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ABSTRACT: Most supramolecular side-chain polymers investigated to date are based on a single type of
noncovalent link and involve systems that do not test its selectivity in the presence of other potentially interfering
interactions. In this paper, we study the selectivity of hydrogen-bond complexation in the presence of both ionic
moieties and highly polar groups and evaluate the effect of these potentially interacting functions on the self-
assembly and thermotropic behavior of the intended side-chain liquid crystal (LC) polymer complexes. To this
end, the weakly mesomorphic polyamphiphile, pelygyridylpyridinium dodecyl methacrylate) bromide{2PB),

where the side chains are terminated by a hydrogen-bond acceptor in close proximity to an ion pair, is mixed in
equimolar proportion with a series of phenol-functionalized mesogenic complex@ntsofne of which have

highly polar tails, while others have chiral tails and most contain an azo moiety for potential optical responsiveness.
It is found that, in all cases, hydrogen-bond complexation is successful and essentially complete, leading to
supramolecular homopolymeric complexB¢X) with well-defined thermotropic LC characteristics. These
complexes, which are partially crystalline initially, have above-ambient glass transitions and smectic LC mesophases
that are monotropic, enantiotropic or effectively enantiotropic, depending on the molecular characteritics of
The presence of a polar tail hampers recrystallization after melting, with a cyano tail suppressing it completely
and also strongly retarding the development of the LC mesophase from the isotropic phase. This might be related
to enhanced electrostatic interactions and increased viscosity in the melt. The mesophase peridil@BFof

is unchanged by complexants with a flexible alkyl tail, suggesting that they can adapt to the packing structure of
P12PP(previously reported to be partial bilayer smectic A-like), whereas more rigid albeit shorter complexants
lead to a periodicity increase (indicative of an effective single-layer smectic A mesophase). Possible molecular
packing models are presented and discussed.

Introduction bonded (phenetpyridyl) up to near-equimolar proportions

The formation of organized assemblies via specific nonco- Without interference from the nearby ionic (pyridinium) groups,
valent interactions between complementary components tOle.adlng to thermotropic liquid crystallinity as a §upramo|ecu|ar
obtain various molecular architectures has been an importantSide-chain LCP (supra-SCLCF)lkkala, Ruokolainen and coll.
development in supramolecular chemistry in the last 2 dedades. have shown that a serial noncovalent linkage involving both
This approach has also been used profitably in the design of"ydrogen and ionic bonding can associate pentadecylphenol to
supramolecular liquid crystal polymers (supra-LCP&Primary po]y(4-V|nyIpyr|d|ne) (P4VP) via methane or toluene sulfonlg
advantages of these materials are the relative ease and rapiditf:id in block copolymers of P4VP and polystyrene (the sulfonic
with which various functionalities of interest (for example, for @cid protonates P4VP, and the phenol hydrogen-bonds to the
potential applications as materials in information storage, 'esulting sulfonate group), giving thermally responsive hierar-

molecular electronics, medicine, etc.) can be incorporated andchical self-assembly of liquid crystal order within block
new structures and properties (involving, for example, lability _copi)llyl/gner order, as observed also with direct hydrogen bond-
of the noncovalent bonds at higher temperatures) introduced.9-"
Generally to date, the supramolecular link in a given supra-  Outside of the LCP literature, Nair and Weck demonstrated,
LCP system is of one type only, most often involving either using random comb copolymers of tail-end quaternary am-
hydrogen or ionic bonding between appropriate molecular monium and tail-end 2,6-diaminopyridine functions, that it was
species. To more fully realize the power and versatility of the possible to independently complex simple oppositely charged
supramolecular approach in materials design, it is desirable tosurfactants to the former counit by ionic bonding aNe
investigate how a particular supramolecular linkage works in butylthymine to the latter counit via a triple H-bond, whether
the presence of other potentially interfering interactions as well proceeding sequentially or simultaneouSiyn other words, the
as the feasibility of employing two or more types of supramo- two types of interactions act orthogonally to each other in the
lecular linkages simultaneoust® Among the few examples  systems studiet® This group also showed that the same
in the supra-LCP literature where this direction has been taken, hydrogen-bonding interaction and metal coordination (using Pd)
our group investigated a tail-end pyridylpyridinium dodecyl act orthogonally in random and block copolym&&n the other
methacrylate polyamphiphileP(2PP, Figure 1) to which a hand, lkkala and coll. obtained evidence suggesting that the
simple surfactant, 4-octylphenol, was successfully hydrogen- coordination of zinc dodecylbenzenesulfonate to dodecylben-
zenesulfonic acid-doped polyaniline (DBSA-PANI) does not
*To whom correspondence should be addressed. E-mail: geraldine. OCCUr at the free aminic nitrogen sites, but instead at the already
bazuin@umontreal.ca. complexed sulfonate groups of DBSA-PANI via water-mediated
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Figure 1. Hydrogen-bonded complexdé¥X) composed of the polyamphiphie12PPand (azo)phenol-functionalized small molecul¥¢X =
1-5).

hydrogen bond$> This case illustrates that supramolecular polymer liquid crystals. Moreover, except fd; they were
linkages can be interdependent and occur at unexpected orchosen to be azo-based in view of the potential use of the
undesired sites. Thus, it is necessary to explore a much largercomplexes as photoresponsive materials and, consequently, the
variety of systems than studied until now, especially more huge interest that azo-containing materials have long sustained
complex systems, to map out the specificity and independenceand continue to sustain scientifically and technologicHlly,
or not of noncovalent linkages and combination of linkages in including in many supra-LCPs%-8 Two of these have short,
supramolecular assemblies. highly polar tails 2, 3) and two have nonpolar, flexible tails,
Concerning supra-LCPs, many mesogenic motifs of practical one with a longer4) and one with a shorteB) alkyl moiety.
interest for specific applications include moieties that constitute These latter two, moreover, were chosen to be chiral for the
potential interference sites for the desired complexation, in possible generation of chiral mesophases (e.g., smectic C¥*).
particular highly polar units. In this context, thEel2PP Complexantl, which possesses a short nonpolar tail, can be
polyamphiphile mentioned above constitutes an ideal platform viewed as a rigid counterpart of the (nonpolar) octyl phenol
to test supramolecular assembly and LC behavior in conditions complexant used in ref 10 (furthermore, it was readily available
where there is what might be considered to be a soup of differentsince it is an intermediate in the synthesis of surfactomesdgens
interactions. The pyridylpyridinium functionality allows for both  used in other projects in our grot¥h An additional interest of
hydrogen-bonding and ionic complexation (as well as complex- employing more rigid complexants with and without polar tails
ation through metal coordination), and it is a relatively simple vs complexants with flexible alkyl tails is related to the possible
matter to synthesize a variety of appropriately functionalized influence of these factors on the LC packing structure. In the
small molecules (“complexants”) with desired chemical and polyamphiphile complexes investigated to date, all employing
mesogenic features. While our previous sfidgvolving this simple alkyl surfactants as complexants, it has been observed
polyamphiphile showed that hydrogen-bond complexation ex- that there is a surprising insensitivity of the structural periodicity
periences no interference from the pyridinium groups, this was to the presence and length of the surfactant, either hydrogen
demonstrated using one of the simplest small-molecule com-bonded or ionically bonde#:19.20
plexants possible, an alkyl phenol, which presents only a flexible  Architecturally, and by the type and placement of the
alkyl tail, and no polar moiety other than the phenol functionality noncovalent bond (far from the polymer backbone), these
through which the complexation takes place. complexes resemble the large family of supra-SCLCPs inves-
In the present contribution, we investigate a variety of phenol- tigated by Kato and coll., where a variety of pyridyl derivatives
functionalized mesogenic complexany (Figure 1) of specific were hydrogen-bonded to various comb-like polymers with
interest (indicated below), several of which have significant carboxylic acid terminal groups in the side chaigln contrast
polarity, in particular highly polar tails. The latter constitute to our complexes, none of their systems contain ionic groups,
potential interference elements for the desired self-assembly,and from the point of view of supramolecular synthesis they
possibly in combination with the ionic groups &f12PPR are therefore more straightforward. For this reason, in the cases
Furthermore, the LC expression of the different mesogenic where similar mesogenic cores are employed, they will also
moieties in the complexes.e., the thermal and structural provide a convenient comparison for our complexes, especially
behavior of the potentially liquid crystalline supramolecular for evaluating the effect of the electrostatic environment on the
assembliesmay be influenced by the electrostatic environment, LC behavior. It may be added that the presence of ionic moieties
in particular the ionic groups possibly through dipetiipole can be a desirable feature in real applications, in particular
interactions. In this context, the mesogenic complexdamsere because they will certainly modify the viscoelastic properties
chosen for a combination of reasons. First, it was desired thatof these materials, most simply by mitigating the effect of side-
all five complexants be composed of mesogenic cores and tailschain plasticization on the glass transition temperature, but also
of the type frequently found in all-covalent small-molecule and by giving a higher melt viscosity; this can be beneficial, for
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Table 1. Thermal Data® of the Small Molecules K), Determined by DSC and TGA3®

1 2 3 4 5 5b
Tw/°C (AH/Jg D) 184 (180) 207 (140) 22q150) 96 (100) 120 (60) 116 (90)
Tw/°C (literature) 1821843 200-2045 219-221% 1131157 112-11F4
Tol°C (AHIgY) 173 (-170) 196 (120) 180 (120) d 102 (-70) 100 (90)
T&% (°C) 160 188 197 206 180

aTn: melting point.Te: crystallization temperaturgsH: transition enthalpyT2”: 2% weight loss temperature Same compound @but without the
N=N moiety. Data obtained from ref 28195 °C on second and third heating scans (limited to 2C); first scan agrees with literature valgfe.d No
crystallization was observed during cooling, but a recrystallization endotherm occurs at af@utrbubsequent heating.

Table 2. Wavelength gmax) and Intensity () of Maximum
Absorption in the UV —Visible Spectra of the Azo-Containing Small
Molecules () in CHCl, Solution

example, for use of these materials as anisotropic gl3%3¢®
present series, to our knowledge, constitutes one of the rare
studies in the literature that investigate LC propertiesoof

> . 2 3 4 5
containing polymer complexes based on hydrogen-bonding, o) - 269 - -
i - max (NM
although there are a few studies on such small-molecule <102 (L-mol--cmY) 265 262 248 265

complexegl:22

with an Instec STC200 temperature controller. 1-D data were

Experimental Section
Materials. 4-Aminobenzonitrile (98%), 4-nitroaniline (99%),

sodium nitrite (Reagent Plus 100%), 4-nitrobenzoyl chloride (98%),

(9-2-octanol (99%), 9-2-methyl-1-butanol (99%), 4-dimethy-
laminopyridine (99%), tin(ll) chloride Sngl(98%), and phenol

obtained by integrating the 2-D data. Thiespacings were
determined from the maximum of the diffraction peaks according
to the Bragg equatioml = 2d(sin 8), wheren is an integer giving

the order of the diffraction pealé, is the angle of incidence, and

A is the wavelength of the X-ray beam used. The Bragg spacings

(99%) were all used as received from Aldrich. Dichloromethane determined from the small-angle X-ray data were compared with
and pyridine were dried by distillation from calcium hydride and the molecular lengths calculated with the aid of Hyperchem 5.0
sodium metal, respectively, and stored over 4-A molecular sieves. (Hypercube), assuming most extended conformations and including
Water used for polymerization, dialysis and azobenzene synthesisvan der Waals’ radii at the extremities. The hydrogen bond length

was purified by a Milli-Q system (resistance 18N Column
chromatography was performed using silica gel (60 A-2Z80
mesh, Aldrich).

Techniques of Analysis.NMR spectra were recorded on a

was taken to be 2:83.0 A

Synthesis.The syntheses of most of the phenol-functionalized
compounds used as complexants have been reported in the literature
previously (as indicated below for each compound), often because

Bruker Avance 400 MHz spectrometer. Chemical shifts are given they are intermediates for other compounds. Thus, the specific pro-

in ppm using the residual solvent signal (CB@MSO-ds, acetone-

cedures used by us are described very briefly, and mainly analytical

ds, CD;OD) as an internal reference. The melting points were data are given. Melting points (which are the same by DSC and
measured on a Bibby Sterilin SMP10 melting point apparatus using melting point apparatus withig:1 °C) and their comparison with
capillary tubes. Fourier transform infrared (FTIR) spectra were literature values, as well as crystallization temperatures and
recorded, mainly at ambient temperature, using a Varian (Digilab) transition enthalpies (determined by DSC) and degradation tem-
FTS 3100 HE Excalibur spectrophotometer equipped with a DTGS peratures (determined by TGA) are given in Table 1.

detector; spectra at higher temperatures were obtained using a Pike 4'-Methoxybiphenyl-4-ol (1)1823 White solid (32% vyield)H
temperature controller and cell assembly. The as-prepared samplesIMR (CDCl): 6 = 3.85 (s, 3H, OCH), 4.9 (s, 1H, OH), 6.85 (d,
were pressed into KBr pellets that were subsequently dried at 60 2H, Ar—OH), 6.95 (d, 2H, Ar-OMe), 7.40 (d, 2H, Ar), 7.45 (d,

°C in vacuo for 24 h. UV-visible measurements of the azobenzene 2H, Ar). 13C NMR (CDCk): 6 =55.8, 114.6, 115.9, 128.1, 128.3,

derivatives 2—5) were performed at ambient temperature in
spectrometric grade Gi&l, (Aldrich) solutions at a concentration
of 3.5 x 107° mol-L~! using a Cary 500 spectrometer and an
analysis cell with an optical path length of 10 mm.
Thermogravimetric analysis (TGA) was carried out under
nitrogen flow at a heating rate of P&/min to 500°C using a TA

133.8,134.2, 155, 157.3. IR (crY): 3421, 3373, 3016, 2954, 2835,
1610, 1598, 1501, 1378, 1249, 1178, 1038, 817, 793. Anal. Calcd
for Ci3H120,: C, 77.98; H, 6.04. Found: C, 77.87; H, 6.07.

Azobenzene Compounds, General Procedur&he azobenzene
compounds were synthesized via a diazonium reaction with phenol
on the appropriate aniline derivativ@ pnd 3 are commercially

Instruments Hi-Res TGA 2950 analyzer. The samples were dried available;4 and 5 were synthesized by reacting 4-nitrobenzoyl

in situ at 100°C for 5 min just prior to the heating scan. The
temperature of thermal degradatidih??) was measured at the point
of 2% weight loss relative to the weight at 10Q. Differential

chloride with a chiral alcohol (givingaand5a, described below),
followed by reduction (givingtb and5b, described below)]. To a
suspension of thp-substituted aniline derivative (20 mmol) in 50

scanning calorimetry (DSC) was carried out using a Perkin-Elmer mL of 2 M HCI solution cooled to—5 °C in a NaCl ice-water
DSC-7 calorimeter, calibrated by indium, flushed with nitrogen and bath was added NaN@27 mmol) in small portions at a time. After
cooled by dry ice. Samples of #15 mg were crimped in standard  stirring for 10 min, the resulting diazonium salt solution was added
aluminum pans. Heating and cooling rates wer€@min. First- dropwise to a solution of phenol (20 mmol) in 50 mt2M NaOH
order transitions were taken at the maximum point of endothermic solution at—5 °C. The reaction mixture was stirredrfé h at 0-5
or exothermic peaks and the glass transition temperafigeaf °C and then acidified wit 2 M HCI and warmed to room
the midpoint of the heat capacity jump. Polarizing optical micros- temperature. The precipitate was filtered, washed several times with
copy (POM) was performed using a Zeiss Axioskop 40Pol distilled water, dried in vacuo and purified by column chromatog-
microscope using 10 and 40< objectives and a Qlmaging raphy on silica gel using dichloromethane as eluent. The-UV
MicroPublisher 3.3RTV camera. The temperature was regulated visible spectra of these compounds show a single, approximately
by a Linkam Scientific Instrument THMS600 hot stage and a symmetric band; the salient data are presented in Table 2.
TMS94 temperature controller. 4-(4-Cyanophenylazo)phenol (2¥° Red solid (87% yield)H
X-ray diffraction (XRD) studies were carried out with a Bruker NMR (acetoneds): 6 = 7.10 (d, 2H, A0), 7.80-8.10 (m, 6H,
diffractometer (D8 Discover), using Cu oK radiation ¢ = Ar—N= and Ar—CN), 9.35 (s, 1H, OH)!3C NMR (acetoned):
1.542 A). The diffraction pattern was recorded with a Bruker AXS ¢ = 113.4, 116.5, 118.6, 123.3, 126, 133.8, 146.6, 155.2, 162.2.
two-dimensional wire-grid detector. Samples were packed into IR (cm™%): 3307, 3216, 2240, 1606, 1586, 1503, 1461, 1351, 1280,
1.0 mm diameter capillary tubes (Charles Supper). The sealed1214, 1189, 1137, 1104, 847. Anal. Calcd fagldsN3sO: C, 69.95;
capillaries were placed in an Instec HCS410 heating stage, coupledH, 4.06; N, 18.82. Found: C, 70.14; H, 4.02; N, 18.95.
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4-(4-Nitrophenylazo)phenol (3)%¢ Red solid (68% yield)H
NMR (acetoneds): 6 = 7.10 (d, 2H, Ar-0), 7.90 (d, 2H, Ar
N=), 8.10 (d, 2H, Ar-N=), 8.45 (d, 2H, Ar-NO,), 9.45 (s, 1H,
OH). 13C NMR (acetoneds): ¢ = 116.4, 123.4, 125.2,126.2, 146.8,
148.7, 156.4, 162.4. IR (crd): 3430, 3113, 2963, 1604, 1586,
1504, 1458, 1336, 1284, 1140, 1109, 863, 850. Anal. Calcd for
C12HgN3O3: C, 59.26; H, 3.73; N, 17.28. Found: C, 59.09; H, 3.82;
N, 17.38.

(9)-Octan-2-yl-4-(4-hydroxyphenylazo)benzoate (4)Orange
solid (50% vyield). 'H NMR (acetoneds): 6 = 0.90 (t, 3H,
CH,CHjg), 1.25-1.55 (m, 11H, CKCH; and 4x CHy), 1.60-1.90
(m, 2H, CHCH,), 5.20 (se, 1HCHCH3), 7.10 (d, 2H, Ar-0),
7.85-8.05 (m, 4H, A-N=), 8.25 (d, 2H, A-CO), 9.3 (s, 1H,
OH). 13C NMR (acetoneds): 6 =13.8,19.7, 22.7, 25.6, 31.9, 36.3,
72,116.4,122.7,126, 131.1, 132.4, 146.8, 155.5, 161.8, 165.8. IR
(cm™1): 3363, 2956, 2923, 2856, 1675, 1604, 1595, 1506, 1436,
1348, 1307, 1279, 1227, 1138, 1121, 843. Anal. Calcd for
CoH2eN205: C, 71.16; H, 7.39; N, 7.90. Found: C, 70.98; H, 7.58;
N, 7.79.

(9)-2-Methylbutyl-4-(4'-hydroxyphenylazo)benzoate (5% Or-
ange solid (60% yield)!H NMR (acetoneds): ¢ = 0.95 (t, 3H,
CH,CHj), 1.05 (t, 3H, CHCHg), 1.25-1.65 (m, 2H, CHCH,), 1.95
(m, 1H, CHCH3), 4.16-4.30 (m, 2H, GCH,), 7.05 (d, 2H, Ar
0), 7.90-8.05 (m, 4H, Ar-N=), 8.25 (d, 2H, A~CO), 9.3 (s,
1H, OH).X3C NMR (acetoneds): 6 = 11.7, 16.4, 26.4, 34.5, 69.6,
116.3, 122.9, 125.8, 130.7, 131.8, 146.8, 155.5, 161.9, 165.9. IR
(cm™1): 3402, 2965, 2877, 1690, 1607, 1588, 1506, 1463, 1352,
1302, 1284, 1215, 1137, 864. Anal. Calcd forgyoN,Os: C,
69.21; H, 6.45; N, 8.97. Found: C, 69.54; H, 6.40; N, 8.94.

(9)-Octan-2-yl-4-nitrobenzoate (4a).To a solution of §-2-
octanol (0.5 g, 3.84 mmol) in 10 mL of dry GBI, were
successively added pyridine (0.5 g, 6.33 mmol), 4-nitrobenzoyl
chloride (1 g, 5.38 mmol) and 4-dimethylaminopyridine (44 mg,
0.36 mmol). After being stirred fo5 h atroom temperature, the
mixture was filtered over MgS© The solvent was removed and
the resulting residue was chromatographed on silica gel (1/1
dichloromethane/hexane as eluent) to yield a yellow liquid
(1.03 g, 96% yield)'H NMR (CDClg): 6 = 0.90 (t, 3H, CHCH),
1.10-1.50 (m, 11H, CKH; and 4 x CHy), 1.60-1.90 (m, 2H,
CHCH,), 5.20 (se, IHCHCH3), 8.20 (d, 2H, Ar-CO), 8.30 (d,
2H, Ar—NO,).

(9)-2-Methylbutyl-4-nitrobenzoate (5a). Using the same pro-
cedure as described fata, compound5a (yellow liquid) was
obtained in 92% yield!H NMR (CDCk): 6 = 0.95 (t, 3H,
CH,CHj), 1.05 (t, 3H, CHCH;g), 1.30-1.60 (m, 2H, CHCH,), 1.95
(m, 1H, CHCH3), 4.15-4.35 (m, 2H, @CH,), 8.20 (d, 2H, Ar
CO), 8.30 (d, 2H, AFrNOy).

(9)-Octan-2-yl-4-aminobenzoate (4b)To a solution of SnGl
(3.45 g, 18.2 mmol) in 20 mL of ethanol under nitrogen was added
dropwise4a (1 g, 3.58 mmol) in 10 mL of ethanol. The mixture
was stirred at reflux for 2 h. After cooling, the solution was poured
into 100 mL of ice-water and alkalized to a pH of-8 with a
small amount of KCO;. The product was extracted with diethyl
ether (4 x 300 mL). The organic layer was washed with brine
solution, dried over Ns&8O, and concentrated. The product was
purified by silica column chromatography (1/1 dichloromethane/
hexane as eluent) to givib as a yellow solid (0.78 g, 88% yield);
mp 82°C.H NMR (DMSO-dg): 0 = 0.85 (t, 3H, CHCH3), 1.20~
1.40 (m, 11H, CKCHz and 4x CH,), 1.50-1.70 (m, 2H, CKCHy),
4.95 (se, 1IHCHCHS3), 5.95 (s, 2H, Nb), 6.55 (d, 2H, Ar-N),
7.60 (d, 2H, Ar-CO).13C NMR (DMSOdg): 0 = 14.8, 21, 22.9,
25.8, 29.3, 32.1, 36.2, 70.5, 113.3, 117.4, 131.6, 154, 166.1.

(S)-2-Methylbutyl-4-nitrobenzoate (5b). Using the same pro-
cedure as described fath, compound5b (yellow solid) was
obtained in 87% vyield; mp 52C. 'H NMR (DMSO-g): 6 =
0.90 (t, 3H, CHCHg), 0.95 (t, 3H, CHCH3), 1.15-1.60 (m, 2H,
CHCH,), 1.75 (m, 1H,CHCH3), 3.96-4.15 (m, 2H, QCH,), 5.85
(s, 2H, NH), 6.55 (d, 2H, A-N), 7.65 (d, 2H, Ar-CO).3C NMR
(DMSO-dg): 6 =12.1,17.3, 26.6, 34.7, 68.6, 113.3, 116.9, 131.8,
154.2, 166.8.
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Figure 2. Ambient temperature FTIR spectra, in selected wavenumber
regions, of the comple®(4) and the two pure componenEl2PP
and4. The solid and dotted lines fd?(4) give the spectra before and
after exposure to 150C, respectively.

Polymer Synthesis and Preparation of the ComplexesA
single batch of the polyamphiphile?12PR was synthesized
according to the procedure described previoddhkf.The polym-
erization conditions, which include the use of transfer agent, were
chosen with the aim of obtaining a low molecular weight (oligomer
range) polymer in order to have a soluble polymer to facilitate
complexation, previous studies having indicated that solubility is
limited for higher molecular weight$:2° After polymerization of
the monomer in aqueous micellar conditions [using the sodium salt
of 4,4-azobis(4-cyanovaleric acid) (ACVA) as initiator and 1-dode-
cylmercaptan (DM) as transfer agent], purification by dialysis (using
a VWR Spectrapor membrane with a molecular weight cutoff of
3500) and solvent removaP12PPwas obtained with a molecular
weight of 9206° (dp = 19) [as estimated from the polymer repeat
unit signals (e.g., Ck+0 at 4.15 ppm) in comparison to the gHs
signal at 2.6 ppm from the chain-end DM fragment (and, with less
precision, the partially overlapped Gignal at 2.2 ppm from the
chain-end ACVA fragment) in thtH NMR spectrum oP12PPin
CD30D, assuming one chain transfer fragment per chain].

To prepare the complex&X) (X = 1 to 5) equimolar quantities
of the two components were dissolved separately at room temper-
ature in ethanol (2 mmol in 20 mL), then the small molecule
solution was added all at once to the polyamphiphile solution. The
resulting clear solution was stirred for-@ days at room temper-
ature, followed by solvent evaporation. All the complexes were
dried under vacuum at 6 for at least 2 days and then kept under
vacuum at room temperature until analysis.

Results and Discussion

Infrared Analysis. Fourier transform infrared spectroscopy
(FTIR) was used to verify that complexation betwde?PP
and each of the small moleculeX)(in the complexesP(X),
takes place. It will be shown that hydrogen bonding between
the phenol and pyridyl functions, which are in equimolar
proportion, is essentially complete. It is concluded from this
that neither the ionic interactions nor potential dipolar interac-
tions between ion pairs iR12PPand polar groups iX interfere
with the desired supramolecular linkage. Furthermore, this
linkage appears stable into the isotropic state.

A representative example is illustrated in Figure 2, where
the FTIR spectrum of the compleR(4), is compared with those
of the two pure components in the 4662500 and 1806
1550 cnt? regions. It is observed that the broad absorption band
centered at about 3440 chin the spectrum ofP12PP
(attributed to adsorbed wat€rand the strong absorption band
centered at 3263 cnd in 4 are absent in the spectrum Bt4)
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Table 3. Wavenumbers of Maximum Absorption in the OH Table 4. Thermal Data (TGA and DSC) of P12PP and the
Stretching Vibration Region in the FTIR Spectra of the Small Complexes PX)2
Molecules (X) and the Complexes PX) T T Tl Ter (AH) oo (AH)
lorP(1) 2orP(2) 3orP(3) 4orP(4) 5orP(5) sample (°C) (°C) [°C (J/9)] [°C (J/9)]
X: von(cmY)  3421,3373 3307 3430 3263 3402 P12PP 201 83
P(X): von (cm™1) ~3100 ~3100 ~3100 ~3100 ~3100 P(1) 205 43 134 (20)
79 (—9) 88 (-2)

. (~ _ ~2\b
and replaced by an absorption band around 31001crs P@) 202 52 10111 ¢10p Z,S_?({ %_g
indicated in Table 3, similar observations were made for each p3) 212 46 123 (18) 87 (39
of the complexes in comparison to their constituents (see 78 (—=3)
Supporting Information and ref 31). P(4) 198 37 106 (8) 119 (2)

The shift of the hydroxyl stretch to lower wavenumbers in 109 (-2)
g ) : P(5) 187 41 128 (21) ~132
the complexes is diagnostic of hydrogen-bonding of phenol to 91 (-12) 121 £3)
pyridyl.1032This shift appears similar for each of the complexes  p(5)e 36 131 (22) ~135
studied-i.e., near 3100 cm—whereas, by comparison, it is 97 (—15) 125 (-2)
found near 3180 cnt for the octylpheno12PP complex;® aT42%, temperature of 2% weight los3;, glass transition temperature

thus indicating a stronger hydrogen béhdor the present (from second and third heating scar); melting point;Te,, crystallization
complexes, probably due to the greater acidity of the phenol temperature (cooling scansfic-is, liquid crystat-isotropic transition
moiety imparted by the (azo)pheny! substituetifEhe fact that temperature;AH, transition enthalpyltalicized data are from cooling

the spectra of all of the complexes are essentially absor, tion-thermograms'bTm observed in first heating scan onffic—is observed
p p Yy p after melting only (i.e., after first heating scan). Repeated scarf¥2)f

free in the region above 3300 cf[as shown in Figure 2 for  following the first are reproducible for a given sample, but vary somewhat
P(4)and in the Supporting Information for the others] indicates from sample to samplé.Recrystallization takes place at about 7D in

that the hydrogen-bonding is essentially complete in these the heating scan following cooling.In the form of a shoulder on the high-
(equimolar) complexes temperature side of the melting peak (enthalpy included in that fjr

. . € This complex is formed with a compound identicalZdut without the
Changes in other regions of the spectra also occur, but arey—n mojety2s.3

difficult to interpret in detail due to overlapping bands. This is
shown in the 15561800 cn1? region in Figure 2 foiP(4) in determined by POM, DSC and XRD), and no crystalystal
particular. First, the overlapping pyridyl absorption bands of transitions were observed by DSC. Their melting points range
P12PPand the phenyl-related bandsdére evidently modified from 95 to 220°C (Table 1) with high transition enthalpies,
in the complex. Second, it is of interest to note that the carbonyl and crystallization occurs with mild supercooling (420 °C).36
stretching vibration o#4, located at 1675 cm, is shifted to The most stable crystalline phases (i.e., those with the highest
higher wavenumbers iR(4). This was observed also fér for melting points) are observed for the compounds with polar tails,
which the carbonyl stretch before complexation is located at CN and NQ, and the least stable for those with the (chiral)
1690 cnr! (1680 cnr? for the same molecule without the azo  alkyl tails. Interestingly, compoung#), which has a relatively
group®). The low position of the carbonyl band in the small long (chiral) alkyl tail and the lowest melting point, shows no
molecules is probably caused by hydrogen bonding betweencrystallization during cooling but instead crystallizes at about
the hydroxyl and ester carbonyl groups in these molecules that50 °C during subsequent heating (as observed by DSC). The
is broken by their complexation witR12PP The carbonyl polymer P12PP is noncrystalline, and the only transition
absorption ofP12PP also appears to shift if?(4) and P(5), observed by DSC is a glass transition, which is located at a
such that there are (at least) two carbonyl bands located on eithemuch higher temperature than analogous polymers with no ionic
side of the position observed iR12PP alone. In the other groups preser
complexes, thé?12PPcarbonyl band is not modified. The thermal characteristics of the complexes are shown by
It was verified that the spectra of complexes exposed to the DSC thermograms given in Figure 3, with the corresponding
150 °C undergo little change compared to the initial spectra transition temperatures and enthalpies listed in Table 4. Since
(see Figure 2 and Supporting Information). In addition, a series the first heating curves are frequently different from the
of spectra ofP(2) (given in the Supporting Information) were  subsequent ones (as will be addressed below), both the first
taken at various temperatures up to 2@heating and cooling), and an example of a subsequent heating curve are shown in
and no significant changes were observ@dparticular, in the Figure 3 along with a cooling curve. In all cases, the second
bands reflecting complexation and in the cyano band at 2226 and following heating curves as well as the cooling curves are
cmL. This indicates that the hydrogen bond is stable over the reproducible. The phases are identified by XRD (described in
whole temperature range of interest, although possibly labile at the next section) aided by POM.
higher temperatures. The complexes all show a clear glass transition, which lies
Thermal Behavior. First, the thermal stability of the  between 35 and 58C (with a heat capacity increment of about
complexes was determined by TGA. As shown in Table 4, they 0.3 JK-g™1) compared to 83C for P12PP This reflects a
all have 2% weight loss valuesT£%) between 185 and plasticization effect that can be expected from an effective
215°C. This is in the same range as that for the uncomplexed increase in the polymer side-chain length due to complexation
polyamphiphile P12PR and those for the small molecules alone by the small molecule. The lowes}'s are obtained foP(4)
(Table 1) [except forl whose 2% weight loss occurs about and P(5), which can be related to the flexible alkyl tail df
45°C below that ofP(1)]. Subsequent analyses of the complexes and5, and the highesky's are obtained foP(2) andP(3), which

were restricted to temperatures well below th&i”, thus can be attributed to the polar tail and greater rigidity2aind
assuring that neither degradation nor potential loss of small 3. Thus, the trend in thély of the complexes relative to
molecule occurs. molecular characteristics parallels the (much stronger) trend

As a point of reference for the complexes, it was noted that observed for the melting points of the small molecules.
the small moleculesX) all possess a crystalline phase that melts It may be noted that there appears to be a wegkke
and crystallizes directly to and from the isotropic phase (as transition near 65°C in the second and subsequent heating
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Figure 3. DSC thermograms d?12PPand the complexeB(X) (dotted
lines, initial heating; solid lines, second and third heating and cooling).

thermograms foiP(3). This is worth mentioning because the
presence of what appears to be Wy is occasionally reported
in the literature for comb-like polymef$;38 including for an
analogous pyridinium polyamphiphile in which the Br counte-
rion is substituted by butyl- and octylsulfonate counteriths,
and has been attributed to cooperative long-range motion
involving the polymer main chain and side chains, respectively.
In contrast td?12PP, the complexes all possess a crystalline
phase initially (see XRD data below). Their melting points (as
observed in the initial heating DSC scans) are similar, ranging
in temperature from 105 to 13%, and do not seem to follow
any particular trend relative to the molecular characteristics
except forP(4) having a lower melting point thaR(5), which
can be related to the longer alkyl tail of the former (see below).
Compared to the corresponding small molecules, the melting
points ofP(4) andP(5) are a little higher, which argues against
their being due to uncomplexed. This argumentin ac-
cordance with the FTIR data above and with XRD data (see

below)—can be extended to the other complexes even though

their melting points are much lower than those of the corre-
sponding small molecules. The relatively small variation in
melting point can thus be attributed to the similarity in molecular
architecture of the complexes. It is also noted that the melting
points are fairly broad, and the enthalpies not very high [in
particular forP(2) and P(4)] suggesting partial crystallinity.

For P(1)—P(3), melting proceeds directly into the isotropic
phase (as observed by POM). However,Rg4), it is followed
by a liquid crystal mesophase (fluid and birefringent in POM),
with about a 15C stability interval before reaching the isotropic
phase. FoP(5), in comparison, a weak shoulder can be detected
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P(1) is monotropié® with a thermal stability of only about

10 °C during cooling, whereas that ¢f(5) is enantiotropic
(given its appearance over a short temperature interval between
melting and isotropization) and has a<@Dstability range during
cooling. It is noteworthy that almost identical behavior to that
of P(5) was noted for aP12PP complex where the small
molecule lacks the &N moiety [annotated asP(5) in
Table 4; see Table 1 fd'].28 On the other hand?(4) like (4)
shows a recrystallization endotherm during subsequent heating,
located at about 70C, after which the thermogram is very
similar to that for the first heating. The longer alkyl tail 4f
compared to that 05 and/or the location of the branch point
(chiral center) next to the ester link thus hampers crystallization
in addition to destabilizing the crystal and liquid crystal phases
somewhat [lower melting point and low&tc—is for P(4)], as

is common in liquid crystal4?

For P(2) and P(3), for which no crystallization takes place
during cooling, none takes place either during subsequent
heating, nor after 2 weeks at ambient temperature or 24 h at
70 °C. After 2 weeks at 70C, P(3) but notP(2) showed a
very small amount of crystallization (as observed by XRD).
The suppression of crystallization renders at leR&2) an
effective enantiotropic liquid crystal material. Without crystal-
lization, the liquid crystatisotropic transition inP(2) and P-

(3), which takes place at a lower temperature than melting of
the initial crystalline phase, is observed in the second and
following DSC heating thermograms. It is clearly defined for
P(3), but is broad forP(2) (as during cooling). Their lower
transition temperatures compared to thoseP¢4) and P(5)
indicate that the presence of the polar tail reduces the thermal
stability of the mesophase (relative to the isotropic phase) in
these complexes. This contrasts with the non-ion-containing
complexes of a polyacrylate-based comb polymer with benzoic
acid terminal groups that are hydrogen-bonded to pyridyl-
functionalized small molecules (stilbazole derivatives), where
higher isotropization temperatures were observed for pyridyl
derivatives with polar tails compared to those with alkoxy té#ils.

It also contrasts with what is often observed for cyano vs
methoxy tails in all-covalent SCLCP3/3noted as well in tail-

end pyridinium polyamphiphile analogues BfLl2PPR?° Fur-
thermore, both the nonionic hydrogen-bonded complexes and
all-covalent SCLCP’s generally show reversible ordered or
crystalline phases for longer alkyl spacers{12 methylene
units) including those with polar tails on the mesogenic ¢&f&.

This suggests that the combination of the polar tails and ionic
groups in the complexes of the present study is responsible for
the reduction in mesophase stability and for interference with
crystallization. ForP(2), it may be responsible as well for the
broadening of the liquid crystaisotropic transition. This might
be attributed to increased melt viscosity slowing down the
crystallization kinetics drastically, as a result of the combined
effects of electrostatic interactions among the pyridinium
bromide ion pairs of the polymer side chain and among the

on the high-temperature side of the melting peak, suggestivePolar tails of the complexant. Additionally, there may be
of a liquid crystal phase over a narrow temperature range, which (transient) dipolar interactions between the polar tails and

is confirmed by POM.

On cooling, all of the complexes display a DSC transition
from the isotropic to a liquid crystal phase. This transition is
very well-defined forP(3)—P(5), appearing in order of tem-
perature a®(5) > P(4) > P(3). ForP(2), it is very broad and
occurs at a somewhat lower temperature still. OR(¢) and

pyridinium moieties in the meltpossibly facilitated by hydrogen-
bond lability at higher temperaturethat impede reorganization
upon cooling. Such interactions may also explain the reduced
thermal stability of the mesophase B2) and P(3) compared

to P(4) andP(5).

Typical POM textures of the liquid crystal phases in the

P(5) crystallize during cooling, such that the second and complexes are illustrated in Figure 4 (the photomicrographs were
subsequent heating thermograms for these two complexes ard¢aken at ambient temperature after slow cooling from the
very similar to the initial one. Thus, the liquid crystal phase in isotropic phase, with no change detected in cases of crystal-
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Figure 4. Typical POM textures observed for the complexes indicated, after cooling from the melt (objective size given in insets).

lization). The texture shown fd?(4) was also obtained fde- a b
(5) andP(1) [except with a bluish tint foP(1)]. P(2) showed N/\
almost no birefringence immediately after cooling, concordant

with XRD data indicating poorly developed mesophase domains

P(1)
(see later). After a few days at ambient or after annealing near = P(2) /»/\PE)/‘\
70 °C, the birefringence increased only a little, although XRD ©

indicated improved mesophase formation (see later), suggesting > /\/\P(_:’l/\/\\ = /W/’\
that the mesophase domain sizes are below the wavelength of * W

3

light. o /\*\'ﬂ")/\

Structural Analysis. The X-ray diffractograms of the various E
complexes at temperatures corresponding to the different phases P(5) RE)
delimited by DSC analysis are shown in Figure 5. The /\/%\ /wp/\
corresponding Bragg spacings, calculated from the low-angle R I S
diffraction peaks are given in Table 5. The as-prepared 5 10 15 20 5 10 15 20
complexes at ambient temperature (Figure 5a) were all partially ﬂ

crystalline, as indicated by the weak wide-angle diffraction peaks
superimposed on a broad halo. After melting and cooling back c

. ; . . : d
to ambient temperature, during .WhICh a series of isothermal PA) y\ /\‘/&/{
diffractograms were taken at various temperatuirés), P(4),

andP(5) returned to the same crystalline form as before melting P(2) S0RT

(Figure 5d). ForP(4), the occurrence of crystallization, in ; I\J%y\

contrast to what was observed during the DSC scans, is ® [}

attributed to the stepwise cooling rate (in particular, a diffrac- 2> PE) *2

togram was recorded precisely in the range where the recrys- "o (Y —

tallization endotherm is found in the DSC heating scan); another % .

diffractogram was taken after cooling from the melt to ambient € P@) 2

at a rate of 10C/min, which did not result in crystallization - P(5) 110
(dotted line in Figure 5¢)P(2) and P(3) did not recrystallize P(E) A~ P12PP _ 60
after melting and stepwise cooling, and oy3) showed a [ _______ S
very small amount of crystallinity after annealing for 2 weeks 5 10 15 20 5 10 15 20
at 70°C (dotted line in Figure 5d). The diffractograms indicate 26 (degree) 26 (degree)

12

that P(.4) ar.]d P(.S) [as We”.as P(S).BJ appear to ha\./e an Figure 5. XRD profiles of the complexe(X): (a) at ambient
essentially identical crystalline packing structure, which may temperature before melting: (b) in the isotropic stat@40°C); (c) in

be related to the presence of the alkyl tail. At low angles, these the liquid crystal state at the temperatures indicated@n[for P(4)
complexes as well &3(1) show an intense low-angle diffraction  at ambient (room temperature, RT): after cooling from the melt at

peak and a weaker second-order peak with rec|procal spaC|ngsl0°C/m|n], (d) fO”OWing return to ambient temperature [B(Q) after

. ; ; : 1 day at ambient (similar after 2 weeks at 70); for P(3). after 2
of 1:2, consistent with a lamellar structuf®(2) andP(3) give weeks at 70C]. The wide-angle regions in part d are expanded relative

more complex low- and wide-angle patterns before melting, as t the lower angle region by the factor indicated. The arrows indicate
will be further commented below. the order in which the diffractograms with solid lines were taken.
The XRD diffractograms of the complexes are very different Profiles forP12PPat different temperatures are added for comparison.
from those of the corresponding small molecules in their
crystalline phase (see Supporting Information). The diffracto- not appear to be lamellar, and the largest Bragg spacing observed
gram of 1 indicates that it possesses an orthogonal bilayer in each case is 10 A or lesshus much smaller than a molecular
lamellar crystalline structure [four diffraction orders giving a length. It is especially significant that none of the small
Bragg spacing of 23 A, or twice the molecular length (Table molecules give diffraction peaks in the same lower angle region
5)]. The crystalline structures of the other small molecules do as do the complexes, for which the Bragg spacings are all above
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Table 5. Bragg Distances di, dp) at Various Temperatures and Most
Extended Molecular Lengths {c) Determined for P12PP and the
Complexes PX)2

sample temp°’C) state di(A) 2d, (A) IcP(A)
P12PP RT [« 35 35 28
100 33 33
140 31 32
P(1) RT— 100 Cr 38 39 +12
140— 100 is ~30 ~30
85 LC 37 37
70— RT Cr 38 38
P@FY RT—100 Cr  43(2932) 35-36(~29) +13
140— 100 is ~30 ~30
70—~RT LC  34(~30)  32-35(~30)
RTd LC 36—37,41 36-41
P(3) RT— 100 Cr 68 (41) 34 +13
140— 100 is 29 30
70— RT LC 36 36
P(4) RT— 100 Cr 35 35 +20
140— 120 is 31 30
90 LC 34 34
60— RT Cr 35 35
RT® LC 37 37
P(5) RT—120 Cr 36 35 +16
140, 130 is 30 30
110 LC 34 34
90— RT Cr 34 34

aOnly Bragg distances determined from the lower angle (not wide angle)
XRD reflections are given. The state of the sample is indicated by Cr
(crystal), is (isotropic), or LC (liquid crystal). The data for each complex
are given in order from ambient temperature (RT) before melting to higher
temperatures followed by cooling back to ambient temperature. Values in
parentheses indicate additional peaks (the identificatiod; afnd d, for
the Cr phase oP(3) is arbitrary).? For P(X), the length of the small
molecule (including van der Waals radius at the tail-end only) is given; in
principle, 30 A should be added to this length for the complexes (length of
P12PPminus one van der Waals radius plus the hydrogen-bond length).
¢ Tendency toward disordered lamellar (smectic A-like) morphology; see
ref 29.9 See text for details. RTrefers to samples subjected to XRD after
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plexest01920A similar pattern is observed fd?(1) and P(3),

but with somewhat broader and less intense diffraction peaks,
indicative of shorter (lamellar) correlation lengtf$hese peaks
are better defined folP(3) after 2 weeks at 70°C albeit
accompanied by a small amount of crystallization [dotted line
in Figure 5d; not tested faP(1)]}.

For P(2), the diffractogram shown in Figure 5c indicates that
what is thought to be a second-order peak is the most intense
small-angle peak to develop in the mesopHésehereas the
broad and weak lower-angle peak could be a combination of
the (weaker) first-order peak and the residual small-angle
reflection of the isotropic phase, located at somewhat different
angles. However, it was noted that the details of the XRD profile
for this complex appeared to be dependent on the sample and
thermal history?! In particular, there were indications of a
memory effect analogous to that observed for semicrystalline
polymers; i.e., the thermal and structural characteristics appeared
to be influenced by the temperature and time in the melt (that
could not be attributed to degradation according to NMR
verification). When cooled to ambient at a faster rate (e.g.,
10 °C/min) from the isotropic phase, structural order tended to
be poorly developed and gave lower Bragg spacings-(32
35 A), suggesting a strong isotropic component, whereas, after
a longer time at ambient or after annealing at a higher
temperature (e.g., dotted curve in Figure 5d), the order was better
defined and gave larger Bragg spacings 36 A). This
indicates that there are unusually strong kinetic effects on the
formation of the LC phase d?(2). Analysis of the profiles of
P(2) before melting suggests a similar effect. These effects are
reflected in the Bragg spacings given in Table 5 for this
complex. In other words, the X-ray profiles &(2) seem to
result from a superposition of at least two phases (crystal with
liquid crystal and/or isotropic before melting; liquid crystal with

variable lengths of time (a few hours to several days) at ambient temperaturejsotropic after cooling from the melt). Compl&%3), in contrast,

following cooling from the melt state. Sample cooled from the isotropic
state at a rate of 10C/min.

30 A (Table 5). This indicates that the crystallinity observed in

did not show such kinetic effects on the LC phase, but only on
the crystalline phase, which is more common.

The Bragg spacinggdg) derived from the low-angle X-ray

the complexes is not a result of phase-separated uncomplexedeflections are listed in Table 5. F&(4) andP(5), where the

X.
The isotropic phase (Figure 5b) of all of the complexes gives

complexants-especially4—have alkyl tails of notable length
(and quite different from each other), the Bragg spacings in the

residual (equidistant) small-angle peaks, which may be a resultLC and crystalline phases are the same asPfb2PP (36 +
of short-range (lamellar) order remaining in this phase or may 1 A at ambient). Furthermore, they are significantly smaller than

be related to a correlation hole efféét!> These residual peaks
are barely visible foP(1), and weak folP(2) andP(3), whereas

the first-order peak is rather strong fB{4) and P(5) as also
observed for complexes of the same polymer with 4-octylphe-
nol.1° P12PPgives a comparable profile [intermediate between
those of P(2YP(3) and P(5)] at the same temperature
(Figure 5b), noting that it is better defined at lower temperatures
(Figure 5a,c)P12PPwas previously concluded to be character-
ized by a poorly developed smectic A-like morphology with

the total length I¢) of the polymer side-chain plus small
molecule in extended conformation (see Table 5). These
observations concord with those for other (ion-exchanged or
hydrogen-bonded) pyridinium-based polyamphiphile complexes
with small molecules (surfactants) possessing a flexible alkyl
chain1%19.20n other words, the Bragg spacing appears to depend
only on the host polyamphiphile and its spacer lerf§#i,and

not on either the presence or the length of the complexed small
molecule'®1920This suggests that the (flexible) surfactant is

relatively small domain sizes that progressively decrease @ccommodated within the same packing structure as the parent

further with increasing temperatufe.

X-ray diffractograms of the liquid crystal (LC) phase of the
complexes are shown in Figure 5c, obtained on cooling only
for all exceptP(4) for which it was obtained on both heating
and cooling (including at ambient temperature after cooling from
the melt at a rate of 10C/min). These diffractograms are all

polyamphiphilel®19.20 P12PP and similar polyamphiphiles,
given that their Bragg spacings are between one and two
(extended) side-chain lengths, were previously concluded to
have orthogonal partial bilayer (smectic A) packddg.

Possible packing models for this situation, where added small
molecules have little effect on the lamellar periodicity and at

characterized by an amorphous halo at wide angles, indicativethe same time allow some crystallinity, are discussed in ref 19

of disordered mesophases. Rg#) andP(5), there are two sharp
reflections at small angles, the first much more intense than
the second, like for the partially crystalline phase. Their 1:2

(the complexants there being alkyl sulfonates that are ionically
complexed to a methylpyridinium moiety). Figure 6 presents
similar packing models, adapted to the materials of the present

reciprocal spacing is consistent with a lamellar mesophase, asstudy, for P12PP (diagram a) and complexd®(4) and P(5)

concluded for LC mesophases in other polyamphiphile com-

(diagram b). The model foP12PPis shown with greater
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Figure 6. Schematics of possible packing models: (a)Pd2PP(with a single complexant for illustration purposes); (b) R{#) andP(5); (c)
simple single-layer and (d) fully interdigitated bilayer modelsBgt), P(2), andP(3). See text for details, and Supporting Information for three-
dimensional analogues of models a and b.

interdigitation of the pyridinium moieties than that in refs 19 crystallized form ofP(2) andP(3) also have significantly higher
and 29, giving a single (rather than double) ionic sublayer. This dg’s. These data may be correlated with the fact tha8 are
reflects more closely the constancy in Bragg spacing in going all more rigid molecules, with stronger chemical dissimilarities
from diagram a folP12PPto diagram b for the complexes; it  between the complexant and the polymer alkyl spacer. This
also “frees” the pyridyl extremities for H-bonding by the suggests that the basic packing structure of the parent polyam-
complexant. In diagram b, the key point is the continuity in the phiphile is maintained in the complexes only if the small
ionic subplanes combined with randomly alternating placement molecule is sufficiently flexible and/or if it has sufficient
of the alkyl spacer on either side of this plane in the form of miscibility with the polyamphiphile spacer (both of these
domains or blocks of variable width. The side chains are shown characteristics would be favorable for the stability of the model
to be splayed relative to the backbone and fill a lateral molecular shown in Figure 6b, in particular considering the two-
area corresponding to roughly twice that of the PP moiety. A dimensional lateral side-chain packing illustrated in the Sup-
“block” of oppositely oriented complexant pairs can then adapt porting Information). Two possible single-layer packing models
to the remaining space as illustrated, with possible overlap of are illustrated in Figure 6 (diagrams ¢ and d), where the alkyl
the alkyl tails permitting potential crystallinity at this level. In  spacers are shown to be in more extended form (confined to a
this way, the periodicity is governed by twice the spacing lateral molecular area of about one PP moiety) due to closer
between the ionic subplane and the polymer backbone inde-packing of the mesogenic cores. From the points of view of
pendently of the complexant length. nanophase separation and optimized ionic interactions, the
It may be thought that insertion of the complexant into the single-layer model in Figure 6c seems more appropriate than
packing structure in the manner shown for a single (gray- the fully interdigitated bilayer model in Figure 6d.
colored) molecule in Figure 6a, where the mesogenic moieties For comparison, it is of interest to note that the closest
are all in the same plane, may be more straightforward; however,nonionic analogues to the present complexes for which XRD
as discussed in refs 19 and 20, the lamellar thickness woulddata are given (the same polyacrylate-based benzoic acid-
then be expected to increase to accommodate the additionaterminated comb polymers hydrogen-bonded with stilbene
volume and, furthermore, it seems difficult to rationalize derivatives as mentioned above, but for polymer side-chain
crystallization in this arrangement. On the other hand, the spacers of six methylenes only) give Bragg spacings for the
Supporting Information illustrates two ways in which complexed smectic A phase that correspond closely to a single complexed
side chains may be arranged laterally in two dimensions, one side-chain length for complexants with methoxy and hexyloxy
model leading to a variant of Figure 6a, with the oppositely tails, but are several A shorter for complexants with the polar
oriented side chains displaced relative to each other, and thecyano and nitro tail4? Clearly, these results are quite different
other corresponding to Figure 6b. Both arrangements seemfrom those for the present ion-containing complexes, indicating
plausible (although crystallinity should be more favorable in that the ionic groups play a primary role in the molecular
the second arrangement), and they may be viewed as twopacking structure, modulated by the nature of the complexant
limiting cases for a packing structure that may vary from one tail.
extreme to the other throughout the material. Finally, it is noted that there is no evidence of a smectic C
By contrast withP(4) andP(5), the Bragg spacings fd?(1) (or C*) mesophase in any of the complexes, in particular those
are comparable (within 10%) to the total molecular length of obtained with the small molecules having chiral taf¢4) and
the complex. It is also noteworthy that thg of its LC phase P(5)]. This is deduced, in particular, from the fact that the Bragg
at 85°C is higher than those d?(4) and P(5) at the similar spacings for the liquid crystal phasesR{#t) andP(5) are about
temperatures of 90 and 1T, respectively, despite the fact the same as those of similar complexes with flexible tails of
that4 and5 are longer molecules thdn(Table 5). This suggests  variable length¥1920(one of which was verified by XRD in
that the packing structure & (1) corresponds to a single-layer oriented state, indicating smectic A oréf®y but also from the
or effective single-layer (e.g., fully interdigitated bilag®r fact that the Bragg spacing for the liquid crystal phas®@f)
smectic A phase. This appears to be true for the LC phase ofat 90°C is lower than at ambient (as is typical of SmA phases)
P(2) as well, although masked by the complex thermal history whereas the opposite is normally expected for smectic C
effects mentioned earlier, and is more ambiguoudi@). The phaseg?48 This is consistent with the general observation in
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the literature to date that liquid crystalline materials with ionic flexible alkyl tail lead to an increase in mesophase periodicity,
groups only occasionally give smectic C (and nematic) phses. despite their being shorter molecules than those with the flexible
In contrast, an analogous hydrogen-bonded complex without alkyl tail. This periodicity is comparable to the total length of

the presence of ionic groups does seem to lead to a chiral smectithe P12PPside chain and the phenol complexant and, therefore,

C phase®? consistent with single-layer smectic A order. This suggests that
only complexed molecules with alkyl chains can adapt to the
Conclusions packing structure of the parent polyamphiphile, which may be

related to the flexibility of the alkyl chain and/or its miscibility
with the polyamphiphile spacer. Possible models, indicating the
dominant role of the ionic interactions, were presented and
discussed.

It is noteworthy thatP12PP is a particularly versatile
polyamphiphile in that it can be complexed by both hydrogen-
bonding molecules and molecules with anionic functions. Thus,
it allows not only a comparison between both types of bonding
(as well as metal coordination) using the same host, but, even
more interestingly, the simultaneous incorporation of ionically
bonded and hydrogen-bonded (or metal-coordinated) complex-
ants in close proximity; for example, with two different
appropriately functionalized dyes. A single complexant pos-
Csessing both types of functionalitieghat might, moreover, be
conceived to be sensitive to an external stimtoan also be
envisaged.

This study of supramolecular liquid crystalline side-chain
polymer complexes highlights the interplay among ionic groups,
hydrogen-bonding entities, and highly polar mesogens. The
complexes are constructed from an amphiphilic polymethacry-
late-based comb homopolymer with dodecyl side chains termi-
nated with a pyridylpyridinium group. It is shown, first of all,
that the intended hydrogen-bond complexation between the tail-
end pyridyl moiety and phenol-functionalized complexants takes
place selectively and completely despite the presence of
potentially interfering ionic groups and despite strongly polar
moieties in some of the complexants. At the same time, both
the ionic groups and the strongly polar moieties have an
influence on the thermal and structural behavior of the com-
plexes. In general for these complexes, the presence of the ioni
groups maintains relatively high glass transition temperatures
(above ambient), despite the lengthy side chains. On the other
hand, the effective increase in length of the terminal rigid moiety
in the side chain that results from the complexation promotes

liquid crystalline character as well as the appearance of partial multiuniversity Centre for Self-Assembled Chemical Structures/

crystallinity. o . Centre de recherche sur les fraax auto-assemtdg CSACS/
For the complexes constructed from phenol derivatives having crm AA) funded by FQRNT Qieec.

nonpolar tails, recrystallization from the melt occurs relatively

easily (as observed previously for the complexPd2PPwith Supporting Information Available: Figures showing additional
octyl phenot?), with the longer and branched alkyl tail hamper- FTIR spectra of the complexéX) compared with their compo-

ing recrystallization to some extent as commonly observed in nents [at ambient before and after melting, at various temperatures
liquid crystals. Phenol derivatives having polar tails, in contrast, for P(2)], ambient temperature X-ray diffractograms Xf and
strongly hamper recrystallization, with the cyano tail appearing possible three-dimensional models related to Figure 6, diagrams a
to suppress it altogether after melt-cooling. The liquid crystal and b. This material is available free of charge via the Internet at
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phase in the complexes studied is either monotropic, enantio-
tropic or, when melt recrystallization is completely suppressed
effectively enantiotropic. Its thermal stability is less for the polar
tails compared to the alkyl tails. The phenol derivative with
the cyano tail was observed to have an unusually strong
retardation effect on the development of the liquid crystal phase.
This strong kinetic effect of the cyano tail on the LC phase

formation and of the polar tails on recrystallization, as well as

the lower stability of the LC phase in the complexes with polar

tails, is attributed to the additive effects of electrostatic

interactions among the pyridinium groups and among the polar
mesogens on the melt viscosity, and possibly also to dipolar
interactions between the polar tails and pyridinium bromide
groups in the melt. No evidence for smectic C order was found,
which adds to other data in the literature indicating that this
phase appears difficult to obtain in ion-containing liquid crystal

systemg'e

The overall structural order of the LC mesophase in the
complexes is the same as thaRif2PP—i.e., smectic A-except
that it is better defined (greater correlation lengths). The SmA
order inP12PPwas previously concluded to be of the partial
bilayer type?® For the phenol derivatives with flexible tails, the

characteristic periodicity (Bragg spacing) appears unaffected and (9)

shows no dependence on the length of the complexed derivative
This extends previous observations concerning the insensitivity
of the periodicity to the presence and length of the complexant
in both hydrogen-bonded and ionically bonded complexes, all
of which involved simple surfactant-like molecul®s®20|n

contrast, the present study indicates that derivatives without a

http://pubs.acs.org.
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