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X-RAY CRYSTALLOGRAPHIC STUDY OF ALKYLAMMONIUM
ANTHRACENE-9-CARBOXYLATES AS A MODEL FOR FIBROUS
STRUCTURE OF BINARY ANTHRACENE SALT GELS
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Crystal structure of hexylammonium anthracene-9-carboxylate was investigated. The salt
was arranged by a one-dimensional hydrogen bond network to form a columnar structure in
the crystalline state. This columnar structure should be the model of fibrous assemblies in
the organogels of anthracene-9-carboxylate alkylammonium salts having a long alkyl chain.
Keywords: Crystal structure determination; Gels; Supramolecular chemistry; Aggregation;
lon pairs; Anthracenes; Alkylammonium salts; Molecular column; Crystal engineering;
Organogelators.

Organogelators have received considerable interest as new supramolecular
assemblies and functional materials®. They are low-molecular-weight or-
ganic compounds that form physical gels in various organic solvents by
self-assembly. One-dimensional fibrous or two-dimensional layer aggregates
have been found in the gel fibers, and the solvents being solidified by inter-
weaving or crosslinking of these nanostructures. Molecular structures of
organogelators mostly possess two functional groups; one is to arrange the
molecules along one- or two-dimensional directions by non-covalent
bonds, and the other is a solvatophilic group miscible with the solvents to
suppress crystallization. For example, one-dimensional hydrogen-bonding
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groups such as in ureas and amides have been used for the former purpose,
and long alkyl chains have been used for the latter®3. Although the X-
ray crystallographic structures are not necessarily correlated with the aggre-
gate structures formed in hydrogen-bond independent organogels (e.g.,
cholesterol-based gels)?, it is assumed that the two structures are more or
less similar in hydrogen-bond-dependent systems. Therefore, X-ray crystal-
lographic study of a model compound with shorter alkyl chains often gives
the structure model of the molecular assembly in the gel fiber?35,

Recently, we demonstrated that photoresponsive organogels can be
readily obtained from the primary alkylammonium anthracene-9-carboxyl-
ate salts (1,)®. Of the ten salts (1,-1,,, 1,5) shown in Fig. 1, 14, 14, and 1,
in cyclohexane afford gels. SEM observations showed a fibrillar morphology
in the gel phase. When the cyclohexane gel of 1,, was photo-irradiated
(A > 300 nm), the UV-VIS absorption bands decreased and simultaneously
the gel changed into the sol. Warming the sol to the boiling point of cyclo-
hexane, followed by cooling to 15 °C, regenerated the gel phase by conver-
sion of the photodimer to the monomer. However, details of ionic and hy-
drogen bonding interactions in the gel fibers still remain unclear. In this re-
port, we describe the crystal structure of 14 as a structure model for the fi-
brous aggregates in the anthracene salt gels. Moreover, they imply a few
new facts to rationalize the photoreactivity of the anthracene moieties in
the gel phase.

RESULTS AND DISCUSSION

As described earlier, anthracene-9-carboxylate salts were prepared by mix-
ing two components in THF and purified by reprecipitation®. The resulting
1:1 salts were recrystallized from various organic solvents to prepare single
crystals. The single crystal of 14 suitable for X-ray structure analysis was
grown from solutions in toluene. The other salts gave only fine needles
which did not have sufficient size for X-ray crystallographic studies.

/
®
CO0®  HgN—(CHy)H

=

1:n=4-12,16

Fic. 1
Anthracene salts
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X-ray crystallographic parameters are summarized in Table I, and the
ORTEP drawing of the salt is shown in Fig. 2. The asymmetric unit of 14
contains two independent ion pairs. All the conformations of the
carboxylate anions are quite similar, and the dihedral angles between the
aromatic plane and the carboxylate plane are 68 and 65°. This indicates
that the carboxylate groups are directed nearly perpendicular to the aro-
matic planes due to steric repulsion between the carboxylate oxygen atoms
and the hydrogen atoms of the anthracene ring. On the other hand, the
conformations of alkyl chains in the alkylammonium cations are also simi-
lar to each other. The characteristic bent molecular shapes are attributed
to gauche conformations at the C(a)-C(B) bond. The dihedral angles of
N-C(a)-C(B)-C(y) are 59 and 68°. The other conformations are all trans, giv-
ing straight structures toward the terminal methyl group.

Fic. 2
ORTEP drawing (50% probabilities) of 14
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The most striking structure feature of the crystal structure of 15 is a one-
dimensional columnar structure. One of the columns is marked by the dot-
ted line in Fig. 3. In the column, the ion pairs are associated in an infinite
one-dimensional structure by hydrogen bonding, as shown in Fig. 4. Two
pairs of the alkylammonium cations and carboxylate anions form a cyclic
2+2 hydrogen bond network by using two of the three N*H’s of the primary
ammonium cations and two oxygen atoms of the carboxylate anions. This
cyclic dimer is the unit structure of the column. The dimers are stacked by
the two hydrogen bonds from the remaining protons of the cations to the
carboxylate anions of the neighboring dimer to form the one-dimensional
hydrogen bond network. This provides the columnar structure of 15 in the
crystalline state. In the hydrogen bond network, the primary ammonium
groups act as hydrogen bond donors providing all the three protons and

TaBLE |
X-ray crystallographic parameters of 1g

Parameter 1
Formula CoH50N,0,
Formula weight 646.87

Crystal system

orthorhombic

Space group Pna2;

a, A 8.9929(6)
b, A 18.889(1)
c, A 21.498(2)
v, A3 3651.8(5)
z 4

D, g cm™ 1.18
Number of reflections 3401

Ry, WR, 0.037/0.1012
GOF 0.77
26,00 ° 136.42
Observed reflections 3401
Parameters 434
Temperature, °C -150
Residual electron densities, e A= 0.69, -0.34

AWR, = [Zw(F,2 - FA)YZ wF M2 (for all data).
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the carboxylate anions accept three protons from three different ammoni-
um cations. The hydrogen bond ability between the ion-pairs is common
for the primary alkylammonium carboxylate salts”8, but this kind of hydro-
gen bond network has been never reported.

To assemble into three-dimensional crystals, further association of the
hydrogen-bonded columns is required. Since all the hydrogen bond donors
and acceptors are used for formation of the columnar structure, bundles of
the columns are attributed to weaker intermoleucular interactions, such as
van der Waals forces between the alkyl chains and =1 interactions between
the aromatic moieties. In the column, the alkyl chains of the cations are
closely packed, but the anthracene moieties are arranged in a herring-bone
fashion®, as shown in Fig. 4d. The distances between the aromatic moieties
in the column are 9.0 A, which is much larger than the distance suitable for
1Tt stacking. Therefore, there is no 11 stacking within the column, but
they are used for association of the columns to arrange them into the
two-dimensional directions (Fig. 3). The alkyl group of the ammonium

Fic. 3
Crystal packing diagram of 15 viewed down from the crystallographic a-axis and c-axis. The
open, filled, and dotted circles represent carbon, oxygen, and nitrogen atoms, respectively.
The hydrogen atoms are omitted for clarity. The dotted lines show a single column
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cation extends to the void space between the columns, which accommo-
date the hexyl groups. Therefore, in the crystalline state of 15, the one-
dimensional hydrogen bond between the ion-pairs constructs the columnar
structures, and the 1Tt stacking between the anthracene moieties connects
them to form three-dimensional crystal structures.

The columnar structures of 1, in the crystalline state remind of fibrous
aggregates in the cyclohexane gels of the longer alkyl salts such as 1g, 1,
and 1,,. We believe that the same one-dimensional hydrogen bond net-
work is present in the gel fibers. The longer alkyl chains cannot be accom-
modated in the space between the columns any longer. This leads to

FiG. 4

The one-dimensional hydrogen bond network of the column of 14. a The top view and b the
front view. The open, filled, and dotted circles represent carbon, oxygen, and nitrogen atoms,
respectively. The hydrogen atoms are omitted for clarity. ¢ Schematic representation of forma-
tion of the hydrogen bond network from the 2+2 cyclic dimer to the one-dimensional hydro-
gen bond network, and d the space filling model of the column viewed from the side. Light
and dark grey molecules represent alkylammonium cations and anthracene-9-carboxylate an-
ions, respectively
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loose bundles of the columns and suppresses the formation of the two-
dimensional ordered structure of the columns. As a result, these salts form
the organogels in cyclohexane. Moreover, the crystal structure gives an in-
sight into the photoreactivity in the gel phase. In the columnar structures,
the anthracene moieties are arranged in a face-to-face manner suitable for
photodimerization, as shown in Fig. 5. However, the intermolecular dis-
tances between C(9) and C(10) of the anthracene rings in the stacked pairs
are ca. 5.0-5.9 A due to the offset along the longer molecular axis of the an-
thracene ring. They are slightly longer than the distances of photodimer-
ization in the crystalline statel®11, Loose packing by the elongation of the
alkyl groups provides void space between the columns, increasing the mo-
bility of the anthracene moieties in the gel fibers. The increased mobility
and strong 1Tt interaction of the anthracene moieties in cyclohexane en-
ables to react more efficiently in the gel fiber. Therefore, the columnar
structure should be the model of fibrous assemblies in the organogels of
alkylammonium anthracene-9-carboxylates.

EXPERIMENTAL

Preparation of the Salts. General Procedure

An equimolar amount of anthracene-9-carboxylic acid and the corresponding aliphatic
amine was dissolved in THF at room temperature. The solvent was removed on a rotary
evaporator and then in vacuo. The white residue was purified by reprecipitation from a
chloroform solution into hexane.

Fic. 5
Face-to-face arrangement of the anthracene moieties in the crystalline state of 15. The grey cir-
cles and the arrows represent presumable photodimerization sites. The open and filled circles
represent carbon and oxygen atoms, respectively
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X-ray Crystallographic Study

X-ray diffraction data were collected on a Rigaku R-AXIS RAPID diffractometer with a 2D
area detector using graphite-monochromatized CuKa radiation (A = 1.5418 A) at —150 °C.
Lattice parameters were obtained by least-squares analysis from reflections for three oscilla-
tion images. Direct methods (SIR92)'? were used for the structure solution. All calculations
were performed using the TEXSAN 12 crystallographic software package. The structure was re-
fined by the full-matrix least-squares procedure using all reflections based on F2. All non-
hydrogen atoms were refined with anisotropic displacement parameters and hydrogen atoms
were placed in idealized positions with isotropic displacement parameters relative to the
connected non-hydrogen atoms, and were not refined. Absolute configuration was not de-
termined reliably.

CCDC 226409 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax:
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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