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’ INTRODUCTION

Supramolecular chirality is highly intriguing for its important
role in biological phenomena, such as molecular recognition,
information storage, and potential applications in materials
science.1 Generally, chiral assemblies are often achieved among
chiral molecules or between chiral building blocks.2 Chirality can
also be induced by adding chiral molecules to achiral molecules
resulting in various chiral architectures, based on the “sergeants
and soldiers principle” and the “majority rules”.3 It is also possible
to obtain chiral supramolecular assemblies from achiral mole-
cules. Chiral symmetry breaking from achiral molecules is known
to occur in helical supramolecular organization through coordi-
nation with metal ions or through hydrogen bonding.4

Organogels are the materials in which three-dimensional
networks are formed through self-assembly of low-molecular-
weight organogelators (LMOGs) through noncovalent interac-
tions, and the network can absorb a large volume of solvent.5 The
formation of an organogel is the result of both gelator-gelator
and solvent-gelator interactions, and a gelator only has the
ability to induce macroscopic gelation in certain solvents.6-9

Recently, several detailed studies revealed that solvents play an

important role in tuning the morphology of the organogel.10 For
example, Tritt-Goc and co-workers reported that the polarity
of the solvent influences the hydrogen-bonding network and
the microstructure of the gel network using 1,2-O-(1-
ethylpropylidene)-R-D-glucofuranose as the gelator,10h whereas
Shinkai and co-workers reported that the solvent polarity affects
the gel microstructure in methyl-4,6-O-(p-nitrobenzylidene)-R-
D-manopyranoside gels, which form helical fibers in water and
frizzled fibers in carbon tetrachloride.10d Interestingly, helical
morphologies can be obtained from achiral organogelators
through specific gelator-solvent interactions.11-13 For example,
we reported that both left- and right-handed helical ribbons are
formed in the achiral twin-tapered dihydrazide derivatives xer-
ogel from ethanol,12 whereas You and co-workers reported that a
helical nonracemic nanotubular structure is induced by a simple
achiral molecule when linked by a linear metal connecting point
to form a fibrillar network thereby immobilizing a wide range of
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ABSTRACT:We studied hydrogen-bonding assemblies in a series of
dumbbell-shaped hydrazine derivatives, namely oxalyl N0,N0-bis(3,4-
dialkoxybenzoyl)-hydrazide (BFH-n, n = 4, 6, 8, 10) and oxalyl N0,N0-
dibenzoyl-hydrazide (FH-0). It has been demonstrated that NH-1
protons of BFH-n precipitated from tetrahydrofuran (THF) or
dimethylformamide (DMF) were involved in intramolecular H-bond-
ing to form 6-membered rings. Meanwhile, NH-2 protons of BFH-n
precipitated from THF formed intermolecular hydrogen bonds with
CdO groups of neighboring molecules, while NH-2 protons of BFH-
n precipitated from DMF formed intermolecular hydrogen bonds
with CdO group of neighboring DMF molecules. CdO,-CH3, and
-CH groups of DMF molecules participated in multiple intermole-
cular hydrogen bonds with the -N-H and -CdO groups of FH-0
molecules in single-crystals formed in DMF, leading to a double helix
morphology with a pitch of 24.2 Å along the c direction. Both left- and
right-handed helical micrometer-length ribbons with nonuniform
helical pitches were observed in an achiral BFH-10 xerogel precipi-
tated from DMF.
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solvents.13 Although some key points have been recognized,
a complete mechanism for the self-assembly of achiral mole-
cules chiral supramolecular structures is still beyond our
understanding.

Among the noncovalent interactions, hydrogen bonding is
most commonly used to direct self-assembly processes because
of its strength, directionality, reversibility, and selectivity. Pep-
tide, amino acid, amide, and urea groups have been widely
employed as building blocks to afford supramolecular gels.
Wan and co-workers reported a hydrazide quinolinone-based
quadruple hydrogen-bonded building block, which can gel
dichloromethane/hexane at concentrations higher than 2 wt
%.14 Li and co-workers reported a new series of highly stable
hydrazide-based ADDA-DAAD heterodimers, which repre-
sented the first successful application of hydrazide derivatives
in the self-assembly of hydrogen-mediated supramolecular sys-
tems with well-established structures.15 Herein, we focus on the
self-assembly property of a series of achiral dumbbell-shaped
molecules, namely oxalyl N0,N0-bis(3,4-dialkoxybenzoyl)-hydra-
zide (BFH-n, n = 4, 6, 8, 10) and oxalyl N0,N0-dibenzoyl-
hydrazide (FH-0) (Scheme 1), which were prepared according
to a reported procedure.16 It was demonstrated that DMF
molecules were involved in multiple intermolecular hydrogen
bonds with FH-0 molecules in FH-0 single-crystals grown from
DMF, leading to a double helix with a pitch of 24.2 Å along the c
direction. Moreover, left- and right-handed helical micrometer-
length ribbons with nonuniform helical pitches were observed in
a BFH-10 xerogel precipitated from DMF.

’EXPERIMENTAL SECTION

Characterization. 1HNMR spectra were recorded with aMercury-
300BB 300 MHz spectrometer, using tetramethylsilane (TMS) as an
internal standard. Field emission scanning electron microscopy (FE-
SEM) images were taken with a JSM-6700F apparatus. Samples for FE-
SEMmeasurement were prepared by wiping a small amount of gel onto
a silicon plate followed by evaporating the solvent at ambient tempera-
ture. X-ray diffraction was carried out with a Bruker Avance D8 X-ray
diffractometer. FT-IR spectra were recorded with a Perkin-Elmer
spectrometer (Spectrum One B); The xerogels were obtained by
freezing and pumping the organogel of BFH-n for 12 h, and then the
xerogels were pressed into a tablet with KBr for FT-IR measurement.

Gelation test: The weighted gelator was mixed in a capped sealed test
tube [3.5 cm (height)� 0.5 cm (radius)] with an appropriate amount of

solvent, and the mixture was heated until the solid dissolved. The sample
vial was cooled to 4 �C and then turned upside down. When a clear or

Scheme 1. Molecular Structures of BFH-n and FH-0

Figure 1. Temperature dependence of chemical shifts of NH-1 and
NH-2 of BFH-10 in 20% DMSO-d6/CDCl3 (a) BFH-10 precipitated
(1.87� 10-3 mol L-1) from THF, (b) BFH-10 precipitated (1� 10-3

mol L-1) from DMF, and (c) BFH-10 precipitated (1.87 � 10-3 mol
L-1) from THF with DMF (3.21 � 10-2 mol L-1) (300 MHz, NH-1:
closer to alkoxyphenyl, NH-2: adjacent to central bicarbonyl).

http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-001.png&w=163&h=147
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slightly opaque gel formed, the solvent therein was immobilized at this
stage. Melting temperature (Tm) was determined by the “falling drop”
method.17 An inverted gel was immersed in a water bath initially at or
below room temperature. The water bath was heated slowly up to the
point at which the gel fell due to the force of gravity, i.e., the Tm.

’RESULTS AND DISCUSSION

Hydrogen Bonding in BFH-n. Temperature dependent 1H
NMR spectroscopic experiments were performed to explore the
hydrogen bonding motif in BFH-n. Generally, internally hydro-
gen bonded amides are expected to show a much smaller shift
with temperature (<3.0 � 10-3 ppm K-1) compared to those
directed externally and accessible for hydrogen bonding to a
polar solvent (>4.0� 10-3 ppmK-1).18 As shown in Figure 1(a),
the NH-2 (adjacent to central bicarbonyl) of BFH-10 precipi-
tated from THF (called BFH-10-THF) showed large shifts (7.0
� 10-3 ppm K-1) with temperature in 20% DMSO-d6/CDCl3,
suggesting the primary involvement of NH-2 protons in inter-
molecular hydrogen bonding. However, the NH-1 (closer to
alkoxyphenyl) showed smaller shifts (3.5� 10-3 ppmK-1) with
temperature, indicating the involvement of NH-1 protons in
intramolecular hydrogen bonding. The packing model of BFH-
10-THF was proposed in Scheme 2a, in which protons of NH-2
associated with CdO groups of neighboring molecules and

protons of NH-1 were involved in intramolecular hydrogen
bonding forming two 6-membered rings.

Scheme 2. Hydrogen Bonding Patterns of BFH-n in (a) THF
and (b) DMFa

aThe dashed line illustrates the hydrogen bonding.

Figure 2. 1HNMR spectrum (δ 2.5-11 ppm region shown; 300MHz)
of BFH-10 precipitated from DMF in 20% DMSO-d6/CDCl3 at 20 �C.

Figure 3. Molecular packing in a single-crystal state: (a) FH-0 and
DMF (b) viewed along the c axis.

http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-003.png&w=240&h=344
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As shown in Figure 1b, NH-1 and NH-2 of BFH-10 (1� 10-3

mol L-1) precipitated fromDMF (called BFH-10-DMF) showed
similar temperature-dependent shifts (3.9� 10-3 and 6.7� 10-3

ppm K-1, respectively) with those of BFH-10-THF in 20%
DMSO-d6/CDCl3 in the first heating run. Thus, the NH-1 and
NH-2 protons participate in intramolecular and intermolecular
hydrogen bonding, respectively, for BFH-10 precipitated either
from THF or DMF. The presence of DMF in BFH-10-DMF was
confirmed by the 1H NMR spectrum of BFH-10-DMF (Figure 2,
in 20% DMSO-d6/CDCl3; δ of protons in DMF were found at
7.92, 2.89, and 2.78 ppm, respectively).19 Themolar ratio of BFH-
10/DMFwas calculated to be 1:2 according to the integrated peak
area of the protons, which is consistent with the observation in
FH-0 single-crystals, suggesting that similar structures might be
formed in BFH-10-DMF and FH-0 single crystals. In contrast to
that of BFH-10-THF, the characteristic peak of theNH-2 protons
of BFH-10-DMF appeared slightly further upfield. Addition of
DMF (3.21 � 10-2 mol L-1) to BFH-10-THF in 20% DMSO-
d6/CDCl3 caused a similar upfield shift of NH-2 (Figure 1c),
suggesting an interaction between DMF and BFH-10. The
temperature-dependences of the chemical shifts of NH-1 and
NH-2 of BFH-10 in 20% DMSO-d6/CDCl3 are quite similar for
the first cooling run and the second heating run (Figure S1).
Based on the results of 1HNMR spectroscopy, as well as the poor
volatility ofDMF, it can be concluded that DMF is associatedwith
BFH-n in the course of precipitation from DMF.
A packingmodel of BFH-10 inDMF is shown in Scheme 2b, in

which NH-1 protons form two 6-membered rings via intramo-
lecular hydrogen bonding, while NH-2 protons associate with
CdO groups of neighboring DMFmolecules. In addition, CdO
groups of BFH-10 molecules form intermolecular hydrogen
bonds with -CH3 groups of DMF molecules.
In order to validate the above hypothesis, FH-0 without

terminal alkoxy chains was synthesized by the same method
used for BFH-n. Single crystals of FH-0, suitable for X-ray
analysis were obtained at room temperature from DMF by slow
evaporation of the solvent. Crystal data are given in the Support-
ing Information. DMF molecules interacted with FH-0 mole-
cules in a single-crystal state, as shown in Figure 3a. Protons of
N-Hs of FH-0 molecules formed intermolecular hydrogen
bonds with CdO groups of DMF molecules (one CdO
associated with two N-Hs coming from two different FH-0
molecules). CdO (near to phenyl) groups of FH-0 molecules
were involved in intermolecular hydrogen bonding with -CH3

groups of DMF molecules, while one CdO (central bicarbonyl)
group of an FH-0 molecule formed an intermolecular hydrogen
bond with a C-H group of a DMFmolecule and the other CdO
was involved in intermolecular hydrogen bonding with a C-H
group of a phenyl ring of a neighboring FH-0 molecule. Single

crystal analysis indicated that the molar ratio of FH-0/DMF is
1:2. In addition, double helical structures were induced by DMF
molecules with a helical pitch of 24.2 Å as seen from the view of
the c direction (Figure 3b).
Combining the results of single crystal analysis of FH-0 and

the temperature dependent NMR spectroscopic results of BFH-
10-DMF, we propose the intermolecular hydrogen bonding
motif of BFH-10 from DMF as shown in Scheme 2b. Different
from that of BFH-10-THF, NH-2 protons of BFH-10-DMF are
H-bonded to CdO groups of DMF resulting in intermolecular
H-bonding.

’GELATION PROPERTIES

The gelation properties of BFH-n were examined for 7
different organic solvents and the minimum gel concentrations
are summarized in Table 1. The length of the terminal alkoxy
chains clearly affected the gelation ability. Compounds BFH-6, -8,
and -10 bearing longer terminal chains can gelate toluene,

Table 1. Gelation Properties of BFH-n (n = 4, 6, 8, 10)a

com-
pound ethanol

chloro-
form DCE benzene toluene DMF DMSO

BFH-4 I P P P P S S
BFH-6 I P P P 1.19 � 10-2 S S
BFH-8 I P P P 2.06 � 10-2 P P
BFH-10 I P P P 1.82 � 10-2 9.93 � 10-3 P

aValues denote theminimum gel concentration (mol L-1) necessary for
organogelation. I: insoluble, S: soluble, P: precipitation. DCE, DMF, and
DMSO indicate 1,2-dichloroethane, dimethylformamide, and dimethyl
sulfoxide.

Figure 4. Concentration-dependent melting temperature of BFH-10
gels in DMF.

Figure 5. SEM images of xerogels: (a) BFH-10 in DMF (1.2 � 10-2

mol L-1), (b) BFH-10 in toluene (1.9 � 10-2 mol L-1), (c) BFH-8 in
toluene (2.2 � 10-2 mol L-1), and (d) BFH-6 in toluene (1.3 � 10-2

mol L-1). The original larger SEM images are included in Supporting
Information.

http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-006.png&w=240&h=184
http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-007.jpg&w=198&h=160
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whereas BFH-10 formed a stable gel in DMF. In contrast,
compound BFH-4 with shorter terminal chains cannot form a
gel in any of the 7 solvents tested. Figure 4 shows the melting
temperature (Tm) of a BFH-10 gel in DMF as a function of
concentration. Tm values were determined by the falling drop
method.17 The Tm increases from 20 �C for the gel at 1.0� 10-2

mol L-1 to 60 �C at 2.0 � 10-2 mol L-1.
In order to investigate the morphology of these materials,

xerogels of BFH-n were prepared as described in the Experi-
mental Section and subjected to scanning electron microscopy
(SEM). As shown in Figure 5b-d, xerogels of BFH-n (n = 6, 8,
10) prepared from toluene consist of flat ribbons 0.2-1.5 μm
wide and several tens of micrometers long, indicating that self-

assembly is driven by strong directional intermolecular interac-
tions. Interestingly, both right- and left-handed helical ribbons
with the width of 2-8 μm and ten to hundreds of micrometers in
length were observed for a BFH-10 xerogel prepared from DMF
(Figure 5a), even though it does not possess any chiral groups.
The helical pitches were nonuniform, suggesting that the helical
structure did not arise from molecular chirality.

Figure 6 shows X-ray diffraction patterns of BFH-10 crystal
and xerogels prepared from toluene and DMF. The XRD pattern
of the BFH-10 crystal showed one sharp peak (32.0 Å) and three
weak peaks (15.8, 10.7, and 8.0 Å) in the low angle range,
suggesting a layered structure. A similar arrangement was ob-
served for the BFH-10 xerogel formed from toluene, indicating a
similar supramolecular arrangement in both cases. In contrast,
the XRD pattern of the xerogel prepared from DMF was quite
different from the others, indicating that the solvent greatly
affected the packing modes.

FT-IR spectra of FH-0 single-crystals grown from DMF and
BFH-10 xerogels prepared from toluene and DMF were mea-
sured (Figure 7). Bands of N-H stretching vibrations of
hydrazide groups appear at 3235 and 3195 cm-1 as well as
amide I bands at 1671 and 1611 cm-1, indicating that the
majority of the N-Hs of the hydrazide group are associated with
the CdO groups via N-H 3 3 3OdC hydrogen bonding in the
xerogel and BFH-10 precipitated from THF (Figure 7, panels a
and b), which are involved in intramolecular and intermolecular
hydrogen bonding.20-22 Two new absorption bands for the
BFH-10 xerogel formed from DMF appear at 1698 and
1651 cm-1 (Figure 7c): these are assigned to the free and
associated CdO stretching vibration of DMF in the BFH-10
xerogel, respectively. This assignment is further supported by the
observation of bands of the CdO stretching vibration of DMF at
1703 cm-1 (free) and 1650 cm-1 (H-bonded) in an FH-0 single
crystal grown fromDMF (Figure 7d). The 1HNMR spectrum of
the xerogel formed from DMF (Figure S4) further confirms the
presence of the DMFmolecules (CDCl3; δ of protons in DMF at
8.01, 2.93, and 2.87 ppm, respectively).19

Combining the results of single crystal analysis of FH-0, SEM,
FT-IR spectroscopy and 1H NMR spectroscopy of the xerogel, a
possible packing motif for BFH-10 molecules in the xerogel
formed from DMF and the mechanism for the formation of
helical ribbons are illustrated in Figure 8. In this model, BFH-10
molecules rotate to form a twisting supramolecular array through
intermolecular hydrogen bonding between BFH-10 andDMF, as
well as van der Waals interaction between alkyl chains. N-H
protons of BFH-10 molecules form intermolecular hydrogen
bonds with CdO groups of neighboring DMFmolecules. Mean-
while, CdO groups of BFH-10 molecules are involved in
intermolecular hydrogen bonding with -CH3 groups of DMF
molecules. Hydrogen-bonding interactions between DMF and

Figure 6. XRD patterns of BFH-10 (a) crystal, (b) xerogel formed from
toluene (2.1 � 10-2 mol L-1), and (c) xerogel formed from dimethyl-
formamide (1.8 � 10-2 mol L-1).

Figure 7. FT-IR spectra of (a) BFH-10 xerogel formed from toluene
(1.9� 10-2 mol L-1), (b) BFH-10 precipitated from THF, (c) BFH-10
xerogel formed from DMF (1.2� 10-2 mol L-1), and (d) FH-0 single-
crystals grown from DMF.

Figure 8. A possible packing motif for BFH-10 xerogel formed from
DMF showing helical ribbons.

http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-008.png&w=240&h=202
http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-009.png&w=240&h=201
http://pubs.acs.org/action/showImage?doi=10.1021/la104386s&iName=master.img-010.jpg&w=240&h=85


3950 dx.doi.org/10.1021/la104386s |Langmuir 2011, 27, 3945–3951

Langmuir ARTICLE

the gelator play an important role in the formation of helical
ribbons of the BFH-10 xerogel prepared from DMF. During
gelation, DMF molecules penetrate into the twisted molecular
arrays, which are sustained by the weak van der Waals interac-
tions between alkyl chains in adjacent screwed arrays. Balancing
the stresses in the separated mono or multiple screwedmolecular
arrays might then give rise to the helical ribbons. More detailed
investigation of microscale helical ribbons in BFH-10 gels from
DMF is currently in progress.

’CONCLUSION

It has been demonstrated that the NH-1 protons of BFH-n
precipitated from either THF or DMF form intramolecular
H-bonded 6-membered rings. While the corresponding NH-2
protons of BFH-n precipitated from THF form intermolecular
hydrogen bonds with CdO groups of neighboring BFH-n
molecules, the NH-2 protons of BFH-n precipitated from
DMF form intermolecular hydrogen bonds with CdO groups
of DMFmolecules. Single crystal analysis of FH-0 shows that the
CdO, -CH3, and -CH groups of DMF molecules form
multiple intermolecular hydrogen bonds with the -N-H
and -CdO groups of neighboring FH-0 molecules. A double
helix with a pitch of 24.2 Å along the c direction is observed in the
FH-0 single crystal grown from DMF. Furthermore, left- and
right-handed helical micrometer-length ribbons with nonuni-
form helical pitches were observed in a xerogel formed by the
achiral BFH-10 precipitated from DMF, which demonstrates
that intermolecular hydrogen-bonding interactions between
DMF and the gelator play an important role in the formation
of helical ribbons of BFH-10 xerogel prepared from DMF. This
new self-assembly of dumbbell-shaped molecules containing
hydrazide units offers excellent opportunities for the organiza-
tion of other functional groups.
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