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We report on the synthesis and self-assembly of a new series of twin-tapered dihydrazide derivatives,
oxalyl acidN',N'-di(3,4,5-trialkoxybenzoyl)-hydrazide (FH-Tn). Results frathNMR diluting experiments
in chloroform and temperature-dependédt NMR spectroscopy revealed that molecules exhibited a
conformational change at concentrations lower than@85e.g., from intramolecularly H-bonded six-
membered rings to five-membered rings in the monomer state upon concentrating. Measurefténts of
NMR diluting experiment, FTIR spectroscopy, and mass spectroscopy revealed that the FH-Tn self-
assembled into supramolecular chains either in chloroform at concentrations greater thévi @55
bulk through intermolecular quadruple H-bonding. On the basis of the results of DSC, polarized optical
microscopy, and wide-angle X-ray diffraction (WAXD), we assigned enantiotropic hexagonal and unknown
columnar phases to FH-Tm & 6, 7, 8, 10).

Introduction bonds? quadruply hydrogen-bonded systems have attracted
much attention and have been used in the field of materials
science to synthesize, for the first time, supramolecular

polymers through the self-association of self-complementary

noncovalent interactions, hydrogen bonds are one of the mosfonomers. Generally, two types of modes, e.g., non-self-
important interactions in the self-assembly of molecules COMPlementary binding and self-complementary binding, can

because of their strength, directionality, reversibility, and P& used to construct quadruple hydrogen-bonding motifs. The
selectivity. Multiply (>3) hydrogen-bonded modules were NOn-self-complementary binding arrays are ideal tools to
demonstrated to be powerful assembling tools because ofSelectively assemble specific heterodimeric systernst

their increased bonding strength, specificity, and direction- have the drawback that very precise control over stoichi-
ality, and have found extensive applications in the construc- ©Metry is required to obtain high degrees of polymerization.

tion of superstructure®!f Since Meijer and co-workers first N the quadruple hydrogen-bonding motifs, the ADAD
reported a series of 2-ureido-4{}-pyrimidone derivatives ~DADA and AADD—DDAA (A = hydrogen-bond acceptor,

that can dimerize through intermolecular quadruple hydrogen D = hydrogen-bond donor) arrays are self-complementary,
which offers distinct advantages in the self-assembly of

supramolecular polymefs! However, the number of the
self-complementary quadruple hydrogen-bonding units avail-
able for use is limited:**?" Therefore, there is a strong need
to develop new types of self-complementary quadruple
hydrogen-bonding units.

Molecule self-assembly through noncovalent interactions
into various superstructures opens new possibilities in the
fields of both biology and materials sciencdmong the
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Columnar liquid crystals are well-known examples of

supramolecular assemblies based on self-organization and
have received considerable interest as functional materials Ho@'c'—ocmcm

for applications.® Hydrogen bonding has been used to either
organize discotic molecul&sor to arrange multiple precur-
sors to form discs that can then self-assemble to coldfnns.

Hydrogen bonding between amide groups has been utilized
to build supramolecular architectures and columnar su-
pramolecules consisting of peptide, urea, hydrazine, or

dihydrazine group® Recently, Percec et al. reported on a

. i (0]
novel architectural concept and a strategy to design LC _8_L_,
superlattices based on twin-tapered molecules containing —— >

twin-dendritic benzamides and polymers containing twin-
dendritic benzamide side groupsCheng et al. reported

Qu et al.

Scheme 1. Synthetic Route of FH-Tn
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discotic LC phases from symmetric-tapered bisamides basedFH-T3: R= —(CH,),CH; FH-T6: R= —(CH,)sCH; FH-T7: R= —(CH2)sCH,

on an amide core of 1,2-bis[3,4,5-tris(alkan-1-yloxy)benza-
mido]benzene and three alkyl tails on each side of the ¥ore.
Especially, a ferroelectric columnar phasé\oN-bis(3,4,5-
trialkoxylphenyl)ureas, which are chemically symmetric and
contain amide groups in the central core and multiple alkyl
tails linking at the ends of the rigid core, was reported by
Kishikawa®®

FH-T8: R= —(CH,);CH; FH-T10: R= —(CHy){oCH3

of highly stable hydrazide-based ADDAAAD het-
erodimers, which represented the first successful application
of hydrazide derivatives in the self-assembly of hydrogen-
mediated supramolecular systems with well-established
structures® In our previous work, we have demonstrated

Hydrazide units have been used to build supramolecularthat lateral H-bonding based on dihydrazine groups in

liquid crystald26 and to control the folding structures of
artificial peptides-’ Li and co-workers reported a new class
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calamitic mesogenic materials may enhance the parallel
alignment and thus stabilize the smectic phdseierein,

we report the design, synthesis and the self-assembling
behaviors of a novel twin-tapered compounds, which contain
bi-dihydrazine phenyl as a rigid core with three alkoxyl tails
at each end of the core (FH-Tn,= 3, 6, 7, 8, 10). The
novelty of the present work is: (1) a new type of self-
complementary quadruple hydrogen-bonding module based
on bi-dihydrazine groups was designed and has been
demonstrated to be useful for the construction of supramol-
ecules; (2) quadruple hydrogen-bonding was introduced into
twin-tapered molecules and conformational transitions in
monomers were detected through tHé NMR diluting
experiment; (3) enantiotropic columnar phases were observed
in FH-Tn (n = 6, 7, 8, 10) and room-temperature column
hexagonal phases were obtained by air-drying the chloroform
solutions of FH-T6 and FH-T7. Our present results suggested
that intermolecular quadruple H-bonding among bi-dihydra-
zine units, which is the main driving force for FH-Tn
molecules to form supramolecular chains either in solution
or in bulk, could be used as self-complementary quadruple
hydrogen-bonding units to assemble new supramolecules.

Experimental Section

Synthesis All commercially available chemicals were of reagent
grade and were used without further purification. 3,4,5-Trihydroxy
benzoic acid ethyl ester, oxalyl chloride, and 1-bromide alkyl were
purchased. 3,4,5-Trialkoxy-benzoyl hydrazine was prepared ac-
cording to the literature procedurtsTHF was dried by standard
technique. The compounds were synthesized according to the route
shown in Scheme 1. Oxalyl chloride (11 mmol) was regularly
injected into the THF solution of 3,4,5-trialkoxy-benzoyl hydrazine
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1, 120. (c) Nowick, J. SAcc. Chem. Red.999 32, 287.
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Figure 1. Partial proton NMR spectra (500 MHz, CDLPR5 °C) of FH-T7 at different concentrations: (a) 101, (b) 8.32, (c) 0.255, (d) 0.120, (e) 0.045,
and (f) 0.023 mM (the numbers indicate the relative integral area of the protons).

(23 mmol) with vigorous stirring at room temperature for 8 h,
yielding the products of FH-Tn. All the compounds were purified
by a recrystallization from alcohol for further NMR and FT-IR
spectroscopy and elemental analysis.

Oxalyl Acid N',N'-Di(3,4,5-propyloxybenzoyl)-hydrazide *H
NMR (300 MHz, CDC}, 25°C, TMS): 6 10.29 (s, 2H), 9.14 (s,
2H), 7.06 (s, 4H), 3.96 (s, 4H), 3.88 (s, 8H), 1.76 (s,12H), .03
1.00 (m, 18H). FT-IR:» 3255, 3152, 3074, 2965, 2938, 2878, 1719,

Oxalyl Acid N',N'-Di(3,4,5-decyloxybenzoyl)-hydrazideH
NMR (300 MHz, CDC}, 25°C, TMS): 6 10.31 (s, 2H), 9.08 (s,
2H), 7.04 (s, 4H), 4.023.91 (m, 12H), 1.7#1.68 (m, 12H), 1.43
1.26 (m, 84H), 0.86 (t, 18H) = 6.6 Hz). FT-IR: v 3233, 3013,
2955, 2924, 2854, 1693, 1630, 1583, 1487, 1468, 1428, 1385, 1338,
1234, 1211, 1116, 1001, 987, 932, 857, 782, 751, 721, 60%.cm
Anal. Calcd (%) for GeH13N4O10: C, 72.22; H, 10.69; N, 4.43.
Found: C, 72.23; H, 10.92; N, 4.50.

1686, 1631, 1584, 1547, 1468, 1428, 1386, 1338, 1300, 1219, 1261, Characterization. *H NMR spectra were recorded with a Bruker

1219, 1113, 1060, 1000, 960, 856, 837, 790, 751, 602'cAnal.
Calcd (%) for GsHs50N4Oq0: C, 60.52; H, 7.47; N, 8.30. Found:
C, 60.59; H, 7.54; N, 8.31.

Oxalyl Acid N’,N'-Di(3,4,5-hexyloxybenzoyl)-hydrazide H
NMR (300 MHz, CDC}, 25 TMS): 6 10.53 (s, 2H), 9.42 (s, 2H),
7.06 (s, 4H), 3.973.84 (m, 12H), 1.741.66 (m, 12H), 1.45
1.28 (m, 36H), 0.9%10.85 (m, 18H). FT-IR:v 3338, 3211, 3013,

Avance 500 MHz or VARIAN 300 MHz spectrometer, using
chloroformd as solvent and tetramethylsilane (TMS) as an internal
standard ¢ = 0.00). 13C NMR spectra were recorded with a
VARIAN 300 MHz spectrometer, using chloroforthas solvent
and CDC} as an internal standard & 77.00). Mass spectra were
obtained by MALDI-TOF mass spectrometry. FT-IR spectra were
recorded with a PerkinElmer spectrometer (Spectrum One B).

2957, 2932, 2872, 2860, 1719, 1695, 1624, 1582, 1467, 1427, 1386,The samples were pressed tablet with KBr. Phase transitional

1337, 1234, 1216, 1001, 1043, 926, 859, 750, 777, 726cAmal.
Calcd (%) for GoHgeN4O1o: C, 67.36; H, 9.35; N, 6.04. Found:
C, 67.58; H, 9.45; N, 5.79.

Oxalyl Acid N',N'Ddi(3,4,5-heptyloxybenzoyl)-hydrazide!H
NMR (500 MHz, CDC}, 25°C, TMS): 6 10.15 (s, 2H), 8.90 (s,
2H), 7.03 (s, 4H), 4.033.94 (m, 12H), 1.841.71 (m, 12H), 1.56
1.42 (m, 12H), 1.351.30 (m, 36H), 0.89 (t, 18H) = 6.5 Hz).
13C NMR (300 MHz, CDC4): 0 165.08, 155.21, 153.18, 142.05,

properties were investigated by Mettler Star DSC 8Zptical
textures were observed under a Leica DMLP microscope equipped
with a Leitz 350 heating stage. X-ray diffraction was carried out
with a Bruker Avance D8 X-ray diffractometer.

Results and Discussion

Self-Assembly Behaviors in SolutionTo understand the

125.31, 105.89, 73.44, 69.17, 31.90, 31.87, 31.81, 30.36, 29.37,self-assembly behaviors of FH-Tn, we carried H#4tNMR

29.24, 29.12, 26.05, 26.01, 25.95, 22.65, 22.62, 14.06. FTvIR:

diluting experiments for FH-T7 in CDglat 25°C (Figure

3214, 3016, 2956, 2928, 2871, 2857, 1693, 1629, 1580, 1468, 1428,1). The assignment of the NH signals of FH-Tri NMR

1384, 1336, 1234 , 1212, 1114, 1004, 857, 750, 720'crnal.
Calcd (%) for GgHggN4O10: C, 68.88; H, 9.77; N, 5.54. Found:
C, 69.16; H, 10.05; N, 5.47.

Oxalyl Acid N’,N’-Di(3,4,5-octanoxybenzoyl)-hydrazideH
NMR (300 MHz, CDC}, 25°C, TMS): 6 10.35 (s, 2H), 9.15 (s,
2H), 7.04 (s, 4H), 4.083.88 (m, 12H), 1.761.67 (m, 12H), 1.42
1.28 (m, 60H), 0.89 (t, 18H] = 6.5 Hz); FT-IR: v = 3213, 2957,

spectra was based on 2D-NOESY experiments (see the
Supporting Information). At 0.023 mM, peaks of NH-1 (near
to bi-carbonyl group, 9.90 ppm) and NH-2 (near to alkoxy
phenyl, 9.28 ppm) in FH-T7 were sharp, and-4t was
observed at 7.02 ppm. Upon concentrating from 23 to 255
uM, no significant changeXd < 0.03) was observed for

2926, 2856, 1692, 1629, 1582, 1468, 1427, 1386, 1336, 1231, 1218 NH-1 signals (at about 9.90), whereas an obvious split was

1115, 1007, 957, 858, 782, 750, 722, 601¢nmAnal. Calcd (%)
for CesH110N4O10: C ,70.16; H, 10.12; N, 5.11. Found: C, 70.35;
H, 10.09; N, 4.85.

observed for NH-2. The NH-2 signal at 9.28 ppm decreased
(about 43% at 45M to zero at 255M), and that at 8.53
ppm increased (57% at 48V to 100% at 255:M) with a
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Scheme 2. Two Possible Intramolecular Hydrogen-Bonding
Patterns of Bi-dihydrazide Unit in FH-Tn in CDCI3 at
Concentrations Lower than 255uM (the dashed line
illustrates the hydrogen bonding)
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slight downfield shift A6 = 0.04). The NH-2 signal at

9.28 ppm disappeared and all that appeared at 8.57 ppm at

255 uM. Considering that the chemical shifts in nuclear

magnetic resonance spectroscopy represent time averages

of atoms at the same chemical environment, the split of
NH-2 signals might indicate that a conformational change
took place in FH-T7 during concentrating from 23 to 255
uM.

Qu et al.
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Figure 4. Partial MALDI-TOF mass spectrum of FH-T7 using chloroform
as solvent.
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Scheme 3. Schematic Representation of FH-Tn
Self-Assembling to Supramolecules (the dashed line
illustrates the hydrogen bonding)

The chemical shifts of both NH-1 at 9.90 ppm and NH-2
at 9.28 ppm of FH-T7 showed concentration independence
at concentrations lower than 120M, indicating their
monomeric feature. The chemical shifts of NH-1 and NH-2
in FH-T7 versus temperature in CDEIt 120uM are shown
in Figure 2. The NH-1 signal at 9.90 ppm and the NH-2
signals at 9.28 and 8.53 ppm, which are 26302 ppm
K™%, 2.42 x 1072 ppm K and 3.54x 10°% ppm K
respectively, exhibited weak temperature dependence, sug-
gesting that they were all involved in intramolecular H-
bonding at 12QuM.*° Thus, it can be concluded that the
NH-2 signal at 8.53 ppm was assigned to monomer. At this
stage, however, we don't have further experimental evidence
to give the real conformational changes in monomers. It
seemed that the split of NH-2 signals was associated with a
change in the intramolecular H-bonding patterns of bi-
dihydrazide unit in monomers. Two possible intramolecular
H-bonding patterns of the bi-dihydrazide unit are illustrated
in Scheme 2. In pattern a, protons of both NH-1 and NH-2
were involved in intramolecular hydrogen bonding witsC
O groups, forming two five-membered rings and two six-
membered rings, respectively. In pattern b, protons of both
of NH-1 and NH-2 were all bonded te-C=0O groups,
forming five-membered rings. Considering that a six-

(19) (a) Hamuro, Y.; Geib, S. J.; Hamilto, A. D. Am. Chem. S0d.996

118 7529-7541. (b) Hamuro, Y.; Geib, S. J.; Hamilto, A. D. Am.
Chem. Soc1997 119 10587 7541. The chemical shifts of both NH-1
and NH-2 exhibited much greater temperature dependence, e.g., 1.40
x 1072 ppm K~ for NH-1 and 1.76x 102 ppm K™* for NH-2 at

6.7 mM, at which intermolecular H-bonding has been demonstrated.
If the NH-2 signal at 9.28 ppm belongs to a state that is very strongly
bound to water in CDGJ this bonding will not be destroyed if there

is enough water. Considering that the molar percentage of water in
120uM FH-T7 in CDCI3 was excessive compared to NH-2 of FH-
T7 (see the Supporting Information), the possibility of the NH-2 signal
at 9.28 ppm belonging to a state bonding to water can be eliminated.
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Table 1. Phase transition temperatures T, °C) and enthalpies AH,
kJ mol~1, in brackets)? of FH-Tn (n = 3, 6, 7, 8, 10)
heating cooling
T(°C) T(°C) E
compd phase (AH (kJ mol1)) phase  (AH (kJ mol1)) g
FH-T3 Cr—Cn, 143 (6.09) Cs—Cny 133 (5.90) -g
Cr—I 238 (19.82) +Cry 230 (20.06) i)
FH-T6  Cok—Col, 130.9 (8.56) CotColy 117.6 (7.33)
Coly—I 195.6 (6.90) +Col, 192.1 (6.94)
FH-T7  G—Cok 99.8
Col—Coly, 117.5(3.92) Col-Coly 109.9 (3.78)
Coly—I 177.3 (6.56) +Col, 176.8 (6.48)
FH-T8  G—Colk 91.8
Cok—Col,  111.7 (4.35)  CoFCok  107.2 (4.09)
Coly—I 162.1 (4.79) +Col, 157.8 (5.05)
FH-T10 G-Colx 105.8 Col—G 102.3
Colk—Coly, 117.2 (4.18) CaotCol 116.9 (4.11)
Colp—1 1445 (5.88)  +Col 142.7 (5.94) ———
40 60 80 100 120 140 160 180 200

a1, isotropic; Coh, hexagonal columnar phase; G, glass;Qahknown

columnar phase, and {ICr, crystalline. Temperature (T )

Figure 5. DSC curves of (a) FH-T6, (b) FH-T7, (c) FH-T8, and (d) FH-
membered ring is more favorable than a five-membered oneT10 on the second heating run (heating rate: *@fmin).
for NH-2 forming intramolecular hydrogen bonding with the
C=0 group?° it was reasonable to propose that protons of
NH-2 at 9.28 ppm belonged to six-membered-ring H-
bonding, whereas those at 8.53 ppm were attributed to five-
membered rings for concentrations between 23 and/®55
Further more, pattern b is more favorable than pattern a for
intermolecular H-bonding. On the basis of the discussion
above, we assumed that at concentration lower thao\23
the bi-dihydrazide unit in monomer adopted pattern a and
exhibited a conformational change from pattern a to pattern
b upon concentrating to 25aM.

Further increasing concentrations of FH-T7 in CPGdm

255 uM to 101 mM led to remarkable broadening and a
continuous downfield shift of both NH-1A¢Y = 0.83) and
NH-2 (Ao = 1.22), and a small downfield shif\¢ = 0.05)
of the Ar—H signal. The dependence of the chemical shifts
of NH-1 and NH-2 in FH-T7 on concentrations is shown in
Figure 3. The chemical shift of NH-1 and NH-2 increased
almost linearly with increasing concentration and then slowed
down and appeared to level off at 26 mM. The above results
demonstrated that the two kinds of amide protons in FH-T7
cooperatively participated in forming supramolecules via
intermolecular quadruple hydrogen bonds, which are the
main driving force for supramolecular aggregation at higher Figure 6. Optical textures observed for FH-T7 at (a) 18D (x200) and
concentrations. The association constant for FH-T7 was () 3°C (x200).

estimated using the simplest (isodesmic) model (Kg.= The MALDI-TOF mass spectrum of FH-T7 also provided
K, forn = 2) from eq 1 support for the formation of the supramolecules in chloro-
form (Figure 4). Six peaks for the monomerM1/z1034.1
_ _ _ _ 2
KCy = (P = PP = Po)/(P: = P) @ (M, + NaJ*, 1050.0 [M + Ka*, 1056.2 [M, + 2Na —

g HI*, 1066.1 [M + 2Na+ Ka — 2CHg]*, 1072.1 [M, +Na

+ Ka — H]* and 1088.1 [M + 2Ka — H]". Seven peaks
for dimmer My: m/z 2077.0 [My + 2Na + Ka — 2CHg] ¥,
2099.3 [Mx + 3Na+ Ka — 2CH; — H]*, 2106.2 [M» +
2Na+ Ka — 2H]", 2121.4 [M, + 4Na+ Ka — 2CH; —
2H]*", 2128.2 [\, + 3Na+ Ka — 3H]" , 2137.2 [M» +
3Na+ 2Ka— 2CH; — 2H]" and 2144.3 [M + 2Ka+ 2Na

— 3H]*. Four peaks attributed to the trimersMm/z 3155.3
[M3 + 2Ka + 2Na — 3H]*, 3163.4 [Ms + 2Ka + 3Na —
CHs; — 3H]*, 3177.4 [Ms + 2Ka+ 3Na— 4H]" and 3193.8
(20) Steiner, TAngew. Chem., Int. E®002, 41, 48-76. [Ms + 3Ka+ 2Na— 4H]". The supramolecular character-
(21) Martin, R. B.Chem. Re. 1996 96, 3043-3064. istic can also be observed in the MALDI-TOF mass spectrum

WhereP, andP; are the chemical shifts for monomers an
molecules within a stack® is the observed chemical shift,
K is the association constant, a4 is total molar concen-
tration of the compound®. In the present caseR, was
assigned to 8.53 and 9.90 ppm on the basis of NH-1 and
NH-2, respectively. The data from the diluting experiment
fit well with the calculated curves, giving association
constantsK) of 447.5 and 217.2 M on the basis of NH-1
and NH-2, respectively.
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Figure 7. X-ray diffraction patterns of FH-T7 (a) at 150 and (b) at Z5 on the first cooling run.

of FH-T3 (see the Supporting Information). Considering chains showed enantiotropic columnar phases. The clearing
stacking interaction and tremendous steric repulsion betweentemperature decreased with the increase of the length of the
the trialkoxybenzoyl groups in neighboring molecules, rota- alkyl chains. In addition, the DSC curves of FH-Tm= 7,
tion of the phenyl rings away from the bi-dihydrazine plane 8, 10) exhibited obvious glass transition on the heating run,
is necessary. In addition, the association constants in our cassuggesting their supramolecular polymer characteristic (Fig-
are somewhat small compared to that in other quadrupleure 5), although the glass transition was not observed clearly
hydrogen-bonded systems, which might be attributed to the during cooling. Figure 6a shows the optical textures of FH-
energy required for the out-of-plane rotation of the phenyl T7 in its mesophase. The typically pseudo focal-conic texture
rings for stacking. Schematic representation of FH-Tn self- with linear birefringent defects on slowly cooling from the
assembling to supramolecules was depicted in Scheme 3. isotropic liquid and the black areas, which are homeotropic
Mesomorphic Behaviors. The phase behaviors of FH- domains with the columns aligned perpendicular to the glass
Tn (n=3, 6, 7, 8, 10) were studied by differential scanning substrates, suggest the characteristic of, @bhases. Upon
calorimetry (DSC) and polarizing optical microscopy and further cooling from the Cglphase, a new phase developed
WAXD. The phase transition temperatures and the associatedvithout obvious morphology changes but with significant
enthalpic changes for FH-Tmn(= 3, 6, 7, 8, 10) are  color changes. (Figure 6b).
summarized in Table 1. It can be seen that the phase The XRD pattern of FH-T7 at 1580C showed one strong
behaviors were strongly affected by the length of the flexible peak (25.1 A) and three sharp weak peaks (12.6, 9.6, 8.4 A)
terminal chains. FH-T3 is non-mesomorphic. On the other at larger angles (Figure 7a), which corresponded to a
hand, FH-Tn G = 6, 7, 8, 10) with longer alkoxyl terminal  hexagonal columnar arrangement (§@ind a diffuse broad
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Figure 8. Temperature-dependent wavenumbers effNstretching vibrations of FH-T7.

Table 2. Powder WAXD Results of FH-Tn in Their Col, Phases Table 3. Assignments of Infrared Frequencies for FH-T7 at 50°C

Coly unit assignments IR frequencies (cHh
compd parameted (A)  dobsa(A)  deaica(R) Miller index W(N=H) 3214
FH-T6 at 150°C 27.5 23.8 23.8 100 v(Ar—H) 3016
13.8 13.8 110 vas(CHs), vas(CHp) 2956, 2928
11.9 11.9 200 v§(CHa), »s(CHy) 2871, 2857
9.0 9.0 210 amide 1,vC=0 1693, 1629
7.9 7.9 300 vC=C of phenyl ring 1580
4.4 (halo) O(CHy) 1468
FH-T7 at 150°C 29.0 25.1 25.1 100 1428
14.5 110 CHsz umbrella 1384
12.6 12.6 200 1336
9.6 9.7 210 amide I, ve-N+On-# 1234
8.4 8.4 300 »(Ar—0) 1212
4.4 (halo) »(C—0) 1114
FH-T8 at 130°C 30.2 26.2 26.2 100 1004
15.1 110 O(Ar—H)o.o.p,para- 857
13.1 13.1 200 O(Ar—H)o.0.p,mono- 750
9.9 10.1 210 (CHg)n rocking modesn > 4 720
8.7 8.7 300
65 65 400 d heati t3C. Th fNH stretchi
4.5 (halo) second heating run at 5C. The presence o stretching
FH-T10 at 140C 32.4 28.1 28.1 100 vibrations at 3214 cmt (the absence of free NH, a
16.2 110 relatively sharp peak with the frequency higher than 3400
141 113'61 22108 cmY), intense absorption of amide | at 1626 cdmand
9.3 9.4 300 relatively weak absorption at 1693 ctat 50°C indicated
4.5 (halo) that almost all the NH groups are associated with=D

peak with a maximum at about 4.4 A was also observed, 9"0ups via N-H O=C hydrogen bonding Thevs(CH;) and

which is characteristic of the liquidlike arrangement of the Va{CHz) appeared at 2857 and 2928 cm indicating
aliphatic chains. At room temperature, some additional disordered alkyl chains in the mesophaSeshe wavenum-

diffraction peaks at both low-angle and wide-angle regions P€rs of N-H stretching vibrations and amide | increased
were observed in the XRD patterns of FH-T7 (Figure 7b). Slightly in the glass and Cophases, whereas the increase
However, we have no additional experimental evidence to IS significant in the Cgland isotropic phase with the increase

assign the phases. Considering that an obvious glass transil" temperature (Figure 8.), indicating an increase in the
tion was observed in DSC curves of FH-Tm 7, 8, 10) average N-H O=C distance and intermolecular hydrogen

on the heating run, we denote these phases asaCtdwer bonds still remained in the Gpphase as well as in the
temperature and glass (G) phase at room temperature. Simila/SOtropic state near the clearing point.
phase structures were also observed for FHfT= @, 7, 8,

_ — i (22) (a) Skrovanek, D. J.; Howe, S. E.; Painter, P. C.; Coleman, M. M.
10), and the XRD results of FH-Tm(= 6, 7, 8, 10) in the Macromolecules985 18, 1676-1683. (b) Harris, P. I.; Chapman,

Col, phases are listed in Table 2. To investigate the D. Biopolymers (Pept. Sci}995 37, 251 263.
intermolecular hydrogen bonds, we performed temperature-(23) (a) Snyder, R. G.; Strauss, H. L.; Elliger, C. APhys. Chenl982
dependent FT-IR spectroscopy on FH-T7. Table 3 presented 86, 5145-5150. (b) MacPhail, R. A.; Strauss, H. L.; Snyder, R. G;

) - ) Elliger, C. A.J. Phys. Cheml984 88, 334-341. (c) Venkataraman,
the assignments of infrared frequencies for FH-T7 on the N. V.; Vasudevan, SJ. Phys. Chem. B00Z 105 1805-1812.
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7/ slightly smaller than that in its mesophase, which revealed
a that not only the self-assembled supramolecular structure but
also the packing modes of the aggregates in both cases are
the same. On the basis of tH¢ NMR diluting experiment,
FTIR spectroscopy, and mass spectroscopy, we proposed that
molecules self-assembling into supramolecular chains through
b intermolecular quadruple hydrogen bonding and the su-

W pramolecular chains arranged themselves into columnar
W mesophases.

Conclusion

The synthesis of a new twin-tapered compounds (FH-Tn)
in which 3,4,5-trialkoxyl phenyl groups are linked to central
bi-dihydrazide unit is described. It has been demonstrated
— : . : that molecules were involved in intramolecular hydrogen
3600 3400 3200 3000 2800 1500 1000 bonding between amide groups in monomer, and there

Wavenumbers (cm'’) existed conformational transitions, e.g., from six-membered
Figure 9. FT-IR spectra of FH-T7: (a) cast from chloroform at 5, (b) rings to five-membered rings intramolecularly H-bonding
glass phase at 55, and () Caf at 155°C. upon concentrating at lower concentrations265 xM).
Results fromH NMR diluting experiments, FTIR spectros-

100000 4 24.4 (100) copy, and mass spectroscopy revealed that intermolecular
H-bonds are the main driving force for the formation of
supramolecular chains of FH-Tn either in chloroform at

higher concentrations or in bulk. Enantiotropic columnar
phases were observed in FH-Tm= 6, 7, 8, 10) and room-
temperature column hexagonal phases were obtained by air-
drying the chloroform solutions of FH-T6, and FH-T7. These
results suggested that bi-dihydrazide units could be used as
self-complementary quadruple hydrogen-bonding units to
assemble new supramolecules.
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It is exciting to observe the column phase by air-drying
the chloroform solutions of FH-T6 and FH-T7 at room Supporting Information Available: DSC charts and X-ray
temperature. The FTIR spectra of FH-T7 cast film from diffraction patterns of FH-Tn(= 3, 6, 7, 8, 10)*H NMR spectrum
chloroform (Figure 9 a) was almost identical to that inyCol (500 MHz, 25C) of FH-T7 in CDC} at 120uM. NOESY spectrum
phase; thus, molecules in the mesophases self-assemble int®f FH-T7 (6.9 mM) in CDC4. MALDI-TOF mass spectrum of FH-
supramolecules in a way similar to that in chloroform. T3 (Word document). This material is available free of charge via
Interestingly, a hexagonal columnar arrangement (Figure 10)t"€ Intermet at http://pubs.acs.org.
was observed in the cast film, although tHevalues are CM062581lI



