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ABSTRACT: Methacrylate comb polymers were synthesized that have amphiphilic teeth of ethylene glycol
oligomers capped with alkyl groups. Both segments are of exact length to promote self-organization and
crystallization. The atactic methacrylate backbone plus close proximity to the polymer backbone inhibits
crystallization of the oligoethyelene oxide segments, but the terminal alkyl segments readily crystallize. Wide-
angle X-ray diffraction and differential scanning calorimetry were used to characterize polymer side chain
crystallization and its evolution as a function of the length of the amphiphilic teeth. An analysisdépiaeings

places the oligoethylene glycol segment and the first eight carbon atoms of the alkyl chain in an amorphous
phase. An~1 A/carbon atom increase in thespacing is consistent with the crystalline segments being tilted
relative to the polymer backbone. When the number of carbon atoms in alkyl segmenid isddition of
LiClO, yields an ionic conducting ethylene oxide phase with retention of the alkyl crystallization. These novel
polymer electrolytes use crystallization as a structural element to maintain dimensional stability.

Introduction into two-phases, one rubbery and conducive to ion transport
. . . and a rigid crystalline phase that provides dimensional stability,
Polymeric materials capable of transporting small molecules

; S L . are attractive architectures for testing this strategy.

and ions find important applications in membrane-based . . . o
separation’s 3 and as electrolytes for sensors, fuel céfsand Polymer combs with oligoethylene oxide teeth are good ionic
lithium batterie€~11 An ongoing challenge in the design of cor\ductors because of the high er>§|b|I|ty of short oligoethylene
polymer electrolytes is to combine in a single material the high ©Xide chains as well as the strong interaction between the ether
ionic conductivity of liquid electrolytes with the mechanical 0xygens and lithium ion&:%° Since theTys of methacrylate-
properties typical of thermoplastiéslon transport in polymers ~ based combs decrease as the length of the oligoethylene oxide
is usually related to the polymer free volume and segmental Side chain increasé$ most are not dimensionally stable, and
motion, and thus ions and neutral molecules diffuse more rapidly they typically need to be cross-linked. In general, the glass
through polymers at temperatures above their glass transitiontransition cannot be relied upon to provide mechanical stability
(Ty). However, the use of polymers @ > T, has serious  insingle phase electrolytes, and even ppighenylene)s soften
drawbacks since most polymers have poor dimensional stability @hd flow when the PEO side chains are long enough to screen
aboveT,. Well-known strategies for stabilizing polymers such  the interactions between rigid-rod backbofean alternative
as cross-linking effectively render polymer electrolytes di- to cross-linking is to mimic the morphology of thermoplastic
mensionally stable. However, most cross-linking strategies also €lastomers and use phase separation to form a hjgbr
reduce chain mobility, and since ionic mobility in polyether ~crystalline phasé” This can be accomplished by attaching a
electrolytes is tied to the flexibility of the polymer chain, the hydrophobic block to one or both ends of the comb polymer
corresponding conductivity also declines. The most successfulbackbone. A second approach, which we explore in this report,
solutions to this problem have been multiphase materials suchis to attach short alkyl chains to the end of the oligoethylene
as gelsi* block copolymerd?>1® and nanoparticulate compo- oxide teeth to render them amphiphilic. In the resulting structure,
sited’-20 that simplify the electrolyte design process by decou- We expect the ethylene oxide portion of the comb will facilitate
pling the structural elements that correlate to high conductivity ion transport while the alkyl tails will crystallize and provide
from those that lead to good mechanical properties. A common dimensional stability.
feature in these systems is a continuous reinforcing phase that Comblike polymer systems containing long alkyl groups have
provides dimensional stability to a low molecular weight liquid been extensively investigaf®d® and include polyg-alky!
electrolyte. acrylatesy%*3 poly(n-alkyl methacrylates)*** poly(acryl-

Crystallinity has long been viewed as being detrimental to amides).>4 poly(a-olefins)/ 647 aromatic polyester® poly-
achieving high conductivity in polymer electrolytes since the amides!® polythiophenes?and other polymers. Comb systems
fixed position of atoms in a crystal lattice is incompatible with typically assemble into an overall lamellar structure with the
most ion conduction mechanisms. However, as long as crystal-side chains interdigitated or packed end-to-end to form a separate
linity is restricted to the insulating portion of the polymer, it crystalline domair$?>1Differential scanning calorimetry (DSC)
should be possible to design a two-phase system whereand polarized optical microscopy show that regardless of the
crystallization of the nonconducting phase has a minimal effect rigidity and tacticity of the backbone, the side chains of linear
on ion transport in a second phase. Polymers that self-assemblelkyl comb polymers crystallize when the length of the side

chain exceeds a critical number of methylene groups, usually

* Corresponding author. E-mail: bakerg@msu.edu. 7—10. Wide-angle X-ray scattering (WAXS) and small-angle
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Scheme 1 date with the ATRP of PEG methacrylates suggests that it would
, - be difficult to completely remove the metal catalyst from the
polymer, which may introduce some uncertainty in interpreting
the conductivity data.

The thermal properties of the polymers were measured by

Lo ° ° : ° L DSC under helium at a heating rate of A0/min. All samples
Gt f ¢ ? L. were initially heated to above their melting points to erase any
o 0 0.0 0.0 0.0 G— thermal history induced by the workup procedure or long-term
s g o e = P storage of the polymers. The data shown in Figures 1 and 2 are
oS0 oo oo oo/ o second heating scans taken after quenching the samples from
G TOIPhAE, LI lon the melt. For the E= 4 series of polymers (Figure 1), a dodecyl
0 o o o conducting region . L .
chain was the minimum alkyl chain length that led to observable
o 9 9 g crystallinity. Glass transitions were seen for polymers with
' [ ) branches shorter than;£ but no evidence of crystallization.
G CYStalline The melting points for the polymers (Table 1) steadily increase

e i with increases in the length of the alkyl segment, reaching 49

°C for a Gg segment. This behavior mirrors that of paty(
alkyl methacrylates), where crystallization is first observed for
poly(dodecyl methacrylate) (mg —34 °C),*! and the melting
point for poly(octadecyl methacylate)s is 3€.4! In like
manner, theAHss values increased from 23 J/g for€12 to

60 J/g for C= 18, indicating a steady growth in crystallinity as
more methylenes are included in the crystalline domains.

structure?®-40:510nly the terminal part of the alkyl chains takes
part in the crystallization process; the first few atoms attached
to the polymer backbone are usually amorphous. For a
homologous series of comb polymers, the melting points of the
polymers increase with the length of the side chain.

In this report we describe the synthesis and characterization o i
of several series of methacrylate-based combs whose teeth are !N contrast, the addition of ethylene oxide segments to the
oligoethylene oxide monoalkyl ethers (Scheme 1). In our amphiphilic S|d(=T F:halns makes pnly minor contributions to
polymer design, we sandwich amorphous, ion-conducting PEO polymer crystallinity. Showr} in Figure 2 are DSC data for a
layers between two insulating layers of crystalline alkyl groups. Series of GaEy polymers. Using poly(tetradecyl methacrylate)
Alkyl groups placed at the terminus of the teeth favor (POIYCisEo) as a reference, introducing two ethylene oxide
intermolecular crystallization of the combs and dimensional S€gments increases the melting point fref to 18°C, but
stability. Adding LiCIQ: converts the combs to ionic conductors 20t the melting points andiHy,s values are nearly constant as

with retention of the alkyl segment crystallinity. the ethylene oxide segment is lengthened further. The trends in
the melting points for these two sets of polymers are more
Results clearly seen in Figure 3.

Since one of our goals is to understand the Self_assembly A p|aUSib|e rationale for the data is that the CrySta"inity in
process in amphiphilic comb polymers, we designed comb these polymers is due solely to thesChain, and the ethylene
structures where each tooth is identical in composition and 0Xide segments, being bound directly to the polymer backbone,
length. We anticipated that eliminating dispersion in the length Simply act as amorphous spacers and do not enter into the
of the teeth should simplify structural analysis and favor Crystalline regions. Confirmation comes from an analysis of
crystallization of the alkyl portion of the side chain. As shown AHius as a function of the number of chain atoms in the teeth
in Scheme 2, the desired methacrylate monomers are readilyof the combs. Studies of a number of comb polymers having
available from the reaction of methacryloyl chloride with exact n-alkyl teeth show that for limited ranges of comb lengttss,s
length oligoethylene glycol monoalkyl ethers, which in turn can is linearly dependent on the number of carbon atoms in the teeth
be obtained in high yield and purity via an iterative process With a slope 0#3.3 kJ/mol CH. Thex-intercepts are interpreted
used to prepare exact length oligoethylene glycol dialkyl as the number of amorphous chain atoms in the téefotted
etherss2 The key step in the chain extension process is the usein Figure 4 are data from the poly{EsMA) series as well as
of monotosylated glycols. These crystalline intermediates can data from a series af-alkyl methacrylate polymers reported
be prepared and purified on |arge Scales’ enab”ng us to by Jordarﬂo Both data sets are linear and have similar Slopes,
synthesize monodisperse ethylene glycols with degrees ofPut the data from the EMA polymers are shifted to larger
polymerization as high as 14. The methacrylate monomers werenumbers of chain atoms. The intercept for the polffiMA)
purified by column chromatography and polymerized af60 series corresponds to the 12 atoms of the ethylene oxide segment
using AIBN as the initiator. After isolation by precipitation into ~ Plus 8 carbon atoms in the alkyl chain compared-carbon
methanol, the polymers were dried under vacuum. At room atoms for the polyg-alkyl methacrylate)s, consistent with the
temperature, polymers with short side chains are best describedlata of Figure 3 and with the conclusion that the ethylene oxide
as translucent gels, while those with longer side chains are whiteUnits do not participate in crystallization.
crystalline powders. For convenience, these methacrylate poly- A key aspect in the design of these polymers was the notion
mers are abbreviated as polyEMA), wherex andy refer to that linking the PEO segments to an atactic methacrylate
the number of structural repeat units in the alkyl and oligoet- backbone would suppress the tendency for PEO to crystallize
hylene oxide segments, respectively, while MA identifies the and ensure that the PEO phase remains amorphous to support
methacrylate backbone of the polymer. ionic conductivity. However, there are obvious limits to this

The molecular characterization data for these polymers areapproach since these effects should disappear for long PEO
shown in Table 1. In all cases, the polymers have high molecular segments and for PEO segments placed at the end of the teeth.
weights and polydispersities typical of free-radical polymeriza- We note that PEO segments in comparably size#,C;
tions. We considered using ATRP to obtain polymers with oligomers are not restricted by the atactic backbone and readily
narrower molecular weight distributions, but our experience to crystallize in both planar zigzag and helical conformati?ﬁr@.CDV
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Scheme 2
1. Nt/ THF CH3-(CH,)—OCH,CH,),OTHP
Ha~(CH»)-OH —_——> 3=(CH2)~ 2CH2
CHy(CH2 0 2. Ts(OCH,CH,),OTHP x1 ¢
HCI
EtOH
HzC. .CH
H3C\C’/CH2 s c 2
|
/C\\O CI/C\\O
CH3—(CH2)X_—1(OCHZCH2) O < CHz~(CHp)(OCH,CH,) ,OH
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CxEyMA CxEy
Table 1. Physical Properties of Amphiphilic Methacrylate Polymers (Poly(GE,MA))
polymer My x 10732 PDI Tq (°C)P mp (°C) AHyys (3/9) dspacing (A)

poly(CsEoMA) 116 2.2 -21

poly(CsEMA) 433 2.3 -71

poly(CsEsMA) 207 2.0 —68

poly(CsEsMA) 69.8 15 nd

poly(CsE4MA) 123 25 —66

poly(CioE4MA) 107 3.0 —63

poly(C12E4MA) 306 2.0 —65 -1.8 28 37.7
poly(C14EoMA) 100 25 -22 -7.0 18 28.%
poly(Ci4E2MA) 153 2.9 nd 18.0 37 32%7
poly(Ci14E4MA) 171 3.1 -39 21.9 43 374
poly(Cr4EsMA) 69.0 1.6 nd 16.6 38 463
poly(C16E4MA) 173 33 nd 37.3 52 41.4
poly(CisEsMA) 183 2.9 -20 48.9 60 43.1

aMolecular weights were determined by GPC in THF and are reported relative to polystyrene stah8ardples where no glass transitions were
detected are labeled “nd®Measured at-50 °C.

poly(C1gE4MA) poly(C14EsMA)

poly(C1sE4MA) i 3 poly(C 14E4MA) JL
)
' :
Iy(C14E4MA) 2
po 14E4 ——
S g poly(C14E2MA) A
c <
o
3z poly(C1,.EsMA)
2 S— poly(C14EoMA)
2 | poly(CioEMA)
-55 -35 -15 5 25 45 65

temperature (°C)

Figure 2. DSC data showing the melting behavior of amphiphiligk;
poly(methacrylate) combs. Shown are second heating scans measured
poly(CcE,MA) under He at 10C/min, taken after erasing the thermal history of the
sample at 60C.

poly(CsE4MA)

. . . ) at lower angles that are consistent with a layered structure for
the crystalline polymer®:51
150 1100 50 0 %0 100 The reflection at 225(~4.56 A) is typically observed in
temperature (°C) comb polymers with longn-alkyl teeth and corresponds to
Figure 1. DSC data showing the melting behavior of amphiphiliEC hexagonal packing of the alkyl chaif%>*In this case the alky!
poly(methacrylate) combs. Shown are second heating scans measureghains are somewhat disordered, and thus the spacing is slightly
gg%‘ay;‘g&gcmm' taken after erasing the thermal history of the - ioner than the 4.17 A seen for crystalline normal parafins. The
diffraction patterns in the low-angle region show a prominent
We do observe a narrowing of the melting transition for longer reflection at<5° as well as second-order reflections that are
ethylene oxide segments which implies more ordered crystalline consistent withd spacings of 2846 A. As expected, the
regions when the ethylene oxide spacer is longer. Powder patterrpolymers with the longest side chains had the higegiacings.
X-ray diffraction experiments (Figures 5 and 6) yield two types The lowest angle reflection sharpens as the length of the side
of reflections: a wide-angle reflection near Z1abd reflections chain increases, an effect that is more pronounced forIt;Ey%DV
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Figure 3. Dependence of the polymer melting point on the length of poly(C 1.E4MA)
the alkyl and ethylene oxide segments in amphiphilic poly(methacrylate)
combs: triangles, {4 series; squares,¢E, series. . ) )
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30 A IF“ Figure 5. Powder X-ray diffraction data for poly(€sMA) combs.
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Figure 4. Dependence oAHs,s on the number of chain atoms in the
teeth of polyt-alkyl acrylate)4° (triangles) and amphiphilic poly(E.- poly(C14EoMA)
MA) combs (squares).
series (Figure 6). These results parallel the DSC data described L L L L L .
earlier, which showed an increase AHss with increases in 0 5 10 15 20 25 30
the length of the Esegment. 29

When thed spacings extracted from the low angle data of
Figures 5 and 6 are plotted as a function of the number of atoms
in the side chain of the polymer conBigure 7, thed spacings electrolytes. The critical structural issue relevant to our two-
are linearly related to chain length with a slope~af A/atom. phase hypothesis for electrolytes was whether the crystallinity
A large number of polymers havingralkyl-substituents have  due to the alkyl segments (reinforcing element) would survive
been prepared and analyzed, and a common packing motif forthe disorder induced by dissolution of the salt to form an ion-
acrylate and methacrylate polymers is a layered structure whereconducting phase. The DSC data shown in Figure 8 for poly-
the alkyl chains extend from both sides of the polymer (CisE4MA) and Figure 9 for poly(GsE4MA) show that crys-
backbone®5! The side chains can pack end to end or they tallinity was preserved in both systems and that the degree of
interdigitate. The 1 A/atom increment is smaller than the 1.24 crystallinity was nearly constant up to the highest toncen-
A/atom expected for extended interdigitated alkyl chains trations. Thus, the structure of the electrolytes at room temper-
oriented perpendicular to the polymer backbone. ature can be viewed as an amorphous polyether rendered

Tilting the chains by~35° as suggested in Scheme 1 (i.e.,, a dimensionally stable by the formation of crystalline domains.
herringbone or analogous motif) would be consistent with the  Salt/polymer composites of poly(6EsMA) were character-
observed change in spacing, but more extensive X-ray diffractionized by impedance spectroscopy. Typical impedance spectros-
experiments are needed to define clearly the tilt angle. copy data acquired from 51 to 9@ for the composite (O:Li

Amphiphilic Combs as Polymer Electrolytes.LiClIO4 was = 24:1) are shown in Figure 10. Because of the high resistance
dissolved in the amphiphilic comb polymers to yield polymer of the composite at low temperature, the 30 and@@lata didCDV

Figure 6. Powder X-ray diffraction data for poly(GE,MA) combs.
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Figure 7. Relationship between the averagiepacing extracted from
the X-ray data and the number of chain atoms in the methacrylate side
chain. The data are derived from the polyf&;MA) and poly(GE4+

MA) series shown in Figures 2 and 4.
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Figure 8. DSC data for electrolytes prepared from LiGl@nd
amphiphilic poly(GsEsMA) combs. Shown are second heating scans
measured under He at $1G/min, taken after erasing the thermal history
of the sample at 60C.
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Figure 9. DSC data for electrolytes prepared from LiGl@nd
amphiphilic poly(GeEsMA) combs. Shown are second heating scans
measured under He at 2G/min, taken after erasing the thermal history
of the sample at 60C.
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Figure 10. Impedance spectroscopy characterization of palfe
MA)/LiICIO 4 composites at O:Li 24:1 at various temperatures.

tivities were modest;~10-% S/cm, which is likely related to

not form the usual semicircle, and the data were omitted. The the low volume fraction of the conducting phase and the
bulk resistance of the composite at a given temperature is2-dimensional nature of the conduction mechanism in the

defined by the value at which the real part of the resistance
reaches a plateau. The impedance data in Figure 10 show th

absence of long-range alignment of the ethylene oxide layers.
e Figure 11 shows representative conductivity data for poly-

expected semicircular shape but do not form a plateau, and(C;6E4MA)/LiCIO 4 composites, plotted in VTF format. Because
therefore the intercept of the curve with the real impedance axis of the relatively low melting points of the polymers, the data

Zr was used to calculate the bulk conductivity. For all

in Figure 11 correspond to amorphous, but presumably phase-

electrolytes tested, the extrapolated room temperature conducseparated, samples. Since there is no long-range segr%ﬁg{?l
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Temperature °C with indium. The reported DSC curves are second heating scans
taken after an initial heating scan to erase the thermal history and
100 90 80 70 60 50 a fast quench te-100°C. X-ray powder diffraction patterns were
5.5 ’ y y ’ y ’ obtained using a computer-controlled Rigaku 200B rotating anode
8:1 diffractometer operating in reflective mode at 45 kV/100 mA, with
12:1 graphite monochromatized CuoKradiation.

16:1 All manipulations of the polymers and electrolytes were carried
out in a helium drybox. The ac impedance data were obtained from
an HP 4192A LF impedance analyzer scanning from 5 Hz to 13
48:1 MHz with an applied voltage of 10 mV. Data were taken at 30,
64:1 40, 50, 60, 70, 80, 90 and 10C, with the samples equilibrated at
each temperature for at least 20 min prior to measurement. The
sample cell was constructed of stainless steel disks separated by a
8 Teflon collar. The final dimensions of the sample film have a depth
of 0.053 cm and an area of 1.27 £rAll electrolytes were prepared
° in a helium-filled drybox by mixing acetonitrile solutions of LiClO
8 and the desired polymer. The samples were then concentrated under
reduced pressure to afford a viscous solution which was directly
cast into the sample holder used for impedance analysis. Only the
oxygen atoms of the polyether chain were included in calculating
-85 ‘ ‘ ‘ the O:Li ratio; the carbonyl oxygen was not counted.
7 8 9 10 11 12 13 2-[2-(2-(2-(2-Tetradecyloxyethoxy)ethoxy)ethoxy)ethoxy]-
p tetrahydropyran [CH 3(CH3);3(OCH,CH,),OTHP]. Under nitro-
1000/(T-To) (K™) gen, 1-tetradecanol (4.3 g, 20 mmol) was added dropwise to a
Figure 11. Conductivity of electrolytes prepared from polyéEsMA) refluxing suspension of 0.60 g (25 mmol) of sodium hydride in
and LiCIO, at various O:Li ratios. 100 mL of dried THF. After stirring for 30 min, a solution of 8.6
g (20 mmol) of the THP-protected tetraethylene glycol monotosylate
motion below Ty, To is often set to thely of the material. in 30 mL of THF was added dropwise over a period of 15 min.
However, theTy of the GeEsMA system was difficult to The mixture was refluxed overnight, cooled to room temperature,
measure by DSC due to the highly crystalline nature of the and washed with 5% aqueous NaCIX30 mL). The organic layer
composites. Instead, we used 243.2 K, the average of ghe was_driedl_O\Iger 'Vlllgsﬁ)a_??gconcegégat)ed lﬁ'nier reduceg p(eﬁsure
for poly(CEsMA) and poly(GsEsMA), as To. to give a light yellow oi 1 g, 96%), which was used without
The data show that the temperature-dependent conduc:'[ivityfurther purificationH NMR 6: 0.85 (t, 3H), 1.26 (m, 22H), 1.61

is sensitive to the level of LiCIQin the electrolyte, increasing 1.93 (m, 8H), 3|,.36LSHSO (m,hZOH), 4.6hZ g 1H).
with decreases in the O:Li ratio and reaching a conductivity , 2[2-(2-Hexyloxyethoxy)ethoxyJtetrahydropyran [CHy(CH)s-

. L (OCH,CH,),OTHP]. Obtained as described above as a yellow oil
aximh at O'r';.'_ f12' ThthTthf"Ot a:SO Shcl’."‘;f. the exlpeCted in 95% yield.lH NMR o: 0.85 (t, 3H), 1.26 (m, 6H), 1.611.93
Inear relations Ip TOr eacn o the polymer Ithium salt com- (m' 8H), 3.30-3.80 (m’ 12H), 4.62 (t, lH)

posites studied. The poly{gEsMA)/LICIO 4 composites behave 2-12-(2-(2-(2-Hexvloxvethoxy)ethoxy)ethoxv)ethoxyl-
similarly to PEO electrolytes, but with 2 orders of magnitude tetrar[1yd(rop(yra(n [CH 3)(/CH2);5(OCHQ:H2)4OYF)HP]. O{))tained BQS

24:1
65 |

log o
-
o o0 @0
e O €0
>DoOeo e

o

> O & X e
<
[m]

lower conductivities. described above as a yellow oil in 90% yielth NMR 6: 0.85 (t,
. 3H), 1.26 (m, 6H), 1.6%1.93 (m, 8H), 3.29-3.81 (m, 20H), 4.62
Conclusions (t, 1H).

A series of exact length amphiphilic comb polymethacrylates  2-[2-(2-(2-(2-(2-(2-Hexyloxyethoxy)ethoxy)ethoxy)ethoxy)-
were synthesized and characterized. These oligoethylene oxidesthoxy)ethoxy]tetrahydropyran [CH3(CH 2)s(OCH,CH3)sOTHP].
alkyl segments of these polymers microphase separate to formObtained as described above as a yellow oil in 89% yiéld&NMR
highly crystalline domains that provide dimensional stability ©: 0.85 (t, 3H), 1.26 (m, 6H), 1.611.93 (m, 8H), 3.36-3.80 (m,
and amorphous oligoethylene oxide domains that support ionic 28H), 4.62 (1, 1H).
conductivity. Lithium salts were dissolved into the polymers  2-[2-(2-Tetradecyloxyethoxy)ethoxy]tetrahydropyran [CHs-
with retention of the alkyl phase crystallinity. At ambient (CH2)1(OCH2CH2),OTHP]. Obtained as described above as a
temperatures these solid polymer electrolytes are crystalline withYe!loW oil in 95% yield.’H NMR 4: 0.85 (t, 3H), 1.26 (m, 22H),
modest conductivities of 16—107 S/cm. 1.61-1.93 (m, 8H), 3.36:3.80 (m, 12H), 4.62 (t, 1H).

2-[2-(2-(2-(2-(2-(2-Tetradecyloxyethoxy)ethoxy)ethoxy)ethoxy)-
Experimental Section ethoxy)ethoxy]tetrahydropyran [CH3(CH2)15(OCH2CH2)sOTHP].

. . _ Obtained as described above as a brown oil in 91% yleldNMR
Unless otherwise noted, all reagents were obtained from Aldrich 5. g5 (t, 3H), 1.26 (m, 22H), 1.611.93 (m, 8H), 3.36-3.80

and were used as received. THF was dried by distillation from (y, 2gH) 4.62 (t, 1H).

sodium benzophenone ketyH NMR spectra were measured at

room temperature in CDglsing a Varian Gemini-300 spectrom- tetfa;t[s;j(r%)b(ﬁé(nzigﬁt)l(lcgﬁy)e(tgccnl(-ly)((:ﬁh)o é)fr)l-elg]loxoygtﬁr:]g;gs-
h f . . . 3 2)7 2 2)4 .

eter at 300 MHz. Chemical shifts were calibrated using residual described above as a yellow oil in 96% yiell NMR o: 0.85 (t,

CDCl; and are reported in ppnd) relative to tetramethylsilane.
Polymer molecular weights were determined by gel permeation f’tH)l’Hl)‘ZG (m, 10H), 1.631.93 (m, 8H), 3.38-3.80 (M, 20H), 4.62

chromatography (GPC) using a PLgel 20m Mixed A column and
a Waters R401 differential refractometer detector at room temper-  2-[2-(2-(2-(2-Decyloxyethoxy)ethoxy)ethoxy)ethoxy]-
ature. THF was used as the eluting solvent at a flow rate of 1 mL/ tetrahydropyran [CH 5(CH2)o(OCH,CH)4OTHP]. Obtained as
min, and monodisperse polystyrene standards were used to calibratélescribed above as a yellow oil in 98% yielth NMR o: 0.85 (t,
the molecular weights. The concentration of the polymer solutions 3H), 1.26 (m, 14H), 1.631.93 (m, 8H), 3.36-3.80 (m, 20H), 4.62
used for GPC measurements was 1 mg/mL. Differential scanning (t.

calorimetry (DSC) measurements were run under helium at a 2-[2-(2-(2-(2-Dodecyloxyethoxy)ethoxy)ethoxy)ethoxy]-

heating rate of 10C/min using a Perkin-Elmer DSC 7 calibrated tetrahydropyran [CH 3(CH3)11(OCH,CH;),OTHP]. Obtained aSCDV
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described above as a yellow oil in 97% yieldt NMR 6: 0.85 (t, 3,6,9,12-Tetraoxatricontan-1-ol [CH(CHy);7(OCH,CH,),OH]
3H), 1.26 (m, 18H), 1.631.93 (m, 8H), 3.36-3.80 (m, 20H), 4.62 (C14E4). Obtained as described above as a white crystalline solid
(t, 1H). in 99% yield.'H NMR d: 0.86 (t, 3H), 1.26 (m, 30H), 1.55 (m,

2-[2-(2-(2-(2-Hexadecyloxyethoxy)ethoxy)ethoxy)ethoxy]-  2H), 2.20 (br singlet, 1H), 3.42 (t, 2H) 3.5(.80 (m, 16H); mp
tetrahydropyran [CH 3(CH,)15(0OCH,CH,),OTHP]. Obtained as ~ 41.1°C (lit.5® mp 41.0°C).

described above as a yellow oil in 92% yielth NMR o: 0.85 (t, Synthesis of Methacrylate Monomers (GE,MA). 3,6,9,12-
3H), 1.26 (m, 26H), 1.6%£1.93 (m, 8H), 3.36-3.80 (M, 20H), 4.62 Tetraoxahexacosyl Methacrylate (G,EsMA). 3,6,9,12-Tetraoxa-
(t, 1H). hexacosanol (1.6 g, 4.0 mmol) prepared as described above and

2-[2-(2-(2-(2-Octadecyloxyethoxy)ethoxy)ethoxy)ethoxy]-  0.81 g (8.0 mmol) of triethylamine were dissolved in 10 mL of
tetrahydropyran [CH 3(CH3)17(OCH,CH,),OTHP]. Obtained as anhydrous ether. Methacryloyl chloride (0.63 g, 6 mmol) was

described above as a yellow oil in 95% yielth NMR o: 0.85 (t, injected into the stirred solution over a period of 5 min. After stirring

3H), 1.26 (m, 30H), 1.621.93 (m, 8H), 3.36-3.80 (m, 20H), 4.62 for an additional 10 min, the mixture was concentrated by rotary

(t, 1H). evaporation and then ffol h at 20mTorr to remove residual
3,6,9,12-Tetraoxahexacosan-1-ol [CKICH>);3(OCH,CH,),OH] triethylamine and methacryloyl chloride. The residue was dissolved

(C14E4). HCI (1 N, 10 mL) was added to a solution of 9.5 g (20 in 50 mL of ether, filtered, washed with 5% aqueous NaCl, dried
mmol) of CHy(CHy)15(OCH,CH,),OTHP in 100 mL of ethanol. under MgSQ, and concentrated under reduced pressure. The light
After refluxing the solution for 2 h, the mixture was neutralized Yellow oil was further purified by column chromatography (silica
with saturated NaHC@and concentrated under reduced pressure. 9€l, 25:75 ethyl acetate/hexane) to give a clear colorless liquid (1.1
The residue was dissolved in CHQLO0 mL) and washed with ~ 9) in 60% yield.*H NMR 6: 0.85 (t, 3H), 1.26 (m, 22H), 1.55 (m,
saturated NaCl solution. The organic layer was dried over MgSO  2H), 1.92 (s, 3H), 3.42 (t, 2H), 3.5.74 (m, 14H), 4.26 (t, 2H),
concentrated by rotary evaporation, and dried under vacuum (205-55 (s, 1H), 6.10 (s, 1H).
mTorr) overnight to remove volatile impurities. The white crystal- Hexyl Methacrylate (CsEqMA). Isolated by column chroma-
line product (7.6 g, 98%) was used in the next step without further tography (silica gel, 5:95 ethyl acetate/hexane) as a clear colorless
purificationH NMR ¢: 0.86 (t, 3H), 1.26 (m, 22H), 1.55 (m, 2H),  liquid (2.2 g) in 82% yield.!H NMR d: 0.85 (t, 3H), 1.26 (m,
2.20 (br singlet, 1H), 3.42 (t, 2H) 3.58.80 (m, 16H). mp 27.0  6H), 1.62 (m, 2H), 1.92 (s, 3H), 4.11 (t, 2H) 5.55 (s, 1H), 6.10 (s,
°C (lit.5* mp 28.5°C). 1H).
3,6-Dioxadodecan-1-ol [CH(CH,)s(OCH,CH,),0H] (C4E»). 3,6-Dioxadodecyl Methacrylate (GE,MA). Isolated by column
Obtained as described above as a light yellow oil in 99% yigid. chromatography (silica gel, 15:85 ethyl acetate/hexane) as a clear
NMR 6: 0.86 (t, 3H), 1.26 (m, 6H), 1.55 (m, 2H), 2.20 (br singlet, colorless liquid (1.5 g) in 71% yieldtH NMR ¢: 0.85 (t, 3H),
1H), 3.42 (t, 2H) 3.56-3.80 (m, 8H); mp-42.5°C (lit.55 mp —40.2 1.26 (m, 6H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H), 353074
°C). (m, 6H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12-Tetraoxaoctadecan-1-ol [CHCH)s(OCH,CH,),0H] 3,6,9,12-Tetraoxaoctadecanyl Methacrylate (€EsMA). Iso-
(C6E,). Obtained as described above as a light yellow oil in 98% lated by column chromatography (silica gel, 25:75 ethyl acetate/
yield. TH NMR 6: 0.86 (t, 3H), 1.26 (m, 6H), 1.55 (m, 2H), 2.20 hexane) as a clear colorless liquid (1.2 g) in 63% yietiNMR
(br singlet, 1H), 3.42 (t, 2H) 3.503.80 (m, 16H); mp—15.0°C d: 0.85 (t, 3H), 1.26 (m, 6H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t,
(Iit.56 mp —11.9°C). 2H), 3.50-3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12,15,18-Hexaoxatetracosan-1-ol [GKHCH)s- 3,6,9,12,15,18-Hexaoxatetracosyl Methacrylate (EsMA).
(OCH,CH,)6OH] (C6Eg). Obtained as described above as a light Isolated by column chromatography (silica gel, 60:40 ethyl acetate/
yellow oil in 98% yield."H NMR 6: 0.86 (t, 3H), 1.26 (m, 6H), hexane) as a clear colorless liquid (0.93 g) in 55% yittINMR
1.55 (m, 2H), 2.20 (br singlet, 1H), 3.42 (t, 2H) 3:58.80 (m, 0: 0.85 (t, 3H), 1.26 (m, 6H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t,
24H); mp—3.5°C (lit.55 mp 1.2°C). 2H), 3.50-3.74 (m, 22H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12-Tetraoxaeicosan-1-ol [CHCH)7(OCH,CH),0OH] 3,6,9,12-Tetraoxacosyl Methacrylate (gE,). Isolated by col-
(CgE4). Obtained as described above as a light yellow oil in umn chromatography (silica gel, 25:75 ethyl acetate/hexane) as a
98%yield.?H NMR 6: 0.86 (t, 3H), 1.26 (m, 10H), 1.55 (m, 2H), clear colorless liquid (1.1 g) in 45% yieldH NMR ¢: 0.85 {t,
2.20 (br singlet, 1H), 3.42 (t, 2H) 3.568.80 (m, 16H); mp—3.2 3H), 1.26 (m, 10H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H), 3-50
°C (lit.5 mp —2.0 °C). 3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12-Tetraoxadocosan-1-ol [CKCH)o(OCH,CH,),OH] 3,6,9,12-Tetraoxadocosyl Methacrylate (GE4MA). Isolated
(C10E4). Obtained as described above as a light yellow oil in 98% by column chromatography (silica gel, 25:75 ethyl acetate/hexane)
yield.'H NMR 6: 0.86 (t, 3H), 1.26 (m, 14H), 1.55 (m, 2H), 2.20 as a clear colorless liquid (1.1 g) in 52% yield. Yield 1.1 g (52%).
(br singlet, 1H), 3.42 (t, 2H) 3.563.80 (m, 16H); mp 8.2C. IH NMR 6: 0.85 (t, 3H), 1.26 (m, 14H), 1.55 (m, 2H), 1.92 (s,
3,6,9,12-Tetraoxatetracosan-1-ol [CH{CH-);(OCH,CH2)4OH] 3H), 3.42 (t, 2H), 3.56-3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H),
(C12E4). Obtained as described above as a light yellow oil in 98% 6.10 (s, 1H).
yield. *™H NMR ¢: 0.86 (t, 3H), 1.26 (m, 18H), 1.55 (m, 2H), 2.20 3,6,9,12-Tetraoxatetracosyl Methacrylate (&E4MA). Isolated
(br singlet, 1H), 3.42 (t, 2H) 3.563.80 (m, 16H); mp 18.TC by column chromatography (silica gel, 25:75 ethyl acetate/hexane)
(lit.5* mp 20.5°C). as a clear colorless liquid (1.1 g) in 68% yieltH NMR o: 0.85
3,6-Dioxaeicosan-1-ol [CH(CH2)13(OCH,CH3),0H] (C 14E>). (t, 3H), 1.26 (m, 18H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H),
Obtained as described above as a white crystalline solid in 99% 3.50-3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
yield. 'H NMR ¢: 0.86 (t, 3H), 1.26 (m, 22H), 1.55 (m, 2H), 2.20 Tetradecyl Methacrylate (Ci4sEqMA). Isolated by column
(br singlet, 1H), 3.42 (t, 2H) 3.563.80 (m, 8H); mp 26.2C (lit.5* chromatography (silica gel, 5:95 ethyl acetate/hexane) as a clear

mp 28.5°C). colorless liquid (2.0 g) in 81% vyieldH NMR d: 0.85 (t, 3H),
3,6,9,12,15,18-Hexaoxadotriacontan-1-ol  [CHCHy)1s 1.26 (m, 22H), 1.62 (m, 2H), 1.92 (s, 3H), 4.10 (t, 2H) 5.55 (s,

(OCH,CH2)sOH] (C14E¢). Obtained as described above as a white 1H), 6.10 (s, 1H).

crystalline solid in 97% yield*H NMR o: 0.86 (t, 3H), 1.26 (m, 3,6-Dioxaeicosyl Methacrylate (G4E,MA). Isolated by column

22H), 1.55 (m, 2H), 2.20 (br singlet, 1H), 3.42 (t, 2H) 3-58080 chromatography (silica gel, 15:85 ethyl acetate/hexane) as a clear

(m, 24H); mp 35.5°C (lit.58 mp 35.0°C). colorless liquid (1.6 g) in 73% yieldtH NMR ¢: 0.85 (t, 3H),
3,6,9,12-Tetraoxaoctacosan-1-ol [CHCH2):5(OCH,CH),OH] 1.26 (m, 22H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H), 33074

(C16E4). Obtained as described above as a white crystalline solid (m, 6H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).

in 99% vyield.'H NMR ¢: 0.86 (t, 3H), 1.26 (m, 26H), 1.55 (m, 3,6,9,12-Tetraoxaoctacosyl Methacrylate (GE4MA). Isolated

2H), 2.20 (br singlet, 1H), 3.42 (t, 2H) 3.53.80 (m, 16H); mp by column chromatography (silica gel, 25:75 ethyl acetate/hexane)

33.2°C (lit.5* mp 35.2°C). as a clear colorless liquid (1.2 g) in 66% yieltH NMR o: 0.85

Ccbv
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(t, 3H), 1.26 (m, 26H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H),

3.50-3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12,15,18-Hexaoxadotricontyl Methacrylate(GEsMA).

Isolated by column chromatography (silica gel, 60:40 ethyl acetate/

hexane) as a clear colorless liquid (1.0 g) in 50% yiétti NMR

0: 0.85 (t, 3H), 1.26 (m, 22H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t,

2H), 3.50-3.74 (m, 22H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).
3,6,9,12-Tetraoxatricontyl Methacrylate. (GgE4MA) Isolated

by column chromatography (silica gel, 25:75 ethyl acetate/hexane)

as a clear colorless liquid (1.5 g) in 69% yielth NMR 6: 0.85

(t, 3H), 1.26 (m, 30H), 1.55 (m, 2H), 1.92 (s, 3H), 3.42 (t, 2H),

3.50-3.74 (m, 14H), 4.26 (t, 2H), 5.55 (s, 1H), 6.10 (s, 1H).

Polymerizations. Solution polymerizations were set up in a
drybox free of air and moisture. The monomer concentration was
1 mol/L, prepared by dissolving 1 mmol of monomer in 1 mL of
a 0.001 g/mL solution of AIBN in toluene. Solutions were heated
and stirred at 60C overnight, and then the polymerizations were
terminated by exposure to air and dried under vacuum. Polymers
were purified by dissolution in 10 mL of CHglfollowed by
precipitation in 50 mL of methanol. The polymer was collected by
centrifugation and dried under vacuum until they reached constant
weight.

Polymer from Hexyl Methacrylate (Poly(CsEoMA)). A trans-
lucent gel W, = 116 104, PDI= 2.2). Yield 55%.1H NMR &:
0.7-1.1 (m, 6H), 1.26-1.40 (m, 6H), 1.58 (m, 2H), 1.7€2.0 (b,
2H), 3.89 (b, 2H).

Polymer from 3,6,9,12-Tetraoxaoctadecanyl Methacrylate
(Poly(CsE4MA)). This polymer was precipitated at30 °C to give
atranslucent geM,, = 207 384, PDE= 1.95). Yield 33%!H NMR
0: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 6H), 1.58 (m, 2H), 1.762.0
(b, 2H), 3.42 (t, 2H), 3.563.74 (m, 14H), 4.06 (b, 2H).

Polymer from 3,6,9,12,15,18-Hexaoxatetracosyl Methacrylate
(Poly(CsEgMA)). This polymer could not be precipitated in
methanol. It was dried under vacuum to give a translucent\dg! (
=69 777, PDI= 1.5). Yield 100%!H NMR 9: 0.7-1.1 (m, 6H),
1.20-1.40 (m, 6H), 1.58 (m, 2H), 1.702.0 (b, 2H), 3.42 (t, 2H),
3.50-3.74 (m, 22H), 4.06 (b, 2H).

Polymer from 3,6-Dioxadodecyl Methacrylate (Poly(GE.MA)).

A translucent gelll,, = 43 278, PDI= 2.3). Yield 41%.1H NMR
0: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 6H), 1.58 (m, 2H), 1.72.0
(b, 2H), 3.42 (t, 2H), 3.563.74 (m, 6H), 4.06 (b, 2H).

Polymer from 3,6,9,12-Tetraoxaeicosyl Methacrylate (Poly-
(CgEsMA)). A translucent gelNl,, = 123 000, PDI= 2.5). Yield
95%. 'H NMR ¢6: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 10H), 1.58
(m, 2H), 1.76-2.0 (b, 2H), 3.42 (t, 2H), 3.503.74 (m, 14H), 4.06
(b, 2H).

Polymer from 3,6,9,12-Tetraoxadicosyl Methacrylate (Poly-
(C10E4MA)). A translucent gelNl,, = 107 000, PDE 3.0). Yield
95%. 'H NMR 6: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 14H), 1.58
(m, 2H), 1.76-2.0 (b, 2H), 3.42 (t, 2H), 3.563.74 (m, 14H), 4.06
(b, 2H).

Polymer from 3,6,9,12-Tetraoxatetracosyl Methacrylate (Poly-
(C12E4MA)). A translucent gelNl,, = 306 000, PDE 2.0). Yield
95%. 'H NMR ¢6: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 18H), 1.58
(m, 2H), 1.76-2.0 (b, 2H), 3.42 (t, 2H), 3.563.74 (m, 14H), 4.06
(b, 2H).

Polymer from Tetradecyl Methacrylate (Poly(Ci4EoMA)). A
translucent gelNl,, = 100 286, PD= 2.5). Yield 92%.1H NMR
0: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 22H), 1.58 (m, 2H), 1.72.0
(b, 2H), 3.89 (b, 2H).

Polymer from 3,6-Dioxaeicosyl Methacrylate (Poly(GE.MA)).

A translucent gelNl,, = 152 953, PDI= 2.9). Yield 88%.H NMR
0: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 22H), 1.58 (m, 2H), 1.72.0
(b, 2H), 3.42 (t, 2H), 3.563.74 (m, 6H), 4.06 (b, 2H).

Polymer from 3,6,9,12-Tetraoxahexacosyl Methacrylate (Poly-
(C14E4MA)). A translucent gelil,, = 171 148, PDE 3.1). Yield
95%. 'H NMR ¢6: 0.7-1.1 (m, 6H), 1.26-1.40 (m, 22H), 1.58
(m, 2H), 1.76-2.0 (b, 2H), 3.42 (t, 2H), 3.563.74 (m, 14H), 4.06
(b, 2H).

Polymer from 3,6,9,12,15,18-Hexaoxadotricontyl Methacry-
late (Poly(Ci4EsMA)). A translucent gel,, = 68 976, PDI=

Self-Assembled Amphiphilic Poly(methacrylate) Comb4733

1.6). Yield 90%.'H NMR ¢: 0.7-1.1 (m, 6H), 1.26-1.40 (m,
22H), 1.58 (m, 2H), 1.762.0 (b, 2H), 3.42 (t, 2H), 3.503.74
(m, 22H), 4.06 (b, 2H).

Polymer from 3,6,9,12-Tetraoxaoctacosyl Methacrylate (Poly-
(C16E4MA)). A white crystalline powderNl,, = 172 932, PDI=
3.3). Yield 92%.'"H NMR ¢: 0.7-1.1 (m, 6H), 1.26-1.40 (m,
26H), 1.58 (m, 2H), 1.782.0 (b, 2H), 3.42 (t, 2H), 3.563.74
(m, 14H), 4.06 (b, 2H).

Polymer from 3,6,9,12-Tetraoxatricontyl Methacrylate (Poly-
(C1sE4MA)). A white crystalline powderNl,, = 182 601, PDI=
2.9). Yield 94%.'H NMR ¢: 0.7-1.1 (m, 6H), 1.26-1.40 (m,
30H), 1.58 (m, 2H), 1.7862.0 (b, 2H), 3.42 (t, 2H), 3.503.74
(m, 14H), 4.06 (b, 2H).
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