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By using newly developed guanylating agents, octadecyl- and dioctadecylguanidinium amphiphiles were synthesized.
The interaction between each guanidinium monolayer and polycarboxylates in the subphase was investigated on the basis
of the 77—-A isotherm, FT-IR spectroscopy, and XPS measurements. When linear dicarboxylates were used, the molecular
areas of the monolayer increased, as the length of the methylene chain between the carboxylate groups increased. The
expansion of the molecular area was greater for the octadecylguanidinium monolayers than for the dioctadecylguanidinium
monolayers. The molecular packing was affected by the shape of polycarboxylate molecules in the case of phthalate,
cis-1,2-cyclohexanedicarboxylate, and 1,1-cyclohexanediacetate. It is clear that, the molecular packing in the complexed
monolayers is governed by the distance and relative orientation of the two carboxylate groups in a polycarboxylate. With
all of the dicarboxylates, excluding oxalate, FT-IR and XPS measurements of the LB films indicated the formation of
1: 1 guanidinium/carboxylate pairs with hydrogen bonding interactions. Oxalate produced an asymmetric complex where
one guanidinium was bound to oxalate through hydrogen bonding, and the other guanidinium existed as a non-hydrogen
bonded counter ion. These results are useful for the development of two-dimensional molecular patterns.

Molecular assemblies'™ are most frequently formed
through weak interactions among component molecules. The
control of the molecular disposition within molecular assem-
blies is a most important target in studying molecular assem-
bling techniques. In the Langmuir-Blodgett (LB) technique,
ultra-thin films are formed by transferring monomolecular
films of lipids from a water surface onto a solid substrate.*>
The layer-by-layer transfer process produces films having a
well-defined thickness where the distance between the func-
tional groups and the ordering of molecules are controllable
to molecular precision in the direction of the film thickness.
However, the traditional LB technique cannot be effective
for controlling the molecular arrangement within a two-di-
mensional plane. A new strategy must be added to the con-
ventional LB technique, in order to achieve the designed
molecular arrangement within a unit layer.

We have been studying molecular recognition at the air-
water interface.5'" In these systems, host monolayers can
bind aqueous guest molecules through complementary hy-
drogen bonding. By using multi-functional components, it
becomes possible to prepare specific pairs in which the com-
ponent molecules are aligned in fixed arrangements at the
interface. For example, we have demonstrated that flavin
adenine dinucleotide (FAD) can bind three kinds of mono-
layer components specifically.'” The formation of a regu-
lar molecular pattern from the mixed monolayer and FAD
has been confirmed by atomic force microscopic (AFM)
observations.'® This result may be extended more generally
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as a means for the formation of molecular patterns within
monomolecular layers. Efficient and specific binding be-
tween a host and a guest is essential for molecular disposi-
tion within a mixed monolayer to be fixed at the air-water
interface. Very strong binding constants (10—107 M)
were observed between a guanidinium monolayer and phos-
phate derivatives, such as AMP or ATP (1 M=1 mol dm~2).?
The interaction between guanidinium and carboxylate (see
Scheme 1) would be similarly effective.'¥

In order to establish interfacial guest binding as a general
methodology for molecular patterning, we need to examine
the binding of a host and a guest with large structural variety.
We therefore decided to use polycarboxylate as a water-
soluble guest molecule, since various polycarboxylic acids,
such as shown in Chart 1, are readily available.

In this study, we newly synthesized three kinds of guani-
dinium amphiphiles (MG, DG(C;) and DG(C,)), and inves-
tigated their interactions with polycarboxylates in subphase
by a ;1—A isotherm, FT-IR spectra, and XPS measurements.

Experimental

Materials.  The polycarboxylic acids used in this study are
shown in Chart 1. All of the polycarboxylic acids were commer-
cially supplied and used without purification: oxalic acid, malonic
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Chart 1.
acid, glutaric acid, adipic acid, trans-aconitic acid, 1,1-cyclohexane- from Aldrich.

diacetic acid, trans-1,2-diaminocyclohexane-N,N,N’ ,N'-tetraacetic
acid, phthalic acid, trimesic acid (Wako Pure Chem.), and succinic
acid, fumaric acid, maleic acid (Kishida Chem.), cis-1,2-cyclo-
hexanedicarboxylic acid, trans-1,2-cyclohexanedicarboxylic acid,
trans-1,4-cyclohexanedicarboxylic acid (Tokyo Kasei), and r-1,c-
3,c-5-cyclohexanetricarboxylic acid, 1,3,5-trimethyl-r-1,c-3,c-5-
cyclohexanecarboxylic acid (Kemp’s triacid), all cis-1,2,3,4,5,6-
cyclohexanehexacarboxylic acid (Aldrich). Sodium hydroxide vol-
umetric standard (2.0 M, in water) was also commercially supplied
(Wako Pure Chem.). The water used for the subphase was deionized
and doubly distilled by a Nanopure II-4P and Glass Still D44 Sys-
tem (Barnstead). Spectroscopic-grade benzene and ethanol (Wako
Pure Chem.) were used as spreading solvents. Gold (99.999%) and
chromium (99.99%) used for the surface modification of substrates
were purchased from Soekawa Chemicals.

Syntheses of Guanidinium Amphiphiles. The syntheses
of the guanidinium amphiphiles (MG, DG(C;), and DG(C4)) were
performed according to the scheme of Chart 2. Anhydrous p-tol-
uenesulfonic acid (TsOH) was obtained from its monohydrate by
azeotropic removal of water with toluene, followed by recrystal-
lization from ethyl acetate.'> LiH (95%, 30 mesh) was obtained

The melting points were recorded on a Yanaco micro-melting-
point apparatus and are uncorrected. The chemical shifts of the
'HNMR spectra were recorded on a Bruker ARX-300 (300 MHz)
spectrometer, and reported relative to chloroform (8 =7.26) or tetra-
methylsilane (6 =0.00). Elemental analyses (C, H, and N) were
performed at the Faculty of Science, Kyushu University.

3,5-Dimethylpyrazole- 1- (N-benzyloxycarbonyl)carboxami-
dine.  3,5-Dimethylpyrazole-1-carboxyamidine nitrate is com-
mercially available (Aldrich) and readily prepared from amino-
guanidine nitrate (Aldrich) and 2,4-pentanedione in 66% yield ac-
cording to the literature.'® A mixture of 3,5-dimethylpyrazole-1-
carboxamidine nitrate (10.0 g, 49.7 mmol), benzyl chloroformate
(8.35 g, 50.0 mmol), and triethylamine (10.1 g, 100 mmol) in
CH,Cl; (130 mL) was stirred at room temperature for 16 h. This
was washed with water (x2) and brine. After being dried over
Na;SOs, the organic layer was concentrated under reduced pres-
sure to give a solid, which was recrystallized from CH,Cl,/hexane
to give the title compound (10.9 g, 80%) as a colorless powder. Mp
95.0—95.6 °C; TLC R; 0.47 (4: 1 hexane/ethyl acetate); 'HNMR
(CDCl3) 6 =2.22 (3H, s, CH3), 2.64 (3H, s, CH3), 5.21 (2H, s,
CH0), 5.95 (1H, s, vinyl), 7.3—7.4 (5H, m, aromatic), 7.6—7.8
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(1H, br, NH), 8.9—9.1 (1H, br, NH). Found: C, 61.86; H, 5.94; N,
20.56%. Calcd for C14H6N4Os: C, 61.75; H, 5.92; N, 20.57%.
3,5-Dimethylpyrazole- 1-[N,N’- bis(benzyloxycarbonyl)]car-
boxamidine (1). To a suspension of NaH (washed with hex-
ane and dried, 377 mg, 16.4 mmol) in THF (20 mL) was added 3,
5-dimethylpyrazole-1-(N-benzyloxycarbonyl)carboxamidine (1.27
g, 4.68 mmol) at 0 °C. After being stirred at 0 °C for 10 min,
N-(benzyloxycarbonyloxy)succinimide (1.75 g, 7.02 mmol) was
added. The whole mixture was stirred at room temperature for 17
h, followed by dilution with ethyl acetate. This was washed with
water and brine, dried over Na,SOs, and concentrated to give a
brown oil. - This oil was chromatographed on SiO, (100 g, 6:1,
4:1, and then 3:1 hexane/ethyl acetate) to give 1 (1.36 g, 71%)
as colorless oil. TLC R; 0.23 (4 : 1 hexane/ethyl acetate); 'HNMR
(CDClz) 6 =2.19 (3H, s, CH3), 2.55 (3H, s, CH3), 5.21 (4H, s,
2 CH;0), 5.98 (1H, s, vinyl), 7.3—7.5 (10H, m, aromatic), 9.4—
9.6 (1H, br, NH); HRMS (FAB) m/z Calcd for C2oH23N4Os : [(M +
H)"1, 407.1719. Found : m/z 407.1717. Found: C, 64.71; H, 5.48;
N, 13.34%. Calcd for C;2H22N404-1/5H,0: C, 64.44; H, 5.51; N,

Boc = t-butoxycarbony!
Z = benzyloxycarbony!
TsOH = p-toluenesulfonic acid

2.

13.66%.
3,5-Dimethylpyrazole-1-[N,N’-bis(t-butoxycarbonyl)]carbo-
xamidine (2).  To a suspension of powdered LiH (513 mg, 64.5
mmol) in THF (40 mL) 3,5-dimethylpyrazole-1-carboxamidine ni-
trate (3.24 g, 16.1 mmol) and di-#-butyl dicarbonate (10.56 g, 48.4
mmol) were added. The resulting mixture was refluxed for 3 h.
Water was slowly added at 0 °C and THF was removed by evapo-
ration. The residual aqueous layer was extracted with CH,Cl,. The
combined extracts were dried over Na,SO4 and concentrated. The
residue was recrystallized from hexane at —20 °C to give 2 (4.26 g,
78%) as a colorless powder. Mp 97.2—99.0 °C; TLC R; 0.69 (2: 1
hexane/ethyl acetate); "HNMR (CDCl3) 6 =1.50 (9H, s, +-C4Ho),
1.54 (9H, s, +-C4Hy), 2.21 (3H, s, CH3), 2.55 (3H, s, CH3), 5.95
(1H, s, vinyl), 9.04 (1H, s, 1, NH). Anal. Found: C, 56.77; H, 7.74;
N, 16.56%. Calcd for Ci6H26N4O4: C, 56.79; H, 7.74; N, 16.56%.
1,2-Bis(benzyloxycarbonyl)-3-octadecylguanidine (3). A
mixture of 1 (627 mg, 1.54 mmol) and octadecylamine (416 mg,
1.54 mmol) in CHCls (2 mL) was allowed to stand at room tem-
perature for 3 h followed by removal of the solvent under reduced
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pressure. The resulting residue was chromatographed on SiO; (60
g, 6: 1 hexane/ethyl acetate) to give 3 (761 mg, 85%) as a colorless
wax. TLC Ry 0.81 (2:1 hexane/ethyl acetate); 'HNMR (CDCl;)
6=0.88 (3H,t,/=6.7 Hz, CH3), 1.2—1.4 (30H, m, 15 CH,), 1.5—
1.7 (2H, m, CH,CH,N), 3.41 (2H, dt, J=7.2, 7.2 Hz, CH,N), 5.13
(2H, s, CH,0), 5.18 (2H, s, CH,0), 7.2—7.5 (10H, m, aromatic),
8.29 (1H, br s, NH), 11.75 (1H, s, NH). Found: C, 72.65; H, 9.29;
N, 7.25%. Calcd for C35Hs3N304: C, 72.50; H, 9.21; N, 7.25%.
1-Octadecylguanidinium p-Toluenesulfonate (MG). A mix-
ture of 3 (761 mg, 1.31 mmol), TsOH (226 mg, 1.31 mmol), and
Pd/charcoal (76 mg) in CH30H (4 mL) was stirred at room tem-
perature under hydrogen for 3.5 h. Pd/charcoal was removed by
filtration through a Celite pad, and the filtrate was kept at —20 °C
to give a solid, which was collected, washed with CH3OH, and
dried to give MG (433 mg, 68%). Mp 120.0—120.5 °C; 'HNMR
(DMSO-de,) 6 =0.85 (3H, t, J =6.6 Hz, CH3), 1.1—1.5 (32H, m,
16 CH,), 2.29 (3H, s, PhCH3), 3.06 (2H, t, J=7.0 Hz, CH;N), 6.7—
7.3 (5H, br, 2 NH; and NH), 7.12 (2H, d, J=7.9 Hz, aromatic),
7.48 (2H, d, J =7.9 Hz, aromatic). Found: C, 64.54; H, 10.21; N,
8.51%. Calcd for C26H49N303SZ C, 64.56; H,10.21; N, 8.69%.
5-Bromo-N,N-dioctadecylpentanoylamide (4). To a solution
of dioctadecylamine'” (5.06 g, 9.71 mmol) and triethylamine (2.70
mL, 19.4 mmol) in CH,Cl, (300 mL) was added a solution of 5-
bromovaleryl chloride (2.60 mL, 2.11 mmol) in CH,Cl, (30 mL).
The resulting mixture was stirred for 2 h at room temperature. This
was washed with satd. aqueous Na,COs; (x2) and water (x5), and
then dried over Na,SQ4. Removal of the solvent under reduced
pressure gave an oil. After this was dissolved in hexane (200 mL),
an insoluble material was removed, and the filtrate was concentrated
to give 4 (6.25 g, 94%) as a yellow wax. The product was pure
enough to use for the following reaction. An analytically pure
product was obtained after chromatography on SiO; (8:1, 6:1,
and then 4 : 1 hexane/ethyl acetate). TLC Rr 0.51 (4 : 1 hexane/eth-
yl acetate); '"HNMR (CDCl3) 6 =0.84 (6H, t, J =6.7 Hz, 2 CHs),
1.2—1.4 (60H, m, 30 CH; in C;g chains), 1.4—1.6 (4H, m, 2
CH,CH,N), 1.7—1.8 (2H, m, CH3), 1.8-—2.0 (2H, m, CH>), 2.31
(2H, t, J=7.1 Hz, CH,C(0)), 3.19 (2H, t, J=7.6 Hz, CH;N), 3.27
(2H, t,J=7.6 Hz, CH,N), 3.42 (2H, t, J = 6.6 Hz, CH,Br). Found:
C, 72.21; H, 12.15; N, 2.08%. Calcd for C4;Hs;BINO: C, 71.89;
H, 12.07; N, 2.04%.
5-Phthalimido-N,N-dioctadecylpentanoylamide (5). A mix-
ture of 4 (6.25 g, 9.14 mmol) and potassium phthalimide (3.64 g,
19.68 mmol) in DMF (100 mL) was stirred at 85 °C for 22 h. The
solvent was removed under a vacuum and the residue was dissolved
in CH,Cl,. The resulting solution was washed with satd. aqueous
Na;COs (x2) and water (x3), and then dried over NaSQ4. After
evaporation of the solvent, the residue was chromatographed on
SiO; (200 g, 5: 1 hexane/ethyl acetate) to give 5 (4.51 g, 66%) as
a colorless wax. TLC Ry 0.30 (4 : 1 hexane/ethyl acetate); 'HNMR
(CDCl3) 6 =0.86 (6H, t, J=6.6 Hz, 2 CH3), 1.1—1.4 (60H, m,
30 CH; in Cig chains), 1.4—1.6 (4H, m, 2 CH.CH:N), 1.6—1.8
(4H, m, 2 CHy), 2.32 (2H, t, J=6.9 Hz, CH.C(O)). 3.18 (2H, t,
J=17.7 Hz, CH,N), 3.25 (2H, t, J=7.6 Hz, CH:N). 3.70 (2H, t,
J=6.6 Hz, CH,;N), 7.66—7.71 (2H, m, aromatic), 7.79—7.84 (2H,
m, aromatic). Found: C, 78.35; H, 11.54; N, 3.71%. Calcd for
C49H86N2032 C, 78.34; H, 11.54; N, 3.73%.
4-(Dioctadecylcarbamoyl)butylammonium Chloride (6). A
mixture of 5 (4.29 g, 5.73 mmol) and hydrazine hydrate (3.0 mL,
62.0 mmol) in C;HsOH (150 mL) was refluxed for 12 h. After being
cooled to room temperature, conc. hydrochloric acid (15 mL) was
added and the resulting mixture was stirred for 1 h. An insoluble
material was removed by filtration and the filtrate was concentrated
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to dryness. The residue was crystallized from ethyl acetate (70 mL)
to give 6 (1.76 g, 47%) as a colorless powder. Mp 72.2—72.9 °C;
"HNMR (CDCl3) 6 =0.88 (6H, t, J=6.7 Hz, 2 CH3), 1.1—1.4
(60H, m, 30 CH; in Cg chains), 1.4—1.6 (4H, m, 2 CH,CH:N),
1.7—1.9 (4H, m, 2 CH,), 2.37 (2H, t, J =6.3 Hz, CH,C(0)), 3.0—
3.1 (2H, m, CH,NH3»), 3.18 (2H, t, J=7.7 Hz, CH,;N), 3.25 (2H,
t, J=7.5 Hz, CH,;N), 8.50 (3H, br s, NH3). Found: C, 74.85; H,
13.01; N, 4.25%. Calcd for C4HgsCIN,O: C, 74.89; H, 13.03; N,
4.26%.

5-[2,3-Bis(t-butoxycarbonyl)guanidino]-V,N-dioctadecylpen-
tanamide (8). A solution of 2 (247 mg, 0.73 mmol), 6 (576 mg,
0.88 mmol), and (iso-C3H7),C,HsN (114 mg, 0.88 mmol) in CHCl3
(10 mL) was stirred at 30—35 °C for 12 h. This was concentrated
under reduced pressure and the residue was chromatographed on
SiO2 (30 g, 5: 1 hexane/ethyl acetate) to give 8 (571 mg, 91%) as
colorless wax. TLC Ry 0.65 (2: 1 hexane/ethyl acetate); '"HNMR
(CDCl3) 6 =0.87 (6H, t, J=6.8 Hz, 2 CH3), 1.2—1.8 (86H, m, 34
CHz in C[x chains, 2 CHz, and 2 t-C4H9), 2.30 (2H, t, J=17.1 HZ,
CH,C(0)), 3.18 2H, t, J=7.7 Hz, CH;N), 3.27 (2H, t, J=7.7 Hz,
CH,N), 3.43 (2H, dt, J=6.2 Hz, CH,NH), 8.33 (1H, br s, NH),
11.49 (1H, s, NH). Found: C, 72.38; H, 11.96; N, 6.48%. Calcd
for C52H|()2N405Z C, 7234, H, 1191, N, 649%

1-[4- (Dioctadecylcarbamoyl)butyl]guanidinium p-Toluene-
sulfonate (DG(Cj)). A solution of 8 (350 mg, 0.41 mmol)
and TsOH-H;0 (925 mg, 4.86 mmol) in THF (1 mL) was stirred at
room temperature for 24 h. This was diluted with CHCl; (5 mL)
and washed with water (5 mL x5) and brine. The organic layer was
dried over Na;SO4 and concentrated to give an oil, which was re-
crystallized twice from THF-CH3CN (1 : 1) at4 °C to give DG(C4)
(258 mg, 76%) as colorless powder. Mp 43.3—45.3 °C; "THNMR
(CDCl3) 6 =0.88 (6H, t, J =6.7 Hz, 2 CH3), 1.2—1.8 (64H, m, 32
CHj; in Ci5 chains), 2.30 (2H, br s, CH,C(0)), 2.35 (3H, s, ArCH3),
3.1—3.3 (6H, m, 2 CH;N and CH,;NH), 6.9—7.1 (4H, br 2 NH,),
7.17 (2H, d, J=8.0 Hz, aromatic), 7.65 (1H, br s, NH), 7.73 (2H, d,
J =8 Hz, aromatic). Found: C, 70.20; H, 11.40; N, 6.70%. Calcd
for C49HosN4O4S: C, 70.45; H, 11.34; N, 6.71%.

(Dioctadecylcarbamoyl)methylammonium Chloride.  This
compound was prepared in a manner similar to that described for
its ditetradecyl derivative'¥ from dioctadecylamine'” and chloro-
acetyl chloride via a phthalimide. Colorless powder. Mp 70—111
°C (LC phase); '"HNMR (CDCl3) 6 =0.88 (6H, t, J=6.7 Hz, 2
CHj3), 1.1—1.4 (60H, m, 30 CH; in C)g chains), 1.4—1.6 (4H, m,
2 CH,CH,N), 3.15 (2H, t, J=7.7 Hz, CH,N), 3.29 (2H, t, J=7.6
Hz, CH,N), 3.96 (2H, s, NCH,C(0)). Found: C, 73.72; H, 12.84;
N, 4.60%. Calcd for C33H79CIN,O-1/SH,0: C, 73.72; H, 12.93; N,
4.52%.

(Dioctadecylcarbamoyl)methylammonium Trifluoroacetate
. A solution of (dioctadecylcarbamoyl)methylammonium
chloride (640 mg, 1.04 mmol) in CHCl; (20 mL) was washed suc-
cessively with 1 M NaOH, water, and brine. After drying over
Na, SOy, trifluoroacetic acid (0.5 mL, 6.50 mmol) was added to the
solution. A volatile material was removed by evaporation and the
residue was recrystallized from ether/CH3CN to give 7 (668 mg,
93%) as colorless crystals. Mp 61.3-—61.8 °C; '"HNMR (CDCls)
0 =0.88 (6H, t, J=6.6 Hz, 2 CH3), 1.1—1.6 (64H, m, 32 CH; in
Ci3 chains), 3.16 2H, t, /=7.6 Hz, CH,N), 3.32 2H, t, J=7.6 Hz,
CH;N), 3.99 (2H, br s, CH,C(0)), 7.77 (3H, br s, NH3). Found: C,
69.36; H, 11.52; N, 4.02%. Calcd for C4oH79F3N»03: C, 69.32; H,
11.49; N, 4.04%.

2-[2, 3-Bis(z-butoxycarbonyl)guanidino]-N, N-dioctadecyl-
acetamide (9). A solution of 2 (76 mg, 0.22 mmol), 7 (173 mg,
0.25 mmol), and (iso-C3H7),C2HsN (65 mg, 0.50 mmol) in CHCl;
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(1.5 mL) was stirred at 30 °C for 3 d. After this was concentrated
under reduced pressure, the residue was chromatographed on SiO,
(20 g, 15:1 and then 6: 1 hexane/ethyl acetate) to give 9 (164 mg,
91%) as colorless powder. Mp 71.8-—72.8 °C; TLC R; 0.58 (4: 1
hexane/ethyl acetate); '"HNMR (CDCl3) 6 =0.88 (6H, t, J=6.7 Hz,
2 CH3), 1.1—1.4 (60H, m, 30 CH; in C,g chains), 1.4—1.6 (4H, m,
2 CH,CH;N), 1.50 (9H, s, t-C4Ho), 1.51 (9H, s, -C4Hy), 3.16 (2H,
t, J=7.7 Hz, CH;N), 3.33 (2H, t, /J=7.7 Hz, CH;N), 4.19 (2H, d,
J=3.9 Hz, NCH:C(0)), 9.47. (1H, br s, NH), 11.42 (1H, s, NH).
Found: C, 71.67; H, 11.78; N, 6.67%. Calcd for C49HosN4Os: C,
71.66; H, 11.78; N, 6.82%.

[(Dioctadecyl)carbamoylmethyljguanidinium p-Toluenesul-
fonate (DG(Cy)). A solution of 9 (210 mg, 0.26 mmol) and
TsOH-H,0 (528 mg, 3.07 mmol) in THF (1 mL) was stirred at
room temperature for 24 h. This was diluted with CHCl3 (5 mL)
and washed with water and brine. The organic layer was dried over
Na;SO4 and concentrated to give an oil, which was recrystallized
from THF/CH3CN (1: 1) at 4 °C to give DG(C;) (123 mg, 60%) as
colorless powder. Mp 68.0—70.0 °C; 'HNMR (CDCl3) 6 =0.88
(6H,t,J=6.6 Hz, 2 CH3), 1.1—1.6 (64H, m, 32 CH, in C)g chains),
2.35 (3H, s, PhCH3), 3.12 (2H, t, J=7.3 Hz, CH;N), 3.22 (2H, t,
J=17.8 Hz, CH;N), 4.07 (2H, d, J=4.5 Hz, NCH,C(0)), 7.16 (2H,
d, /=8.1 Hz, Ar), 7.2—7.4 (4H, br, 2 NH,), 7.55 (1H, br s, NH),
7.72 (2H, d, J=8.1 Hz, Ar). Found: C, 69.62; H, 11.13; N, 7.05%.
Calcd for C46HgsN4O4S: C, 69.65; H, 11.18; N, 7.06%.

7-A Isotherm Measurement and LB Transfer. T-A
Isotherms were measured with a computer-controlled film balance
system FSD-50 (USI System, Fukuoka). The concentration of poly-
carboxylates in the subphase was 0.1 mM. An equivalent amount
of NaOH was added to the subphase in order to convert carbox-
ylic acid to carboxylate. A mixture of benzene/ethanol (80/20)
was used as a spreading solvent. Compression was started about
10 min after spreading at a rate of 0.2 mms™' (or 20 mm?s™!
based on area). The subphase temperature was kept at 20+0.2°C.
The surface pressures were measured by a Wilhelmy plate, which
was calibrated with the transition pressure of an octadecanoic acid
monolayer.

LB films were transferred onto gold-deposited glass plates for
reflection-absorption FT-IR spectroscopy. The substrate was pre-
pared as follows. A slide glass (pre-cleaned, 176x26x1 mm,
Iwaki Glass) was immersed in a detergent solution overnight (Dsn
90, Bokusui Brown Co.). The glass was washed with a large excess
of ion-exchanged water to remove the detergent completely, and
subjected to sonication in fresh ion-exchanged water several times.
After the glass was dried under a vacuum for over 1 h, thin layers
of chromium and gold were consecutively formed by the vapor-
deposition method (1000 A Au/50 A Cr/slide glass) with a vapor-
deposition apparatus VPC-260 (ULVAC Kyushu).

LB transfer was carried out with a FSD-21 instrument (USI Sys-
tem, Fukuoka) by the vertical dipping method. Monolayers were
transferred on Au-coated glass plates at 30 mN m™! with dipping
speeds of 100 mmmin~! (down stroke) and 20 mm min~' (up
stroke). Transfer ratios were almost unity and the type of transfer
was Y. When the transferred films were returned to water in the
subsequent down-stroke process (usually the third transfer process),
we newly prepared the film and stopped the transfer process just
before the third process. Therefore, the samples used for the FT-
IR measurement were always transferred under the conditions of
a transfer ratio of unity. MG monolayers under certain subphase
conditions were not stable against collapse and/or dissolution upon
standing for a long period of time. In these cases, LB transfer
was conducted once or twice immediately after the surface pressure
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reached 30 mNm™".

Characterization of LB Films. The FT-IR spectra (reflection-
absorption spectrum (RAS) mode) were measured with LB films
transferred on gold-deposited glass plates with a Nicolet 710 FT-IR
spectrometer.

X-Ray photoelectron spectra (XPS) were measured for the LB
films on Au/Cr/glass with Perkin—-Elmer PHI 5300 ESCA. The X-
Ray source was Mg Ka (300 W). Repeated scans over the same
surface region at a take off angle of 45° gave reproducible spectra.
The elemental composition was obtained by dividing the observed
peak area by intrinsic sensitivity factor of each element.

Molecular Model Calculation. Molecular conformations
of some dicarboxylates were estimated by a Chem 3D Plus cal-
culation based on the MM2 force field (ver. 3.1.2, Cambridge
Scientific Computing). The structural error was minimized in bond
length, bond angle, planar atom flattening, and double rotation terms
(minimum RMS error, 0.001; minimum RMS gradient, 0.001);
then, the conformational energy was optimized (minimum RMS
gradient, 0.001). The MM2 parameters given in the program were
used without any modification. Several stable conformers were
obtained depending on the initial conditions. Since lipid molecules
in a monolayer tend to form condensed phases at high pressures to
achieve a large van der Waals interaction between chains, the final
selection among the candidates was done by taking into account
the packing of bound lipids. We used the following conformers
as the most appropriate ones: The distance between two carboxyl-
ate groups within a molecule is small, and, if several conformers
have similar carboxylate distances, their parallel orientation is more
favored.

Results and Discussion

Syntheses of Guanidinium Amphiphiles. Acylated
pyrazole-1-carboxamidine hydrochloride has recently been
reported as being an efficient guanylating agent.'” Although
these agents have several advantages over conventional gua-
nylating agents, such as O-methylisourea hydrogensulfate or
S-methylisothiourea sulfate, pyrazole-1-carboxamidine hy-
drochloride needs to be synthesized.?® In this study we de-
veloped analogous agents, 1 and 2, for the preparation of
guanidinium amphiphiles. They were readily synthesized by
the acylation of commercial 3,5-dimethylpyrazole-1-carbox-
yamidine nitrate, and gave satisfactory yields in guanylation
of amine. By using 1, 1-octadecylguanidinium p-toluene-
sulfonate (MG) was easily prepared. Thus, octadecylamine
was allowed to react with 1 to give bis Z-protected guani-
dine 3. Deblocking of the Z group by hydrogenolysis in the
presence of an equimolar amount of p-toluenesulfonic acid
(TsOH) gave MG. Z-Protected 1 was used to avoid a loss
of the product during an aqueous workup of the deprotection
procedure. The bis Boc derivative 2 was used for the prepar-
ing DG(C;) and DG(C4). Thus, amine salts 6 or 7 were
prepared by the acylation of dioctadecylamine, followed by
a Gabriel synthesis (the trifluoroacetate 7 was used because
its hydrochloride was hygroscopic). Their guanylation by 2
in the presence of N,N-diisopropylethylamine gave the corre-
sponding bis Boc-protected guanidines, 8 and 9. Deblocking
of Boc groups was done with excess TsOH.

Amphiphile Structure and Effect of Aqueous Linear
Dicarboxylates. 7-A Isotherms of MG, DG(C,), and
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DG(C4) monolayers on pure water are shown in Fig. 1. The
isotherm of MG on pure water displayed a poor reproducibil-
ity among several trials. The molecular area at high surface
pressures is smaller than the cross-sectional area of a single
alkyl chain (0.2 nm?),2" implying that part of the monolayer
is dissolved in the subphase upon compression. In fact, the
surface area of MG gradually decreases when the monolayer
is kept at 30 mNm~!. In contrast, DG(C;) and DG(Cy4)
gave completely overlapping isotherms upon separate mea-
surements, and showed a high monolayer stability even at
high pressures. These isotherms give condensed phases with
limiting areas of 0.45 and 0.49 nm? for DG(C;) and DG-
(Cy4), respectively, that are comparable to the cross-sectional
area of dialkyl chain (0.4 nm?). Therefore, these monolayers
form well-packed condensed phases.

7-A Isotherms of these three monolayers were mea-
sured on 0.1 mM aqueous solutions of linear dicarboxylates.
Equivalent amounts of NaOH were added to the subphase
in order to convert carboxylic acid to carboxylates; also the
guanidine group is known to be in its ionized form?® under
the experimental condition (subphase pH is ca. 6). The re-
sults are summarized in Fig. 2. All of the isotherms showed
satisfactory reproducibility. It is clear that MG monolayer
is greately stabilized in the presence of dicarboxylates. The
stabilization of the MG monolayer was also observed in the
presence of FAD having two phosphate groups.'?

The shapes of these 7—A isotherms are affected by the
kind of dicarboxylates. The influence was most pronounced
in the case of a MG monolayer (Fig. 2A). The oxalate ion
induced a highly condensed isotherm, with its limiting area
being relatively close to the cross-sectional area of a single
alkyl chain. The molecular area increased as the number of
spacer methylenes in the dicarboxylate increased from ox-
alate to adipate. This suggests that specific binding between
guanidinium and carboxylate is favored at the interface, and
it affects the molecular packing in the monolayer. Although
a similar behavior was observed for DG(C;) and DG(C4)
monolayers (Figs. 2B and 2C, respectively), the influence of
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Fig. 1. 7-A Isotherms of guanidinium monolayers (MG,
DG(C;), and DG(C34)) on pure water at 20.0+0.2°C. Four
isotherms of MG monolayer in separate measurements are
shown to represent a poor reproducibility.
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Fig. 2. 7—A Isotherms of monoalkyl and dialkyl guani-

dinium monolayers on 0.1 mM aqueous dicarboxylates at
20.04:0.2°C; a: oxalate, b: malonate, c: succinate, d: glu-
tarate, e: adipate).

dicarboxylates was lessened, because the latter double-chain
guanidiniums can form condensed monolayers. even on pure
water.

For a quantitative evaluation of these effects, we compared
the molecular areas at 30 mN m~!. The areas were normal-
ized with respect to those observed with oxalate to cancel the
difference in the intrinsic molecular area. The normalized
areas are plotted as a function of the length of the methylene
chain (n) in Fig. 3. Since the standard errors of all the plots
in repeated measurements were less than 0.004, the changes
in the relative area of Fig. 3 are significant enough. The MG
monolayer showed the largest dependency on the methyl-
ene length, as expected from Fig. 2. For example, the area
on adipate was almost 1.4-times as large as that on oxalate.
The relative molecular area increased almost linearly as the
methylene chain was extended.

Both of the dialkyl guanidinium monolayers showed a
smaller dependency on the methylene length than that ob-
served on the MG monolayer. The difference in the normal-
ized area was within 10% from n=1 to 4 (Fig. 3). The greater
packing ability of dialkyl compounds in monolayers would
prevent the monolayers from any further expansion. Mor-
phology analyses of the monolayers by electron diffraction
revealed that DPPC with two Cj¢ chains has an aggregation
ability comparable to sodium arachidate with a longer Cyo-



A. Kamino et al.

° L

& ]

g 4

£

c £
1

I succinate
I glutarate
I adipate

Al onalate

DG(Cy)
0 i 2 3 4
Methylene length

Fig. 3. Influence of the methylene length () in linear di-
carboxylates on the relative molecular area of guanidinium
monolayers at 30 mNm™" and 20.0+0.2 °C. The plotted
molecular areas are normalized relative to that of observed
in the presence of oxalate (see text).

monoalkyl chain.?® The DG(C;) monolayer on mica trans-
ferred from pure water was stable enough to give a molecular
image in an AFM observation, even in its amorphous state,?®
while the MG monolayer alone was not stable enough.'® The
cohesive force among alkyl chains is greater in monolayers
of dialkyl amphiphiles than in monolayers of monoalkyl am-
phiphiles.

An interesting difference was observed between the two
dialkyl monolayers. The molecular area of the DG(C,)
monolayer hardly changed, except for adipate, while the
area of DG(C)) gradually increased as the methylene length
between the carboxylate groups increased. When long alkyl
chains are connected closely to the guanidinium polar site,
their packing would be readily affected by the changing na-
ture of the head group due to carboxylate binding. In the case
of the DG(C4) monolayer, the C4 spacer between the alkyl
chain and the guanidinium head group appears to moderate
the influence of the dicarboxylate binding at the head group.
The monolayer of DG(C;) was better suited in the present
study, since it is affected more strongly by aqueous dicar-
boxylate. Thus, DG(C;) was used as dialkyl guanidinium
monolayer in subsequent experiments.

Other Polycarboxylates and Monolayer Behavior.
The effects of other polycarboxylates (see Chart 1) on the
monolayer behavior of MG and DG(C,) were subsequently
investigated. Figure 4 compares the 7-A isotherms MG
and DG(C,) in the presence of four dicarboxylates as ex-
amples: oxalate, phthalate, cis-1,2-cyclohexanedicarboxyl-
ate, and 1,1-cyclohexanediacetate. Oxalate is the smallest
dicarboxylate. Phthalate has a benzene ring and cis-1,2-cy-
clohexanedicarboxylate and 1,1-cyclohexanediacetate have
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Fig. 4. 7—-A Isotherms of guanidinium monolayers on 0.1

mM aqueous dicarboxylates, a: oxalate, b: phthalate,
c: cis-1,2-cyclohexanedicarboxylate, d: 1,1-cyclohexane-
diacetate, at 20.0+0.2°C.

a cyclohexane backbone. The latter three dicarboxylates
have close molecular sizes with a different relative orien-
tation of the two carboxylate groups. The MG monolayer
again underwent greater changes than did the DG(C,) mono-
layers, though the pattern of the changes was identical. The
molecular area increased in both cases in the order oxalate
< phthalate <cis-1,2-cyclohexanedicarboxylate < 1,1-cy-
clohexanediacetate. Oxalate and phthalate gave condensed
monolayers, while more expanded monolayers were formed
with the latter two dicarboxylates.

The effects of all of the polycarboxylates used in this
study are compared in Fig. 5 by using the relative molecu-
lar area at 30 mNm~!. A greater expansion was generally
observed in the case of the MG monolayer, and the effect of
individual polycarboxylates was similar for both monolay-
ers, though some polycarboxylates, such as Kemp’s triacid
showed exceptional behavior. The observed effects can be
summarized as follows: i) In the case of simple aliphatic
dicarboxylates (group 1), the molecular areas increased as
the number of the spacer methylene increased. ii) Poly-
carboxylates with the cyclohexane skeleton (group 3) gave
larger molecular areas than did the other polycarboxylates.
Especially, Kemp’s triacid and 1,1-cyclohexanediacetate dis-
played a greater expansion. iii) Polycarboxylates with unsat-
urated bonds (groups 2 and 4) showed smaller effects than
did the corresponding saturated polycarboxylates (groups 1
and 3, respectively). iv) Among similar types of polycarbox-
ylates, the area expansion was lessened as the number of the
carboxylate groups in a molecule increased.

All of these data indicate the importance of the number
and relative disposition of carboxylate units in a polycar-
boxylate molecule in modifying the molecular packing of
guanidinium monolayers.
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Fig. 5. Relative molecular area of guanidinium monolayers
at 30 mN'm™' on aqueous polycarboxylates (open rectan-
gle: MG, filled rectangle: DG(C))); a: oxalate (standard),
b: malonate, c: succinate, d: glutarate, e: adipate, f: fu-
marate, g: maleate, h: trans-aconitate, i: cis-1,2-cyclo-
hexanedicarboxylate, j: trans-1,2-cyclohexanedicarboxyl-
ate, k: trans-1,4-cyclohexanedicarboxylate, 1: r-1,c-3,c-
5-cyclohexanetricarboxylate, m: Kemp’s acid, n: all cis-
cyclohexanehexacarboxylate, o: 1,1-cyclohexanediacetate,
p: trans-1,2-diaminocyclohexane-N,N,N' ,N'-tetraacetate,
q: phthalate, r: trimesate. The molecular areas are normal-
ized by the area observed in the presence of oxalate. The
standard error of repeated measurements was within 0.005.

XPS Analyses of Guanidinium/Carboxylate Com-
plexes. In order to obtain additional information concern-
ing the guanidinium/carboxylate binding, the transferred LB
films on gold-deposited glass plates were characterized by
an XPS analysis. An XPS measurement of oriented samples,
such as LB films, sometimes needs depth correction, because
elements near to the outermost surface give stronger signals
than those from elements deeper in the sample.? Fortunately,
oxygen and nitrogen atoms, which we use for determining the
host/guest ratio, are located close in the film, and a structural
correction is not required. The DG(C;) molecule without a
counter ion possesses one oxygen and four nitrogen atoms
(O/N=1/4=0.25), and a 1 : 1 guanidinjum/COO~ complex
gives a ratio of 0.75 (O/N=3/4). If one carboxylate group
in dicarboxylate binds to DG(C,) and the other carboxylate
group remains unbound (guanidinium/(COO ™), complex),
the O/N ratio would be 5/4=1.25. Similarly, although
MG in guanidinium/COO™ complex has an O/N ratio of
0.67 (2/3), the guanidinium/(COO™), complex of MG gives
0/N=4/3=1.33. If the monolayer keeps p-toluenesulfonate

Packing Control in Guanidinium Monolayers

as a counter ion, one can detect sulfur.

The XPS results of the films are summarized in Table 1.
Sodium and sulfur were not detected in these films, except
for a 0.03% S content in DG(C) film transferred from pure
water. p-Toluenesulfonate must be replaced by OH™ al-
most completely. In fact, the observed O/N value of the
film transferred from the water subphase is close to 0.5 of
DG(C,) with an OH™ counter ion. The other DG(C)) films
with various templates shows O/N values of 0.75+0.05 with
a calculated COO~/lipid ratios of 0.8—1.1, except for the
case of malonate. This result confirms that the carboxyl-
ate group and the guanidinium group essentially forma 1:1
complex in all of the DG(C,) films. A similar tendency was
observed in MG films. The O/N values of the MG film are
somewhat smaller than 0.67 of the stoichiometric complex
with calculated COO~/lipid values of 0.6—0.7. The bind-
ing of guanidinium/carboxylate at the interface is expected
to be quite efficient, because a quite high binding constant
was observed for the guanidinium/phosphate system at the
interface,® and the affinity of guanidinium/carboxylate is
comparable to that of guanidinium/phosphate.' Therefore,
the binding stoichiometry of less than unity observed for
DG/malonate and MG/dicarboxylate pairs may come from
intrinsic reasons, rather than simple unsaturation. Among
the linear dicarboxylates of Table 1, the binding motif of
oxalate is unique, as discussed below. However, the oth-
ers are commonly bound as guanidinium/carboxylate pairs,
and the ratio is smallest with malonate and increases with
increasing methylene spacers. Shorter dicarboxylates, ex-
cept for oxalate (e.g., malonate), may not occupy the whole
guanidinium site at the interface due to a steric restriction.
This factor would be more pronounced in the case of the
MG monolayer, because the guanidinium function is more
densely aligned at the interface, leading to less than stoichio-
metric carboxylate binding.

FT-IR Investigation on Guanidinium/Carboxylate
Complexes.  The FT-IR spectra were closely examined
only in the carbonyl region of 1400—1900 cm~', because
the guanidinium peaks at around 3400 cm™! were too broad
to be interpreted. It is reported that the vc—o peak of free
COOH appears at 1700—1725 cm~! and hydrogen bond
formation shifts this band by as much as 30 cm~! towards
lower frequency.”® The antisymmetric band of carboxylate
is located at between 1550 and 1610 cm™'.29 It was also
reported that the peak of the carboxylate bound to guani-
dinium through hydrogen bonding appears at 1633 cm™!
due to a large proton polarizability, and that unbound COO™
is located at 1595 cm~!.2” Therefore, the peak of hydro-
gen-bonded carboxylate with guanidinium may be located at
around 1650 cm~!, depending on the extent of proton polar-
izability. The ve=o peak of the secondary amide is usually
found at between 1630 and 1680 cm~!.2®

The IR spectra of DG(C;) films transferred from pure
water, aqueous oxalate, and aqueous malonate are shown in
Fig. 6. The film transferred from pure water shows one peak
at 1653 cm™!, which is assigned to amide C=0 of DG(C,),
itself. This peak is present for all DG(C,) films at between
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1646 and 1653 cm™!.
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Table 1. Elemental Composition of the Transferred LB Films as Determined by XPS
Measurement®

Template C(%) N(%) O(%) O/N COO~ Nlipid®
DG(C;) LB film

None 91.30 6.01 2.66 0.443 —

Oxalate 90.76 5.20 4.04 0.777 1.08

Malonate 92.76 443 2.81 0.634 0.54

Suucinate 93.01 4.13 2.86 0.692 0.77

Glutarate 91.82 4.80 3.38 0.704 0.82

Adipate 93.30 3.93 277 0.705 0.82

trans-Aconitate 91.11 5.04 3.85 0.764 1.06

cis-1,2-Cyclohexane- 92.77 4.05 3.19 0.788 1.15

Dicarboxylate

1,1-Cyclohexanediacetate 92.89 4.26 2.85 0.699 0.80
MG LB film

Oxalate 88.62 7.44 3.94 0.530 0.59

Adipate 90.29 6.36 3.35 0.527 0.58

1,1-Cyclohexanediacetate 87.75 7.86 4.39 0.559 0.68

a) S and Na were not detected in all the films except that 0.03% of S was detected n the DG(C,) LB

film transferred from pure water.

b) For the calculation of binding ratio, we assumed that unbound

guanidinium possess OH™ as a counter ion. This assumption is consistent with the XPS result.

The spectrum with oxalate has two

to hydrogen-bonded carboxylate from a comparison with the

additional peaks at 1610 and 1690 cm ™!, which are assigned
to free carboxylate (COO™) and hydrogen-bonded carbox-
ylate, respectively. In contrast, the spectrum with malonate
shows one additional peak at 1661 cm™!. It can be assigned
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Fig. 6. FT-IR spectra (RAS mode, 1400 to 1900 cm™") of
DG(C;) LB films transferred from; a: pure water, b: 0.1
mM aqueous oxalate, c: 0.1 mM aqueous malonate.

reported data.

The peak positions in this region are summarized in Table 2
for the MG and DG(C;) monolayers. The peaks at around
1650 cm~! in the DG(Cy) spectra are attributed to the amide
C=0 peak of the monolayer, itself. In both films, the IR
spectra of the film with dicarboxylates other than oxalate give
peaks of hydrogen-bonded carboxylate groups alone. Two
carboxylate groups in these dicarboxylates form analogous
hydrogen bonds with guanidinium lipids. In contrast, bound
oxalate gives peaks of free ionized carboxylate as well as hy-
drogen-bonded carboxylate. Therefore, it is suggested that
two carboxylate functions in oxalate bind to the monolayers
through two types of pairing.

Computational Examination of Carboxylates Bound
to the Guanidinium Monolayer. The XPS and FT-
IR results revealed that the guanidinium function formed
1:1 complexes with carboxylate groups through hydrogen
bonding, except for the case of oxalate. A fixed geometry

Table 2.  Peak Positions in FT-IR Spectra of the Transferred
LB Films in the Range of 1600 to 1700 cm™"

1

Template Peak positions/cm™
DG(C,) LB film
None 1653
Oxalate 1610 1646 1690
Malonate 1651 1661
trans-Aconitate 1651 1661
cis-1,2-Cyclohexanedicarboxylate 1651 1660
1,1-Cyclohexanediacetate 1655
MG LB film
Oxalate 1633 1684
Malonate 1668
1,1-Cyclohexanediacetate 1672
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(a) Phthalate
dicarboxylate

Calculated Conformations

Idealized Hydrogen-Bonding Interaction with Monolayer Component

Fig. 7.

(b) cis-1,2-Cyclohexane-
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(c) 1,1-Cyclohexane-
diacetate

Calculated conformations and idealized interaction of three dicarboxylates. Molecular conformations represented by the

space-filling models were calculated with Chem 3D Plus. Oxygen atoms are shaded; a: phthalate, b: cis-1,2-cyclohexane-
dicarboxylates, c: 1,1-cyclohexanediacetate. “Idealized Interaction” shows butylguanidinium/carboxylate complexes in which
N atoms in guanidinium and O atoms in dicarboxylates are shaded. Planar binding conformation is assumed for maximized

guanidinium/carboxylate interaction.

is required for effective hydrogen bond formation. Thus,
relative disposition of the carboxylate groups in polycarbox-
ylate molecules would affect the packing and arrangement
of the bound guanidinium molecules. The alteration of the
molecular areas in the 7—A isotherm suggested that this was
in fact the case.

Molecular modeling would be helpful for considering
the details of a host-guest interaction. As examples,
molecular conformations were examined for three templates:
phthalate, cis-1,2-cyclohexanedicarboxylate, and 1,1-cyclo-
hexanediacetate. These dicarboxylates possess analogous
molecular sizes with different functional dispositions. The
observed molecular area in the 7—-A isotherm increased in
the order phthalate <cis-1,2-cyclohexanedicarboxylate < 1,
1-cyclohexanediacetate, as shown in Fig. 4. Several candi-
date conformers were selected for these compounds based
on an MM2 calculation. A further selection was made by
choosing a conformer in which the distance between two
carboxylate groups is small. If several models had similar
carboxylate distances, we selected a conformer which gave a
parallel orientation of two carboxylate groups. These condi-
tions were chosen because a parallel carboxylate orientation
should lead to better-packed guanidinium monolayers. The
conformations of the selected dicarboxylates are illustrated
in Fig. 7. The distances between two carboxylate carbons
are 3.03 A for phthalate, 3.13 A for cis-1,2-cyclohexanedi-
carboxylate, and 4.47 A for 1,1-cyclohexanediacetate. The
carboxylate groups in phthalate point in a relatively parallel
direction, while two carboxylate groups are oriented far from
parallel in the other cases.

These considerations are based on the premise that max-
imal interaction is achieved when hydrogen-bonded com-
plexes of guanidinium and carboxylate assume planar con-
formations. Salunke et al.* and Yokomori et al.*® discussed
the possible geometries of the guanidinium/carboxylate com-
plex, as shown in Fig. 8. They pointed out that the most prob-
able one is the geometry shown in Fig. 8(a) on the basis of
a crystallographic analysis. Models of ¢ and d would be less
stable because of the non-linear geometry of the hydrogen
bonds. In the case of the interfacial interaction, guanidinium
groups are exposed to water in one direction (idealized inter-
action model in Fig. 7), and the formation of the model in (b)
is not favorable. Therefore, the hydrogen bonding pattern of
Fig. 8(a) is most probable at the air-water interface as well.

The molecular packing of the guest-bound amphiphiles
can be examined on the basis of the calculated dicarboxylate
conformation and the 1: 1 complex formation with a planar-
binding conformation. Models of the interaction between the
alkyl guanidinium and the dicarboxylate are shown in Fig. 7
as an idealized interaction model. The packing mode of the
alkyl chains of the monolayers is significantly influenced by
the shape of template molecules. Two carboxylate groups
in phthalate are located close to each other and directed in
the same way, promoting the packing of the alkyl chains of
guanidinium lipids. Although two carboxylate groups in cis-
1,2-cyclohexanedicarboxylate are located close to each other,
but their orientations are far from parallel. Since stable com-
plexation between the guanidinium and carboxylate requires
a planar geometry, the maximized functional interaction is
not compatible with the best chain packing. Two carboxylate
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Fig. 8. Modes of interaction between guanidinium and car-
boxylate functions (Refs. 29 and 30).

groups in 1,1-cyclohexanediacetate are directed far apart, and
the alkyl chain is packed even more loosely. These model
considerations are in qualitatively good agreement with the
observed results concerning the MG and DG(C;) monolay-
ers. The packing models (Fig. 7) based on the planar binding
conformation can explain the order of the molecular areas of
the guanidinium monolayers (phthalate <cis-1,2-cyclohex-
anedicarboxylate < 1,1-cyclohexanediacetate, Fig. 4). It is
clear that the distance and relative orientation of the carboxyl-
ate groups in templates are important factors for determining
the molecular packing in monolayers.

Mode of Interaction of Guanidinium Monolayers with
Linear Dicarboxylates. Although we discussed the MM2
computational results of only three dicarboxylates in the pre-
ceding section, the conclusion which we obtained can be
extended to other polycarboxylates. For example, linear di-
carboxylates (group 1) expand the guanidinium monolayers,
depending on the methylene length between the carboxylate
groups. It can be explained by considering the difference
in the distance between the carboxylate groups. However,
the actual situation may not be that simple. In some cases,
the planar conformation of the host—guest binding and the
maintenance of the molecular packing in the monolayer are
not compatible. In some cases, the maintenance of the best
chain packing together with the planar conformation of the
host—guest interaction is not compatible, and monolayers
may rather maintain their chain packing at the expense of the
planar host—guest binding. We already found a lower bind-
ing efficiency of malonate towards the DG(C;) monolayer
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(Table 1). It might reflect a diminished binding to avoid a
lesser molecular packing, because one methylene spacer is
not long enough to set two carboxylate groups in a parallel
orientation. An increasing spacer length would allow the
dicarboxylates to accomplish an effective binding with the
monolayer due to a larger conformational freedom. In fact,
the binding efficiency to the DG(C;) monolayer increased as
the spacer length of the dicarboxylates increased.

However, we must not forget the fact that the molecular
area also increased as the spacer methylene is elongated from
malonate to adipate as can be seen in Fig. 3. Clearly, the al-
kyl-chain packing becomes looser upon complexation with.
dicarboxylates with longer methylene spacers. This implies
that the host—guest interaction of the guanidinium/carboxyl-
ate complex is maintained only at the expense of a deterio-
rated chain alignment. The methylene spacer is not flexible
enough to allow the maximum chain packing. Conversely,
we can raise the possibility of controlling the molecular pack-
ing of guanidinium monolayers by choosing appropriate di-
carboxylate guests. We have performed an AFM observation
and an electron diffraction analysis of the DG(C;) monolayer
that is complexed with linear dicarboxylates.* The mono-
layer morphology is clearly affected by the kind of bound
dicarboxylates. The binding of dicarboxylates with shorter
methylene spacers converts the amorphous DG(C;) mono-
layer to a crystalline one.

Oxalate gave unique FT-IR results. Itis arigid molecule in
which two carboxylate groups are connected directly in the
opposite directions. If two guanidinium amphiphiles bind
to the two carboxylate groups through hydrogen bonding
in a manner similar to the other dicarboxylates, the alkyl
chains would extend to the opposite directions (Fig. 9a). This
arrangement does not, of course, agree with the observed
fact that the monolayer is closely packed in the condensed
phase with limiting area comparable to the theoretical cross-
sectional area of a single alkyl chain. More plausible binding
structures include asymmetric complexes in which hydro-
gen bonding is formed at one side of the oxalate, and the
second carboxylate is neutralized by either sodium cation
(Fig. 9b) or by the guanidinium cation (Fig. 9c). Non-hydro-
gen bonded ion pairing between the monolayer and the car-
boxylate (Fig. 9d) could be an additional candidate. Among
these possibilities, motif b is excluded by XPS data, which
reveal the formation of a 2: 1 complex and the absence of a
Na* ion. The FT-IR data show that two types of carboxylate
groups exist, one in the hydrogen-bonded form and the other
in the non-hydrogen bonded form, indicating that motif d is
not appropriate. Therefore, the most probable binding motif
is model c, where one guanidinium binds to oxalate through
hydrogen bonding, and another guanidinium exists as the
counter ion of the other carboxylate group in oxalate.

Conclusions

Guanidinium monolayers interact with aqueous polycar-
boxylates most effectively through a combination of hydro-
gen bonding and an electrostatic interaction. This interaction
requires the planar geometry of the complementary functions
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Fig. 9.

Packing Control in Guanidinium Monolayers

()

Mode of interaction of alkyl guanidinium and oxalate; a: hydrogen-bonded motif at two carboxylate sites, b: 1:1 complex

with one hydrogen-bonded carboxylate, c: one hydrogen-bonded carboxylate and one non-hydrogen-bonded carboxylate, d: two
non-hydrogen-bonded carboxylates. Carboxylate oxygen atoms are shaded.

in order to maximize the hydrogen bonding. This require-
ment is not necessarily compatible with the best alkyl chain
packing. The chain packing may not be optimized when
the planar host—guest arrangement is maintained, as shown
by an incremental expansion of the guanidinium monolayer
with increasing methylene lengths in the linear dicarboxyl-
ate. The planar functional arrangement is impossible for an
oxalate guest, and alkyl-chain packing is maintained by mod-
ifying the mode of interaction between the guanidinium and
carboxylate. The influence of the relative orientation and
the disposition of the carboxylate groups on the monolayer
packing has been similarly observed for other polycarboxyl-
ates: phthalate, cis-1,2-cyclohexanedicarboxylate, and 1,1-
cyclohexanediacetate.

In summary, we established in this study that aqueous poly-
carboxylates were specifically bound to guanidinium mono-
layers. We have already shown that a specific disposition of
the monolayer components is realized through complemen-
tary hydrogen bonding with aqueous guests.' The present
results indicate that the carboxylate/guanidinium pair is ad-
vantageous for this purpose. Polycarboxylates are versatile
in molecular structure and may be synthesized relatively eas-
ily. We can look forward to the preparation of new types of
molecular patterning by using polycarboxylate guests.

The authors thank Dr. Xiao Cha for a helpful discussion
concerning the interpretation of the FT-IR spectra and Mr.
Mitsuhiko Onda for assistance in the molecular model cal-
culation.
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