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Mirror Image Nanostructures of New Chromogenic Table 1. Gelation Ability® of 15 in Organic Solvents
Azobenzene Gels by Introduction of Alanine Moiety solvent 1 2 3 4 5
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Self-assembly is a powerful tool to prepare functional ious fields such as asymmetric catalysensors? and bi-
molecular materials:5 One example is a fibrous molecular Omolecular separatiofFor example, cyclohexane diamffie
assemb|y in organic So|ventS, which leads to the formation and diureé derivatives haVing chiral centers at the amino
of physical organogels. In these materials, noncovalent inter-groups are known to be efficient gelators within one-di-
actions such as hydrogen bond#@ lipophilic,” andzz—x mensional self-assembly by the hydrogen bonding.
interaction&®® derive such one-dimensional assembly of  The stereochemical series of amino acid groups not only
gelators. Among these interactions, hydrogen bonding or act as an effective unit to the helical morphological control
71— aromatic stacking is known to be one of the most pre- of the self-assembly but also give a deriving force to form
dominant interactions to govern the gelation. Furthermore, the self-assembled organogel by the intermolecular hydrogen-
these gelators often have functional groups involved in mo- bonding interaction. With those objects in mind, we have
lecular interactions with chiral grougé¢-¢ which allows  newly synthesized a stereochemical serieg-nitro-azoben-

the self-assembled helical structures to be applicable in var-zene-coupled bis-alaninés2, andS as shown in SI Schemes
1 and 2 (see Supporting Informatioff)Compounds3 and
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80+ than less ordered ones in sol phase in cholesterol-based
60 gelators. The acetonitile g8lis, however, CD-silent even
in high concentration of gel, supporting again that chiral
40 arrangement of and2 is mainly due to the alanine moieties.
0] To obtain visual insights into the aggregation mode, we
) obtained the xerogel structures of the acetonitrile gel8
S o by SEM. Figure 2, panels a and b, shows SEM images of
20, the xerogeld and?2, respectively, in which the right-handed
and the left-handed helical fibers of 560000 nm diameter
-404 and micrometers in length are indicated. So, it is certain that
0 the macroscopic helicities of the alanine-appended fels
250 300 350 400 450 500 550 600 and?2 are directly reflected from the microscopic helicities
Wavelength {nm) of them. Furthermore, these findings imply that the macro-
Figure 1. CD spectra of (all and (b)2 in gel phase and (¢} in DMSO scopic helical direction of superstructures of the alanine-

solution phase. appended chromogenic gels is effectively tunable by enan-

ingly, commonly, the alanine-appended azobenzene gelatorst'ome.rIC amino amq units. On the qther hand, th? xeragel
1 and2 showed seven “G” (stable gel) marks with such as exh|b|t§ the I|near_f|ber structu_re with 5@00 nm diameter
alcoholic and aromatic solvents, one “PG” (partially gel) and micrometers in length (Figure 2c).

marks, and four “I” (insoluble) marks, indicating tha&and To obtain more detailed information about the self-
2 act as versatile gelator of various organic solvents. assembled structures, FT-IR, powder-XRD, ahtiNMR

On the other hand exhibited four G marks, four S marks, specira were measured. In the FT-IR spectra opthglene

' gels1 and2, the characteristic peaks appeared at 3286 and
one PG, and Fhree_l marks. These results support the _wew?638 cnTl. These peaks are assignable toiland G=0
that the multiple intermolecular hydrogen-bonding sites

. . 2 ol . | drivi stretching vibrations, respectively, attributable to the strong
introduced inl and 2 play an important role as a driving  jyiermolecular H-bonding interactions between amide car-
force to form the gels in various organic solvertzand5

= i . bonyl groups, which is quite similar to the case of the solid-
exhibited 12 S and 2 PG marks due to the relatively high gi5ie (1640 cmf). In p-xylene solution, however, the
_and low solubility, _respectively. These findings strongly stretching bands of the amide group for both gelatoasd
imply that long-chain alkyl groups are necessary for the 2 gppeared at 1656 crfy indicating that the strong H-

formation of the gels in various organic solvents. bonding networks formed in gel state are disentangled in
To characterize the helical aggregation mode in the organ-the solution state (Supporting Information Figure S1).
ogel phase, we observed CD spectra of acetonitrilelgek To understand the H-bonding and the-z stacking

The Amax in the UV absorption spectra dfand?2 appear at interactions operating in the self-assembled structures, we
around 425 nm. In the CD spectriy—o value appears at  carried out ab initio calculations and molecular modeling.
about 422 nm with which one can thus assign the CD bandsThe moleculesl and 2 are our main interest, but the
arising from the exciton coupling. The CD spectrum of the molecules are quite large. So, we carried out ab initio
self-assembled exhibits a positive sign for the first Cotton calculations for molecul® to obtained energy minimized
effect (Figure 1a), indicating that the dipole moments are geometry using a suite of Gaussian 98 prograiishe
oriented in a clockwise direction in the aggregate of the gela- interplanar distance between two azobenzene moieties is
tor. In contrast, self-assembl@djives a negative sign (Figure about 4.6 A, and the interatomic distance in the H-bonding
1b), implicating an anticlockwise direction. These CD spectra between the oxygen and nitrogen atoms should be less than
of 1 and2 clearly support the view that the aggregates form 3.4 A. These values are close to the typical distances-in

with right- and left-handed helical structures, respectively. stacking and H-bonding (see Supporting Information Figure
The CD intensity in the sol sample @fwas much weaker  S2). Thus, the H-bonding and-x stacking interactions are
than those obtained from the gel sampleldFigure 1c). It operating to facilitate the helical assembled structures.

is quite often found that a well-ordered chromophoric  The X-ray diffraction (XRD) patterns ofl—3 were
aggregate in the gel phase gives CD intensities much strongemeasured to obtain the information on the molecular packing

400 nm 400 nm

Figure 2. SEM images of acetonitrile gels obtained from {a)b) 2, and (c)3.



Communications

(@

60+

501

Intensity
w H
2.2

N
o
1

-
o
1

15 20 30

2theta(degree)

10 25

o

(b)
1200-

3.90 nm

1000

800

600+

Intensity

4004

2004

L~ 0.97 nm
E-—0.58 nm

. e
y t y T d

10 15 20 25 30
2theta(degree)

Figure 3. Powder XRD patterns of xerogels (d)and (b)3.
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in these gels. The X-ray diffraction patterns of the xerogels
1-3 prepared from acetonitrile show periodical reflection
peaks (Figure 3), an indication that-3 indeed assemble
into a lamellar organization. The obtained long spacimys (
of xerogels1 and 2 are 4.50, 2.23, 0.99, and 0.67 nm,

He (b)
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corresponding to the ratio of 1:1/2:1/3:1/4. The 4.50 nm
length is twice smaller than the extended molecular length
of 1 and2 (3.20 nm by the CPK molecular modeling) but
larger than the length of one molecule. These results strongly
suggest that the self-assembled organofiedad 2 form a
bilayer structure with a relative large region interdigitated
in terms ofz—s stacking between azobenzene moieties. In
addition, the obtained long spacing8 ¢f the xerogeB (one
molecular length: 2. 90 nm) are 3.90, 1.95, 0.97, and 0.58
nm, corresponding to the ratio of 1:1/2:1/3:1/4. This finding
supports that organog8imaintains an interdigitated bilayer
structure. The length of the bilayered structure of the self-
assembled organoged is much shorter than those of
organogeld and2 because the length of bilayered structure
highly depends on the length of molecule.

For further probes about the—x stacking between azo-
benzene moieties, we have used two methoddHoRMR
technique. First, temperature variable experiment in dilute
gel state was conducted. Interestingly, in the aromatic region,
there are two different species: aggregate and monomer. As
shown in Figure 4a, aromatic peaks of aggredatedilute
gel state appeared at 7.88 (= 8.3 Hz), 7.68 (dJ = 8.3
Hz), 6.98 (d,J = 8.3 Hz), and 6.68 ppm (d] = 8.3 Hz)
whereas aromatic peaks of monomeappeared at 8.37 (d,
J=9.2 Hz), 7.94 (dJ = 9.2 Hz), 7.83 (dJ = 9.3 Hz), and
7.00 ppm (dJ = 9.3 Hz). Upon heating, aromatic peak in-
tensities of monomet gradually increase whereas those of
aggregatel decrease at 7.88, 7.68, 6.98, and 6.68 ppm be-
cause the chemical shift difference between aromatic pro-
tons H, and H; as well as | and H may arise fromr—x
stacking and the hydrogen-bonding interactions. Second, the
NOESY experiment was carried out within DMSO-ds

(©

Hy HH,

__t||-._ ) “'

Figure 4. (a) Variable temperatufdd NMR studies of the acetonitrile gel af (b) Proposed packing models bt high and low temperatures. (c) NOESY

spectrum ofl at a concentration of 7.30 mmol in DMS@-
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(Figure 4c). High concentration df resulted in a number  bonds,z—x stacking, and hydrophobic interaction in various
of additional NOE cross-peaks, especially between the azo-organic solvents. In particular, formation of intermolecular
benzene moieties, indicating thatis aggregated byr—x hydrogen bonds in the alanine unit plays an intrinsic role in
stacking between azobenzene moieties. So, both NMR anctheir fiber self-assemblies along with an efficient gelation.
XRD experiments gave a precise evidence for the B model The self-assembled morphological helicity can be easily
structure (Supporting Information Figure S3 and see graphi- controlled by alanine units. Thus, alanine-appended chro-

cal abstract), almost fully stacked between azobenzenemogenic gelatord and2 are not only effective in gelation

groups.

but also useful as a component of functional soft materials.

In Conc|usion1 we reported the novel Se|f-assemb|ing This molecular deSign toward the control of hydrogen'bonded

behavior of organic gelatofis-3 having a chromogenic diazo

structures would serve a new approach for the development

group. These gels formed through intermolecular hydrogen-of low-molecular-weight gelators and various functional
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