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Abstract: The results of the study presented here show a new example of the use of liquid crystals and
the interactions involved in the mesomorphic state to build up complex molecular organizations. We have
pursued a design strategy in which hydrogen bonding allows the combination of the z-stacking tendency
of melamine and the lateral interaction capability of V-shaped molecules, which has been extensively
demonstrated through nematic, smectic, or columnar mesophases. This combination addresses the formation
of columnar arrangements with inherent helical organization. In this work, nonmesomorphic as well as
mesomorphic V-shaped acids, with a structure similar to banana liquid crystals, have been complexed to
a 2,4,6-triamino-1,3,5-triazine derivative in a proportion 3 to 1, respectively. Hydrogen-bonded supramol-
ecules whose formation and stability in solution have been proven by infrared and NMR techniques have
been thus obtained. DOSY experiments have allowed us to assess in solution the presence of the complexes
and their tetrameric composition. All the complexes display mesogenic ability, and their mesomorphic
organization has been studied by X-ray diffraction and CD spectroscopy. Results allow us to propose a
helical columnar model for the mesophase originated from a propeller-like conformation of the supramolecular
complexes.

Introduction In an effort to achieve our objective, we chose two supra-
molecular synthons to design supramolecular complexes capable
Building helical organizations with controlled structure, of stacking within the mesophase. First, 2,4-diamino-6-do-
imitating nature, is @ major point of interest in supramolecular decylamino-1,3,5-triazine can be used as the central part of a
chemistry and material science. Furthermore, if these organiza-gisklike structure that can stack within the mesophase and offers

tions are achieved by means of simple but unconventional the possibility of hydrogen-bond interaction with acids (Figure
molecular units, this study can attract interest from researchers

on molecular materials. Hydrogen bonding andhteractions

are frequently employed as driving forces to give well-defined
supramolecular architecturén this context, melamine and its
derivatives, which can be involved in both types of interaction,
have provided a variety of elegant approaches to new types of
material through self-assemidy number of examples of these
systems have been reported within the liquid crystals field.

In the work described here, we explored a new strategy to
design columnar liquid crystalline organizations that employ
both types of noncovalent interaction, which arise from a
melamine derivative and from one of the newest types of
mesogenic structure: banana-like molecules. The latter com-
pounds promote the appearance of special classes of nématic,
smectic, or columnar mesophases with unique molecular
packing that comes from their peculiar V-shape.
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Figure 1. General structure of the (a) triazine (T), (b) V-shaped acids (An), and (c) the tetrameric compler)(TThe arrows indicate the positions in
triazine capable of hydrogen bonding interactions.

1a). The introduction of a dodecyl tail increases the solubility ment biased toward a given sense, could appear and these should
in a variety of solvents and is sufficiently small in terms of not be present in the nonorganized complexes (i.e., isotropic
space demand to allow three coordinating positions. Second,liquid).

we chose six symmetric banana-like derivatives functionalized

with a carboxylic group in the central aromatic ring (Figure Results and Discussion

1b). Both structures are capable of associating through hydrogen 11,4 2,4-diamino-6-dodecylamino-1,3,5-triazine (T) studied

bonding in a 3-to-1 ratio (acid-to-melamine) to build up & a5 prepared by the reaction of dodecylamine with 2,4-diamino-
complex (Figure 1c), which should be susceptible of organizing g_choro-1,3,5-triazine using sodium hydrogencarbonate as a
into columns. base. The V-shaped acids (A1, A2, A3, A4*, A5, and A6) were

A further level of organization should be reached if the 5 onareq following the synthetic pathway outlined in Scheme
columnar organization of these supramolecules shows a ten-1

dency to adopt a helical architectérand, moreover, if it is
possible to transfer existing molecular chiral information, due
to the presence of a chiral V-shaped acid, to the columnar
mesophaseé.It is then possible that chirooptical properties
corresponding to chiral helical columns, with a helical arrange-

4-Decyloxybenzoic acid and 4-dodecyloxybenzoic acid were
used as purchased. The other benzoic acids were synthesized
by Williamson etherification of the corresponding methyl
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R well as the methylene group of the alkyl tail of the triazine and the hydrogens
of the central aromatic ring of the acid, are marked to emphasize the shift

of their chemical displacements upon formation of the complex.

(R)

R
(R) Pd(OH),/C-10% (R)
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H (T) and the An acids was found in thld NMR spectra obtained
0. ° from CDC} solutions. In general, proton signals involved in
o b\ o complexation as well as those near the complexating groups
0 Ji))ko O/KCL o experimented field shift in a correlated way. Thus, all five N
(R) 0 o (R) protons of the nonassociated triazine (T) appeared as overlapped
RD)L R peaks at around 4.8 and 5.0 ppm. These signals were signifi-
(R) (R) cantly resolved in three different types of NH proton and were
downfield-shifted upon complexation, especially those corre-
4-hydroxybenzoate, methyl 3,4-dihydroxybenzoate, and methyl Sponding to protons involved in hydrogen-bonding interactions.
3,4,5-trihydroxybenzoate with the appropriate alkyl bromide, A representative example is shown in Figure 2 that corresponds
followed by alkaline ester cleavage (see Supporting Informa- to the complex T-A4*. The triplet corresponding to the NH
tion). proton of the dodecylamine group appears at 6.95 ppm in the
Study of the Formation and Stability of the Hydrogen- complex, a singlet corresponding to two associated NH protons
Bonded ComplexesOnce the complexes were prepafebeir appears at 6.57 ppm, and a broad signal that most likely
formation and stability of intermolecular hydrogen-bond as- Corresponds to two nonassociated NH protons appears between
sociations between the triazine, T, and the V-shaped acids, An®-9 @nd 5.2 ppm. In addition, the triplet corresponding to the
(n=1to 6), were initially studied in neat samples as KBr pellets Methylene group of the dodecylamino tail shifts downfield upon
(infrared spectroscopy) and in deuterated chloroform solution COMPplexation. In contrast, protons belonging to the central ring
(nuclear magnetic resonance). shift upfield upon complexation. The displacement of these

Infrared spectroscopy showed a shift of the=@ stretching signals i.S strongly indicative of the presence in Coaf the
band to lower wavenumbers upon formation of the complex. tetrame_rlc supramolecular complex, in which three types of NH
Significant changes in the wavenumber region corresponding proton in the ratio 1:2:2 appear.

to the N-H and O-H stretching bands were also detected (see To achieve further proof of the presence in solu_tion_of the
Supporting Information). Further evidence of hydrogen-bond proposed tetramer formed through hydrogen-bonding interac-

formation between 2,4-diamino-6-dodecylamino-1,3,5-triazine tions, NMR dlffusmn-ord(_ared spgctroscopy (DOS.Y) expert-
ments were performetThis technique allows diffusion coef-

ficients to be correlated with molecular composition by observing

(8) The complexes were prepared by dissolving the corresponding amounts of
the appropriate components separately in THF, mixing the solutions, and
slow evaporation of THF solutions containing the two components (see (9) (a) Price, W. SConcepts Magn. Resof997, 9, 299-337. (b) Price, W.

Supporting Information). The mixtures were melted to the isotropic liquid S. Concepts Magn. Resoh998 10, 197—-237. (c) For a recent review on
and subsequently cooled to room temperature prior to characterization. The the use of DOSY experiments in supramolecular chemistry, see: Cohen,
samples thus prepared were mesomorphic at room temperature. Y.; Avram, L.; Frish, L.Angew. Chem., Int. EQR005 44, 520-554.
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Table 2. Lattice Parameters Measured by X-ray Diffraction for the
Mesophases of Triazine T, Acids A5 and A6, and the Six

Complexes?
compound lattice parameters (A) phase
oo Il e T d=322 SmA
A5 a=47.2 Col
% - -0, INY \ Wul F-o.5 Ab a=77 Col
"2 0.5 ' l' b= 36
g T-Al a=77 Col
2 . ’ Y RSy -9.0 b =66
T-A2 a=281 Col
[ b=69
F-8.5 --8.5 T—A3 a=285 Col
b=716
T T T ‘ T ey T—A4* a=77 Col*
5 4 3 2 1 ppm 8 7 6 5 43 21 ppm b=65.6
Figure 3. 2D spectrum, in CDG| representing chemical shifts versus T—A5 a=48.8 Coh
diffusion coefficients (logarithmic scale) for the triazine T and for the T—A6 a=49.0 Col,

complex T-A4*.
) - a All the experiments were carried out at room temperature.

Table 1. Thermal Properties, Transition Temperatures, °C

(Enthalpies, kJ mol~1) of the Triazine (T), V-Shaped Acids (An),

and Complexes (T—An)a heterocomplexes 1:3 determined by PQM and I.DSC.. The triazine
—m— showed a monotropic mesophase, which was identified as SmA
riazine . . .
T Cr102.7 [15.4] (SmA38.6 [0.4]) | by texture observation. The V-shaped acids with a total of two
V-Shaped Acids (An) tails, Al, A2, A3,_and A4*, did not show mesomorphic behavipr,
Al Cr163.7 [47.1] | whereas the acids with a total of four, A5, or six, A6, tails
A2 Cr148.3[42.4]| showed hexagonal and rectangular columnar mesophases,
A3 Cr146.8[31.5] | respectively
A4 Cr152.5[31.3] | : )
A5 Col,90.47.9] | All the T—An complexes were found to show mesomorphic
A6 Colr 73.9[10.3] | behavior as obtained. Moreover, the mesomorphic state achieved
Complexes FAn upon cooling from the isotropic liquid was stable over time at
T-Al 198.4 [13.0]Col;* room temperature (textures observed by POM and DSC ther-
T-A2 1101.0 [13.9]Col,® h ins ina Inf . It should al
T-A3 1 93.7 [14.7]Col,¢ mograms are shown in Supporting In ormation). t should also
T—A4* 1 74.5 [8.9] Col," be noted that the dynamic nature of hydrogen-bonding interac-
T-A5 195.0 [3.6]Coly° tions is strongly involved in the formation and stability of the
T-A6 1 63.3 [5.7]Coly°

mesophases of the complexes. This is revealed by the singular
aThermal data of complexes are given in the cooling procastano- Fh_ermal_ behavior observed for these mgterials_ ur?de_r the polgr-
tropic mesophasé.No crystallization was observed on slow cooling until  izing microscope and DSC. Once the isotropic liquid state is
—20°C. reached, rapid cooling unavoidably causes partial crystallization
of the material. Under these conditions, the coexistence of both
chemical shifts. Self-diffusion of a chemical species in a solvent crystalline state and the columnar mesophase can be observed.
depends on its molecular size and its hydrodynamic volume. |, contrast, gradual cooling from the isotropic liquid (i.e., 10
According to this principle, molecular association can promote °C/min) completely prevents crystallization, and the materials
changes in self-diffusion coefficients, which can allow detecting give the mesophase at the corresponding temperatures indicated
the presence of an hydrogen-bonded complex in SO“}{ﬁd’“‘- in Table 1. It seems that the components (i.e., acid and triazine)
the present work, DOSY experiments were performed in GDCI  gissociate in the liquid to a considerable extent and, on cooling,
for all T—An complexes (see results in Supporting Information). must come together again to assemble into the mesogenic
As an example (Figure 3), signals corresponding to all the gypramolecular complex. Moreover, the actual mesogenic
protons within the complex FA4* exhibit the same diffusion complex, according to the aforementioned NMR experiments,
coefficient (3.14x 1071% £ 0.04 n¥/s). Since there is fast st consist of three molecules of acid hydrogen-bonded to
exchange between the complex and the components on the NMRne triazine. This would mean that four units must coordinate
time scale, this value corresponds to the apparent diffusion {4 hrovide mesomorphic character to the supramolecular entity,
coefficient of the complex. Moreover, this is the only coefficient gnd that any other combination of the supramolecular synthons
measured for the complex, which, furthermore, is much lower gives rise to crystalline, nonmesomorphic complexes.
_tha_n that of the tr|q2|r_1e itself, 9'74(_ 10_1_0 + 0_'03 /s, X-ray Measurements. The mesophases of the mesogenic
indicating that the triazine and the acids diffuse in the solvent triazine T and acids A5 and A6 were studied. and their
as a unique supramolecular entity. In the case of negligible !

association, which would indicate high weakness of the complex temperature (Table 2). For all the complexes, X-ray experiments

:1n solutioni thg coe;ficien;s_ ofhth%t(;igiine and the faﬁid W_OUId were carried out on samples slowly cooled from the isotropic
ave remained unchanged in the spectrum of the rnlXture'liquid, so that the mesophase could completely develop. Three

Mesomorphic Behavior. Table 1 gathers the thermal proper- ¢ o complexes, namely-TA1, T—A2, and T-A4*, yielded
ties of triazine, T, the V-shaped acids, and the correspondingy_ay patterns characteristic of rectangular columnar {Col

(10) Kaucher, M. S.; Lam, Y.-F.; Pieraccini, S.; Gotarelli, G.; Davis, J. T. mesophases (Figure 4)' On the other hand, the X-ray patterns
Chem=Eur. J.2005 11, 164-173. of T—A3 contained reflections from both the crystalline and

parameters were measured, by X-ray diffraction at room

4490 J. AM. CHEM. SOC. = VOL. 128, NO. 13, 2006
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Figure 5. Shape models proposed for the (a) tetrameric complex and (b)
the helical columnar organization within the mesophase. Both enantiomeric
stacking possibilities, right-handed (P) and left-handed (M), are shown.

the apparition of columnar arrangements and that is broken upon
, complexation with the melamine derivative.

Figure 4. SAXS diagram of the mesophase of complexAl taken at It can be deduced from these results that the total number of

room temperature after cooling from the isotropic liquid. peripheral tails in the 1:3 heterocomplex influences significantly

the mesophase organization. The high number of peripheral tails

the mesomorphic phases, because of its higher tendency Gy complexes FA5 and T-A6 is mainly responsible for their
crystallize. However, by comparison with the other analogous organization into a columnar arrangement with hexagonal
complexes, it could be deduced which reflections correspondedsymmetrylz which is promoted by a circular section of the
to the mesomorphic phase. ComplexesAb and T-A6 gave columns. However, it is also interesting to note that regardless

diagrams consistent with a hexagonal columnar mesophase. f the number of peripheral tails, both complexes showed the
From the results gathered in Table 2, the number of columns ¢4 me value for the parametenf the hexagonal lattice.

per unit cell in the Colmesophase can be predicted on the basis
of packing density (see Supporting Information). Considering columnar ordering in the mesophase is an intriguing question

a density closeat 1 g cnT3, reasonable values for the average o R
stacking distance between complexes are only obtained if theretakmg Into account the shape of these complexes with six long
are fou? columns per cell(= 45) Under thesg assumotions rigid arms around a very small planar nucleus. This structure
the deduced distaF:\ces wou_ld b'e about 4.0 A ferAl gnd ' leads to three cavities that could make efficient space filling
) difficult upon stacking, especially if these complexes were to
T—A4*, 3.9 A for T-A2, and 3.8 A for T-A3. These values : >
. adopt a planar conformation (as in Figure 1c). We propose that
are reasonable compared to those found in other columnar S . . L
the origin of the mesomorphic ordering must lie in an advanta-

mesophases. However, since densities have not been experi- S L
o . 'geous combination of the tendency of triazine rings to stack on
mentally measured, the variation in the calculated stacking

distance_s probably only reflects diff_erences in density. The :22 dg; C?/ngf t?}goil;_irh efgézmn?glegcU?Zsj,nrlsiiﬁcltézzs?roglrif e t‘: r?n s,
actua}I distances could be the same in all cases, and t.h erefor?o interact parallel to each other. A disposition that would favor
density must probably decrease as the hydrocarbon chain Iengﬂihe simultaneous occurrence of both types of interaction can
increases. Although in most rectangular columnar mesophasesWeII be a propeller-like conformation of the complex in which
described in the literature there are usually two columns per the V-shaped acids rotate through a certain angle with respect
lattice, a few examples have been reported with four coluthns.

The parameters of the rectangular lattices measured for aIIto the triazine plane. In this way, the acid arms could lie up
four co?n lexes depended on th?a size of the tails in the acid and down with respect to the triazine core (Figure 5a). Such an
P P . “arrangement could give rise to a columnar structure consistent
Thus, T=A3 showed the biggestandb parameters, and these . - .
decreased according to the seque T T-A2 T-AL The with propeller-like supramolecules interpenetrated along the
mesophase aramgters of thg com Ie;<A'n* a}e simil.ar o column, in which the tilted V-shaped acids of neighboring
thosepof T—A:FL) as expected for com %unds with equal number complexes can interact in way parallel to each other. Compact
of carbon ator,ns in thpeir eripheral tgils On the otﬂer hand, the columnar packing should then occur by formation of a helical
perip i . ’ arrangement within the column (Figure 5b). This crucial role
X-ray patterns of complexes-1A5 and T-A6 are consistent - . ;
of lateral interactions between the V-shaped acids along the

with a hexagonal columnar mesophase. Whereas the complex . . i
derived from acid A6, with a total of nine tails, showed a number column was indirectly supported upon studying two additional

of diffraction maxima at low angles corresponding to a well- c_omplexes in which the acids (nonmesoge_nic) r_\ave shortgr ams

organized hexagonal lattice, the complexA5 showed only (i-e., 3,5-bis(4-decyloxybenzoyloxy)benzoic &idnd 3,5-bis-

one maximum. This situatior,l makes difficult the unambiguous (3,4,5-tridecyloxybenzoyloxy)benzoic aCIH‘)RE§U|tS |nd|pated .
T that these complexes do not show mesomorphic behavior despite

determination of the mesophase structure. However, texture

R ! the possibility of forming a planar aromatic core surrounded
observation indicated that it was a hexagonal columnar me- P Yy fming a p
- . . by six peripheral tails.
sophase by comparison with—RA6. The hexagonal lattice
parameter of T._AS' a.: 48.8A, is S“ghtly.blgger than.that of (12) Donnio, B.; Heinrich, B.; Allouchi, H.; Kain, J.; Diele, S.; Guillon, D.;
its corresponding acid A% = 47.2 A. This gives an idea of Bruce, D. W.J. Am. Chem. So@004 126, 15258-15268.
the formation of dimers in the acid itself. which accounts for (13) The thermal behavior of both the acid and the complex was studied by

POM and DSC: Acid, C 97.4C (55.1 kJ mot?) I, and complex, C 39.1
°C (5.7 kJ mot?) 1.

The way in which intermolecular interactions can address

(11) (a) Billard, J.; Dubais, J. C.; Vaucher, C.; Levelut, A. Mol. Cryst. Liq. (14) The thermal behavior of both the acid and the complex was studied by
Cryst 1981, 66, 115. (b) Scherowsky, G.; Chen, X. H.; Levelut, A. M. POM and DSC: Acid, C 76.7C (93.3 kJ mot?) |, and complex, €35.0
Lig. Cryst 1998 24, 157. °C (50.7 kJ mot?), C, 58.1°C (91.1 kJ mot?) I.
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s 7 in Figure 5. The enantiomeric helical disposition would explain
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Figure 6. (a) CD spectra recorded on thin films of-R4*, between quartz In summary, V-shaped acids, with a structure similar to that

plates, under different conditions. (b) UV spectrum of the same sample of f hanana liquid crystals, have been proven to display mesogenic
T—A4* taken at 25°C. . : ’ .

ability when forming tetrameric hydrogen-bonded supramol-
ecules consisting of three acid molecules around a 2,4,6-

Circular Dichroism Studies. On the basis of the helical o 2 o .
triamino-1,3,5-triazine derivative. Remarkably, nonmesogenic

model proposed above, we planned to achieve a chiral heIicaIV haped acid taini total of two terminal alkoxvli
organization. If we can transfer the chiral information from a ~Shaped aclds containing a total of two terminal alkoxylic

chiral acid partner to the mesophase through hydrogen-bonding,ChainS are 'able t.o give rise to rectangular columnar mesophases
we should be able to influence the formation of the propeller- “Nen forming this type of complex. Hydrogen bonding allows

like complexes toward a given chiral configuration and, hence, the combination of ther-stacking tendency of melamine and

to a chiral columnar organization. This idea was explored by the Ig_teril mtzrgctmn C?ﬁa?'“ty ?f V-sfhapled molecules. Th|st
investigating the complex derived from the chiral V-shaped acid combination addresses the formation of columnar arrangements

A4* by circular dichroism spectroscopy. The spectrum of the with inherent helical organization. Indeed, the unusual me-

mesophasé shows significant bands, corresponding to absorp- s?genlc co”re c;_fkthlstsu;:ramolehqullqelcag bte T;erpreted n termfs
tion bands, which are not present in the isotropic melt and are Ot %Iprzp?_ elr-l f structure, w r'lc ea Tc’tho € ﬁ‘%p‘f’“ag%‘?d‘?
stable at room temperature over time (Figure 6). stable helical columnar mesophases with a wefl-delined bidi-

Furthermore, when the acid bears the enantiomeric chiral tall, mensional packing. Moreover, this arrangement can be biased

the CD bands of the mesophase show the opposite sign (Figuretﬁ\évzrgdap;?:;aelrconformatlon by incorporating chiral tails in

7). Thus, it can be stated that there is formal optical activity ’

arising from a chiral superstructure within the mesophase and Acknowledgment. This work was supported by the CICYT

that this is biased toward a chiral sense determined by the project MAT2003-07806-C0O2-01, FEDER funding (EV), and

configuration of the stereogenic center. This chiral columnar the DGA. We warmly thank Blanca Serrano for her effort in

superstructure could indeed correspond to a helical arrangementhe drawings of the models presented in Figure 5.

of the complexes within the column. Moreover, the CD signal  sypporting Information Available: Infrared experiments.

of T-SA4* (Figure 6) can be interpreted to belong to the pOSY spectrum of the acid A4*. Diffusion coefficients

negative part of a positive exciton coupling centered at the yeasyred for all the acids and their corresponding complexes.

wavelength of ther—s* transition of the chromophores (278  pom microphotographs in the mesophase. X-ray diffraction data

nm, Figure 6b}° This might be assigned to a right-handed o the mesophases of all the complexes and WAXS diagram

helical disposition of at least two chromophores, which is in ot T_A1. DSC thermograms of FA4* and T—A6. Experi-

(15) CD experiments were performed on the corresponding neat sample betweenmemal procedures fo.r the SyntheSiS O.f the melamir.]e derivat_ive
untreatped quartz platgs at both the mesoph%se tegmperaturepand in theand the V-shaped acids as well as their corresponding analytical

isotropic_state. Linear dichroism effects were eliminated by averaging data. This material is available free of charge via the Internet
several CD spectra, recorded at different film positions rotated around the

light beam. at http://pubs.acs.org.
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