
combination is comonomer combination of zero redgti

polymerization

A: Ideal Random Copolymer B: Gradient Copolymer

A A B, BAB,B A A B &8
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E: Block Copolymer

AJATAAAB B, B,B B &
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Fig. 1 Various copolymers: (A) ideal random copolymer; (B) gradient copolymer
(C) random copolymer of broad composition distribution; (D) alternating
copolymer; (E) block copolymer.

lamella, cylinder, and sphere) or solution (e.gicette, liposome,
and bilayer sheet) so as to decrease the surfaseyyemetween
different segments.4 Crucial of such self-assenglyompatibility
or interaction between same chain segments (inr otherds,

ratios ¢, = r, = 0). Such comonomers give an “alternatingcompatibility between different segments). Imeeal, such self-

copolymer” (D), and most importantly the resultahtiins are
uniform in terms of sequence (i.e., no distributiaf
composition ratio}:®

On the other hand, block copolymers form anotlztegory of
copolymers (E) and they have been used for matepplications,
such as elastomers, drug delivery, etc. Self-aslsers induced
under appropriate condition givingeriodicstructures in bulk (e.g.,

assembly is hardly expected using random copolyniersause the
cohesion by randomly distributed comonomer unitsnisch lower
and weaker than with block segments. An exceptierample has
been reported on self-assembly with random copalyme
methacrylate-based amphiphilic random copolymersryicay
hydrophilic oligo(ethyleneglycol) and hydrophobirystalline alkyl
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Fig. 2 Synthesis of alternating copolymer consisting of vinyl phenol and alkyl chain-substituted maleimide via radical copolymerization and deprotection for the styrene

substituent.

pendants can undergo phase separation in the tatkk due to the
extremely different characters of the two uAits.

In this work, we studied self-assembly of altemgti
copolymer on the basis of the hypothesis that radtémg
copolymer chains of totally different propertiesffiaty,
polarity, interaction, etc.) can effectively undergohesion or
self-assembly. We thus selected a combinatiotedfbutoxy
styrene (tBOS) with alkyl-pendant maleimide as
comonomers for radical copolymerization (Figure Btyrene
(Sty) or the derivatives is known to induce altéims
copolymerization with highly electron poor monomstgh as
maleic anhydrid® (MAnh) or maleimide derivative5. The
combination was used recently to synthesize wdlhdd graft
copolymers by post functionalization of p(Sti-MAnh).2 The
alkoxy substituent on styrene is an electron-dogatjroup,
which is preferable for cross-over propagaflonThe tert-
butoxy group can be deprotected under acidic camdgiving
rise to a phenol (i.e.,vinyl phenol) that is morelgn and
capable of hydrogen-bonding interaction, in cortris the
hydrophobic and non-polar alkyl pendant on the nrate
units. In addition, the rigid maleimide unit mag bseful for
segregation of the two different pendant group$wsT in this

purity >96.5%), 1,4-dioxane (Wako, purity >99.5%l\N-
ethylmaleimide (EMI, TCI; purity >98%), cumene (abc
GmbH; purity 99%), p-cymene (abcr GmbH; purity 96%)
anisole (Aldrich; purity 99%), xylene (Alfa Aesamnixture of
isomers; purity 98.5%), 1,2,4-trichlorobenzene (QAR
ERBA; purity >98.5%), nitrobenzene (RECTAPUR; puwrit
99.5%), pyridine (Wako; purity >99.5%) and hydramit acid

th@Vako; 35~37%) were used without purificationp-tert-

Butoxystyrene (tBOS, Wako; purity >98%) was distill over
calcium hydride before use. 1,2,3,4-Tetrahydrotizgdbne
(tetralin, Kishida Chemical; purity >98%), an imaf standard
in 'H NMR, was dried over calcium chloride overnightdan
distilled twice over calcium hydride. Toluene (Kida
Kagaku, Osaka, Japan; purity 99.5%) was dried amifigd by
passing through purification columns (Solvent Disgirg
System, SG Water USA, Nashua, NH; Glass Counter).

Characterization

'H NMR: 'H NMR spectra were recorded on a JEOL JNM-
ECAS500 spectrometer, operating at 500 MHz.

SEC: The molecular weight distributions of the polymersre
measured by size exclusion chromatography (SECh wit

work, a series of alkyl maleimide-tBOS copolymersasw tetrahydrofuran (THF) as an eluent on three potgstg gel

synthesized in expectation of unique self-assembly.
Consequently, alternating copolymers consistingviodyl
phenol and alkyl chain (GH,s or CgHzs)-substituted
maleimide were found to give physical gel in aramablvents.
The fundamental feature for gelation is hydrogemdog
between regularly aligned phenol pendant groupsdciwivas

columns (Shodex KF-803; pore size, 20—-1000 A; 8o .
30 cm; flow rate 0.3 mL/min) connected to a DU-HQ@ump,
a 74S-RI refractive index detector, and a 41-U\taviblet
detector (all from Shodex). The columns were catiéxd
against 13 standard polystyrene samples (Polymeoratories;
M, = 500 — 3840000; MM, = 1.06 — 1.22) as well as the

clarified by'H NMR and addition of stochiometric addition ofmonomer.

pyridine. Effects of molecular weight and viscastia
behaviors were also studied.

Experimental
Materials

Maleic anhydride (Wako; purity 99%lIN-octylamine (TCI;
putiry >98%),N-dodecyl amine (TCI; purity 97%N-octadecyl
amine (Aldrich; purity 97%), acetic anhydride (Wakmurity
>97%), sodium acetate (Wako; purity >98.5%), 2,
azobisisobutyronitrile (AIBN, Wako; purity 98%), @yano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol Okich;

FT-IR: FT-IR spectra of freeze dried alternating copolysner
were measured byAgilent Cary 630 FTIR spectrometer
(Agilent Technologies).

MALDI-TOF-MS: MALDI-TOF-MS analyses were
performed on a ultraflex Il (MALDI-TOF mass spemtneter,
Bruker Daltonics) equipped with 337 nm nitrogenelasvith
dithranol or DCTB as matrix and sodium trifluorotate as
cationizing agent.

Turbidity Measurement: Turbidity of the polymer solutions

2|n toluene was measured on UV-1800 (Shimadzu, alppath

length = 10 mm, | = 670 nm, heating/cooling rate>CImin,
temperature range: 30 — 90 °C).



Rheology: Samples of 10wt%Alt-C12 or Alt-C18 solutions in
1,2,4-trichlorobenzene were placed at 90 °C indhp of an
Anton Paar Physica MCR 501 rheometer equipped wit0
mm diameter cone-plate geometry placed under a&sblvap
and operating in the standard oscillatory modem@es were
first annealed for 10 minutes at 90 *&It-C12) or 50 °C Alt-

C18) then cooled down to the desired temperature aadd N-octadecyl

equilibrated for 10 minutes. First, 1 rad/sec ketidns were
applied in the 0.01 to 10 % strain range. Frequesweeps
were then recorded in the linear viscoelastic regftypically 1
% deformations) in the same isothermal conditiosisigiw =

grid into liquid ethane. Images were recorded wih
Ultrascan 2k x 2k CCD Gatan camera. Dimensionsewer
measured on cryo-TEM images using the ImageJ softwa

Synthesis of N-Alkylmaleimide

N-octyl maleimide (C8MI)N-dodecyl maleimide (C12MI)
maleimide (C18MI) were synthesized
according to the literatur@.

Polymer Synthesis
Polymerization was carried out by syringe technigader

100 to 0.01 rad/sec oscillations. Samples wereaed again dry argon in baked glass tubes equipped with thrage-
at 90 °C AIlt-C12) or 50 °C Alt-C18) and equilibrated as stopped cock. Typical procedures for synthesisagolymer
described above between measurements at two differeith tBOS and C12Ml via free or living radical pomgrization
temperatures. Additional viscosity measurementgehlaeen were as follows.

performed wusing an Anton Paar LOVIS 2000Mpynthesis of Alt-C12 via Free Radical Polymerization: To a
microviscometer equipped with a 1.8 mm thick capjll and Schlenk tube, C12MI (2.654 g, 1.0x10-2 mol) and WIB
steel ball. Temperature was controlled at 25 °@ wiscosity (32.84 mg, 2.0x10-4 mol) was added and degassadyum
was measured at 13 different angles covering the 8300 8¢ pump at =78 °C. Then, tBOS (1.88 mL, 1.0x10-2 rtefyralin
shear rate range. (0.2 mL) and toluene (7.92 mL) were added under ahgon
Small-Angles X-ray Scattering (SAXS) and Wide Angles X- flow (concentration: tBOS/C12MI/AIBN = 1000/1000/26M).
ray Diffraction (WAXD): Simultaneous SAXS-WAXD Immediately after mixing, the tube was placed inhbaith at 60
measurements were conducted at DND-CAT beamlintheat °C for 1h and the copolymerization was terminatgdibbling
Advanced Photon Source in Argonne National Laboyatowith air. Monomer conversion was determined ‘by NMR
(Argonne, IL) operating at 17 keV (wavelength= 0.7293 A; from the integrated peak area of the olefinic pnst@f the
g-range: 0.00236 — 4.46 A Freeze-dried samples werenonomers with tetralin as an internal standard \(eosion:
investigated using custom-made aluminum washers: (C® tBOS/C12MI = 98/99%). The solution was diluted ByF
mm, ID: 4 mm, and thickness: 1 mm) covered withtkap (total volume of the diluted solution was aboutr6D) and the
windows on both sides. Solution for temperaturetamled solution was added in dropwise in 2 L of methanathw
experiments was investigated in 1 mm thick capékar stirring. The precipitate was filtered and washgdniethanol.
Small-Angles Neutrons Scattering (SANS): SANS The filtered solid was dissolved in 1,4-dioxane #mel solution
experiments were performed on line D22 at the tuistiLaue was freeze-dried to yield the alternating copolymer
Langevin, Grenoble. Monochromati¢ € 6A) radiation was [poly(tBOS-alt-C12MI)] as white solid (4.16 g, = 91,900,
used. Samples were prepared via dissolution metw-¢ at M,/M, = 6.45 (from THF GPC, after purification). The
5wt% concentration. The solutions and pure solvesrie held composition ratio of the purified copolymer wasetatined by
in amorphous silica ("quartz") Hellma cells (optiqeath: 1 'H NMR from the integrated peak area of the aromptatons
mm, cell volume = 300 puL. The temperature was isggoby a of tBOS and ethylene protons neighboring to nitrogéom of
circulating fluid in the cells' holder rack. Datallection at two maleimide (tBOS/C12MI = 49/51). In a flask, 4.0 g of
sample-to-detector distancég® = 1.25 m andD = 5.60 m poly(tBOS-alt-C12MI) was dissolved in 100 mL of THF
allowed to cover the scattering wave vector ramgmfy = 0.01 Then, 13.3 mL of 37% HCI aq. was added slowly i th
to 0.67 &Y. Reduced SANS data have been corrected fra@alution with stirring. The solution was heatedeftux with a
incoherent scattering of the solvent and solutanityoducing condenser and stirring for 20 h. After coolingg #olution was
an adjustable background parameter in the fittingcgdure. added in dropwise in 3 L of water with stirringhé precipitate
Fitting was performed using the flexible cylinderoael was filtered and washed by pure water for sevénads until
function provided in the SasView 4.1.2 package. the pH of the filtered water became 7. Then, theréd solid
Cryo-Transmission Electron Microscopy (Cryo-TEM): The was dissolved in 1,4-dioxane and the solution waeze-dried
morphologies of organogels were examined using B86Lato yield the poly(4-vinylphenodt-C12MI) (Alt-C12) as white
JEOL JEM 2100 transmission electron microscopeatjyey at solid (3.41 g):M,, = 88,000,M,,/M, = 6.61 (from THF GPC).
200 kV with a low-dose system (minimum dose systeidS). The progress of deprotection was confirmedi$yNMR.

The solutions were maintained at the 90 °C for IThen they

were spread on a quantifoil holey-carbon-coatedd gri

(quantifoil Micro Tools) and quickly freezed by piging the



Synthesis of Alt-C12 via RAFT polymerization: To a

Schlenk tube, C12MI (1.327 g, 5.0 x 10-3 mol) arl@M 0.1  ° _ ol ol
mL of 0.82wt% in toluene, 5.0 x fOmol) was added and b . Ob:"‘y' AIBN % ¥ Hl x 7
degassed by vacuum pump at -78 °C. Then, tBO10n8L, ° Padical | Deprotection

5.0 x 10° mol), tetralin (0.1 mL), toluene (3.68 mL) and CTA mso“é Alkyl: Gt Gatn, ) )#
(0.277 mL of 90.001 mM in toluene, 2.5 x1fol) were added O Culler x Alt-C2,8, 12,18
(concentration: tBOS/C12MI/CTA/AIBN = 1000/1000/5/1 b

mM) under dry argon flow. Immediately after mixjrthe tube gg%ﬁéﬁ% Alkyl ol | Composion o
was placed in oil bath at 60 °C for 4 h and theotgperization B I PN R
was terminated by bubbling with air. Monomer casien was S U . ! RN B
determined by'H NMR from the integrated peak area of the  Arcs | ¥ 7> 121,300 (2.82) agrst
olefinic protons of the monomers with tetralin as iaternal R W ””” T e
standard (conversion: tBOS/C12MI = 95/97%). Théme ------------}-- 5 R O s EErn e SETET TR
solution was diluted by THF and the solution wasleatl in wots | MGy ) | amemesn o5

dropwise in 1 L of methanol with stirring. The pigtate was
fitered and washed by methanol. The filtered dsolvas As polymerized  CHy(CHy)1oCH,
O NC d e

dissolved in 1,4-dioxane and the solution was feedrzed to o ,,,d/ ¢ @\ @33

yield the alternating copolymer [poly(tBQ@t-C12MI) (n = x 7 xly = 49/51 b b:"””
190)] as white solid (2.25 gM, = 57,100M,/M, = 1.28 (from Ja (from pestac and) e o pte
THF GPC, after purification), composition ratio tBAC12MI deichis o .

= 49/51 (from'H NMR, after purification). In a flask, 1.1 g of  Aterdemotecion gy ey oy Tl I
poly(tBOSalt-C12MI) was dissolved in 41 mL of THF. Then, i i ‘ g0 =000 ]
8 mL of 37% HCI ag. was added slowly in the solutigith & ¥ ;20:4,“'*"”
stirring. The solution was heated at reflux wittc@andenser ¢ 7 F . a}_ﬁ go-z- e oomivel
and stirring for 20 h. After cooling, the solutisras added in on/ =l \TJ“ - jg“;gm < ()F.‘ieg.‘gazfofos 1

dropwise in 1 L of water with stirring. The preitgte was
filtered iand washed by pure water for several FI Fhe pH alkylmaleimide: [tBOS]o/[N-alkylmaleimide]o/[AIBN], = 1000/1000/20 mM in
of the filtered water became 7. Then' the filtesadid was toluene at 60 °C, (b) table of molecular weight and composition of copolymers
dissolved by 1,4-dioxane and the solution was f&eadzed to after deprotection reaction, (c) "H NMR spectra of the copolymer with tBOS and
yield the poly(4-vinylpheno&lt-C12MI) as white solid (730 C12MlI (upper) and the copolymer after deprotection reaction (lower) and (d)
mg) M. = 54.600. M./M. = 1.29 (fI’OI'T‘I THE GPC) The ™Monomer reactivity ratios of tBOS (M;) and C12MI (M,) calculated from non-linear
- WVip , s Vlw/ Vlp . -
progress of deprotection was confirmed %y NMR and FT- "%
IR.

Fig. 3 (a) Synthetic scheme of alternating copolymers with 4-vinylphenol and N-

shows'H NMR spectra before and after deprotection of the
Preparation of Organoge! copolymer with N-dodecylmaleimide (C12MI) 1'H NMR
In a vial, the freeze-dried Alt-C12 (100 mg) wassdilved spectra for another copolymer are §hown in F'QL&?SS.)'
in aromatic solvent (2 mL) at 80 ~ 90 °C by hean ¢Ewt% From the spectrum before deprotection, the comipositatio

solution). Then, the solution was cooled to ro@mperature (X/¥) was determined by using three peaks ¢ and €) to
to form turbid gel. determine x/y = 49/51. The deprotectionteft-butoxy groups

in the copolymer was done under reflux of the Tiokison in

the presence of HCI. A pedkfrom tert-butoxy groups clearly
Results and discussion disappeared and instead a new peak derived fronhytieoxy
proton §) appeared, indicating quantitative deprotectiorhe
deprotection reaction was also confirmed by FTHR)(re S2).

Free radical copolymerizations of tBOS withN- The radical copolymerizations were performed withrious

alkylmaleimide (alkyl: —GHs, —GgH17, —C;oHz5, —CigHs7) were  injection ratios of the comonomer pair tBOS and K20
conducted with 2,2’-azobisisobutyronitrile (AIBN)s athe determine reactivity ratios by non-linear fittingethod. The
initiator. The resultant copolymers were treateéthwCl for values were almost zero,[= 0.017,r, = 0.000 (M = tBOS, M,
deprotection of the repeatirigrt-butoxy groups giving rise to = C12MI); Figure 3d]. Thus selective cross progagalikely
alternating copolymers of vinyl phenol ahdalkylmaleimides took place to give highly alternating copolymer andondition
(Figure 3a). Both of the comonomers were consuaieshme of 1:1 injection ratio. The alternating sequencaswalso
rate and the conversions reached > 90% in sevetabl{Table supported by MALDI-TOF-MS for the copolymer sample
S1 in supporting information). Figure 3b summeasiziata of synthesized by reversible addition fragmentatiomnsgfer
M, M,/M,, and composition ratio (x/y) of the resultanfRAFT) polymerizatioh' (Figure S6).
copolymers after deprotectionAlg-C2, -C8, -C12, -C18)
(C12Ml) (SEC curves of alternating copolymer ar®vsh in  Solubility of the Copolymers
Figure S1). Molecular weights of all the copolyseare Solubilities of the vinyl phenol-alkyl maleimidetatnating
enough high and composition ratios were almost Eifjure 3¢ copolymers Alt-C2, -C8, -C12, -C18) in various solvents were

Syntheses and Char acterizations of Alternating Copolymers



investigated (1wt% at 25 °C, Table 1). The copaysrshowed
almost same trend in solubility: soluble in THHydtacetate,
acetone and DMF, insoluble in hexane and methadd.for
chloroform, toluene, DMSO and NaOH ag., the soitied
depend on the alkyl chain. ThAs$t-C8, Alt-C12 andAlt-C18
are all totally insoluble in water, whereA#t-C2 is soluble at
high pH and reverselAlt-C8, Alt-C12 and Alt-C18 are all
soluble in chloroform whereaAlt-C2 is not. Thus by
constitution, the alternated copolymers presenamphiphilic
structure: on one end, the lipophilic side chaimveh more
affinity for weakly polar solvents whereas lipopioiphenol
units show better affinity for water and polar soits thus
featuring an alternating lipophilic/lipophobic palyphiphile
structure whose lipophilic/lipophobic balance maytbned by
the length of the alkyl side chains.

Interestingly, when toluene was added to the tweradting
copolymers carrying long alkyl chainél¢-C12 and Alt-C18)

turbidity was generated through the cooling procesthe
thermal response behavior Aft-C12 was further studied with
turbidity measurements. Figure 4 shows the turpidi
measurement (wavelength= 670 nm) on the cooling from 80
°C to 25 °C and the reheating to 80 °C. The soiutitarted to
become turbid around 60 °C on the cooling process the
transmittance was almost lost below around 50T@e thermal
response was reversible with a few degrees hyitemsd
similar transmittance curve was obtained on théihga

Physical Ge

As described above, the long alkyl chain-pendant
alternating copolymersA(t-C12 and Alt-C18) were found to
show unique thermal response behaviors in dilutdene
solution (1wt%). We then prepared more concerdrate
solutions in toluene (5wt%) to study the thermaspanse
behaviors. Even the concentrated solutions of boffolymers

at 25 °C, these white powder samples swelled tdy.jelbecame soluble at 80 °C giving homogeneous and flui

However, when they were heated to 80 °C, the potgrhened
into soluble giving fluid solutions. The homogensoand

solutions but they turned into viscous via coolipgpcess.
Finally the flowability was completely lost to yiklgels at

transparent solution oAlt-C18 in toluene (1wt%) that was ambient temperature. The gels were again solul#€ &C and

prepared at 80 °C turned into viscous via the ogotirocess to
ambient temperature while remaining optically trzarent. On

gelated again via the cooling process indicatingythare
thermally responsive physical gels. Interestingpese

the other hand, in the case witit-C12, a more pronounced copolymers gelated in other aromatic solvents, saaghnisole,

Table 1 Solubility of the Copolymers at 25 °C”

Solvent Alt-C2 Alt-C8 Alt-C12 Alt-C18
Hexane Insol. Insol. Insol. Insol.

Toluene Insol. Insol. Swollert Swolleri
THF Sol. Sol. Sol. Sol.
Chloroform Insol. Sol. Sol. Sol.
AEcteht):;Ite Sol. Sol. Sol. Sol.

Acetone Sol. Sol. Sol. Part-Sol.
Methanol Insol. Insol? Insol. Insol.

DMF Sol. Sol. Sol. Part-Sol.
DMSO Sol. Insol’ Part-Sol. Insol.
Water Insol. Insol. Part-Sol. Insol.
NaOH agq. Sol. Insol. Insol. Insol.

Sol.: Soluble, Insol.: Insoluble, Part-Sol.: Partially Soluble, Swollen: Insoluble
and Swollen, “ Polymer Concentration: 1wt%, bSoluble at 80 °C, © Soluble at
60 °C.

1004
804
604
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40

f Heating

Transmittance, %

204

0

20 30 40 50 60 70 80 90
Temperature, 'C
Fig 4. (a) Turbidity measurement of 1wt% Alt-C12 solution in toluene: heating

speed = 0.5 °C/min, wavelength A = 670 nm, (b) pictures of the 1wt% Alt-C12
solution in toluene at 25 °Cand 80 °C.

p-cymene, cumene, 1,24-trichlorobenzene, nitrobeaze
(Figure 5). The turbidity and hardness of the Itasu
organogels depended on the solvent as well as thd a
substituent, which is likely due to differencedtieir structures
and morphologies. For instance, both of the capels gave
obviously harder gels with 1,2,4-trichlorobenzehant other
aromatic solvents, andllt-C18 did not give gel in nitrobenzene
specifically. Detailed study in effects of aroncasiolvent on

a AIlt-C12

b Alt-C18

Fig 5. Appearances of 5wt% solutions of (a) Alt-C12 and (b) Alt-C18 in
various aromatic solvents at ambient temperature (~25 °C) after cooling from
80 °C. The sample tubes were turned upside down for demonstration of gel
formation (from left to right: anisole, p-cymene, cumene, toluene, 1,2,4-
trichlorobenzene, nitrobenzene solvents).



the gelation behaviors is now under investigation.
Detailed Study on Physical Gelsin Toluene

To investigate the gelation mechanism in toluertee t
solution ofAlt-C12 in toluene-g (5wt%) was prepared at 80 °C
for variable temperaturtH NMR measurements (Figure 6). |

the spectrum measured at 25 °C, few peaks deringd fthe
copolymer were observed: a broad and very smalk ded
ppm that is likely from alkyl pendant and back b@netons; no
peak from aromatic protons of vinyl phenol uniteward 7 pm.
When it was measured at 60 °C, the peaks from thealRyl

pendant of the maleimide unit,(€) became larger, and further .

heating up to 80 °C made the intensities strongEne vinyl
phenol peak from aromatic protons of vinyl phenolts was
observed only after the temperature was heated t€C8 The

n
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ig 7. (a) Relation between polymer structures and solubilities and (b) 'H NMR
spectra of 5wt% Alt-C12 gel in toluene-dg (upper) and after addition of pyridine
(lower): [phenol unit in gel] = [added pyridine].

similar trend was obtained witRlt-C18 (Figure S7) but with pyridine was added into the gel dklt-C12 in toluene.
overall better resolved peaks, meaning overall dtighobility Consequently, the gel turned into soluble to givefliad
with this longer chain. Thus for instance, the elageristic Solution. Interestingly, the transition is senatio the pyridine
signals of the G pendantd, €) are well defined at 25 °C andamount: for example, addition of half molar quantiof
that of the vinyl phenola) is already detected at 60 °C. pyridine (with respect to the amount of phenol g®un the
From the variable temperatulld NMR measurements, it is alternating copolymer) made the gel softer, the fgoer
evident that the phenol groups and the hydrocasida chains solubilization took place once a stoichiometric atdmount of
become mobile in two different temperature rangesmck pyridine was added but the viscosity was still beythe range

indicating that these fragments are segregatedhan del
structure. Hydrogen bonding between phenol unisujgposed
to play a part in the gelation behavior, in comjpti with
solubility and mobility brought by alkyl chains. h& hydrogen
bonding interaction works well at low temperaturat bt
becomes weaker on heating, which corresponds toh#renal
response behavior observed. Indeed, the alteghatipolymer
of C12MI with styrene instead of vinyl phenol wasuble in
toluene and no gelation occurred (Figure 7a). TUdher
confirm the hydrogen bond-driven gelation, a tinsop of

toluene toluene

25°C

no peak
froma

c d e d
CHy(CHo)10CHg

60°C

no peak ¢
froma

80°C
peak

intoluene-dg T T T T T T T T T T T
ppm 100 90 80 70 60 50 40 30 20 10 00

Fig 6. 'H NMR spectra of 5wt% Alt-C12 gel in toluene-d; at 25 °C, 60 °C and
80 °C.

of the falling ball viscometer. After addition ofo equivalents
of pyridine, the measured viscosity was as low dsr8Pas,
i.e. only ten times higher than the one of pure toluane
comparable to the viscosity of the THF solution {[EaS3).
The solubilization by the pyridine addition wascakupported
by 'H NMR (Figure 7b): some copolymer peaks were clearl
observed even at 25 °C after addition of a stoitietsic molar
amount of pyridine, similar to that at 80 °C. Taexperiment
nicely confirm the role of hydrogen bonding in gida.

Control of Molecular Weight for Study on Molecular
Weight Dependence

To examine effects of molecular weight on gelatitime
alternating copolymers of vinyl phenol with C12Mhing
various molecular weights were synthesized via RAFT
polymerization. The 1:1 copolymerization of tBO®laC12MI
was conducted with 4-cyano-4-[(dodecylsulfanyltiadmnyl)
sulfanyllpentanol as a chain transfer agent (CTA) i
conjunction with AIBN as an initiator. The moleaulweight
was controlled by changing the ratio of the comoasmto
CTA: [each comonomef[CTA], = 1000/5, 1000/10, 500/10,
300/10, and 100/10 mM (Figure 8). The two comonmeere
consumed at same rate under every condition, ara th
conversions reached to over 90% (Table S2). Theltant 5
copolymer samples underwent HCI treatment for the-
butoxy group deprotection, similar to the copolymer
synthesized via free radical polymerization. Thmmfitative
deprotection was confirmed b{4 NMR and the molecular
weights were characterized by GPC. The molecutbghts of
the copolymers showed a clear dependence on tle aat the
molecular weight distributions were narrow enouih,/M, <
1.30, Figure 8a). For lower molecular weight coputrs, the
number-averaged polymerization degree for the twitsuh)
that was characterized Bt NMR well agreed with the value
calculated from the injection ratio and conversioithe H



NMR characterization was not accessible to the drigh

molecular weight polymers, so calculated values rfowere
adopted for all the 5 samples in this work< 10, 29, 45, 95,
and 190).

Solubilities and gelation behaviors in toluene evetudied
with the 5 copolymers of different molecular weightFigure
8b shows dependence of gelation on polymerizategrek and
concentration. For example, the shortest copoly(ner 10)
never gelated at any concentration, whereas thgekirone r{
= 190) did at lower concentration (i.e., 3wt%). #Ssown in
Figure 8b, the critical gelation concentration (QGiDviously
depends on the molecular weight of the copolymer.

The thermal response behaviors were also studiedhg&
1wt% solutions in toluene. The lower molecular gbei

a b
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Fig 9. Rheology of organogels 10wt% in 1,2,4,-trichlorobenzene (y=1): (a) Alt-C12
and (b) Alt-C18.

For inducing self-assembly or gelation, a certaimber of

copolymers 1§ = 10, 29) were soluble in toluene even at lowd@henol groups in one alternating copolymer chaiaush be

temperature. On the other hand, the solutionshef Higher

necessary, as demonstrated by the dependence atfogebn

molecular weight samples & 45, 95 and 190) became cloudy€ Polymerization degree.

at lower temperature. Figure 8c shows turbidityasueement
of the 1wt% solution in toluene. The transitiompeerature
depended on the molecular weight: it
molecular weight was higher.

The alkyl group of maleimide is basically solukite a
hydrophobic  solvent (i.e.,toluene) due to the
hydrophobicity. Thus the periodically embedded ropthobic
maleimide units would be helpful for expanding chdue to
the high affinity for solvent as well as the ridgidi and the
phenol units dynamically interact with each othier kydrogen
bonding to give a non-covalent network. The ahkénmgy
sequence therefore contributes to the balanceeofitb effects.
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Fig 8. (a) GPC curves of copolymers synthesized by RAFT polymerization and
deprotection reaction: [tBOS]o/[C12MI]o/[CTA]o/[AIBN], = 1000/1000/5/1
mM (n = 190), 1000/1000/10/1 mM (n = 95), 500/500/10/1 mM (n = 45),
300/300/10/1 mM (n = 29), 100/100/10/1 mM (n = 10) in toluene at 60 °C,
(b) polymerization degree (n)—concentration plot: (filled circle: gel, open
circle: liquid) and (c) turbidity measurements for 1wt% copolymer solutions
in toluene (n = 45, 95, 190) (heating speed = 0.5 "C/min, wavelength A = 670
nm).

increased las t

highP

Rheology M easurement of the Gel

Temperature-variable rheology was investigatedh vite
physical gel samples of the alternating copolymerg.or
themeasurement, 1,2,4-trichlorobenzene was usedthas
Ivent due to the higher boiling point (213 °C) awoid
evaporation during measurement. The 10wt% solstafi\lt-
C12 or Alt-C18in 1,2,4-trichlorobenzene were first prepared at
90 °C and they were converted into the physicas gglcooling

to ambient temperature. Here, 5wt% gels were uibalsle for
the measurement of rheology because of big syrseedsiow
temperature. Figure 9 shows isothernaabweeps for the
samples ofAlt-C12 andAlt-C18 at different temperatures. At
60 °C, Alt-C18 showed the response of a viscoelastic liquid:
the relaxation time, estimated by the angular feemy of the

G' = G" cross-over point, was of about 0.1 s; the terminal
regime G' ~ w?, G" = w) was evident in the low frequency
region. At lower temperatures, the crossover pwias shifted

to significantly longer relaxation times (about ats50 °C, 10 s

at 40 °C and outside the measurable range at 25wi®reas
the terminal regime disappeared and the absolltesaf the
elastic modulus increased (100 kPa at 1 Hz) thusgjithe
image of a rather stiff transient network or entadgsystem
with very long relaxation time at room temperatur€or Alt-
C12, the general behavior was comparable but the baimi
regime was hardly visible at 90 °C. The relaxatione was
about 2s at 90 °C and already outside the measurabge at
70 °C. Absolute values of moduli were higher (ab®20 kPa

at 1 Hz) fully consistent with the lower mobilitpdnd by*H
NMR in the AIlt-C12 organogel compared withAlt-C18
organogel.

Structure Analysisin the Bulk and Organogel State

Before structure analysis of the physical gels, gtructures
of Alt-C12 and Alt-C18 at solid state were analysed by DSC
and wide angle X-ray diffraction (WAXD) because dbe
characterization would be helpful for understandihg gel
structure. Figure S8 shows DSC thermograms of bk
samples withAlt-C12 andAlt-C18 recorded at a heating rate of
10°C/min. ForAlt-C18, two distinct endothermic signals were



detected around 150 @K, = 0.8 J/g) and 200 "@Q\H,, = 4.6
J/g). On the other hand, a broad endothermic kidité,, ~ 6
J/g) was observed between 150 and 200 °C AfitiC12. Such
values should be compared to the melting enthalpgference
materials featuring the same type of crystallizalbégments.
Thus for instance, paraffin wax has a melting epthaf about
200 J/g*? and recently synthesized p(Stit-MAnh) derivatives

with C,, alkyl side chairfsshowed a melting enthalpy of about

50 J/g hence indicating by comparison a very lowelleof
crystallinity in our compounds.

WAXD patterns of bullAlt-C12 andAlt-C18 are presented
in Figure S10. In Figure 10ab, the same dataastqdl as a
function of q = 4r (sid)/r. In the wideq region, a broad
diffraction peak was detected with a maximum at faene
position, q =1.38 A! (20 = 9.1°) for both samples, which
corresponds to an average spacing oig2= 4.6 A. Such a
signal is ubiquitous in molten polymers and amphgshand
corresponds to the amorphous packing of hydrocachains®

At lower q values, another signal was detected for bo

compounds but its position depends on the lengtthefalkyl
side chains: the maximum arosegat 0.248 A (20 = 1.63°)
for Alt-C12 and atq = 0.192 A! (20 = 1.31°) for Alt-C18.
This corresponds to an average spacingrd 2 25 A forAlt-
C12 and 2vq = 33 A for Alt-C18. In Figure S9, we report
calculated dimensions of the repeat unit with akkigle chains
in the fully extended conformation. The maximumsgible
distance between terminal Gldnd OH groups is = 22 A for
Alt-C12 and | = 29 A for Alt-C18. To account for such
distances, intermediate between once and twicamnilecular
dimensions, and considering the analogy betweemnegheating
unit and an amphiphile, we propose a packing ofeiige
micelle-like cylinders composed of hydrogen bongsgenol

- Alt-C18
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Fig 10. Wide angle X-ray diffraction patterns of freeze dried bulk Alt-C12 (a)
and Alt-C18 (b) (The peak arising at g = 0.4 A (20 =2.7°) is due to Kapton
windows.) and SANS profiles of 5wt% Alt-C12 (c) and Alt-C18 (d) in toluene-
dg at various temperatures.

Table 2 Fitting Parameters from Modeling of SANS Data Recorded at Various
Temperature: 5wt% Solutions in Toluene-dg

Sample Temp. Av. Kuhn Contour Back
(°C) radius length length ground
A A) A) (cm™)
Alt-C12 83.3 14.7 44.3 2250 0.0661
57.5 15.3 79.4 1470 0.0663
38.6 15.0 135.0 53800 0.0653
24.8 15.0 99.4 122000 0.0640
Alt-C18 83.3 17.2 77.0 447 0.0755
57.5 17.4 73.4 688 0.0741
38.6 17.6 65.3 1510 0.0743
24.8 17.9 66.9 12300 0.0734

groups in the core surrounded by radically distedbualkyl
%ains%“ Starting from above calculated distances, thalloc
order was considered to be close to a hexagonalirie
giving rise to a Bragg spacing of/#3 = 25.4 A forAlt-C12
and 2/V3 = 33.5 A forAlt-C18, which matches the measured
values.

In both compounds, the log-Bragg peak appears to be
rather broad (Figure S10), showing a full width [zalf
maximum ofA20 = 0.6° @Alt-C12) andA20 = 0.5° Alt-C18).
These values are evidently much larger than theraxental
resolution A20 of integrated bins 0.01°) and the crystal size
determined through the Scherrer equdfian= /[(A26) cod]
is of about 70-90 A, thus confirming the picture afvery
defective semi-crystalline arrangement.

After swelling with a solvent, the low- Bragg peak
disappears for both compounds. The SANS datAlbiC12
and Alt-C18 in toluene-¢g are shown for several temperatures
in Figure 10cd. For both compounds, the logarithpiot of
data in the 0.01 to 1 ‘Aregion reveals several slopes. Whilst
the highg region is very similar for all spectra, we obseare
upturn of scattered intensity at logy when temperature is
decreased, consistent with the growth of large giating
objects and indeed it is in the same temperaturgeréfrom 90
to 25 °C) that gelation is observed. Regarding igh-
region, similar spectra have been reported in iieeature of
gel-forming systems: T. Lodge et al. analyzed agaeo
solutions of high molecular weight methylcellulddesimilar
structures were also found by Tung et al. for nreguof low
molecular lipids in aqueous solutiolfs. Following these
references, we found that SANS data recorded aC86ould
be well fitted with a flexible cylinder modél. The details of
fitting are reported in Figure S11, a summary dsuls is
presented in Table 2. Interestingly, this modeleldasn SANS
data in the organogel is reminiscent of the saiédesstructure
found above by WAXD. In particular the diameter thie
cylinders is increasing with the lengths of theyhkide chains.
When applying the same treatment to SANS data decbat
lower temperatures, we found that the same modakires
valid with some variations in the parameters: therage radius
is essentially constant, the Kuhn length is alsnost constant



for Alt-C18 but more fluctuating foAlt-C12, may be due to morphology in which the excess solvent is trapped.

more pronounced aggregation, but always remairtsiwit to 5

times the average diameter of the cylinders thwéngithe .

picture of curly noddle like objects. Finally, thentour length Conclusions

was found to increase dramatically (as a resulbwfq upturn) A series of alternating copolymers consisting ofyl/
when temperature was decreased, which is fullyister® with phenol and alkyl-pendant maleimide were synthesizé

the establishment of a percolating gel of extendeiects. In radical copolymerization and deprotection. Intretibn of
addition, investigations in an extendgdange were performed jong alkyl chain into the maleimide unit gave thesensitve

by SAXS for Alt-C18 (Figure S12 and Table S4). Basicallysolubility for diluted solution in aromatic solveand hard gels
SAXS data in the 0.01 to 0.51,5range were well fitted with the when the concentration was increased. The ge|a_ti0n

same model as above. The parameters of the faaapgightly
different, probably due to the different origin obntrast for
neutrons and X-rays, but their temperature depareamhow
the same trend: a major increase of the contougthemwhen
temperature is decreased. In addition, scattediaz in the
0.001 to 0.01 A range show a power law dependen g}~ o
3 which indicates the presence of large aggregdteias to
what has already been observed in water-solublelldib
gelling systemg°®

Cryo-TEM images of theAlt-C18 gel deposited from a

5wt% cumene solution are presented in Figure 1he [Eft
picture leaves the image of a rather uniform fileattiring a
densely packed felt morphology with a mesh sizéhenrange

of a few nanometers. Due to the small contrasteen solvent

temperature and stiffness of the organogel areatleeby
varying concentration, solvent, molar mass and lgmgth of
the alkyl side chains. Some structural analysel W NMR,

X-ray, neutron scattering experiments and cryo-TgdwWe the
image of a fibrillar nanostructure with segregatiphenol
fragments from the hydrocarbon in the alternatieguence, in
which the hydrogen bond interactions between pheanité are
crucial.
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Table S1.Characterization of Alternating Copolymers with tB@ndN-Alkylmaleimides
Synthesized by Free Radical Copolymerization

o Conv.,% Composition Ratid M, M,/M,

Enty*  MI Derivat SIL
ntry’ ervatves = eos M tBOS/MI (GPC) (GPC)
1 C1iami 97 98 49751 190000 3.44
2 c12mi 98 99 49/51 91900 6.45
3 cami 96 100 49/51 154200 2.46
4 CaMI 93 99 50/50 75300 5.33

& Conditions: [tBOSY[MI] o/[AIBN] ;= 1000/1000/20 mM in toluene at 60 °C (Entries 1-4)
® Conversions of tBOS and MI derivatives were detaadiby'H NMR.

¢ Composition Ratio of tBOS and MI derivatives wasedgmined by"H NMR after purification.
4 Determined by GPC in THF with PSt standard calibre(before deprotection reaction).

Table S2.Characterization of Alternating Copolymers with t8B@ndN-Dodecylmaleimide
(C12MI) Synthesized by RAFT Polymerization

Entry? Conc., mM Conv.,% DF Composition Ratid ME  Mu/MSE
tBOS Ci12MI tBOS Ci12MI (calcd.) tBOS/C12MI (GPC) (GPC)

1 1000 1000 95 97 190 49/51 54300 1.32

2 1000 1000 94 96 95 48/52 31000 1.23

3 500 500 90 91 45 49/51 18700 1.20

4 300 300 96 99 29 48/52 12100 1.17

5 100 100 100 100 10 50/50 5100 1.11

& Conditions: [CTAY[AIBN] o= 5/1 mM (Entry 1) and 10/1 mM (Entries 2-5) inuehe at 60 °C.

® Conversions of tBOS and C12MI were determinedtbNMR.

° The average DPs of tBOS and C12MI in copolymerswetermined by monomer conversions.
4 Composition Ratio of tBOS and C12MI was determibgdH NMR after purification.

¢ Determined by GPC in THF with PSt standard calibre¢before deprotection reaction).

-12 -



1
107 106 10° 104 103

MW(PSt)
b
M,
M,/M,,
121,300
2.82
I 1 L) I 1
107 108 10° 10 108
MW(PSt)
C
] ] ] ] 1
107 106 10° 104 103
MW(PSt)
d
Mn
M,/M,,
209,600
2.41
I I L) I 1
107 106 10° 104 103
MW(PSt)

Figure S1.SEC curves of (aAlt-C2, (b) Alt-C8, (c) Alt-C12 and (d)Alt-C18 in THF.
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Table S3.Viscosity of the Solution oAlt-C12 in Toluene (5wt%) After Addition of Pyridine in
Comparison with the Solution in THF (5wt%)

Viscosity (mPa's)

Angle O In Toluene I
After Addition of Pyridine * n THF

20 8.35 e
25 8.29 10.17
30 8.26 10.22
35 8.29 1025
40 8.33 105
45 8.36 1059
> 8.41 10.44
> 8.44 10.50
60 8.48 1053
65 8.46 1051
70 8.36 10,40

Average 8.37 10.36

& The amount of pyridine added in toluene soluticas\2 equimolar with phenol groups in the
solution.
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Figure S8.DSC thermograms recorded at 2nd heating procedsutérsamples of (allt-C12
and (b)Alt-C18. Temperature program: 1st heating at 10 “C/nomf20 °C to 250 °C; 5 min
holding at 250 °C; 1st cooling at 10 *C/min from0Z®& to 20 °C; 2nd heating at 10 °C/min from
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Figure S9. Chem3D Molecular models of dimers of 4-vinylpheaoid N-alkylmaleimide (a,
C12MI; b, C18Ml) with alkyl chains in the fully esthded conformation.
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Figure S12. SAXS data with fitting curves foAlt-C18 (a-d) at different temperatures. The
fitting curvel (green) correspond to a flexibleiogler model fitted from 0.01 to 0.5"A The
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Table S4.Fitting Parameters from Modeling of SAXS Data Reéeal at Various Temperatures

Sample flexible cylinder power law
Temperature Av. Radius Kuhn Contour Background power Background
(°C) (A) length (A) length (A) (cm™) (cm™)
Alt-C18 84 8.48 140.4 429.0 0.12 3.19 4.11
56 8.51 103.4 634.6 0.12 3.17 5.23
39 8.50 76.0 1092.5 0.05 3.03 6.87
25 8.50 58.3 4000.0 0.05 2.80 21.96

of 5wt% Alt-C18 Solutions in Toluened
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