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ABSTRACT: The synthesis and characterization of the tapered building blocks 3,4,5-tris-
(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,7H,8H,8H-perfluorododecan-1-yloxy)benzoic acid (11-8/
4), 3,4,5-tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-perfluorododecan-1-yloxy)benzoic acid (11-6/6),
3,4,5-tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecan-1-yloxy)benzoic acid (11-4/8), 2-{2-[2-(2-
hydroxyethoxy)ethoxy]ethoxy} ethyl 3,4,5-tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,7H,8H,8H-
perfluorododecan-1-yloxy)benzoate (19-8/4), 2-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}ethyl 3,4,5-tris-
(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-perfluorododecan-1-yloxy)benzoate (19-6/6), and 2-{2-[2-(2-
hydroxyethoxy)ethoxy]ethoxy} ethyl 3,4,5-tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecan-1-yloxy)benzoate
(19-4/8) and of the methacrylates and polymethacrylates of 19-8/4, 19-6/6, and 19-4/8 (i.e, 20-8/4, 20-6/6,
20-4/8 and respectively 21-8/4, 21-6/6, and 21-4/8) are described. All tapered building blocks 11-m/n,
19-m/n, and the polymers 21-m/n (where m + n = 12 and m = number of hydrogenated, n = number of
perfluorinated methylenic groups of their alkyl tails) self-assemble into tubular supramolecular
architectures which display an enantiotropic hexagonal columnar (®,) mesophase. The self-assembling
ability of model compounds and polymers was compared to that of their perhydrogenated analogues.
From the perhydrogenated compounds, only the polymer 21-12/0 forms a ®, phase. Semifluorination of
all model compounds and polymers first decreases the melting temperature of the supramolecular assembly
and uncovers and/or enhances the thermal stability of the @, phase (n = 4). A further increase of n
from 4 to 6 and respectively 8 increases both the isotropization temperature of the @, phase and the
melting temperature. A parallel increase of the diameter of the supramolecular columns with the increase
of n is observed. A mechanism for this dramatic increase in the self-assembly process via microsegregation
of the perfluorinated and perhydrogenated parts of the tapered groups due to the fluorophobic effect was

proposed.

Introduction

We are concerned with the molecular design of
tapered building blocks (i.e., exo-receptors) containing
various endo-receptors which self-assemble into tubular
supramolecular architectures which in turn are respon-
sible for the formation of hexagonal columnar (®y) liquid
crystalline assemblies.»22 The endo-receptor of these
tapered building blocks can be replaced with or be
covalently bound to a suitable polymer backbone to
generate polymers which by analogy with their low
molar mass homologues self-assemble into tubular
architectures.’=¢23 Simultaneously, we are investigat-
ing the mechanism of self-assembly of both low molar
mass and polymeric structures based on tapered build-
ing blocks. In the case of polymers, most probably, the
tubular structure is based on a single backbone sur-
rounded by its own tapered side groups. By analogy
with the case of the self-assembly of rod-like viruses,
the random-coil conformation of the backbone should
be distorted into a helical-like one.23 The ability of a
certain polymer backbone to distort its own conforma-
tion is determined mainly by the capability of its tapered
side group to overcome the entropy loss during self-
assembly. The first step of the self-assembly of low
molar mass building blocks consists of the formation of
a supramolecular disc-like unit. Briefly, these tapered
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groups play the role of the bricks in the assembly of a
construction. Their shape determines the shape of the
construction. At the same time, the wider and stronger
they are, the more stable is the resulting construction.
An additional increase of the stability of this construc-
tion is provided by using a cement. Its role in our
previous investigations was played by the various endo-
receptors which generated ionic, H-bonding, and other
noncovalent interactions, and also by the polymer
backbone.

The tapered building blocks employed presently in our
group are based on 3,4,5-trihydroxybenzoate derivatives
such as 3,4,5-tris[(4-(n-alkan-1-yloxy)benzyl)oxy]ben-
zoate and 3,4,5-tris(n-alkan-1-yloxy)benzoate, respec-
tively.! These groups represent the first generation of
a monodendron which has two branching points in each
repeat unit. For the same endo-receptor, the ability of
these two classes of tapered side groups to generate a
tubular supramolecular architecture is determined by
the length of their n-alkan-1-yloxy groups.!?

It is well-known that perfluorinated alkanes are more
rigid and less miscible (fluorophobic effect) than the
corresponding perhydrogenated alkanes.* As a conse-
guence, the replacement of a perhydrogenated alkane
with a perfluorinated one in the tail of a rod-like
molecular liquid crystal enhances the thermal stability
of the liquid crystalline phase.> At the same time, a
suitable proportion between the perfluorinated and
perhydrogenated segments within the same molecule
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produces a microsegregation at the molecular level, and
this process can be alone responsible for the formation
of lamellar thermotropic®’ and lyotropic mesophases.8

In a previous publication from our laboratory® we
have reported that the replacement of the outer six of
the ten methylenic units of the alkyl tails of 3,4,5-tris-
[(4-(n-decan-1-yloxy)benzyl)oxy]benzoate and of 3,4,5-
tris(n-decan-1-yloxy)benzoate, respectively, with per-
fluorinated methylenic groups produces a dramatic
enhancement of the ability of these building blocks to
self-assemble into supramolecular columnar architec-
tures and subsequently into ®, mesophases. This
stabilization of the ®,, mesophase is of interest for the
molecular design of supramolecular columns with vari-
ous diameters and functionalities in the core of these
columns, for the understanding of the self-assembly
mechanism, and for the design of supramolecular objects
with a perfluorinated surface. The investigation of the
influence of the extent of fluorination of the alkyl tails
of the tapered group on the stabilization of the &y
mesophase generated from them represents the first
step toward the understanding of the fluorophobic effect
on this self-assembly process.

The goal of this paper is to report the synthesis and
characterization of the model compounds 3,4,5-tris(n-
dodecan-1-yloxy)benzoic acid (11-12/0), 2-{2-[2-(2-
hydroxyethoxy)ethoxy]ethoxy} ethyl 3,4,5-tris(n-dodecan-
1-yloxy)benzoate (19-12/0), and poly{2-{2-[2-(2-(meth-
acryloyloxy)ethoxy)ethoxy]ethoxy} ethyl 3,4,5-tris(n-dode-
can-1-yloxy)benzoate} (21-12/0), in which 4, 6, and 8 of
the outer methylene groups of the n-dodecan-1-yloxy
tails were replaced with perfluorinated groups, i.e., 11-
m/n, 19-m/n, and 21-m/n, where m + n = 12, and m
represents the number of perhydrogenated and n of
perfluorinated methylenic groups. 11-12/0 and 19-12/0
are only crystalline, while the polymer 21-12/0 forms a
supramolecular column which generates a ®y, phase. All
semifluorinated compounds 11-m/n, 19-m/n, and 21-
m/n, with n = 4, 6, or 8, self-assemble into supramo-
lecular columns which disply ®y, phases. The influence
of the extent of fluorination on the ability of these
tapered groups to self-assemble into supramolecular
columns, on the diameter of the supramolecular col-
umns, and on the thermal stability of the &, mesophase
resulting from these columns will be discussed. These
experiments provide the first series of quantitative
results on the fluorophobic effect in the self-assembly
of tapered groups into supramolecular columns.

Experimental Section

Materials. 1,5-Pentanediol (97%), HBr (ACS reagent,
48%), allyl bromide (99%), CuCl, (anhydrous, 97%), LiAlH,
(95+%), tricaprylmethylammonium chloride (Aliquat 336),
methyl 3,4,5-trihydroxybenzoate (9) (98%), 1,6-dibromohexane
(12) (97%), hexamethylphosphoramide (HMPA) (99%), tribu-
tyltin hydride (n-BusSnH) (97%), vinylacetic acid (7) (97%),
SOCI; (99+%), (C2Hs)sN (99%), 1,3-dicyclohexylcarbodiimide
(DCC) (99%), and 4-(dimethylamino)pyridine (DMAP) (99%)
(all from Aldrich) were used as received. 2,3-Dihydropyran
(DHP) (Fluka, 97%) and palladium, 5% on carbon (Lancaster),
were used as received. p-Toluenesulfonic acid monohydrate
(p-TsOH), LiCl (anhydrous), and 1,1,2-trichloro-1,2,2-trifluo-
roethane (Freon 113) (all from Fisher Scientific) were used as
received. Perfluorobutyl iodide (Aldrich, 98%), perfluorohexyl
iodide (99%), and perfluorooctyl iodide (>98%) (both from
Fluka) were washed with 10% Na,S,0; and dried over
anhydrous MgSO, prior to use. 2,2'-Azobis(2-methylpropioni-
trile) (AIBN) (Eastman, 99%) was recrystallized from metha-
nol. Methacryloyl chloride (Fluka, >97%) was distilled under
vacuum at room temperature. Tetrahydrofuran (THF) (ACS
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reagent, Fisher Scientific) was refluxed over sodium ketyl and
distilled freshly before use. Hexanes (ACS reagent, Fisher
Scientific) used for the Pd(0) catalyzed coupling of perfluoro-
alkyl iodides and olefins was washed three times with con-
centrated H,SO,4, three times with H.O, and dried over
anhydrous MgSO, before use. Benzene (low thiophene grade,
Fisher Scientific) was washed three times with H,SO4 and
three times with H;O, dried over anhydrous MgSQO,, and
further dried by refluxing over sodium ketyl, followed by fresh
distillation before use. Methylene chloride (CH.Cl,) (Fisher)
was dried by refluxing over CaH; and freshly distilled before
use. N,N-Dimethylformamide (DMF) (Fisher, ACS reagent)
was used as received. A 0.1 M Li,CuCl, solution in THF was
prepared by dissolving LiCl (0.42 g, 10 mmol) and CuCl; (0.67
g, 5.0 mmol) in 50 mL of anhydrous THF.%0

Techniques. 'H NMR (200 MHz), **F NMR (188 MHz),
and 3C NMR (50 MHz) spectra were recorded on a Varian
Gemini 200 spectrometer. CDCI; was used as solvent and
TMS as internal standard unless otherwise noted. Chemical
shifts are reported as 6, ppm. Infrared (IR) spectra were
recorded on a Perkin Elmer 1320 infrared spectrometer. The
purity of products was determined by a combination of thin
layer chromatography (TLC) on silica gel plates (Kodak) with
fluorescent indicator and high pressure liquid chromatography
(HPLC) using a Perkin-Elmer Series 10 high pressure liquid
chromatograph equipped with an LC-100 column oven, Nelson
Analytical 900 Series integrator data station, and two Perkin-
Elmer PL gel columns of 5 x 102 and 1 x 10* A. THF was
used as solvent at the oven temperature of 40 °C unless
otherwise noted. Detection was by UV absorbance at 254 nm.
Weight average (My) and number average (M,) molecular
weights were determined with the same instrument from a
calibration plot constructed from polystyrene standards. In
some instances, purity was determined by gas chromatography
(GC) using a Hewlett Packard 5890A gas chromatograph
equipped with a Hewlett Packard 3392A integrator. A packed
column consisting of 10% SP2100 on 80/100 Supelcoport
stationary phase was used with a head pressure of 40—60 psi.
The carrier gas was No.

Thermal transitions were measured on a Perkin Elmer
DSC-7 differential scanning calorimeter (DSC). In all cases,
the heating and cooling rates were 10 °C min~! unless
otherwise noted. First order transition temperatures were
reported as the maxima and minima of their endothermic and
exothermic peaks. Glass transition temperatures (Tgy) were
read at the middle of the change in heat capacity. Indium
and zinc were used as calibration standards. An Olympus BX-
40 optical polarized microscope (100x magnification) equipped
with a Mettler FP 82 hot stage and a Mettler FP 80 central
processor was used to verify thermal transitions and charac-
terize anisotropic textures.t

X-ray diffraction experiments on liquid crystal phases were
performed using an Image Plate area detector (MAR Research)
with a graphite-monochromatized pinhole-collimated beam
and a helium tent. The samples, in glass capillaries, were held
in a temperature-controlled cell. Densities, p, were determined
by flotation in DMSO/H,0 (21-12/0) and DMSO/CCl, (19-6/6,
19-4/8, 21-8/4, 21-6/6, 21-4/8).

Synthesis. The synthesis of (PhsP),Pd(0),'? 4-(dimethyl-
amino)pyridinium p-toluenesulfonate (DPTS),!? tetraethylene
glycol monoallyl ether (16),'* tetraethylene glycol monomethyl
methacrylate (17),° 11-12/0,%> 19-12/0,%9 20-12/0,¢ and 21-12/
09 have been described previously.

5-Bromopentan-1-ol (1). A mixture of 1,5-pentanediol
(41.7 g, 400 mmol), 800 mL benzene, and 48% HBr (67 mL,
400 mmol) was refluxed and water was azeotropically dis-
tilled.*® After 18 h, benzene was removed by rotary evapora-
tion, and the resulting brown oil was distilled under vacuum
to yield 29.5 g (44.2%) of a clear oil. Purity (GLC), 92.7%; bp
83—84 °C/2.5 mmHg (lit.*” bp 75—76 °C/0.5 mmHg). 'H
NMR: 1.56 (m, 4H, (CH3);CH,0H), 1.82 (m, 3H, CH,CHBr),
3.42 (t, 2H, CH;Br, J = 6.7 Hz), 3.66 (t, 2H, CH,0OH, J = 6.2
Hz).

1-Bromo-5-(2-tetrahydropyranyloxy)pentane (2). To1l
(29.5 g, 177 mmol), cooled to O °C, were added DHP (17.9 g,
213 mmol) and p-TsOH (0.40 g, 2.1 mmol) were added.'® An
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exothermic reaction occurred. The mixture turned first green
and then brown. After the reaction was allowed to warm to
room temperature, 'H NMR analysis indicated complete
conversion. However, after vacuum distillation, *H NMR
analysis showed that 18% of the obtained product was reverted
to the starting alcohol. The distilled product (25.0 g, 19.1
mmol of 1) was cooled to 0 °C, and an additional portion of
DHP (3.20 g, 38.1 mmol) and a catalytic amount of p-TsOH
were added. After 1.5 h at 0 °C, 'H NMR analysis indicated
complete conversion. The mixture was diluted with Et,0 and
then washed one time with 5% NaHCO3; and one time with
H;0. The product was dried over MgSO, and filtered, and the
solvent distilled to yield 25.0 g (56.2%) of a clear liquid which
was used without further purification. Purity (GLC), 99+%.
1H NMR: 1.58-1.90 (overlapped peaks, 12H, OC(H)(CH,); and
(CH3)sCH2Br), 3.38—3.46 (overlapped peaks, 4H, CH,Br and
CH,0C(H)O), 3.73 (m, 2H, OCH(CH,)OCHy), 4.57 (m, 1H,
OCH(CH,)0).

7-Octen-1-ol (3). Magnesium turnings (1.46 g, 60.1 mmol)
were covered with 25 mL anhydrous THF, and 2 (12.6 g, 50.2
mmol) was added dropwise until refluxing of the Grignard
solution was observed. Addition was continued to maintain
the reflux, and the stirring mixture was allowed to cool to room
temperature. The Grignard reagent was transferred to an
addition funnel under N; and added dropwise to a stirring
solution of allyl bromide (5.56 g, 46.0 mmol) and Li,CuCl, (1.5
mL of a 0.1 M solution in THF, 0.30 mol %), all in 25 mL of
anhydrous THF.1° The reaction mixture was maintained at
—10 °C. After 3 h, the reaction was warmed to room temper-
ature and was diluted with Et;O. The ether phase was
separated and washed with water brine. Then it was dried
over MgSO, and filtered, and the solvent was removed by
rotary evaporation to yield 9.5 g (89%) of a light yellow oil.
The oil was dissolved in a solution of 1 N HCI in 95% EtOH
and refluxed for 3 h, after which time *H NMR indicated
complete deprotection. The solvent was distilled and the
product was purified by vacuum distillation to yield 2.9 g (45%)
of a clear oil. Purity (GLC), 97.3%; bp 77—80 °C/4.6 mmHg
(lit.* bp 94—96 °C/17 mmHg). *H NMR: 1.36 (bs, 6H, (CH,)s-
CH,CH,0H), 1.57 (m, 3H, CH,CH,0H), 2.04 (m, 2H, CH,=
CHCHy), 3.64 (t, 2H, CH,OH, J = 6.6 Hz), 4.96 (m, 2H,
CH,=CH), 5.80 (m, 1H, CH,=CH); 13C NMR: 25.5 (CH,CH-
CH,0OH), 28.8 (CH,=CHCH,CH,CHy), 32.5 (CH,CH,0OH), 33.6
(CH,=CHCHy,), 62.6 (CH,0OH), 114.3 (CH,=CH), 138.5 (CH,=
CH).

1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,8H,8H-Per-
fluoro-7-iodododecan-1-ol (4). Compound 4 was synthe-
sized by the Pd(0) catalyzed radical addition of n-perfluorobu-
tyl iodide to 3.2° A solution of 3 (8.0 g, 62 mmol) and 45 mL
hexanes was cooled to 0 °C under N, in a Schlenk tube.
n-Perfluorobutyl iodide (22 g, 64 mmol) and (PhsP)4Pd(0) (2.9
g, 4.0 mol %) were added. The heterogeneous orange mixture
was allowed to reach room temperature while stirring. The
reaction was complete after *H NMR. The mixture was filtered
and the solids were washed with Et,O. The solvent was
distilled, and the resultant orange oil (26 g, 88%) was used
without further purification. *H NMR: 1.39 (m, 6H, (CH_)s-
CH,CH,0H), 1.58 (m, 2H, CH,CH,0OH), 2.85 (m, 2H, CF,CH,),
3.66 (t and bs, 3H, CH0OH, J = 6.5 Hz), 4.33 (m, 1H, C(H)I);
F NMR: —81.6 (m, 3F, CFs3), —114.0 (m, 2F, CF,CH,), —125.1
(m, 2F, CF,CF,CH,), —126.5 (m, 2F, CF3CFy); 13C NMR: 20.7
(CHI), 25.5 (CH,CH,CH,0OH), 28.3 (CF,CH,CH(I)CHy,), 29.5
(CH,CH,CH,CH,0H), 32.5 (CH,CH,0H), 40.2 (CF,CH,CH(I)-
CH,CHy), 41.5 (t, CF,CH_, Jc.r = 21.0 Hz), 62.7 (CH,0OH).

1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,7H,8H,8H-
Perfluorododecan-1-ol (5-8/4). To a slurry of LiAIH, (1.18
g, 31.12 mmol) in 12 mL of Et,O was added dropwise 4 (7.4 g,
16 mmol) to maintain reflux.?! *H NMR and GLC analysis
indicated complete conversion in 30 min. The reaction was
quenched by successive addition of 1 mL of H,O, 1 mL of 15%
NaOH, and 3 mL of H,O. The resulting granular salts were
filtered and washed with Et,O. The Et,0 was distilled to yield
5.4 g (100%) of a dark oil (due to traces of palladium). Purity
(GLC), 94.9%; bp 96—100 °C/1.0 mmHg. H NMR: 1.34 (bs,
10H, (CF,CH»(CHy)s), 1.57 (m, 2H, CH.CH,0H), 2.01 (m, 2H,
CF,CH,), 3.65 (t, 2H, CH,0OH, J = 6.5 Hz); 1°F NMR: —81.6
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(m, 3F, CF3), —115.3 (t, 2F, CF,CH,, J = 14.2 Hz), —125.1 (s,
2F, CF,CF,CH,), —126.7 (M, 2F, CFsCF,); 1*C NMR: 20.0 (CF»-
CH,CH,CH,), 25.6 (CH,CH,CH,OH), 28.9—29.1 (CF,CH,-
CH,CH,CH,CH,), 31.1 (t, CF,CH,, Jcr = 22.3 Hz), 32.6
(CH2CH,0H), 62.7 (CH,OH).
1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,7H,8H,8H-
Perfluorododecyl Bromide (6-8/4). A mixture of 5-8/4 (4.40
g, 12.6 mmol), Aliquat 336 (0.20 g, 4.0 mol %), and HBr, 48%
(4.4 mL, 26 mmol), was heated to 100 °C while stirring.?? After
12 h, the reaction was complete (GLC). The mixture was
cooled to room temperature and extracted with Et;0. The
organic layer was washed three times with H,O, dried over
MgSQO,, and filtered, and the solvent was distilled to yield 4.92
g (95.0%) of a light yellow oil. Purity (GLC), 93.5%; bp 85—90
°C/0.40 mmHg. H NMR: 1.36—1.59 (bs, 10H, (CF,CH2(CH,)s),
1.86 (m, 2H, CH,CH,Br), 2.01 (m, 2H, CF,CH,), 3.41 (t, 2H,
CH,Br, J = 6.7 Hz); **F NMR: —81.6 (m, 3F, CF3), —115.2
(m, 2F, CF,CHy), —125.0 (s, 2F, CF,CF,CH,), —126.6 (m, 2F,
CF;3CFy); 3C NMR: 20.0 (CF,CH,CH,CHy), 28.0 (CH,CH,CH,-
Br), 28.5 (CF,CH,CH,CHy>), 29.0 (CF»(CH_)sCH>CH>), 30.7 (t,
CF,CHy, Jcr = 22.5 Hz), 32.7 (CH,CH;Br), 33.7 (CHBr).

2H,2H,3H,4H,4H-Perfluoro-3-iodododecanoic Acid (8).
Following the procedure used for 4, from 7 (2.73 g, 31.7 mmol)
and n-perfluorooctyl iodide (15.8 g, 28.9 mmol) was obtained
13.2 g (72.3%) of an orange powder. 8 was used without
purification even though *H NMR analysis indicated the
presence of a trace of 7. *H NMR: 3.02 (dq, 2H, CF,CH>, Jn.r
= 17.5 Hz, Ju.w = 8.4 Hz), 3.17 (d, 1H, CH(I)CH4(H,)COzH,
Jn-Ha = 8.1 Hz), 3.23 (d, 1H, CH(I)CH4(Hp)CO2H, I = 4.9
Hz), 4.57 (m, 1H, CHI). **F NMR: —81.3 (t, 3F, CF3, Jrr =
9.9 Hz), —114.6 (M, 2F, CF,CH,), —122.5 (m, 8F, ((CF2)4,CF»-
CH,), —124.1 (s, 2F, CF3CF,CF;), —126.7 (s, 2F, CFsCFy); 13C
NMR: 7.82 (s, CHI), 40.6 (t, CF2,CHy, Jc.r = 20.0 Hz), 45.0 (s,
CH,CO,H), 175.1 (s, COzH).

1H,1H,2H,2H,3H,3H,4H,4H-Perfluorododecan-1-ol (5-
4/8). Compound 5-4/8 was synthesized by the one pot reduc-
tion of halide and carboxylic acid of 8 with LiAlIH, according
to the procedure used for 5-8/4. THF was used as solvent.
From 8 (13.0 g, 20.5 mmol) and LiAlH, (3.11 g, 82.0 mmol),
6.68 g (66.2%) of 5-4/8 as a white, waxy solid was obtained
after sublimation at 40 °C. Purity (GLC), 99.6%; mp 42—44
°C (lit2® mp unreported). 'H NMR: 1.66 (m, 4H, CF.-
CH,CH,CH,), 2.12 (m, 2H, CF,CHy), 3.71 (t, 2H, CH,OH, J =
5.9 Hz); 1°F NMR: —81.3 (t, 3F, CF3, J = 10.2 Hz), —115.1 (t,
2F, CF,CH,, J = 13.7 Hz), —122.5 (s, 6F, ((CF2)sCF.CH,),
—-123.3 (S, 2F, CFachchch), —-124.1 (S, ZF, CF3CF2CF2),
—126.7 (s, 2F, CF3CF,); C NMR: 16.8 (CF,CH,CH,), 30.6 (t,
CF,CHy, Jc.g = 22.2 Hz), 31.9 (CH,CH,0H), 62.1 (CH,OH).

1H,1H,2H,2H,3H,3H,4H,4H-Perfluorododecyl Bromide
(6-4/8). Compound 6-4/8 was obtained from 5-4/8 by the
procedure described for the synthesis of 6-8/4. From 5-4/8
(6.50 g, 13.2 mmol), Aliquat 336 (0.21 g, 4 mol %), and 48%
HBr (8.0 mL, 47 mmol) was obtained 5.81 g (79.3%) of white,
needle-like crystals after sublimation at room temperature.
Purity (GLC), 98.3%; mp 31—-33 °C. 'H NMR: 1.75-2.16
(overlapped peaks, 6H, CF,CH,CH,CH,), 3.44 (t, 2H, CH.Br,
J = 6.5 Hz); °F NMR: —81.3 (t, 3F, CFs, Jer = 10.0 Hz),
—114.9 (t, 2F, CF,CH,, Jer = 13.0 Hz), —122.4 (m, 6F, ((CF,)s-
CF2CH2), —-123.3 (S, 2F, CFchchchz), —124.0 (S, 2F, CF3-
CF,CF3), —126.6 (s, 2F, CF3CFy); 13C NMR: 19.1 (CF,CH,CH,),
30.1 (t, CF,CH>, Jc.r = 23.0 Hz), 31.9 (CH,CH,Br), 32.3 (CH,-
Br).

Methyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,
6H,7H,7H,8H,8H-perfluorododecan-1-yloxy)benzoate (10-
8/4). Compound 10-8/4 was synthesized by the procedure for
the alkylation of methyl 3,4,5-trihydroxybenzoate (9) with
alkyl bromides.?> To a mixture of K,CO3 (3.2 g, 23 mmol) and
60 mL of DMF under N, was added 9 (0.47 g, 2.6 mmol). 6-8/4
(3.7 g, 9.0 mmol) at 65 °C was added, and the solution turned
brown. The mixture was stirred at 65 °C for 2 h (complete
conversion by TLC). The mixture was poured into 200 mL of
ice water and was acidified with concentrated HCIl. The
aqueous mixture was extracted with Et,O. The organic layer
was washed two times with H,O, dried over MgSO,, and
filtered, and the solvent was distilled. Purification by flash
chromatography (basic Al,O3, CH,Cl,) yielded 2.3 g (77%) of a
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clear oil. Purity (HPLC), 99+%; TLC (10:1 hexanes/ethyl
acetate), Ry = 0.35. 'H NMR: 1.37-1.48 (bs, 30H, (CF,-
CH3(CHy>)s), 1.82 (m, 6H, CH,CH,0Ar), 2.05 (m, 6H, CF,CH,),
3.89 (s, 3H, CHGy), 4.01 (t, 6H, CH,OAr, J = 6.3 Hz), 7.26 (s,
2H, ortho to CO,CH3); **F NMR: —81.7 (m, 9F, CF3), —115.2
(m, 6F, CF,CH_), —125.1 (s, 6F, CF,CF,CH,), —126.7 (m, 6F,
CF3CFy); ¥C NMR: 20.1 (CF,CH,CH,CHy), 26.0 (CH,CH,CH,-
OAr), 29.1-29.3 (CF,(CH_)sCH,CHy>), 30.3 (CH,CH,0Ar), 30.8
(CF,CH,CH,CH,), 31.2 (t, CF,CH,, J = 22.5 Hz), 52.1 (CHa),
69.1 (CH,OAr, 3,5-position), 73.3 (CHOAr, 4-position), 108.0
(ortho to CO,CH3), 124.6 (ipso to CO,CHg), 142.1 (ipso to
oxygen on 4-position), 152.6 (ipso to oxygen on 3,5-position),
166.8 (COy).

3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,
7H,7H,8H,8H-perfluorododecan-1-yloxy)benzoic Acid (11-
8/4). To 10-8/4 (2.1 g, 1.8 mmol) in 21 mL of 95% EtOH was
added 2 mL of 10 N aqueous KOH solution and the reaction
was heated to reflux. After 2 h, the hydrolysis was complete
(TLC). The mixture was concentrated on a rotary evaporator,
and THF was added to form a solution. This solution was
acidified with concentrated HCI. Additional THF was added
to maintain the solution. The solvent was distilled, and the
product was dissolved in Et,0O, washed two times with H,O,
and dried over MgSO,. After filtration, the solvent was
distilled to yield 1.9 g (91%) of a white, waxy product. Purity
(HPLC), 99+%; TLC (CH.Cl,), Ry = 0.25. Thermal transitions
are recorded in Table 1. *H NMR: 1.38—1.49 (bs, 30H, (CF»-
CH,(CHy)s), 1.79 (m, 6H, CH,CH,0Ar), 2.05 (m, 6H, CF,CH,),
4.03 (overlapped t, 6H, CH,OAr, J = 6.3 Hz), 7.32 (s, 2H, ortho
to COzH); 1°F NMR: —81.7 (m, 9F, CF3), —115.3 (m, 6F, CF»-
CHz), —125.1 (m, 6F, CFzCFzCHz), —126.7 (m, 6F, CF3CF2);
13C NMR: 20.1 (CF,CH,CH,CHy), 26.0 (CH,CH,CH,OAr),
29.1-29.2 (CF,(CH_)3sCH,CHj,), 30.3 (CH,CH,0Ar), 30.8 (CF-
CH,CH,CHy,), 31.2 (t, CF,CHy, Jc.r = 22.6 Hz), 69.1 (CH,OAr,
3,5-position), 73.5 (CH,OAr, 4-position), 108.6 (ortho to CO,H),
123.9 (ipso to CO;H), 143.2 (ipso to oxygen on 4-position), 152.9
(ipso to oxygen on 3,5-position), 172.2 (CO,).

Methyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluo-
rododecan-1-yloxy)benzoate (10-4/8). To a mixture of K3-
COs3 (3.11 g, 22.5 mmol) and 60 mL DMF under Ar was added
9 (0.47 g, 2.5 mmol). The mixture was heated to 60 °C, and
subsequently 6-4/8 (5.6 g, 10 mmol) was added. After 8 h
(complete by TLC), the mixture was poured into 600 mL of
ice water. The crude product was recrystallized from acetone
to yield 3.44 g (85.7%) of a cream colored powder. Purity
(HPLC), 100%; mp 59-63.5 °C; TLC (3:1 hexanes/ethyl
acetate), Rf = 0.5. *H NMR: 1.89 (m, 12H, CF,CH(CHy),),
2.17 (m, 6H, CF,CHy), 3.90 (s, 3H, CHj3), 4.07 (overlapped t,
6H, CH,OAr), 7.28 (s, 2H, ortho to CO,CHg); 1°F NMR: —81.4
(overlapped t, 9F, CF3), —115.1 (m, 6F, CF,CHy), —122.6 (m,
18F, (CF2)3sCF,CH,), —123.4 (s, 6F, CF3(CF,),CF;), —124.1 (s,
6F, CF;CF,CF;), —126.8 (m, 6F, CF;CF,); 1*C NMR: 17.2 (CF,-
CH.CH,, 4-position), 17.3 (CF,CH,CH,, 3,5-position), 28.7
(CH,CH,0Ar), 29.7—30.6 (overlapped t, CF,CH,, 4-position
and 3,5-position), 52.2 (CH3), 68.4 (CHOAr, 3,5-position), 72.7
(CH,OAr, 4-position), 108.1 (ortho to CO,CHj3), 125.3 (ipso to
CO,CH3), 141.9 (ipso to oxygen, 4-position), 152.6 (ipso to
oxygen, 3,5-position), 166.6 (CO,).

3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecan-
1-yloxy)benzoic Acid (11-4/8). Basic hydrolysis of 10-4/8
(3.34 g, 2.08 mmol) yielded 3.3 g (100%) of a light yellow
powder after precipitation of its THF solution into 1000 mL
of ice water. Thermal transitions are recorded in Table 1. *H
NMR (CDCls/Freon 113): 1.95 (m, 12H, CF,CH3(CHy)), 2.21
(m, 6H, CF,CHy), 4.13 (overlapped t, 6H, CH,OAr), 7.41 (s,
2H, ortho to CO,H); 3C NMR (CDCls/Freon 113): 17.9 (CF,-
CH,CHy), 29.3 (CH,CH,0Ar), 31.2 (overlapped t, CF,CH,, 4-
and 3,5-position), 68.9 (CH,OAr, 3,5-position), 73.0 (CH,OAr,
4-position), 109.3 (ortho to CO;H), 125.0 (ipso to CO,H), 143.5
(ipso to oxygen, 4-position), 153.3 (ipso to oxygen, 3,5-position),
172.4 (COy).

1-Bromohex-5-ene (13). Compound 13 was synthesized
by the mono-elimination of HBr from 1,6-dibromohexane (12)
in HMPA.24 12 (47.7 g, 196 mmol) was heated to 185—190
°C, and HMPA (45.0 mL, 259 mmol) was added dropwise. The
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addition was controlled in such a way as to maintain slow
distillation (~1 drop/s) of the elimination product. The alkene
was collected by distillation at 130—150 °C (lit.?> bp 47—-51
°C/16 mmHg). After complete addition of HMPA, the pot was
cooled to room temperature. 13 was purified by distillation
at 145—150 °C to yield 13.1 g (41.0%) of a clear oil. Purity
(GLC), 99+%; *H NMR: 1.54 (m, 2H, CH,=CHCH,CH,), 1.88
(m, 2H, CH,CH,Br), 2.07 (m, 2H, CH,=CHCH,), 3.42 (t, 2H,
CHBr, J = 6.7 Hz), 5.00 (m, 2H, CH,=CH), 5.81 (m, 1H,
CH;=CH).

Methyl 3,4,5-Tris(hex-5-en-1-yloxy)benzoate (14). From
9 (7.6 g, 41 mmol) and 13 (20.0 g, 123 mmol) was obtained
14.5 g (82.1%) of a clear oil by following the procedure used
for 10-8/4. Purity (HPLC), 99+%; TLC (CH,Cl,), Rf=0.7. *H
NMR: 1.59 (m, 6H, CH,=CHCH,CH,), 1.84 (m, 6H, CH,-
CH0), 2.12 (m, 6H, CH,=CHCH,), 3.90 (s, 3H, CH3), 4.03 (¢,
6H, CH,0, J = 6.3 Hz), 5.00 (m, 2H, CH,=CH), 5.82 (m, 1H,
CH,;=CH), 7.26 (s, 2H, ortho to CO,CH3).

Methyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,6H,6H-
perfluoro-5-iodododecan-1-yloxy)benzoate (15). Com-
pound 15 was made by the procedure used for 4. From 14
(2.00 g, 2.32 mmol) and n-perfluorohexyl iodide (4.14 g, 9.29
mmol) was obtained 3.30 g (80.4%) of a dark orange oil. Purity
(HPLC), 99+%; TLC (CH:Cl,), Rf=0.9. *H NMR: 1.50—1.86
(m, 18H, (CH;)sCH,0Ar), 2.88 (m, 6H, CF,CH>), 3.90 (s, 3H,
CHy3), 4.07 (overlapped t, 6H, CH,0Ar), 4.37 (m, 3H, CHI), 7.28
(s, 2H, ortho to CO,CH5).

3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-per-
fluorododecan-1-yloxy)benzoic Acid (11-6/6). Compound
11-6/6 was prepared in two steps by the reduction of 15 with
n-BuzSnH? followed by basic hydrolysis. To a solution of 15
(8.1 g, 4.6 mmol) in 100 mL of benzene was added AIBN (74.0
mg, 0.46 mmol), and the mixture was heated to 70 °C under
Ar. n-BuszSnH (7.50 mL, 28.3 mmol) was added dropwise via
a syringe. After 14 h at 70 °C, *H NMR analysis indicated
53% conversion. AIBN (40 mg, 0.25 mmol) and n-BusSnH
(4.60 g, 15.8 mmol) were added. After this addition, the
reaction was complete (*H NMR). Benzene was distilled to
yield a two layer mixture. The heavier layer was solidified
by immersion in a dry ice—acetone bath. On warming to room
temperature, the lighter oil layer was decanted and found to
contain mostly Sn based byproducts with only a trace of
product. Conversely, the recovered fraction consisted of
predominantly product with only traces of Sn byproducts. The
solid product was hydrolyzed as described for 10-8/4. After
three recrystallizations from 95% EtOH, 3.5 g (56%) of a white
powder was obtained. Purity (HPLC), 99+%. Thermal transi-
tions and corresponding enthalpy changes are recorded in
Table 1. *H NMR: 1.50 (m, 18H, (CH)sCH,CH,0Ar), 1.84
(m, 6H, CH,CH,0Ar), 2.06 (m, 6H, CF,CHy), 4.04 (overlapped
t, 6H, CH,OAr, J = 6.1 Hz), 7.32 (s, 2H, ortho to CO,H); °F
NMR: —81.4 (t, 9F, CF3, J = 9.4 Hz), —115.1 (m, 6F, CF»-
CHy), —122.6 (m, 6F, CF,CF,CH,), —123.6 (m, 6F, CFs-
(CF2),CF,), —124.2 (m, 6F, CFiCF,CF,), —126.8 (m, 6F,
CF3CFy); 3C NMR: 20.6 (CF,CH,CHy), 26.3 (CH,CH,CH>-
OAr), 29.3 (CH,CH,OAr, 3,5-position), 29.5 (CH,CH,OAr,
4-position), 29.6 (CF,CH,CH,CHp, 3,5-position), 30.6 (CF,CH,-
CH,CHj,, 4-position), 31.3 (t, CF,.CH,, Jcr = 22.5 Hz), 69.4
(CH20Ar, 3,5-position), 73.7 (CH2OAr, 4-position), 109.1 (ortho
to COzH), 124.4 (ipso to CO,H), 143.4 (ipso to oxygen, 4-posi-
tion), 153.3 (ipso to oxygen, 3,5-position), 172.5 (COy).

2-{2-[2-(2-Hydroxyethoxy)ethoxy]ethoxy}ethyl 3,4,5-
Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H,7H,
7H,8H,8H-perfluorododecan-1-yloxy)benzoate (19-8/4).
Compound 19-8/4 was synthesized in three steps by the
conversion of 11-8/4 to the acid chloride, its esterification with
tetraethylene glycol monoallyl ether (16)! in pyridine, and
cleavage of the allyl ether with p-TsOH in the presence of Pd
on carbon.?” Only the final product, 19-8/4, was fully charac-
terized. To a solution of 11-8/4 (2.8 g, 2.4 mmol) in 30 mL of
anhydrous CH,Cl, was added a few drops of DMF and SOCI,
(1 mL, excess). After 1 h, the reaction was complete (IR, shift
of the carbonyl absorption from 1678 to 1745 cm™'). The
solvent and excess SOCI, were distilled, and the oily product
was dried under high vacuum to yield 2.8 g (100%) of the acid
chloride as a clear oil. The product was used without further
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purification. A flame-dried round bottom flask equipped with
a magnetic stirrer and inert gas inlet—outlet was charged with
16 (0.70 g, 3.0 mmol) dissolved in 18 mL of dry pyridine. A
solution of acid chloride (1.8 g, 1.5 mmol) in 2 mL of anhydrous
CH.CI, was added slowly and the mixture stirred at room
temperature. After 16 h, two spots were observed on the TLC
plate corresponding to 18-8/4 and 11-8/4. The mixture was
poured into water and extracted two times with Et,O. The
organic layer was washed with 10% HCI and H,O, dried over
MgSO,, and filtered, and the solvent was distilled. To a
mixture of the resultant oil (1.8 g) in 20 mL of 90% MeOH
were added 5% Pd on carbon (0.18 g, 10 wt %) and p-TsOH
(0.02 g, 1.0 wt %). The mixture was refluxed, and after 2 h,
1H NMR indicated complete deprotection. The mixture was
taken up in THF and filtered to remove carbon, and the solvent
was distilled. The resultant crude product was purified by
flash chromatography (basic Al,Os, ethyl acetate/THF gradi-
ent) to yield 0.90 g (45%) of a clear oil. Purity (HPLC), 99+%;
TLC (ethyl acetate), Ry = 0.5. Thermal transitions are
summarized in Table 1. *H NMR: 1.38 (m, 30H, (CH2)sCH.-
CH,0Ar), 1.78 (m, 6H, CH,CH,0Ar), 2.05 (m, 6H, CF,CH,),
2.47 (bs, 1H, OH), 3.57—3.69 (overlapped peaks, 12H, CO,-
CH,CH,(OCH,CH);0H), 3.83 (t, 2H, CO.CH,CH,, J = 5.0 Hz),
4.01 (t, 6H, CH,0Ar, J = 6.2 Hz), 4.47 (t, 2H, CO,CH,, J =
4.9 Hz), 7.27 (s, 2H, ortho to COy); °F NMR: —81.7 (m, 9F,
CF3), —115.3 (m, 6F, CF,CH,), —125.1 (m, 6F, CF,CF,CH,),
—126.7 (m, 6F, CF3sCF>); 13C NMR: 20.6 (t, CF,CH,CH,CHy,
Jcr = 3.7 Hz), 26.7 (CH,CH,CH,0Ar), 29.6—29.8 (CF,(CHy)s-
CH,CH>CH,CHy), 30.8 (CF,CH>CH>CHy), 31.3 (t, CF,.CH, J
= 22.1 Hz), 62.2 (CH,0H), 64.6 (CO,CHy,), 69.7 (CH,OAr, 3,5-
position), 69.9—73.1 (CH,O(CH,CH,0)3;CHy), 73.9 (CH.O0Ar,
4-position), 108.8 (ortho to COy), 125.3 (ipso to CO,), 143.0 (ipso
to oxygen on 4-position), 153.4 (ipso to oxygen on 3,5-position),
167.0 (COy).
2-{2-[2-(2-(Methacryloyloxy)ethoxy)ethoxy]ethoxy}-
ethyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,
6H,7H,7H,8H,8H-perfluorododecan-1-yloxy)benzoate (20-
8/4). To a solution of 19-8/4 (0.90 g, 0.67 mmol) in 10 mL of
anhydrous CH,Cl, under Ar was added Et;N (0.53 g, 5.3
mmol). Methacryloyl chloride (0.21 g, 2.0 mmol) was added
dropwise via a syringe to the reaction mixture at 0 °C, and
the mixture was allowed to warm to room temperature. After
2 h, the mixture was filtered to remove EtsNH*CIl~ and the
solvent was distilled. The product was dissolved in Et;0O,
washed three times with 10% HCI and two times with H,0,
and dried over MgSQO,. After the solvent was evaporated, a
light yellow oil was obtained which was purified by flash
chromatography (basic Al.Os, ethyl acetate/THF gradient) to
yield 0.42 g (45%) of a clear oil. Purity (HPLC), 99+%; TLC
(2:1 hexanes/ethyl acetate), R = 0.5. *H NMR: 1.38—1.48
(overlapped peaks, 30H, CF,CH3(CHy)s), 1.78 (m, 6H, CH,CH,-
OAr), 1.94 (s, 3H, CH,=C(CHa)), 2.01 (m, 6H, CF,CH,), 3.65—
3.73 (overlapped peaks, 10H, ArCO,CH,CH,(OCH,CH,),OCH-
CH,), 3.82 (t, 2H, ArCO,CH,CH,, J = 4.8 Hz), 4.01 (t, 6H,
CHZOAr, J=64 HZ), 4.30 (t, 2H, CHzoZCC(CH3)=CH2, J=
4.9 Hz), 4.46 (t, 2H, ArCO,CH,, J = 4.8 Hz), 5.57 (s, 1H,
CH>;=C(CHzy), trans to C=0), 6.12 (s, 1H, CH,=C(CHy3), cis to
C=0), 7.27 (s, 2H, ortho to COy); 1°F NMR: —81.7 (m, 9F, CFs3),
—115.8 (m, 6F, CF,CH,), —125.2 (m, 6F, CF,CF,CH,), —126.7
(m, 6F, CFsCF»); 13C NMR: 18.2 (CHs), 20.0 (CF,CH,CH,CH,),
25.9 (CH,CH,CH,0Ar), 29.0—29.2 (CF»(CH_)sCH,CH,CH,CH,),
30.2 (CF,CHCH,CH,), 30.7 (t, CF,CH,, J = 22.6 Hz), 63.8
(CH,0H), 64.0 (CO,CHy), 69.1 (CHOAr, 3,5-position), 69.3—
70.6 (CH,O(CH,CH,0)sCHy), 73.3 (CH,OAr, 4-position), 108.2
(ortho to COy), 124.7 (CH,=C(CHs3)), 125.6 (ipso to CO,), 136.1
(CH,=C(CH3)), 142.4 (ipso to oxygen on 4-position), 152.7 (ipso
to oxygen on 3,5-position), 166.3—167.3 (CO,).
2-{2-[2-(2-Hydroxyethoxy)ethoxy]ethoxy}ethyl 3,4,5-
Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-perfluoro-
dodecan-1-yloxy)benzoate (19-6/6). To a solution of 11-6/6
(1.68 g, 1.22 mmol), 16 (0.30 g, 1.28 mmol), and DPTS (71 mg,
0.24 mmol) in 17 mL of anhydrous CH.CI, was added DCC
(0.34 g, 1.6 mmol), and the reaction was stirred for 16 h.® The
mixture was diluted with hexanes and filtered to remove the
insoluble dicyclohexylurea. The solvent was distilled, and the
resultant oil (1.9 g) was purified by column chromatography

Macromolecules, Vol. 29, No. 2, 1996

(SiOy, 2:1 hexanes/ethyl acetate) to afford 1.1 g (56%) of a clear
oil. The allyl ether group of 18-6/6 was cleaved as in the case
of 18-8/4. From 18-6/6 (1.1 g, 0.69 mmol), 5% Pd on carbon
(0.11 g, 10 wt %), and p-TsOH (25 mg, 0.11 mmol) was obtained
0.55 g (51%) of 19-6/6 after flash column chromatography
(SiOy, 2:1 ethyl acetate:hexanes). Purity (HPLC), 99+%; TLC
(2:1 ethyl acetate:hexanes), Ry = 0.2. Thermal transitions are
recorded in Table 1. *H NMR: 1.51 (m, 18H, CF,CH3(CH,)3),
1.84 (m, 6H, CH,CH,0Ar), 2.07 (m, 6H, CF,CH,), 2.50 (bs, 1H,
OH), 3.60—3.83 (overlapped peaks, 14H, CO,CH.CH;-
(OCH,CH);0H), 4.03 (overlapped t, 6H, CH,OAr), 4.47 (t, 2H,
CO,CHj3, J = 5.0 Hz), 7.28 (s, 2H, ortho to CO,); **F NMR:
—81.4 (t, 9F, CF3, J = 9.5 Hz), —115.1 (m, 6F, CF,CH,), —122.6
(m, 6F, CFzCFzCHg), —123.6 (m, 6F, CF3(CF2)2CF2), —124.2
(m, 6F, CFsCF,CFy), —126.8 (m, 6F, CF;CFy); 13C NMR: 20.0
(CF,CH,CHy), 25.8 (CH,CH,CH,0Ar), 28.8 (CH,CH,OAr, 3,5-
position), 28.9 (CH,CH,OAr, 4-position), 29.0 (CF.CH,CH,CH,,
3,5-position), 30.0 (CF,CH,CH,CH,, 4-position), 30.7 (t, CF,CHa,
Jc.r = 22.3 Hz), 61.6 (CH,OH), 64.0 (CO,CHy,), 68.9 (CH,OAr,
3,5-position), 69.3—72.5 (CHgO(CHgCHzOkCHz), 73.1 (CHz-
OArr, 4-position), 108.2 (ortho to CO;H), 124.9 (ipso to COzH),
142.2 (ipso to oxygen, 4-position), 152.7 (ipso to oxygen, 3,5-
position), 166.3 (CO,).

2-{2-[2-(2-(Methacryloyloxy)ethoxy)ethoxy]ethoxy}-
ethyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-
perfluorododecan-1-yloxy)benzoate (20-6/6). From 11-6/6
(2.0 g, 1.5 mmol), 17 (0.41 g, 1.6 mmol), DPTS (0.27 g, 0.91
mmol), and DCC (0.41 g, 2.0 mmol) in 20 mL of anhydrous
CH.Cl; was obtained 1.3 g (53%) as a clear oil after purification
by flash chromatography (SiO,, 2:1 hexanes/ethyl acetate).®
Purity (HPLC), 99+%; TLC (2:1 hexanes/ethyl acetate), Ri =
0.5. *H NMR: 1.51 (m, 18H, CF,CH,(CH,)3), 1.84 (m, 6H, CH.-
CH;0Ar), 1.94 (CHj3), 2.07 (m, 6H, CF,CHy), 3.66—3.73 (over-
Iapped peaks, 10H, CH2=C(CH3)COZCH2CH2(OCH2CH2)2),
3.82 (t, 2H, ArCO,CH,CH,, J = 4.6 Hz), 4.02 (t, 6H, CH,OAr,
J = 6.0 Hz), 4.29 (t, 2H, CH,=C(CH3)CO,CH,, J = 4.9 Hz),
4.46 (t, 2H, ArCO,CH,, J = 4.9 Hz), 5.57 (s, 1H, CH,=C(CH3),
trans to C=0), 6.13 (s, 1H, CH,=C(CHg3), cis to C=0), 7.27 (s,
2H, ortho to COy); *F NMR: —81.4 (m, 9F, CF3), —115.1 (m,
6F, CF,CH,), —122.6 (m, 6F, CF,CF,CH,), —123.5 (s, 6F, CFs-
CcmcmFg), —124.2 (S, 6F, CF3CF2CF2), —126.8 (m, GF,
CF3CF,); 3C NMR: 18.1 (CH;=C(CHs)), 20.0 (CF,CH,CHy),
25.8 (CH,CH,CH,0Ar), 28.8 (CH,CH,OAr, 3,5-position), 28.9
(CH,CHOAr, 4-position), 29.0 (CF,CH,CH,CH,, 3,5-position),
30.0 (CF,CH,CH,CHy, 4-position), 30.7 (t, CF,CHa, Jc.r = 22.0
Hz), 63.8 (CH,=C(CH3)CO,CH,), 64.0 (ArCO,CHy), 68.8 (CH-
OAr, 3,5-position), 69.2—72.5 (CH,O(CH,CH,0);CH;), 73.1
(CH20Ar, 4-position), 108.1 (ortho to CO,), 124.9 (ipso to COy),
125.6 (CH,=C(CHs)), 136.0 (CH,=C(CHa)), 142.2 (ipso to
oxygen, 4-position), 152.7 (ipso to oxygen, 3,5-position), 166.3
(AI’COz), 167.3 (CH2=C(CH3)COQ)

2-{2-[2-(2-Hydroxyethoxy)ethoxy]ethoxy}ethyl 3,4,5-
Tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecan-1-yl-
oxy)benzoate (19-4/8). Following the procedure for 19-6/6,
from 11-4/8 (1.2 g, 0.75 mmol) and 16 (0.25 g, 1.1 mmol) in
1:1 Freon 113:CH.CI, at 45 °C was obtained 0.90 g (66%) of
18-4/8 as a clear oil (flash column chromatography; SiO,, 1:1
hexanes/ethyl acetate). After deprotection and purification
(flash column chromatography; SiO;, 2:1 ethyl acetate:hex-
anes), 0.56 g (64%) of 19-4/8 was obtained as a white, waxy
solid. Purity (HPLC), 99+%; TLC (ethyl acetate), Ry = 0.45.
Thermal transitions are presented in Table 1. 'H NMR: 1.89
(m, 12H, CF,CH3(CH,),CH,), 2.17 (m, 6H, CF,CHy,), 2.60 (bs,
1H, OH), 3.57—-3.69 (overlapped peaks, 12H, CO,CH,-
CH3(OCH,CH,)3;0H), 3.83 (t, 2H, CO,CH,CH,, J = 4.9 Hz),
4.08 (overlapped t, 6H, CH,OAr), 4.48 (t, 2H, CO,CH,, J =
4.8 Hz), 7.29 (s, 2H, ortho to COy). °F NMR: —81.4 (m, 9F,
CF3), —115.1 (m, 6F, CF,CHy), —122.6 (m, 18F, (CF,)sCF.CHy),
—123.4 (s, 6F, CF;CF,CF,CF,), —124.1 (s, 6F, CF;CF.CF,),
—126.8 (m, 6F, CF3CFy); 13C NMR: 17.1 (CF,CH,CHy, 4-posi-
tion), 17.3 (CF,CH,CHj, 3,5-position), 28.7 (CH,CH,OAr, 3,5-
position), 29.7 (CH,CH,OAr, 4-position), 31.0 (t, CF,CH3, Jc.r
= 22.0 Hz), 61.7 (CH,OH), 64.1 (CO,CH,), 68.5 (CH,OAr, 3,5-
position), 69.3—72.5 (CH,O(CH,;CH,0);CHy,), 72.6 (CH,OAr,
4-position), 108.2 (ortho to CO,), 125.2 (ipso to CO,), 142.0 (ipso
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Scheme 1. Synthesis of 6-m/n

1) Mg, THF
2) CH,=CHCH,Br,
LizCUCI4, THF,
HO_~_~_OH 48% HBr B ~~OH onP B~ ~OTHP ET ,,:? C.3b
CeHs, reflux, 18 h 1 449, PTSOH,05h ” 56 %
n-C4Fs), (PhaP)4Pd(0) \)\/\/\/\ LAH,;  F-(CF
SO
NN 0N S F-(CF2)s AT FHCRa)a OH
o, hexanes, 0-20°C, 1h Et,0,
3 45 % 8% ¥ 05h 5-8/4 100 %
48 % HBr 3
F-(CF2)4 NN,
Aliquat® 336 6-8/4 95 %
100°C, 12 h
0 \)l\/U\ LiAIH,, THF
n-CoF17l, (PhaP)PA(0)  F.(cF,) 4
8
/\)LOH hexanes, 0-20°C, 10 h 2 OH rt.2h
7 8 '
48 % HBr
F-(CFaa~~"~0on 8% HBr F-CFals~~"g,
5-4/8 66%  Aliquat® 336 6-4/8
100°C, 20 h

to oxygen, 4-position), 152.6 (ipso to oxygen, 3,5-position), 166.1
(COy).

2-{2-[2-(2-(Methacryloyloxy)ethoxy)ethoxy]ethoxy}-
ethyl 3,4,5-Tris(1H,1H,2H,2H,3H,3H,4H,4H-perfluoro-
dodecan-1-yloxy)benzoate (20-4/8). Compound 20-4/8 was
synthesized according to the general procedure described for
the synthesis of 20-8/4. From 19-4/8 (0.70 g, 0.40 mmol), EtsN
(0.24 g, 2.4 mmol), and methacryloyl chloride (0.13 g, 1.2 mmol)
was obtained 0.40 g (54%) of a clear oil (flash chromatography;
SiOg, 2:1 hexanes/ethyl acetate). Purity (HPLC), 99+%; TLC
(2:1 hexanes/ethyl acetate), Rf = 0.35. *H NMR: 1.84-1.94
(overlapped peaks, 15H, CF,CH,(CH), and CH,=C(CH3)), 2.16
(m, 6H, CF,CH,;), 3.64—3.68 (overlapped peaks, 10H, CH,=
C(CHg)COzCHzCHz(OCHzCHz)g), 3.73 (t, 2H, ArCO,CH,CH>,
J = 5.0 Hz), 4.07 (overlapped t, 6H, CH,OAr), 4.29 (t, 2H,
CH,=C(CH3)CO,CH;, J = 5.1 Hz), 4.47 (t, 2H, ArCO,CH,, J
= 5.1 Hz), 5.57 (s, 1H, CH,=C(CH3), trans to C=0), 6.12 (s,
1H, CH,=C(CHy), cis to C=0), 7.29 (s, 2H, ortho to COy); *°F
NMR: —81.5 (m, 9F, CF3), —115.2 (m, 6F, CF,CH,), —122.6
(m, 18F, (CF,)sCF,CH,), —123.5 (m, 6F, CF3(CF,),CF,), —124.1
(s, 6F, CFsCF,CFy), —126.8 (m, 6F, CF3CFy); °C NMR: 17.1
(CF,CH.CHjy, 4-position), 17.3 (CF,CH,CHy,, 3,5-position), 18.1
(CH;=C(CHsa)), 28.7 (CH,CH,OAr, 3,5-position), 29.7 (CH,CH,-
OAr, 4-position), 30.6 (t, CF,CH,, J = 22.0 Hz), 63.8 (CH,=C-
(CH3)CO,CH,), 64.1 (CO,CHy), 68.5 (CH,OAr, 3,5-position),
69.1—70.6 (CH,O(CH,CH>0);CHy), 72.6 (CH,OAr, 4-position),
108.2 (ortho to COy), 125.2 (ipso to CO,), 125.5 (CH,=C(CHy)),
136.2 (CH,=C(CH3)), 142.0 (ipso to oxygen, 4-position), 152.5
(ipso to oxygen, 3,5-position), 166.1 (ArC0O,), 167.3 (CH,=C-
(CH3)CO,).

Polymerization of 20-m/n. All polymerizations were
carried out as described below for 20-8/4. In a flame-dried
Schlenk tube equipped with a magnetic stirrer and rubber
septum were added 20-8/4 (0.40 g, 0.36 mmol) and AIBN (0.59
mg, 1.0 mol %) in 0.8 mL of freshly distilled benzene. The
solution was degassed with four freeze—pump—thaw cycles
and then stirred at 60 °C for 20—30 h. The polymer was
purified by precipitation from CHCI; or Freon 113 into
hexanes. A turbid oil (0.26 g, 65%) was obtained after drying
under high vacuum. The absence of monomer in the purified
polymer was verified by *H NMR and GPC analysis. The
polymer vyields, molecular weights, and molecular weight
distributions are summarized in Table 2.

72 %

79 %

Results and Discussion

Synthesis of Model Compounds and of Poly-
mers. The selection of the experiments described in
this publication is based on the fact that the synthesis
of 3,4,5-tris(n-dodecan-1-yloxy)benzoic acid (11-12/0),
2-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy} ethyl 3,4,5-
tris(n-dodecan-1-yloxy)benzoate (19-12/0), of the corre-
sponding methacrylate (20-12/0) and polymethacrylate
(21-12/0) is straightforward. In addition, all compounds
are obtained in high yield and their self-assembly was
investigated in detail.l®* Finally, this tapered group
represents the simplest of all the tapered componds
synthesized and investigated in our laboratory.!

The first step in the sequence of reactions for the
preparation of the corresponding compounds with semi-
fluorinated n-dodecan-1-yloxy tails consists of the syn-
thesis of the semifluorinated 3,4,5-tris(n-dodecan-1-
yloxy)benzoic acid (11-m/n, where m + n = 12, m =
number of hydrogenated methylenic groups, and n =
number of perfluorinated methylenic groups). Two
general synthetic procedures were elaborated for the
preparation of 11-m/n. The first one required the
synthesis of the corresponding semifluorinated alkyl
bromide (6-m/n) (Scheme 1) followed by alkylation of
methyl 3,4,5-trihydroxybenzoate (9) and subsequent
hydrolysis to 11-m/n (Scheme 2). The second one
consisted of the alkylation of methyl 3,4,5-trihydroxy-
benzoate (9) with a bromoalkene followed by function-
alization of the vinyl groups with the perfluoroalkane
segment (Scheme 3). Both reaction pathways present
a series of advantages and disadvantages which will be
briefly described here.

Scheme 1 outlines the synthetic methods elaborated
for the preparation of 6-8/4 and 6-4/8. They are based
on the use of the most accessible and inexpensive
starting materials and can be adapted without difficulty
to the preparation of other functional semifluorinated
compounds. The key step is the (Ph3P)4Pd(0) catalyzed
radical addition of a perfluoroalkyl iodide to a functional
olefin.?29 This reaction can be carried out under ex-
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Scheme 2. Synthesis of 11-m/n
HO

o)
F-(CF2)n(CHo)mBr + Ho-@—( KzCOq DMF
OCHz  60°C - 65 °C,
6-8/4: m=8; n=4 HO 9 2-8 h
6-4/8: m=4; n=8
F-(CF2)n(CH2)nO
O KOH/EtOH

F-(CF2)n(CH2)mO
OCH4 reflux, 2 h
F-(CF2)a(CHz)mO

10-8/4: m=8; n=4, 77 %
10-4/8: m=4; n=8, 86 %
F-(CF2)n(CH2)mO
(o]
F-(CF2)n(CH2)mO
OH
F~(CF2)(CH2)nO
11-8/4: m=8; n=4, 91 %
11-4/8: m=4; n=8, 100 %

tremely mild conditions, gives high yields in short
reaction times, and tolerates a large variety of functional
groups. We prefer this method rather than the conven-
tional method based on the radical addition initiated
by traditional radical initiators such as peroxides or azo
compounds.”826  This method requires high reaction
temperatures, long reaction times, is less selective, and
does not tolerate a large variety of functionalities.
7-Octen-1-ol (3) was synthesized by Li,CuCl,!° catalyzed
cross-coupling of the organomagnesium derivative of
1-bromo-5-(2-tetrahydropyranyloxy)pentane (2) with al-
lyl bromide in 45% yield. Compound 2 was obtained
by the monobromination of 1,5-pentanediol with HBr6
followed by protection of the hydroxyl group of the
resulted 5-bromopentan-1-ol with DHP.18 (PhzP),Pd-
(0) catalyzed radical addition of perfluorobutyl iodide
to 3 yielded, after 1 h at room temperature, compound
4 in 88% isolated yield. The reduction of the iodo group
of 4 was carried out with LiAlH,4 to produce 5-8/4 (100%
yield). Compound 5-8/4 was brominated with HBr in
the presence of Aliquat 336 as phase transfer catalyst
to yield 6-8/4 in 95% yield. This method was used since
previously it resulted in a 2—3-fold rate enhancement
for other substrates.??

Compound 6-4/8 was prepared by the Pd(0) catalyzed
radical addition of n-perfluorooctyl iodide to vinylacetic
acid (7) to yield 8 in 72% yield. Reduction of the iodo
and carboxylic groups of 8 was carried out in one step
with LiAlH, to yield 5-4/8 in 66% yield. Phase transfer
catalyzed bromination of 5-4/8 with HBr produced 6-4/8
in 79% yield after purification by sublimation. Although
other synthetic steps were considered for the prepara-
tion of 6-8/4 and 6-4/8, we found the procedures outlined
in Scheme 1 to be both the most convenient and the
least expensive. Alkylation of methyl 3,4,5-trihydroxy-
benzoate (9) with 6-8/4 and 6-4/8 in DMF at 60 °C with
K2COj3 as base yielded after 8 h 10-8/4 in 77% and 10-
4/8 in 86% yields (Scheme 2). Hydrolysis of the methyl
ester group of 10-m/n with KOH/EtOH at reflux pro-
duced 11-8/4 and 11-4/8.

Scheme 3 outlines the second synthetic route which
was used in the preparation of 11-m/n. This procedure
was applied to the synthesis of 11-6/6. Methyl 3,4,5-
trihydroxybenzoate was alkylated with 1-bromohex-5-
ene (13) to yield 14 in 82% yield. Compound 13 was
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conveniently obtained by the monoelimination of HBr
from 1,6-dibromohexane in HMPA.24 Radical addition
of n-perfluorohexyl iodide catalyzed by (PhsP)4Pd(0) to
the double bonds of 14 yielded 15 in 80% yield. The
reduction of the iodo groups was carried out with n-Bus-
SnH/AIBN? to yield 10-6/6 (complete conversion) which
was hydrolyzed to 11-6/6 (56% yield from 15) without
further purification.

The advantage of the sequence of reactions from
Scheme 3 is that it has fewer steps than the combination
of procedures from Schemes 1 and 2, and this is
advantageous if the semifluorinated 5-m/n and/or 6-m/n
are not required for other synthetic purposes. A closer
inspection of Scheme 3 would seem to indicate that all
compounds, 11-m/n, should be readily accessible from
alkylation of methyl 3,4,5-trihydroxybenzoate (9) with
appropriate 1-bromoalk-w-enes. 1-Bromobut-3-ene was
easily prepared by the monoelimination of 1,4-dibro-
mobutane in HMPA.2* However, an attempt to alkylate
9 with 1-bromobut-3-ene in DMF with K,COj3; as base
resulted in the further elimination of the olefin to
butadiene, so this approach was abandoned. At the
same time, the monoelimination of HBr from o,w-
dibromoalkanes in HMPA relies on the ability to distill
the monoeliminated product from the reaction mixture
with the same rate as it is formed. Otherwise, di-
elimination occurs. Therefore, bromoalkenes cannot be
prepared by this method from a,w-dibromoalkanes with
more than six methylenic units due to their high boiling
points. For this reason, the pathway described in
Schemes 1 and 2 was chosen for the synthesis of 11-4/
8.

A further limitation of the reaction Scheme 3 is that
it requires the use of n-BusSnH in the reduction of the
iodo group. Sn based side products resulted from this
step are difficult to remove from the final product unless
it can be recrystallized from methanol or ethanol.
Alternative reduction methods using Zn/HCI?8 or Sml,%°
resulted in a significant amount of elimination as a side
reaction. The synthesis of the intermediary compounds
6-4/8 and 6-8/4 uses LiAlH, in the reduction step, and
the workup of this reduction is less tedious.

The synthesis of compounds 19-8/4 was performed by
the esterification of the acid chloride of 11-8/4 with the
monoallyl ether of tetraethylene glycol (16),'* followed
by the cleavage of the allyl ether of 18-8/4 with p-TsOH
in the presence of Pd on carbon?” to yield 19-8/4 in 45%
yield. The intermediary compound 18-8/4 was not
characterized. Esterification of 19-8/4 with methacry-
loyl chloride produced the monomer 20-8/4 in 45% yield.
Compound 19-6/6 was obtained in 39% yield by direct
esterification of 11-6/6 with 16 in the presence of DCC/
DPTS followed by deprotection of the allyl ether group
of 18-6/6. Compound 18-6/6 was not purified for
analytical purposes. Compound 20-6/6 was prepared in
53% yield by the direct esterification of 11-6/6 with the
monomethacrylate of tetraethylene glycol (17).° Product
19-4/8 (64% yield) was prepared by the same route as
19-6/6. In this case it was necessary to use Freon 113
as a cosolvent with CHCl, due to the poor solubility of
11-4/8. Compound 20-4/8 (54% yield) was synthesized
by the esterification of 19-4/8 with methacryloyl chlo-
ride.

Polymers 21-m/n were obtained by the radical po-
lymerization of the corresponding monomers 20-m/n in
benzene with AIBN as initiator (Scheme 5). 21-8/4 is
soluble in CHCI3 and THF while polymers 21-6/6 and
21-4/8 are soluble only in Freon 113. Due to their
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Scheme 3. Synthesis of 11-6/6

HO
(0]
HO P A Ve
=
HMPA 0CH, 3 0
B~ p, ANN"g z O‘Q_(
185-190°C K>,CO3, DMF OCH
12 13 #1% 2403 3
60°C, 4 h NP
| 14 82 %
F'(CFZ"’.VK/\/\O F-(CF2)6(CH)s0
(0] -BusSnH, AIBN o]
CeF il (PRaPUPI)  FCPla~ A~ e (CFa(CHa)e0
hexanes, r.t., OCH, toluene, 70°C, 14 h OCH;,
F-(CF5)6(CH,)sO
F'(CFZ)G/Y\/\/O (CF2)6(CH2)s
! 15 80 % 10-6/6

F-(CF2)6(CH2)6O

KOH/EtOH o]
F-(CF2)6(CH2)6O

reflux, 2 h OH

F-(CF2)s(CH2)6O

11-6/6 56 %

Scheme 4. Synthesis of Alcohols, 19-m/n, and Monomers, 20-m/n

1) SOCl,, CH,Cl,,
DMF (cat.), r.t.

F‘(C Fz)n(CHZ)mO
(0}

rt,16h

F-(CF2)n(CH2)mO,

2) 16, pyridine, CH,Cl,

HO(CH,CH,0)4R

F-(CF2)n(CH2)mO
O(CH,CH,0),R
F-(CF2)n(CH2)mO

l: 18-8/4: n=4, m=8; R= CH,CH=CH,
a

o 16: R= CH,CH=CH, X 19-8/4: n=4, m=8; R=H, 45 %
F-(CF2)y(CHo)mO — e .

n(CH)m o 7 % 20-8/4: n=4, m=8; R= 45 %

F‘(CFZ)n(CHz)mO (0]
o)

-12/0: n=0, m=12, Ref. 1

At g o en18 160r 17, F-(CF2n(CHolnO
Y PTS, DCC o

11-6/6: N=6, m=6 DPTS, )
11-4/8: n=8, m=4 F-(CF2)n(CH2)mO

CH,Cl, / Freon® 113

rt., 16 h

O(CH,CH,0)R
F-(CF2)a(CH2)mO

18-6/6: N=6, M=6; R= CH,CH=CHy, 57 %

: I:w-e/a: n=6, m=6; R=H, 51 %
20-6/6: N=6, M=6; R= .53 %

o}

. Q 18-4/8: n=8, M=4; R= CH,CH=CHb,, 66 %

19-4/8: n=8, m=4; R=H, 64 %

— 20-4/8: n=8, m=4; R= ,54 %

o
(a) 5% Pd/C, p-TsOH, 90 % MeOH, 100°C, 2-20 h; (b) Et3N, CH,=C(CH3)COCI, CH,Cl,, 0-20°C, 2-4 h

limited solubility, the molecular weights of 21-6/6 and
21-4/8 could not be determined by GPC. These two
polymers precipitate from solution during the polym-
erization process. The polymer yields and their molec-
ular weight data are reported in Table 2.

Structural characterization of 11-12/0, 19-12/0, and
21-12/0 was reported in a previous publication® and will
be recapitulated briefly here (Table 1). 11-12/0 and 19-
12/0 display a crystalline structure which melts directly
into an isotropic liquid. Upon complexation with vari-
ous alkali metal triflates, 19-12/0 self-assembles into
cylindrical supramolecular structures which generate
a ®, mesophase. The cylindrical structure of the
complexes of 19-12/0 has the oligooxyethylenic segment

forming the core of the cylinder and the tapered groups
radiating from the center toward the periphery. In the
®y, phase the alkyl tails of 19-12/0 are melted. The
polymer, 21-12/0 generates a cylindrical structure even
in the absence of complexed salts (Table 1). Most
probably, a helical-like distorted conformation of the
polymer backbone of 21-12/0 penetrates through the
center of the column and its tapered side groups radiate
toward the periphery of the column.

Thermal Characterization of Model Compounds
and of Polymers. As in previous investigations,!¢ the
@, mesophase of all new compounds was characterized
by a combination of techniques consisting of differential
scanning calorimetry (DSC), X-ray diffraction, and
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Scheme 5. Synthesis of Polymers, 21-m/n
F(CF2)n(CH2)mO.

(o] [0}
F(CF2)n(CH2)mO
(CF2)n(CHz)m SN OJ%
F(CF2)n(CH2)mO
20-12/0: n=0, m=12
20-8/4: n=4, m=8
20-6/6: n=6, m=6 AIBN, CgHg
20-4/8: n=8, m=4 60°C, 20-30 h

F(CFZ)n(CHZ)mO

O (o]
Fan(CHom
F(CF2)n(CHy) o—@—(ofo o 0 oJ(g

F(CF2)n(CH2)mO

Table 1. Characterization of 11-m/n, 19-m/n, and 21-m/n&

phase transitions (°C) and corresponding
enthalpy changes (kcal/mol or kcal/mru)

compd heating cooling
11-12/0 k60 (14.9) i i33(14.1) k
k 59 (14.3) i

11-8/4 k —10 (3.53) @, 41 (0.57) i
k —11 (2.92) ®y, 41 (0.56) i

11-6/6 K 78 (14.0°) @, 80 (=) i
ki 49 (4.71) ko 76 (0.84)

i 35 (0.56) @, —19 (2.40) k

i 73 (0.67) @, 38 (4.72) k

@, 80 (0.68) i
11-4/8 Ky 96 (11.2) ko 110 (7.86%) i 108 (1.16) ®p 56
@, 111 (-Y) i (1.42) ka 35 (1.14) ks

ki 100 (11.3) @ 111 (1.19) i

19-12/0 kq 19 (0.78) Kz 30 (18.94) i
k23 (16.4) i
19-8/4 Kk —17 (5.92) ®p 1 (0.24) i
k —17 (5.30) @ —2 (0.19) i
19-6/6 k8 (5.78) @, 31 (0.36) i
k 8 (5.90) ®p, 31 (0.19) i
19-4/8 k35 (7.01) ®p, 68 (0.47) i
k1 25 (1.01) k 26 (—1.34)
k 35 (5.01) ®p, 67 (0.32) i

21-12/0 k 17 (6.05) ®p, 54 (0.20) i

k 17 (6.53) @p, 54 (0.16) i
21-8/4 g —34 @y, 89 (0.10) i

g —32 ®;, 88 (0.15) i
21-6/6 g —4 @ 140° (=) i

g —6 @, 125¢ (=) i
21-4/8 g 16 ®p 129 (0.27) i

016 @, 126 (0.22) i

a Data on the first lines under heating and cooling are deter-
mined during the first heating and cooling scans. Data on the
second line under heating are determined during the second
heating scan. P Overlapped peaks. ¢ Transitions determined by
optical polarized microscopy.

i7(16.1)k
i —9 (0.20) @y, —31 (6.29) k
i 25 (0.17) ®n —4 (5.51) k

i 63 (0.32) @y, 18 (3.43) k

i 37 (0.23) @1, 3 (5.88) k
i 67 (0.11) @, —37 g
i 125¢ (=) ®p —11 g

i 118 (0.20) @, 9 g

Table 2. Characterization of Polymethacrylates 21-m/n
by Size Exclusion Chromatography

polymer
polymer vyield (%) My x 10732 M, x 10732 M,/M, DP
21-12/0 47 46.0 26.7 267 29
21-8/4 45 61.0 50.0 1.22 35
21-6/6 49 —b —b —b —b
21-4/8 26 —b —b —b —b

aReferenced to linear polystyrene standards. ® Polymer was
insoluble in THF but soluble in Freon 113.

thermal optical polarized microscopy. We will discuss
first the phase behavior of 11-m/n, 19-m/n, and 21-m/n
compounds based on their DSC traces. The assignment
of various phases observed by DSC was done by X-ray
diffraction experiments.

Macromolecules, Vol. 29, No. 2, 1996

Figure 1 presents the first heating (a), cooling (b), and
the second heating (c) DSC traces of 11-m/n. An
investigation of the first DSC scans provided the fol-
lowing results. 11-12/0 shows a crystalline phase which
melts at 60 °C. The replacement of the four outer
methylenic groups of the alkyl tails of 11-12/0 with four
perfluorinated methylenic groups produces 11-8/4 which
has a much lower melting temperature, i.e., at —10 °C,
followed by a ®y phase which undergoes isotropization
at 41 °C. Increasing the number of perfluorinated
methylenic groups to six increases both the melting
temperature to 78 °C and the isotropization temperature
of the &y, phase of 11-6/6 to 80 °C. Our previous report
which was based on a single perfluorinatred segment
length® showed nearly identical results. In that case,
the analogue of 11-12/0 derived from ten methylenic
groups in the alkyl tails (11-10/0) is crystalline and
melts at 53 °C. Replacement of the outer six methylenic
groups with perfluorinated groups yielded 11-6/4, which
is crystalline and melts at 76 °C into a ®, phase followed
by isotropization at 79 °C. The trend continues for the
case of 11-4/8 (n = 8) which has a melting at 110 °C
and an isotropization of the ®y phase at 111 °C. While
in the first scan the melting of 11-6/6 and 11-4/8 are
overlapping the isotropization of the &y, phase, in the
second and subsequent heating scans the melting tem-
peratures are suppressed and therefore, the @, phase
has a broader range of temperature than in the first
heating scan.

The melting and isotropization temperatures of 11-
m/n obtained from Figure 1 and summarized in Table
1 are plotted as a function of the number of perfluori-
nated methylenic units, n, in Figure 2. The plots from
Figure 2 provide the following conclusion. A very short
perfluorinated segment (i.e., four perfluorinated meth-
ylenic groups out of 12) has a drastic effect on the
melting temperature of 11-m/n, lowering it by 70 °C.
At the same time it increases dramatically the ability
of 11-m/n to form a &y phase. As a result, while 11-
12/0 does not self-assemble into a cylindrical supramo-
lecular structure, its homologue, 11-8/4, produces a
column which generates a ®y, phase that is stable over
a range of 51 °C. This behavior is the result of two
opposite effects generated by semifluorination, i.e, a
decreased crystallization tendency and an increased
ability to form the cylindrical self-assembly. However,
at this point we are not certain if 11-12/0 does not
exhibit a virtual ®, phase and that the effect of the
small extent of fluorination is mostly to uncover th &y
phase by lowering the melting temperature. The effect
obtained upon further increase of the length of the
perfluorinated segment from four to six and eight
methylenic groups respectively is very clear. It in-
creases both the melting and the isotropization tem-
peratures. As a consequence, since the slope of the
melting temperature as a function of n is higher than
that of the isotropization temperature, although both
transition temperatures increase, the temperature range
of the @, phase becomes narrower (Figure 2).

The upper part of Figure 3 presents the DSC traces
of 19-m/n. The trend observed for 19-m/n is almost
similar to that observed for 11-m/n. That is, 19-12/0
is only crystalline. Replacement of four methylenic
units from the alkyl tails of 19-12/0 with semifluori-
nated groups produces 19-8/4, which has a much lower
melting transition and an enantiotropic @, phase.
Increasing the length of the semifluorinated segment
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Figure 1. Representative DSC traces (10 °C min™t) of 11-m/n recorded during (a) the first heating scan; (b) the first cooling

scan; and (c) the second heating scan.
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Figure 2. Dependence of the phase transitions of 11-m/n on the number of fluorinated methylenes in the alkyl tails (n). (a) Data
from the first heating scan are (¢) Tmi; (&) Tm2; (O) Ta-i- (b) Data from the cooling scan are (¢) Tii; (A) Tiz; (M) Ti.e,. Data from

the second heating scan are (¢) Tmi; (&) Tmz; (@) Top-i-

increases both the melting and the isotropization tem-
peratures. This trend is even more clearly observed in
Figure 4, which plots the melting and isotropization
temperatures of 19-m/n as a function of n.

Finally, the bottom part of Figure 3 presents the DSC
traces of the polymers 21-8/4, 21-6/6, and 21-4/8. All
polymers exhibit a @, phase. For the case of 21-6/6, a
first order transition peak associated with the isotro-
pization temperature was not observed in the DSC
scans. However, a birefrigent texture was observed by
thermal optical polarized microscopy that persisted on
heating up to 140 °C. On subsequent cooling the texture
of the @, phase was observed at 129 °C. The isotro-
pization temperature of the ®y, phase increases with the
increase of n. These polymers are not crystallizable.
Their T4 values (Figure 3) follow a similar trend with
their isotropization, i.e. they increase with the increase
of the extent of fluorination. Figure 5 summarizes both
the isotropization and the glass transition temperatures

of 21-8/4, 21-6/6, and 21-4/8 and compares them with
the same data of 21-12/0 collected from a previous
publication.’9 Since 21-12/0 also exhibits a ®y phase,
the plot from Figure 5 demonstrates the dramatic
stabilization of the ®y, phase of 21-m/n upon fluorina-
tion. The isotropization temperature of 21-4/8 is lower
than that of 21-6/6, most probably due to a lower
molecular weight of 21-4/8. This is due to the lower
solubility of 21-4/8 in the polymerization solvent, result-
ing in an earlier precipitation of a lower molecular
weight polymer. Table 2 summarizes the characteriza-
tion of 11-m/n, 19-m/n, and 21-m/n.

Figure 6 plots the dependence of the hexagonal
columnar—isotropic transition temperatures (T¢,-i) as
a function of the number of fluorinated methylenic
groups, n, for all three of the systems investigated in
this series of experiments. The supramolecular columns
derived from 11-m/n, 19-m/n, and 21-m/n are derived
from the same tapered groups but differ in the func-
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Figure 4. Dependence of the phase transitions of 19-m/n on the number of fluorinated methylenes in the alkyl tails (n). (a) Data
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tionalization of their core. Specifically, 11-m/n, 19-m/
n, and 21-m/n are functionalized with carboxylic acid,
hydroxy terminated oligooxyethylenic, and polymethacry-
late terminated oligooxyethylenic functional groups,
respectively. These groups play the role of the endo-
receptor in the self-assembly and thus contribute to the
overall stability of the supramolecular column and of
the @, phase. Inspection of Figure 6 shows that the
highest Tq,.i, and thus stabilities, are observed for the
series of polymers, 21-m/n, followed by the benzoic
acids, 11-m/n, and alcohols, 19-m/n. This order arises
from the difference between stabilization of the su-
pramolecular column by H-bonding and by covalent
attachment to a backbone. 19-m/n, having the weakest

O-H- -O-H-bonding interaction has the lowest range of
To,-i while 11-m/n, which have a much stronger car-
boxylic H-bonding interaction, exhibit higher stabilities.
Finally, when H-bonding is replaced by the covalent
bond of the polymethacrylate backbone of 21-m/n, the
highest isotropization temperatures are observed.
The increase in the Tg,.i as a function of the number
of fluorinated methylenic units, n, in the alkyl tails is
linear (R2 > 0.99) for 11-m/n and 19-m/n. For the case
of 21-m/n, a strict linear dependence is not observed
due to the molecular weight effect which was discussed
previously. However, to compare 11-m/n and 19-m/n,
the graphical data of Figure 6 were fitted to a straight
line. The slopes of these lines represent the incremental
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number of fluorinated methylenes in the alkyl tails (n). Data
are from the second heating scan.

contribution of each fluorinated methylenic unit to the
thermodynamic stability of the &, phase and are
depicted in Figure 6 as ATi/An. For 11-m/n and 19-m/
n, each fluorinated methylenic unit in the alkyl tails
increases the isotropization temperature by 17—18 °C.
For 21-m/n, the contribution is smaller (~10 °C) but
still significant. The overall consequence is that a
dramatic stabilization of the &y, phase is observed upon
fluorination, more so than the effect of H-bonding or
covalent attachment to a polymeric backbone. For
example, 19-12/0 does not exhibit a ®,, mesophase.
However, upon covalent attachment to a polymeric
backbone as exemplified by 21-12/0, it exhibits an
enantiotropic ®,, mesophase that undergoes isotropiza-
tion at 54 °C. If eight of the twelve methylenic units of
19-12/0 are perfluorinated as exemplified by 19-4/8, an
enantiotropic ®,, mesophase that undergoes isotropiza-
tion at 67 °C is obtained. This represents a 13 °C
increase in the mesophase stability over that of the

perhydrogenated polymer 21-12/0. Similar comparisons
can be made for 11-m/n as well.

Figure 7a plots the molar transition enthalpies
(AHg,-i) (Table 1) for 11-m/n, 19-m/n, and 21-m/n as a
function of n. The same data are plotted in Figure 7b
for the molar transition entropies (ASq,-i). Both AHg,.i
and ASge,.i are small and characteristic of ®,—i transi-
tions.! As the extent of fluorination increases, the
corresponding AHg, i and ASg,.i increase for 11-m/n, 19-
m/n, and 21-m/n. Since Tg.i = AHg¢,i/ASqe,i, an
increase in isotropization temperature results from the
greater increase in AHg,.i relative to ASq,.i.

Characterization by X-ray Diffraction Experi-
ments. Table 3 summarizes the characterization of the
@y, phase of 11-m/n, 19-m/n, and 21-m/n by X-ray
diffraction experiments. Details on the interpretation
of the X-ray data for @, phases were presented in
previous publications.’2¢ The @y, phase is character-
ized by the presence of three X-ray reflections in the
small angle range, with spacings in the ratio digo:d110:
daoo = 1:(1/+/3):(1/2). Only diffuse scattering is observed
at wide angles. The measured small-angle spacings are
summarized in Table 3. The hexagonal lattice param-
eter (a = [@]5[v/3) is equal to the diameter of the self-
assembled columns which are responsible for the gen-
eration of the ®y, phase. Figure 8 plots the diameter of
these columns as a function of n for 11-m/n, 19-m/n,
and 21-m/n. This figure indicates the following general
trend. When only four methylenic groups are perflu-
orinated, the diameter of the self-assembled column
does not change from that of the column obtained with
non-fluorinated tails. However, a subsequent increase
of the number of perfluorinated methylenic groups, from
four to six and respectively eight, enlarges the column
diameter.

Figure 9 displays the unminimized molecular struc-
tures of (a) 21-12/0 and (b) 21-4/8. The alkyl tails are
presented in the lowest energy all-trans configuration,
and they are planar with respect to the benzene ring.
The oligooxyethylenic segment is also drawn in the all-
trans extended conformation. A 7, helical conformation
of the oligooxyethylenic segment is more stable,? but for
purposes of comparison, the all-trans conformation is
depicted here. The end-to-end molecular distances are
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Table 3. Characterization of the ®, Phase of 11-m/n,
19-m/n, and 21-m/n by Small Angle X-ray Scattering

T ody A dm dm om0 RS
compd n o) A A A & A A A @
11-12/0 O
11-8/4 4 30 29.1 16.6 14.6 29.0 33.5 16.8 19.3
11-6/6 6 73 29.1 16.3 144 28.7 33.2 16.6 19.1
11-4/8 8 75 316 18.1 11.8 315 36.3 18.2 21.0
19-12/0 O
19-8/4 4
19-6/6 6 29 39.2 226 19.7 39.2 45.3 22.7 26.2
19-4/8 8 29 405 46.8 234 27.0

8 50 384 226 19.6 38.9 449 225 259
21-12/0 0 27 42.1 242 21.1 157 42.1 48.6 24.3 28.0
0 41 40.8 23.6 20.6 154 41.0 47.3 23.6 27.3
21-8/4 4 30 41.8 24.0 21.0 41.8 483 24.1 27.9
21-6/6 6 28 43.0 25.1 21.9 43.3 50.1 25.1 29.0
21-4/8 8 28 47.2 23.6 18.0 47.2 545 27.3 315

a "X O= [d% + (A" x /3) + (dhex x 2))/3. P a = 20 XDV/3.

¢R = [HI&V/3. ¢ S = 2RIV/3.

indicated for (a) 11-12/0, 19-12/0, and 21-12/0 and (b)
11-4/8, 19-4/8, and 21-4/8. The end-to-end molecular
distance of 11-4/8 is 0.7 A longer than the same distance
from 11-12/0. This increase is due to the the longer-
CF,CF,-bond length (1.58 A) compared to the -CH,CH,-
bond length (1.54 A). The increased bond length is not
sufficient to account for the 2—3 A increase in the
column diameter with fluorination. Other factors, such
as the increased rigidity of the perfluoroalkane seg-
ments may contribute as well. Further analysis of
Figure 8 shows that the column diameter of the self-
assembled structures increases in the order 21-m/n >
19-m/n > 11-m/n. Inspection of Figure 9 shows that
this is clearly a result of the increase of the end-to-end
molecular distance on the sequential addition of oli-
gooxyethylenic and methacrylate moieties, respectively,
and this result is in agreement with previous data
reported from our laboratory.1¢—¢

Self-Assembly Mechanism. Figure 10 presents a
schematic representation of the self-assembly of semi-
fluorinated tapered groups into a supramolecular col-
umn which generates a @, mesophase. This scheme is
based on previous examples of self-assembly of non-
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Figure 8. Dependence of the column diameter, a, of (®) 11-
m/n, (a) 19-m/n, and (M) 21-m/n on the number of fluorinated
methylenes in the alkyl tails (n).

fluorinated!—3 and fluorinated® tapered groups from our
laboratory. The tapered groups, 11-m/n and 19-m/n,
self-assemble into a supramolecular disc-like unit. The
entropy loss during this process is compensated by the
exoenthalpic process generated by H-bonding. These
discs can then stack into a supramolecular columnar
architecture which minimizes the free energy of the
system due to packing into a ®, phase. The “hydro-
philic” oligooxyethylenic segment resides within the
center of the column and in the case of 21-m/n, the
backbone penetrates this matrix. We envision some
distortion of the polymer backbone, possibly helical, due
to organization of the tapered side groups.® The aro-
matic moieties form a rigid core that stabilizes the
structure. Their orientation with respect to the colum-
nar axis is not clear, but X-ray experiments suggest that
they are somewhat tilted.® By analogy with low molar
mass and polymeric liquid crystals formed from discotic
mesogens, the alkyl tails of this system are melted. This
is supported by the fact that the lattice parameter, a,
observed by X-ray diffraction experiments is signifi-
cantly smaller than the lattice parameter expected from
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Figure 9. Unminimized molecular model of (a) 21-12/0 and
(b) 21-4/8.

a columnar structure in which the alkyl tails exist in
the all-trans conformation.! However, at a certain ratio,
the perfluorinated segments are expected to be mi-
crophase segregated from the perhydrogenated seg-
ments due to their mutual incompatibility.3® As a
consequence, these tubular architectures should have
fluorine enriched, low energy surfaces. The supramo-
lecular columns stack into a hexagonal lattice. This
hexagonal lattice should have periodic fluctuations in
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composition between oligooxyethylenic, hydrocarbon,
and fluorocarbon blocks as depicted in Figure 10.

From the experimental results generated by this
research we can speculate that the dramatically en-
hanced ability of 11-m/n, 19-m/n, and 21-m/n to self-
assemble upon semi-fluorination arises from a combi-
nation of two competitive and two cooperative effects
which are generated by the fluorophobic effect. These
two sets of effects can be discussed by inspecting once
again Figures 2, 4, and 5. Increasing n from O to 4
decreases the melting temperature of 11-12/0 and 19-
12/0 (Figures 2 and 4). No information about the
change of n from 0 to 4 on the isotropization transition
of the @y, phase is available from these two sets of data.
However, after inspection of Figure 5, we can see that
the isotropization of the &y phase of 21-12/0 increases
by 35 °C from n = 0 to n = 4, i.e., for the case of 21-8/4.
Therefore, we can assume that a similar effect may
occur in the case of 11-12/0 and 19-12/0. The potential
“virtual™! @, phase of 11-12/0 and 19-12/0 increases
its isotropization transition temperature. As a result
of these two opposite trends, 11-8/4 and 19-8/4 exhibit
an enantiotropic @, phase. A further increase in n from
4 to 6 and 8 increases both the melting and isotropiza-
tion transition temperatures (Figures 2 and 4). De-
pending on the relative slopes of these two dependences
on n at values of n larger than 4, the range of the &y
phase becomes broader or narrower. Therefore, the
fluorophobic effect is determined by the “eutectic-like”
phase diagram of the crystalline phase and probably
ideal solution-like phase (continuous dependence of T,
vs n) behavior of the ®;, phase of 11-m/n and 19-m/n
as a function of n. The net effect of this combination is
the dramatically enhanced ability of these tapered
groups to self-assemble into supramolecular columns.
The eutectic behavior of the crystalline phase is due to
the decreased melting of the parrafinic segment by the
fluorinated one at n = 4 and decreased melting of the
fluorinated segment by the parrafinic segment at m =
4 and 6. The immiscibility in the melt phase of the
outer layer of the supramolecular columns (Figure 10)
can explain the continuous increase in Tq,.j and column
diameter with increasing n. It has been demonstrated
that columnar architectures derived from tapered groups
containing ((n-alkyloxy)benzyl)oxy tails exhibit greater

oligooxyethylenic

IN\Y] aromatic and perhydrogenated
D perfluorinated

R
ARSI

N—

Figure 10. Schematic representation of the self-assembly of 21-m/n into a tubular supramolecular architecture.
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thermodynamic stabilities of their ®, phase than those
based on their n-alkyloxy analogues.14-9 The wider and
more rigid tapered group in the former stabilizes the
cylindrical assembly. Fluoroalkanes have a van der
Waals cross-sectional area of 28.3 A2 while the same
dimension for all-trans planar zig zag alkanes is 18.5
A24 Thus in the melted phase of the microsegregated
tapered group, an increased cross-sectional area due to
the presence of the perfluoroalkyl segment contributes
to the formation of a wider tapered group which
subsequently induces a greater mesophase stability.
Additional increase is due to the higher rigidity* of the
perfluorinated segments and the high enthalpy of mix-
ing of perfluorinated and perhydrogenated segments.
The microsegregation of the perfluorinated and perhy-
drogenated outer layer of the supramolecular column
provides a lower degree of packing which favors a more
extended chain length in each phase and, therefore, a
larger column diameter. Additional experiments re-
quired to elucidate the self-assembly mechanism via the
fluorophobic effect are in progress.

The results presented in this publication are very
rewarding since tapered groups such as those described
in this and other publications from ourl~3.932 and other
laboratories®® are extensively used in the design and
self-assembly of new molecular, macromolecular, and
supramolecular architectures. The enhanced ability to
self-assemble tapered groups via the fluorophobic effect
provides new synthetic strategies in these fields.
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