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Abstract: A series of 1-naphthylmethylammonium n-alkanoates from acetate to triacontanoate produce
isomorphic layered structures in the crystalline state. The interlayer distances, d-spacings, are proportional
to the lengths of the alkyl chains. This is attributed to synergic intermolecular interactions; 7—x and CH—x
interactions of the naphthalene rings between the cations, hydrophobic interactions of the alkyl chains,
and two-dimensional hydrogen-bond networks between the primary ammonium cations and the carboxylate
anions. Salts made from carboxylic acids wider than 5.5 A in the cross sections produce another columnar
structure with a one-dimensional ladder-type hydrogen-bond network. Steric parameters of the acid
components provide an explanation for the isomerism of the hydrogen-bond network.

Introduction between the inorganic layetsThe combination of these two
Organic-inorganic hybrid layered crystals have been well- functions attributable to the inorganic and organic components
known as functional crystalline materials due to their restricted Provides functional crystalline materials with tunable handles.
space for reactions and molecular recognitions as well as Recently, molecular designs of adjustable organic layered
chemical and physical properti€3Their structures consist of  Crystals by replacing inorganic 2D networks with robust organic
two-dimensional (2D) inorganic networks made of covalent or layered structures have received considerable intéréstow-
ionic bonds and organic counterions or guest compounds €Ver, it is not easy to construct robust structures with weak
sandwiched between them. The former components act asintermolecular interactions, and only a few examples have ever
building blocks to construct robust layered structures, and the been reported. Atwood and co-workfisst claimed an organic
latter organic moieties act as adjustable components to tune theclay mimic based on the 2D array of calixarene derivatives,
crystal structures and control the physical and chemical proper-Which was followed only by two elegant examples. Laminated
ties. The robustness of the former inorganic frameworks arrangescrystalline materials oi,N-dialkylammonium salts of trimesic
the organic parts in a two-dimensional fashion. For example, acid (1,3,5-benzenetricarboxylic acid) have been reported by
the steric dimensions of the included organic components often
adjust the interlayer distanced-¢pacings or gallery heights)

(3) Coleman, A. W.; Bott, S. G.; Morley, S. D.; Means, C. M.; Robinson, K.
D.; Zhang, H.; Atwood, J. LAngew. Chem., Int. Ed. Endl988 27, 1361.

(4) (a) Melendez, R. E.; Sharma, C. V. K.; Zaworotko, M. J.; Bauer, C.; Rogers,
R. D. Angew. Chem., Int. Ed. Engl996 35, 2213. (b) Melendez, R. E.;
Zaworotko, M. J.Supramol. Chem1997, 8, 157. (c) Krishnamonhan
Sharma, C. V.; Bauer, C. B.; Rogers, R. D.; Zaworotko, MChem.
Commun.1997, 1559. (d) Biradha, K.; Dennis, D.; MacKinnon, V. A,

T Kyushu University.
* Osaka University.
I'Osaka City University and PRESTO.
(1) (@) Intercalation ChemistryWhittingham, M. S., Jacobson, A. J., Eds.;

Academic Press: New York, 1982. (b) Clearfield, Bhem. Re. 1988

88, 125. (c)Comprehesie Supramolecular Chemistry, Vol. 7, Solid-state
Supramolecular Chemistry: Two- and Three-dimensional Inorganic Net-
works Alberti, G., Bein, T., Eds.; Pergamon: Oxford, U.K., 1996.

More recently, for examples, see (a) Fudala, A.; Palinko, I.; Kirickiorg.
Chem.1999 38, 4653. (b) Shi, Z.; Zhang, L.; Zhu, G.; Yang, G.; Hua, J.;
Ding, H.; Feng, SChem. Mater1999 11, 3565. (c) Mitzi, D. B.Inorg.
Chem200Q 39, 6107. (d) Fernandez, S.; Pizarro, J. L.; Mesa, J. L.; Lezama,
L.; Arriortua, M. |.; Olazcuaga, R.; Rojo, Tnorg. Chem2001, 40, 3476.

(e) Sanchez, C.; Soler-lllia, G. J. A. A;; Ribot, F.; Lalot, T.; Mayer, C. R.;
Cabuil, V.Chem. Mater2001, 13, 3061. (f) Newman, S. P.; Cristina, T.
D.; Coveney, P. V.Langmuir2002 18, 2933. (g) Mao, J.-G.; Wang, Z;
Clearfield, A.Inorg. Chem2002 41, 6106. (h) Mitzi, D. B.; Medeiros, D.

R.; Malenfant, P. R. LInorg. Chem.2002 41, 2134. (i) Vaysse, C.;
Guerlou-Demourgues, L.; Duguet, E.; Delmas/ifarg. Chem2003 42,
4559. (j) Xu, Z.; Mitzi, D. B.Chem. Mater2003 ASAP. (k) Wang, Z.;
Heising, J. M.; Clearfield, AJ. Am. Chem. So2003 ASAP.
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Krishnamohan Sharma, C. V.; Zaworotko, MJJAm. Chem. S0d.998

120, 11894. (e) Zaworotko, M. hem. Commur2001, 1.
(5) (a) Russell, V. A.; Etter, M. C.; Ward, M. DI. Am. Chem. Sod.994
116 1941. (b) Russell, V. A.; Etter, M. C.; Ward, M. [Chem. Mater.
1994 6, 1206. (c) Russell, V. A.; Ward, M. Dl. Mater. Chem1997, 7,
1123. (d) Russell, V. A.; Evans, C. C.; Li W.; Ward, M. Bciencel997,
276, 575. (e) Swift, J. A.; Pivovar, A. M.; Reynolds, A. M.; Ward, M. D.
J. Am. Chem. S0d.998 120, 5887. (f) Evans C. C.; Sukarto, L.; Ward,
M. D. J. Am. Chem. Sod.999 121, 320. (g) Swift, J. A.; Ward, M. D.
Chem. Mater200Q 12, 1501. (h) Holman, K. T.; Pivovar, A. M.; Swift,
J. A.; Ward, M. D.Acc. Chem. Re001, 34, 107. (i) Horner, M. J.;
Holman, K. T.; Ward, M. DAngew. Chem., Int. EQ2001, 40, 4045.
Other examples, see also (a) Aakeroy, C. B.; Hitchcock, Seddon, K. R.
Chem. Soc., Chem. Commuir®92 553. (b) Aakeroy C. B.; Nieuwen-
huyzen, M.J. Am. Chem. S0d.994 116, 10983. (c) Gong, B.; Zheng, C.;
Skrzypczak-Jankun, E.; Yan, Y.; Zhang,JJAm. Chem. S0d.998 120,
11194,
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Zaworotko and co-workersand Ward and co-workerglem- a bilayer structure similar to those of the inorganic layered
onstrated that 2D hydrogen-bond networks of guanidinium crystals. More recently, we demonstrated that the-GHinter-
organosulfonates gave nanoporous layer structures with adjust-action supports the latter network of the 1-naphthylmethylamine
able galleries by modifications of the bifunctional aniéris. salts!®¢ This prompted us to investigate the robustness of the
this report, we describe the novel robust organic layered crystalstype Il hydrogen-bond network of the NMA salts as a function
with adjustable layer distances of the 1-naphthylmethylammo- of the steric dimensions of the alkyl groups of the counter
nium n-alkanoates. carboxylate anions. The scope and limitation of the robustness
Carboxylate salts with organic amines have been widely usedwould clarify the role of the steric crowding for isomerism of
for the screening of functional organic crystalline materials, such the hydrogen-bond networks. Moreover, a series-afkanoic
as the optical resolutions of racemic acids or b&s&shost- acids give us the robust layer structures with adjustable
guest crystald! crystalline-state photoreactiofstopochemical ~ spacings as a function of the number of methylene groups, which
polymerizationd? and organogelletord.Salt formation has the  is similar to the inorganieorganic hybrid layered crystais.
following advantages: easy preparations without any skill for ) - )
synthetic chemistry, systematic investigations based on a wide 0 O o)

variety of combinations from commercially available acids and R_C/<@ h R—C(@ H R—C/<®
bases, and robust hydrogen bonds between polarized donors and \O-------H>N—R' Q""H—N/—R' Orinnns
acceptors. Many crystallographic studies had revealed that H H/ H \H H
primary alkylammonium cations act as three-hydrogen-bond ,H : @/ : ® /H
donors and carboxylate anions as one or more hydrogen-bond R'—N\<H"""'O\ HHTNER /O----H—N\—R'
acceptorg®1213.15They mostly give the one-dimensional (1D) H ®)C—R H R—C<® H
ladder-type hydrogen-bond netwdi¥315 shown as type |, o o/ O \O o
which arranges the substituent groups in a 1D direction to give / : / H /

a columnar structure. Recently, we reported another typical R_C\@ H\ ® R_C\<@ /H H—C\(@
example of the hydrogen-bond netwdtKtype 1) for some QuH=N=—F O:""H—N\—R' Qronen
carboxylate salts of substituted benzylamine and 1-naphthyl- : H - H :
methylamine (NMA). They are suitable for the topochemical : :
polymerizations of dienoic acids in the crystalline st&t&he

hydrogen-bond network spreads along two directions to provide Type | Type Il

(7) Recent examples for amiphiphilic compounds, see (a) Okuyama, K. In
Reactiity in Molecular CrystalsOhashi, Y., Ed.; Kodansha: Tokyo, 1993;
pp 299-319. (b) Wang, J.-L.; Leveiller, F.; Jaquemain, D.; Kjaer, K.; Als-
Nielsen, J.; Lahav, M.; Leiserowitz, U. Am. Chem. Sod994 116, 1192. NH NH®
(c) Noguchi, K.; Okuyama, K.; Vongbupnimit, Klol. Cryst Liquid Cryst 2 3

1996 276, 185. (d) Yamada, N.; Okuyama, K.; Kawasaki, M.; Oshima, S. o
J. Chem. Soc., Perkin Trans.1®96 2707. (e) Abe, Y.; Fujiwara, M.; RCOOH

Ohbu, K.; Harata, KJ. Chem Soc., Perkin Trans.1®99 85. (f) Abe, Y.; RCOO
Fujiwara, M.; Ohbu, K.; Harata, KJ. Chem. Soc., Perkin Trans.2D0Q

341.

(8) (a) Jacques, J.; Collet, A.; Wilen, S. HEnantiomer, Racemates, and
ResolutionsKrieger Publishing Co.: Malabar, FL, 1994. (b) Collet, A. In
Comprehesie Supramolecular Chemistryol. 10 Supramolecular Tech- . AU _
nology, Reinhoudt, D. N., Ed.; Pergamon: Oxford, U.K., 1996; pp 413 R= CH3CH; ?H CH,— (36)
149. ) _
(9) More recently, see also (a) Kozma, D.; Pokol, GcsAM.J. Chem. Soc., CH3(CH2)" CHS
Perkin Trans. 21992 435. (b) Ebbers, E. J.; Plum, B. J.; Ariaans, G. J.
A.; Kaptein, B.; Broxterman, Q. B.; Bruggink, A.; Zwanenburg, B. n=0(1)'26(27)1 28(28) <>_
Tetrahedron: AsymmetrdQ97 8, 4047. (c) Ebbers, E.; Ariaans, G. J. A;;
Zwanenburg, B.; Bruggink, ATetrahedron: Asymmetr§998 9, 2745. CH (CH ) —CH-
(d) Vries, T.; Wynberg, H.; van Echten, E., Koek, J.; ten Hoeve, W.; 3 2/n |
Kellogg, R. M.; Broxterman, Q. B.; Minnaard, A.; Kaptein, B.; van der CH
Sluis, S.; Hulshof, L.; Kooistra, Angew. Chem., Int. EA.998 37, 2349. 3 (38)
(10) (a) Kinbara, K.; Hashimoto, Y.; Sukegawa, M.; Nohira, H. SaigoJK. _
Amn. Chem. Sod996 118 3441. (b) Kinbara, K.: Sakai, K.; Hashimoto, n=0(29), 1(30), 2(31)
Y.; Nohira, H.; Saigo, KJ., Chem. Soc., Perkin Trans.1896 2615. (c)
Kinbara, K.; Kobayahsi, Y.; Saigo, K. Chem. Soc., Perkin Trans1298 CH3
1767. (d) Kinbara, K.; Kobayashi, Y.; Saigo, K. Chem. Soc., Perkin
Trans. 2200Q 111. (e) Kinbara, K.; Harada, Y.; Saigo, K.Chem. Soc., CH (CH ) —-C——
Perkin Trans. 2200Q 1339. (f) Kinbara, K.; Oishi, K.; Harada, Y.; Saigo, 3 2/n
K. Tetrahedron200Q 56, 6651. (g) Kinbara, K.; Tagawa, Y.; Saigo, K.

Tetrahedron: Asymmet3001, 12, 2927. (h) Kinbara, K.; Katsumata, Y.; CH3 40
Saigo, K.Chem. Lett2002 266. ( )

(37)

(39)

(11) (a) Tanaka, K.; Toda, FEomprehensie Supramolecular Chemistryol. n=0(32), 1(33)
6, Solid-stat Supramolecular Chemistry: Crystal EngineerigcNicol,
D. D., Toda, F., Bishop, F., Eds.; Pergamon: New York, 1996; pp-517

534. (b) Sada, K.; Yoshikawa, K.; Miyata, @hem. Commuri99§ 1763. CH3-CH-(CHyg),— (41)
(c) Sada, K.; Shiomi, N.; Miyata, Ml. Am. Chem. S0d998 120, 10543. |
(12) (a) Ito, Y.; Borecka, B.; Trotter, J.; Scheffer, J. Retrahedron Lett1995 CH3
36, 6083. (b) Ito, Y.; Borecka, B.; Olovsson, G.; Trotter, J.; Scheffer, J. R.
Tetrahedron Lett1995,36, 6087. (c) Gamlin, J. N.; Jones, R.; Leibovitch, n=1 (34) 2(35) /\/\/ (42)
M.; Patrick, B.; Scheffer, J. R.; Trotter, Acc. Chem. Re4.996 29, 203. = ’ H3C
(d) Chenug, E.; Rademacher, K.; Scheffer, J. R.; TrotteTefrahedron
Lett. 1999 40, 8733. (e) Chenug, E.; Netherton, M. R.; Scheffer, J. R;; : :
Trotter, J.J. Am. Chem. S0d999 121, 2919. (f) Kinbara, K.; Kai, A.: Experimental Section
Maekawa, Y. Hashimoto, Y.; Naruse, S.; Hasegawa, M.; Saigd, &hem. . .
Soc., Perkin Trans. 2996 247. (g) Odani, T.; Matsumoto, A.; Sada, K.; G_eneral Methods.AII_chemlcaIs and _s_olv_ents were commercially
Miyata, M. Chem. Commur2001, 2004. available and used without any purification. The X-ray powder
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Figure 1. Crystal structures of the compounds whose numbers are listed in parentheses. Hydrogen atoms are omitted for clarity. Gray, red, and blue circles
represent carbon, oxygen, and nitrogen atoms, respectively.

diffraction (XRD) patterns were measured by a Rigaku RINT-1100 Results and Discussion

using graphite-monochromatized Cakadiation ¢ = 1.541 78 A) at )
room temperature. Salts were prepared by a previously reported Crystal Structures of NMA Sallts. Various NMA salts were

method!? prepared by mixing the corresponding carboxylic acid and NMA

Crystal Structure Determinations. The X-ray diffraction datawere &t @ 1:1 molar ratio and recrystallized from various organic
collected on a Rigaku R-AXIS RAPID diffractometer with a 2D area Solvents to prepare single crystals for X-ray crystallography.
detector using graphite-monochromatized Ca Kadiation ¢ = Figure 1 shows the crystal structureslo®, 6, 8, 9, 14, 19, 29,
1.541 78 A). Lattice parameters were obtained by a least-squares32—35, and37—42. They are classified into a layer structure
analysis from reflections for three oscillation images. Direct methods with the 2D type Il hydrogen-bond network and a columnar
(SIR92) were used for the structure solutions. The structures were structure with the 1D type | hydrogen-bond network. The former
refined by a full matrix least-squares procedure with all the observed s jsostructural with that of the previously reported sorbate salt
reflections based ofi®. All non-hydrogen atoms were refined with  (42) 135 A wide variety of carboxylic acidsl( 2, 6, 8, 9, 14

anisotropic displacement parameters, and hydrogen atoms were placeqg 34 35 37 38and40), such as long aliphatic acids and
in idealized positions with isotropic displacement parameters relative T ’

to the connected non-hydrogen atoms, and not refined. All calculations (13) (a) Matsumoto, A.: Odani, T. Chikada, M. Sada, K.; Miyata, MAM.

were performed with the TEXSARcrystallographic software package. Chem. Soc1999 121, 11122. (b) Matsumoto, A.; Nagahama, S.; Odani,

i ; i ; T.J. Am. Chem. So200Q 122, 9109. (c) Matsumoto, A.; Nagahama, S.
The crystallographic parameters are summarized in the Supporting 3 Am. Chem. S0@001, 123 12176. (d) Matsumoto. A Sada. K : Tashiro,

Information. K.; Miyata, M.; Tsubouchi, T.; Tanaka, T.; Odani, T.; Nagahama, S.;
. . ; Tanaka, T.; Inoue, K.; Saragai, S.; NakamotoABgew. Chem., Int. Ed.
Molecular Graphics. The cross-sectional views of the carboxylate 2002 41, 2502. (e) Nagahgma, S.: Inoue, K.: gSada, K. Miyata, M.;
anions were prepared by using the plugin software MDL-CHifTéhe 14 lzﬂ?tétamoto, A.Cryst.CGro(\j/vth geszoos ?,C,€47. 1908 37, 2689
. " . . 14) (a a, R.; Huc, I.; Candau, S. Ahgew. em., Int. E 7, .
atomlc rad!l of hydrqgen, carbon, nitrogen, and oxygen in the cross- (b) Nakano, K.; Hishikawa, Y.; Sada, K.; Miyata, M.; Hanbusaem.
sectional views are fixed at 1.20, 1.60, 1.50, and 1.45 A, respectively. Lett. 200Q 1170.
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Figure 2. (a) Packing diagram of the crystal structure26f (b) hydrogen-bond network. Hydrogen atoms are omitted for clarity. Gray, red, and blue circles
represent carbon, oxygen, and nitrogen atoms, respectively.

Table 1. Interplane Distances, Hydrogen-Bond Lengths, and

benzoic acid, form the layer type. The latter is new for the salts gqa1ing Angles of the Aromatic Planes of the Columnar
of NMA but ubiquitous for primary alkylammonium carboxyl-  Structures?
ates!®13.15A limited number of acids29, 32 33, 39, and41) sals

with two or more substituents at theposition construct the

29 32 33 39 41
columnar type. dhoa (A) 2.738 2.816 2.85 2.73 2.765
. . . . . hbl . . . . .
Pack!ng _dlagrams 0P9 v_|ewed from three directions are chea(A) 2 639 2669 2703 071 > 676
shown in Figure 2 as a typical example of the columnar type. dy,s(A) 2.764 2.742 2.751 2.776 2,741
The hydrogen-bond distances and stacking parameters are  dec (A) 5.571 6.074 6.148 5.604 5.944
summarized in Table 1. In this type, the ladder-type hydrogen- don— (A) 2.893 2.816 2.802 2.85 2.92
' A (B) 3.453 3.345 3.348 3.459 3.465
0s(deg) 51.57 56.76 57.63 51.52 54.37

(15) For early examples of hydrogen bonding in primary ammonium carboxylate

salts including amino acids, see (a) Albrecht, G.; Corey, R. Bm. Chem.
Soc.1939 61, 1087-1103. (b) Levy, H. A.; Corey, R. BJ. Am. Chem.
Soc.1941, 63, 2095. (c) Hirokawa, S.; Ohashi, T.; NittaActa Crystallogr. 2.
1954 7, 87. (d) Marsh, R. EActa Crystallogr.1958 11, 654. (e) Jeffrey,
G. A.; Saenger, WHydrogen Bonding in Biological Structur&pringer-
Verlag: Berlin,1991 (f) Aakerty, C. B.; Seddon, K. RChem. Soc. Re
1993 22, 397. (g) Allen, F. H.; Motherwell, W. D. S.; Raithby, P. R,;
Shields, G. P.; Taylor, RNew J. Chem1999 23, 25.

(16) TEXSAN, X-ray structure analysis package; Molecular Structure Corpora-
tion: The Woodlands, TX, 1985.

(17) Chime. A plugin software for molecular graphics, MDL.

(18) (a) Gavezzotti, A.; Desiraju, G. Rcta Crystallogr.1988 B44, 427. (b)
Desiraju, G. R.; Gavezzotti, Al. Chem. Soc., Chem. Comm889 621.
(c) Desiraju, G. R.; Gavezzotti, AActa Crystallogr.1989 B45, 473.

(19) Segerman, EActa Crystallogr.1965 19, 789.

aInterplane distances and hydrogen-bond lengths are denoted in Figure

bond network (type I) runs along the crystallographiexis
(Figure 2b). The alkyl groups of the anions and the naphthyl
groups of the cations are arranged in the peripheral direction
perpendicular to the network to reduce steric crowding between
them. Thea-axis is slightly longer for intracolumnar packing
of the alkyl chains and stacking of the aromatic rings. Instead,

J. AM. CHEM. SOC. = VOL. 126, NO. 6, 2004 1767
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Figure 3. (a) Packing diagram of the crystal structureldf (b) hydrogen-bond network. Gray, red, and blue circles represent carbon, oxygen, and nitrogen
atoms, respectively. Hydrogen atoms are omitted for clarity.

Table 2. Interplane Distances, Hydrogen-Bond Lengths, and Shearing Angles of the Aromatic Planes of the Layer Structures?

salts

1 2 6 8 9 14 19 34 35 37 38 40 42
A1 (A) 2.808 2.808 2.881 2.780 2.784 2.815 2.791 2.841 2.791 2.755 2.829 2.748 2.832
dhba (A) 2.789 2.811 2.695 2.795 2.803 2.841 2.794 2.815 2.794 2.795 2.764 2.738 2.766
dhbs(A) 2.735 2.749 2.868 2.745 2.725 2.754 2,771 2.754 2,771 2.768 2.757 2.821 2.787
deca (A) 4.876 4.912 4.942 4.808 4.795 4911 4.842 4911 4.842 4.840 4.795 4.744 4.991
dec2 (R) 5.576 5.639 5.551 5.622 5.623 5.641 5.681 5.641 5.681 5.756 5.767 5.884 5.613

den-1 (A) 2.925 2.973 2.880 2.887 2.896 2.935 2.834 2.978 2.834 2.964 2.947 2.976 2.846
ez (R) 2.734 2.768 2.790 2.708 2.716 2.755 2.779 2.817 2.770 2.785 2.714 2.733 2.822
Or (R) 3.480 3.464 3.197 3.391 3.483 3.487 3.438 3.626 3.438 3.485 3.491 3.524 3.550
Os(deg) 44.78 45.36 42.50 44.74 44.78 45.41 44.87 44.76 46.22 45.17 46.91 48.06 45.71

aInterplane distances and hydrogen-bond lengths are denoted in Figure 3.

intercolumnar CH-7r interactions between the aromatic rings tail-to-tail stacking. Only35 and 38 provide the former type,
produce bundles of the hydrogen-bonded columns, as shownas shown in Figure 1. The details of each layer explain the wide
in Figure 2. adaptation of the layer structures. The structural parameters

On the other hand, the packing diagramsldfas a typical ~ including the hydrogen-bond distances andx stacking are
example for the common layer structures are depicted in Figuresummarized in Table 2. First, in the HB layers, the primary
3. They are constructed by alternative stacking of three ammonium cations and the carboxylate anions construct a 2D
segregated layers: a hydrogen-bonded (HB) layer, a naphthalendioneycomblike hydrogen-bond network (type Il) as shown in
ring (Np) layer, and an alkyl (R) layer. The HB layer acts as an Figure 3b. Three NHs of the primary ammonium cations form
interface between the other two and produces a set of layersthree hydrogen bonds (hthty, and hi) with the three different
with the order of Np-HB-R. In principle, there are two types of carboxylate anions. The distances of the three hydrogen bonds
stacking manners, head-to-tail (...//Np-HB-R//Np-HB-R and are mostly in the range of the-ND hydrogen bonds. Second,
head-to-head/tail-to-tail, (...//Np-HB-R//R-HB-Wp.) as struc- in the naphthalene layers, the aromatic rings are arranged in a
tural isomerism, but most of them have the latter head-to-head/2D fashion as shown in Figure 3. The shearing angl¢s0d

1768 J. AM. CHEM. SOC. = VOL. 126, NO. 6, 2004
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Table 3. Subcells for Alkyl Chain Packing in the Layer Structures?@

salts o\ " A n 28
L A A
6 8 9 14 19 27

types Qy Oy, Oy, Ouy Oy | A A 25
as (A) 4.942 4.808 4.795 4.814 4.837 A . 24
bs (A) 8.019 8.019 7.829 7.923 7.826 23
cs (A) 2.865 2.536 2.563 2.543 2.531
£ (deg) 94.1 94.1 94.4 92.1 91.9

aThe subcell parameters are defined according to the previously reported
method?®

interplanar distanced{;) between the naphthalene rings are
ca. 45 and 3.5 A, respectively. According to the structural
parameters, they are classifiedatype structures among the
four structural motifs of polyaromatic hydrocarbdfg his motif
is suitable for both CHxz andzr—s interactions and supports — -
the two-dimensional hydrogen-bond network. Finally, in the A
alkyl layers, the anions construct the layer-type structure without ~— A
A
A
A

\
,

Intensity(arbitrary unit)
:E
5
>
13

interdigitations of the alkyl chains. This arrangement is one of
the typical structural motifs of amphiphilic compounds, previ-
ously denoted as the bilayer type F structUubcells of the
alkyl chains are summarized in Table 3, and they are classified
as distorted @-type packing® These results indicate that the 5 10 15
layer structures are composed of the innate robust molecular b) 26 (degree)
arrangements of individual intermolecular interactions. This 30
should produce the robustness of the layer structures with a wide [ ’ ’ ’
range of carboxylate anions. door d

Layer Structures with Adjustable Spacing. The robustness = ”
of the layer-type structures prompted us to investigate the
correlation between the layer distancesspacings, and the
length of the alkyl chain by powder X-ray diffraction, as shown
in Figure 4a. It can be seen that all the salts28) have similar
XRD patterns and that the peaks are shifted to lower angles
with increasing numbennj of methylene units of the alkyl chain. 10
Plots ofn versus interlayer distanced) (vere investigated with
the three diffractions ([001], [002], and [004]) marked in Figure
4b. They all have good linear correlationggg = 2.0 + 19.71,
r2 = 0.9708 for [001];doo2 = 0.971 + 10.16,r2 = 0.9984 for ‘ ‘ ‘ ‘ ‘
[002]; anddgos = 0.470 + 5.14,r2 = 0.9993 for [004],). The 0 0 5 10 15 20 25 30
slope ofdggz agrees with a change in the size of one methylene
group with a ca. 45inclination, and interpolation (10.16 A) to
n = 0 agrees with the summations of the naphthalene layer (7.2 Fgure 4. (a) XRD patterns ofl—28. (b) Plots of the methylene number
A) and the hydrogen-bond layer (3.4 A) estimated from the (n) of the alkyl chains versus interlayer distances, (d).

crystal structures. In the Seres malkanoat_e salts, there are not destroy these weak interactions, because the alkyl chains
no s_tructural chqnges. and the interlayer distances are Change%xpand in the direction perpendicular to the layers. Therefore,
c?rmnuousl)g This ]lcn:j}:cateli tlh atth apparent Etiel a0 ef;?CtS no matter how the length of the alkyl chains changes, they can
ot the numbers of Ihe alkyl chains on crystal packing are ¢,y the same layer structures. This is the reason all the fatty
observed. This is in good contrast to those of the crystals of 8 acid salts of NMA from acetatel to triacontanoate 26)

series of-monofunctional orw-difunctional alkanes? This construct the identical layer structures and the layer distances

gpod linear correla_tlon enables us to control the interlayer continuously change in proportion to the length of the alkyl
distances by changing the number of methylene groups of '[heC ;

) L . . hain.
fatty acids. This is attributed to the unique crystal structure of . .
the NMA salts. Columnar vs Layer. To understand the isomerism of the

hydrogen-bond networks, we estimated the steric dimensions
[width (w1), height (v2)] of the alkyl groups of the carboxylate
anions by slicing at thex-carbon of the carboxylate anions
parallel to the plane made by the nitrogen atoms in the hydrogen-
bond network for the layer-type crystals. On the other hand, in
the columnar structures, they are defined by the cross sections

\
Y
N
= [N W[ [O1O) [N 000 [O | = [N (W] I [ [ [N 00| O |O

[004]

N
o

o

doos

d-spacing (A)

Number of methylene chain

As described in the previous section, the layer structures of
the NMA salts are constructed by alternative stacking of the
three segregated layers and each layer is formed by weak
interactions: hydrogen bonding;—s/CH— interactions, and
alkyl chain packing. Extension of the alkyl chain length does

(20) For examples see (a) Boese, R.; Weiss, H.-C.sélaD.Angew. Chem., that sliced along the direction parallel to the s stacking of
Int. Ed.1999 38, 988. (b) Thalladi, V. R.; Boese, R.; Weiss, H.Ahgew. ; ;
Chem.. Int. Ed200Q 39, 918, (¢) Thalladi, V. R.; Nese. M. Boeso, R.. the naphth_alene rings. Cross sectlons_ of the alkyl g_roups_ are
J. Am. Chem. So@00Q 122, 9227. shown in Figure 5, and Table 4 summaries the steric dimensions
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(40)

(41)

(42)

wl

SA

Figure 5. Cross-sectional views of the substituents of the carboxylate anions of the compounds whose numbers are listed in parentheses. The brighter boxed
area in each figure shows one carboxylic acid in the cross sections. White, gray, red, and blue circles represent hydrogen, carbon, oxygeen and nitrog
atoms, respectively.

Table 4. Widths (wl), Heights (w2), and Areas for Alkyl Groups of
Carboxylate Anions?

salts

1 2 6 8 9 14 19 29 32
wl(A) 415 385 4.05 435 435 48 44 425 57
w2 (A) 475 4 445 515 5 507 5 58 57
area (®) 19.71 154 18.02 22.4 21.75 24.34 22 24.65 32.49
type L L L L L L L C C

salts

33 34 35 37 38 39 40 41 42
wl(A) 54 47 405 45 475 57 42 55 445
w2(A) 655 495 48 495 53 52 615 43 5
area (R) 35.37 20.45 19.44 22.28 25.18 29.64 25.83 23.65 22.25
type C L L L L C L C L

a Estimated by cross-sectiorfsStructural motifs in crystalline state: L,
layer type; C, columnar type.

estimated from the cross-sections. If beth andw2 are less

than 5.5 A, the salts have the layer structures. Otherwise, the
columnar structures are formed in the NMA salts. The metric

comparison between the steric dimensiond,(w2) and the ) !
repeating distances of the hydrogen-bond network explains this"etwork. In the layer structure, the characteristic structural motifs

structural isomerism of the hydrogen-bond networks. The
crystallographic parameters indicate that the repeating distance$?%)

of the functional groups in the layer structure are-68 A

1770 J. AM. CHEM. SOC. = VOL. 126, NO. 6, 2004

and 5.456 A along the two-dimensional hydrogen-bond
network. In the columnar type structures, the hydrogen-bonding
repeating distances are 5.6.2 A, which is longer than those

of the layer structures. When eithet orw2 exceeds the longer
hydrogen-bond distance (5-5.6 A) of the layer structures, the
salts provide the columnar structures. In the case of the benzoate
salt @0), the planar benzene ring is thin enougil(= 4.2 A)

and just fits in the layer structures. This indicates that the steric
bulkiness of the functional groups on the carboxylate anions
plays an important role in the robust layer structures. Exceeding
the upper limit in width or height isomerizes the hydrogen-
bond network from type Il to type I. This result supports the
fact that the steric crowding reduces the dimensionality of the
hydrogen-bond networl&. Therefore, metric comparisons
between the steric dimensions of the alkyl groups and repeating
distances of the hydrogen-bond networks provide an insight for
the prediction of the robustness and isomerism of the structural
motifs in the crystalline state.

Conclusion.We demonstrated the robust layer structures of
NAM salts and the structural isomerism of the hydrogen-bond

Control of crystal structures of peripheral crowding, for examples see
Whitesides, G. M.; Simank, E. E.; Mathias, J. P.; Seto, C. T.; Chin, D. N.;
Mammen, M.; Gordon, D. MAcc. Chem. Red.995 28, 37—44.
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of the individual intermolecular interactions provide the robust- such as ion exchange, chemical reactions, and molecular
ness of the crystal structures. This is attributed to agreement ofrecognitions.
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Moreover’.thls S.yStem p_rowdes umque_orgamc robust layer (22) Examples of adjustments of the two or more intermolecular interactions in
structures with adjustable interlayer spacing controlled by the crystalline state, see (a) Lewis, F. D.; Yang, J.-S.; Stern, G. Am. Chem.

i i ; H Soc.1996 118 12029. (b) Swift, J. A.; Pal, R.; McBride, J. M. Am.
number of methylene units. The linear relationship from C1 to Chem. Soc1998 119, 996. (c) Mascal. M.; Hansen, . Fallon, P. .- Blake,

C29 is rare for organic crystalline materi&ié but ubiquitous A. J.; Heywood, B. R.; Moore, M. H.; Turkenburg, J. €hem. Eur. J.
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