Periodic change in absorption maxima due to different chain packing
between the bilayers of amphiphiles possessing even and odd numbers

of carbons in the hydrophobic chain
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N-{4-[4-(10-Trimethylammoniodecyloxy)phenylazo]benzoyl}-L-alanine alkyl ester bromides with n-Cgq

to -C,; alkyl chains have been newly synthesized. The bilayer aggregates absorbed at 355 nm when the
number of carbons was even and at 320 nm when odd. Regardless of whether the number was even or
odd, X-ray diffraction patterns suggested a chain penetration structure, where the tail chains in one
molecular layer penetrated into the opposite molecular layer, and hence every other azobenzene group was
distributed into the opposite layers. However, a remarkable splitting of the CH, scissoring band into 1473
and 1463 cm™ ! indicated perpendicular alignments of the trans-zigzag planes of the chains containing an
even number of carbons, whereas the singlet CH, scissoring band at 1465 cm™ ! indicated parallel
alignments of the planes of the chains containing an odd number of carbons. In accord with the chain
packing, when the amphiphiles possess an even number of carbons, the adjacent neighbouring
azobenzenes in each layer were arranged perpendicular to each other. The perpendicular location causes a
loss of interchromophore interaction, giving 4., at 355 nm. In contrast, the azobenzenes in the bilayers of
the amphiphiles containing an odd number of carbons were all parallel to each other. Because the
molecules were tilted above about 60°, a H aggregate should be predominantly formed, which absorbed at
320 nm. In addition, the amphiphiles containing an even number of carbons formed stronger H bonding

than those containing an odd number of carbons.

Introduction

Regardless of whether they are natural or artificial,
amphiphiles self-organize into a bilayer membrane. Since Kuni-
take and Okahata established the self-assembling concept,'
many kinds of artificial amphiphiles have been synthesized and
characterized to constitute a new molecular architecture sys-
tem.2 However, we can scarcely find a study on amphiphiles
which possess an odd number of carbon atoms in the hydro-
phobic chain. We thus synthesized and characterized
amphiphiles possessing not only an even, but also an odd num-
ber of carbons in the tail, particularly azobenzene-containing
amphiphiles such as N-{4-[4-(10-trimethylammoniodecyloxy)-
phenylazo]benzoyl}-L-alanine alkyl ester bromide, which we
called C,-L-Ala-Azo-C (N*. These amphiphiles contain an
azobenzene group, an alaninate residue and a long tail chain
including 6-13 carbon atoms. The general formula is shown
below.
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CL-Ala-AzoCyoN*; n=6,7,8,9,10, 11,12, 13
Previously, we reported that the amphiphile of C,,-L-Ala-

Azo0-C;oN* immediately formed micellar fibres in water, and
they were transformed into helical superstructurest within 24 h

+ The helical superstructure is known to possess a bilayer structure (see
ref. 2 and other references cited therein). The extraordinary morph-
ology is maintained only in the crystalline state of the bilayers. All the
amphiphiles used in this work formed the helical superstructure by
incubation as briefly described in a preliminary report.’ The even-odd-
chain effect in the present study was observed only when the helix-
formation was completed.

at room temperature.* The morphological transformation was
accompanied by a 4, shift from 320 to 350 nm. The peculiar
red shift is common to the aqueous dispersions of the
amphiphiles containing an even number of carbons, whereas
the aqueous dispersions of the amphiphiles containing an odd
number of carbons absorbed at ca. 320 nm and displayed no
spectral change even if a morphological transformation
occurred. Hence the absorption maximum alternately changes
with the number of carbons in the hydrophobic chain. In
addition, the crystal-to-liquid crystal phase transition tem-
perature (T.) also alternates with the number of carbons. A brief
preliminary report of this work has appeared elsewhere.*

The aforementioned spectral difference is apparently derived
from the different orientation of the chromophores. The stack-
ing modes of the chromophores within bilayers of azobenzene-
containing amphiphiles have been classified into four categor-
ies:®* (i) the H aggregate (ca. 300 nm), where the azobenzene
planes are all parallel to each other, and every long axis of the
chromophore is approximately vertical to the membrane plane;
(ii) the less-stacked structure (330-340 nm), which is observed
for some of the bilayers in the liquid-crystalline state; (iii) the
monomeric dispersion (355 nm), where the chromophores are
rotationally disordered or isolated from each other; and (/v) the
J aggregate (360-390 nm), where the azobenzene planes are all
parallel to each other, and every long axis of the chromophore
is greatly tilted within the membrane. According to the classi-
fication, the bilayers of the amphiphiles containing an odd
number of carbons should undoubtedly form the H aggregate.
However, we cannot explain a structure within the bilayer of the
amphiphiles containing an even number of carbons, because
the 4., at 350 nm is close to that given by the isolated structure
in (iii), which has never been observed within bilayers in the
crystalline state.

The main emphasis of this study will be on the structural
aspects of the peculiar red shift within the bilayers of the
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amphiphiles containing an even number of carbons. We investi-
gated the aggregation structure of the cast film bilayers of
C,-L-Ala-Azo-C,-N* using Fourier transform infrared
(FTIR) spectroscopy and X-ray diffraction, because it is known
that the structure and properties are maintained in an air-dried
cast film from an aqueous dispersion.® The thickness of the
bilayer membrane, the mode of the intermolecular hydrogen
bonding and chain packing will become apparent with these
experiments. The other main purpose of this study was to con-
centrate on the previously neglected amphiphiles containing an
odd number of carbons. It is known that the thermal behaviour
and crystal structures of the long chain compounds such as
alkanes’ and fatty acids® are entirely different between the
species containing an even and odd number of carbons. The
difference could be reflected in the bilayer characteristics
because the long chain compound is an essential module of
bilayer-forming amphiphiles.

Experimental

Compounds

L-Alanine, long chain alcohols and 1,10-dibromodecane were
commercially available (Wako Pure Chemical Ind., Ltd).
4-(4-Hydroxyphenylazo)benzoic acid was prepared by the
method described elsewhere’ The preparation method for
Ce-L-Ala-Azo-C,)N* was reported by Nakashima er al.'
Some modifications were made in the syntheses of C,-L-Ala-
Azo0-CoN*. As an example, the procedure for the synthesis of
C,,-L-Ala-Azo-C,(N* is given below.

Undecyl-L-alaninate hydrochloride. A mixture of L-alanine
(1.6 g, 18 mmol), undecan-l-ol (3.1 g, 18 mmol) and p-
toluenesulfonate monohydrate (3.8 g, 20 mmol) in 100 ml of
toluene was refluxed until the calculated amount of water was
collected in the Dean and Stark water trap.'' The mixture was
condensed to dryness under reduced pressure. The residual oil
containing undecyl L-alaninate p-toluenesulfonate was dissolved
in chloroform, washed with 10% sodium carbonate and with
water, dried over MgSO, and evaporated to obtain a colourless
oil containing undecyl L-alaninate. Undecyl L-alaninate was
neutralized by a minimal amount of conc. HCl in acetone. The
solvents were evaporated in vacuo and the residual solid was
recrystallized four times from acetone to give colourless
undecyl-L-alaninate hydrochloride (3.0 g, 60%), mp 101.6-
104.6 °C; v,,.,(CCl, paste) 3400-2500br (-N*H;) and 1740vs
cm™ ! (ester).

The other alkyl-L-alaninate hydrochlorides were prepared in
the same manner described above. Because hexyl L-alaninate
hydrochloride does not crystallize, hexyl-L-alaninate p-toluene-
sulfonate was used without further treatment. All the alkyl
alaninates were colourless powders and gave mostly the same
IR spectra. All the melting points of these alaninates are
summarized in Table 1.

4-[4-(10-Bromodecyloxy)phenylazolbenzoic acid. Into a

Table 1 Melting points of the intermediates
C,-L-Ala-HCl  C,-L-Ala-Azo-C,-Br

n Mp/°C Yield () Sovent Mp/°C

6 oil 65 Hexane 94.5-105

7 69.1-98.1 65 MeOH 101.2-104.0

8 99.5-100.5 68 MeOH 100.8-109.0

9 102.2-103.2 18 MeOH 105.6-107.0
10 100.5-101.5 32 Me,CO 97.0-99.0
11 101.6-104.6 60 EtOH 103.0-106.9
12 105.0-106.0 52 Me,CO 92.0-95.0
13 105.7-107.6 67 Me,CO 102.8-106.5

solution of potassium ethoxide, prepared by dissolving potas-
sium hydroxide (85% purity, 1.3 g, 20 mmol) in 100 ml of etha-
nol, 4-(4-hydroxyphenylazo)benzoic acid (2.4 g, 9.9 mmol) and
1,10-dibromodecane (4.0 g, 13 mmol) were dissolved in that
order. The mixture was refluxed for 20 h, cooled to room tem-
perature and filtered to obtain the crude product together with
KBr. With the addition of 1 ml of conc. HCI, the crude product
was dissolved in tetrahydrofuran (THF). The mixture was fil-
tered to remove precipitates of KBr and evaporated to dryness
under reduced pressure. The orange solids thus obtained were
recrystallized twice from a minimal amount of THF and
methanol (1.9 g, 42%), mp 150.0~228.0 °C (decomp.) (lit.,"
195.0-225°C, decomp.); v,(CCl, paste) 2900s (v,, CH,),
2830s (v, CH,), 1670vs and 1245s cm™ ! (ether).

Undecyl N-{4-[4-(10-bromodecyloxy)phenylazo}benzoyl}-L-
alaninate. Into a mixture of 4-[4-(10-bromodecyloxy)phenyl-
azo]benzoic acid (0.9 g, 2.0 mmol) and undecyl-L-alaninate
hydrochloride (0.6 g, 2.1 mmol) in 50 ml of dry THF, Et,N (0.7
g, 6.9 mmol) was added at once. Et;N HCl immediately precipi-
tated. Whilst stirring, a solution of diethyl phosphorocyanidate
(1.7 g, 10 mmol) in 10 ml of dry THF was added within 15 min
at a temperature below 5 °C. the mixture was allowed to stand
overnight at room temperature, filtered and evaporated to dry-
ness in vacuo. The residual orange solids were dissolved in
chloroform, washed with salt water, evaporated and recrystal-
lized twice from ethanol to give an orange powder (0.8 g, 60%),
mp 103.0-106.9 °C; v,,.(CCl, paste) 3280s (NH), 2910vs
(v,s CH,), 2840s (v, CH,), 1740vs (ester), 1630vs (amide I), 1530s
(amide II), 1240s (ether) and 1200vs cm™! (ester).

The other compounds were synthesized in the same manner.
The yields, the recrystallization solvents and the melting points
are summarized in Table 1.

Undecyl /NV-{4-[4-(10-trimethylammoniodecyloxy)phenylazo]-
benzoyl}-L-alaninate bromide. In this procedure, simultaneous
use of an amine trap and a hood was required because
Me;N has an extremely bad odour. Undecyl N-{4-[4-(10-
bromodecyloxy)phenylazolbenzoyl]-L-alaninate (0.75 g, 1.1
mmol) was dissolved in 100 ml of dry THF. Dry Me;N gas was
bubbled into the solution under vigorous stirring with ice cool-
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Table 2 Analytical data for the C,-L-Ala-Azo-C,,N*

Found ("4)

(Required)
Compound
(Formula) Yield ("4) Solvent Mp/°C C H N
Cg-Ala-Azo-CoN* 16 MeOH- Ether 124.0-127.0 61.72 8.13 8.22
C;sHssN,O,Br+0.3H,0 (61.72 8.23 8.23)
C,-Ala-Azo-C(N* 27 Me,CO- Ether 128.0~129.5 61.80 8.17 7.97
C4H,N,OBr0.55H,0 (61.80 8.37 8.01)
Cg-Ala-Azo-CoN* 31 Me,CO- Ether 133.5-135.5 62.24 8.29 7.80
C;,HsN,O,Br-0.55H,0 (62.27 8.49 7.85)
Cy-Ala-Azo-C(N* 3] Me,CO 125.5-133.5 63.00 8.55 7.68
C,3Hg N,O,Br-0.50H,0 (62.86 8.60 7.71)
Cy-Ala-Azo-C,(N* 46 CHCl;- Ether 133.7-134.8 61.84 8.45 7.35
CysHe;N,O,Br+0.50H,0 (61.73 8.77 7.38)
C,,-Ala-Azo-C,N* 25 CHCl;- Ether 136.0~139.2 63.59 8.69 7.43
CoHgsN O, Br-0.50H,0 (63.64  8.81 7.42)
C,,-Ala-Azo-C,(N* 49 MeOH- Ether 134.0-135.0 61.72 8.13 8.22
C4HeN,OBr-0.50H,0 (61.72 8.23 8.23)
C,;-Ala-Azo-C,(N* 36 Me,CO 139.5-147.0 63.89 8.66 7.02
C4,HgoN,O4Br-1.00H,0 (63.70  8.78 7.08)

260 « 1% Table3 T, and A, of the bilayer membranes of C,-L-Ala-Azo-C(N*

A i . A A e 50
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Number of carbon atoms

Fig. 2 Periodic changes in the absorption maxima and 7 for the
bilayer membranes of C,-L-Ala-Azo-C,,N*; @, aqueous dispersions;
O, cast films; A, T, of the aqueous dispersions

ing until the total volume of the solution slightly increased. The
flask was stoppered and allowed to stand for 1 week at room
temperature in the dark. The solvent and excess Me;N were
removed under reduced pressure. The residual orange solid was
recrystallized three times from a chloroform—diethyl ether mix-
ture and then from acetone (0.2 g, 25%), mp 136.0-139.2 °C
(Found; C, 63.59; H, 8.69; N, 7.43. Calc. for C,HgN,O,Br:
0.5H,O: C, 63.64; H, 8.81; N, 7.429%); v,.,(CCl, paste)
3400br (H,0), 3300s (NH), 2910vs (v,, CH,), 2840s (v, CH,),
1740vs (ester), 1630vs (amide I}, 1530s (amide II), 1245s (ether)
and 1200vs cm™! (ester); v, (cast film from aqueous disper-
sion) is given in Fig. 1; 64(100 MHz; solvent CDCl;; standard
Me,Si) 0.90 (3 H, br t, CH,CH,), 1.25 (34 H, s, CH,CH,CH,),
1.55(3 H, d, CHCH,), 3.47 (11 H, s, CH,NCH,;), 3.9-4.5(4 H,
br m, OCH,),4.5-5.2(1 H, br m, CH), 6.9 (1 H, d, NH), 7.04 (2
H, d, N-Ph-0), 7.94 (2 H, d, N-Ph-0), 7.94 (4 H, s, C-Ph-N).

The other amphiphiles were prepared in the same manner as
above. The melting points, the recrystallization solvents and the
analytical data are given in Table 2.

Differential scanning calorimetry (DSC)

The T of the aqueous dispersions of C,-L-Ala-Azo-C,,N* were
determined using a SSC/560 thermal analyser manufactured by
Seiko Instruments and Electronics, Ltd. The dispersion (60 pl,
10 mm) was sealed in a 70 pl silver pan. The DSC thermogram
was recorded by heating the sample from 5 to 95 °C at the rate
of 1°C min~'. A sealed silver pan including the same volume

Ama/nm (20.0 * 0.5 °C)

n TJ°C Aqueous dispersion Cast films
6 57.0 350 350
7 58.0 317 323
8 68.7 353 346
9 64.7 318 319
10 75.6 353 346
11 71.5 315 318
12 83.0 350 351
13 84.7 312 316

of water was used as a reference. The temperature at the top of
the endothermic peak was adopted as the 7. All the T, values
are listed in Table 3.

UV spectrophotometry

Aqueous dispersions (2 mm) prepared by sonication were
allowed to stand at room temperature until the 4., change
terminated. A portion of the solution was uniformly spread on
a quartz substrate and dried in the atmosphere at room tem-
perature. If the cast film is prepared before the redshift from
320 to 350 nm has terminated in the original aqueous disper-
sion, the absorption maxima of the cast film contain both com-
ponents. The UV spectra were obtained on a Hitachi U-3210
spectrometer at 20.0 + 0.5 °C. All the 4, values are summar-
ised in Table 3.

FTIR spectroscopy

According to the method described above, cast films were pre-
pared on the CaF, window. The CaF, window was mounted in
a temperature-controlled flow-through cell (Harrick Scientific
Co., TFC-M19). The IR spectra were recorded on a Nicolet 740
Fourier transform IR spectrometer with a TGS detector at
25 °C. Two hundred interferograms were co-added and Fourier
transformed with one level of zero filling to yield spectra with a

high signal-to-noise ratio at a resolution of 4cm™'.

X-Ray diffraction

Samples were ground to a fine powder using an agate mortar
and pestle. The X-ray diffraction was carried out by the trans-
mission method with a Rigaku Denki Rotaflex RU-200 X-ray
generator and a Mac Science DIP-100 diffraction imaging plate
at room temperature. The X-ray beam was generated with a Cu
anode at 50 kV and 140 mA. The X-ray diffraction patterns
were obtained by exposing the sample to monochromatized Cu-
Ka radiation through a collimator (0.5 mm) for 5 min.
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Tabled4 The observed bilayer thickness () and the tilt angle (o) of components within the three possible structures

_I """" W:

Classic bilayer structure

Chain penetration structure

T A L

Interdigitated structure

n dIA a® (IA) a® (IA) a® (HA)
6 448 33(83.2) 37(75.2) 67 (48.6)
7 662 51 (85.6) 60 (76.4) “(49.8)
9 69.5 50 (90.4) 62 (78.8) ?(52.2)

10 499 33(92.8) 39 (80.0) 69 (53.4)

11 758 53(95.2) 69 (81.2) “(54.6)

12 535 33(98.4) 40(82.8) 72(56.2)

2 Cannot calculate, see text.

26/°
Fig. 3 X-Ray diffraction patterns of C,-L-Ala-Azo-C;,N* powder

Results

Overview of the even-odd-chain effect

We can readily obtain a cast film bilayer by drying an aque-
ous bilayer on an appropriate substrate. Because the drying
process retains the original properties of the aqueous bilayer
intact, the cast film which is easy to handle can be used for
analysing the structure of the bilayer membranes. In fact, the
cast films of C,-L-Ala-Azo-C,N* showed the same spectral
change as observed in the original aqueous bilayers (Fig. 2).
Fig. 2 shows that the amphiphiles containing an odd number of
carbons form a highly ordered H aggregate (4, 320 nm) des-
pite the presence of the sterically hindered methyl group at
the alaninate residue. On the other hand, the T, values of the
bilayers of amphiphiles containing an even number of carbons
are higher than those estimated from the bilayers of amphi-
philes containing an odd number of carbons (Fig. 2). The
higher T, value indicates closer packing of the chains; therefore,
the bilayers of the amphiphiles containing an even number of
carbons must possess an ordered structure of the chromo-
phores. According to these results, regardless of the number of
carbons, the amphiphiles should be arranged so as to avoid the
steric hindrance of the methyl group and should form a highly
ordered structure. The major problem is what kind of structure
gives rise to the A, at 350 nm.

X-Ray diffraction

We can calculate the thickness of the bilayer membranes of
C,-L-Ala-Azo-C,(N* from the small angle diffraction region
in the X-ray diffraction patterns (Fig. 3). The membrane
thickness (d) of the respective bilayer membranes are listed in
Table 4. Because the extended molecular lengths calculated
from the van der Waals model were 41.6 A (n=6), 42.8 A
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(n=T7), 452 A (n=9), 46.4 A (n=10), 47.6 A (n=11) and
49.2 A (n=12), the observed membrane thicknesses were
significantly smaller than the calculated bimolecular lengths.
In particular, the bilayers of the amphiphiles containing an
even number of carbons were very thin. By presuming a tilting
bilayer structure, we can explain such thin bilayers. However,
not only the angle of tilt but also the chain packing is differ-
ent in each case. The wide angle diffraction regions between
3.5 and 5.5 A are remarkably different depending on whether
the number of carbons is even or odd. Hence, the afore-
mentioned change in 4., and 7, must be considered not
only based on the tilting of the molecules but also the chain
packing. The details are discussed in the following section.
However, it is known that each of the chain-packing subcells
within the crystals of simple long chain compounds can be
characterized by X-ray diffraction peaks in the wide-angle
region.”® For example, the orthorhombic OL and O’L sub-
cells [the symbol (1) indicates perpendicular] are characterized
by two strong diffraction peaks, which are found at 3.8 and 4.2

, whereas the triclinic T// subcell [the symbol (//), indicates
parallel] shows a series of relatively weak diffraction peaks with
one dominating peak, which occurs near 4.6 A ® It is of course
difficult to determine the chain packing subcell within the
bilayer membranes of C,-L-Ala-Azo-C,(N* because of their
complicated chemical structure. However, according to the cri-
teria described above, one dominating peak near 4.9 A is con-
sidered to arise from a T// subcell within the bilayers of the
amphiphiles containing an odd number of carbons. On the con-
trary, the bilayers of the amphiphiles containing an even num-
ber of carbons contain two diffraction peaks near 3.8 and 4.2
A, which indicates the presence of the OL subcell arrangement.
This consideration was supported by the FTIR study described
below.

FTIR study

Because the strong absorption bands attributed to water are
excluded, the FTIR spectra of the cast films were very easy
to measure. Fig. 1 displays the FTIR spectra of the cast film
bilayers of C,L-Ala-Azo-C,()N*. All absorption bands
changed in band shape, intensity and/or frequency with
respect to whether the amphiphile possessed an even or an
odd number of carbons. Marked differences between the two
kinds of amphiphiles appeared in the CH, scissoring band
and the amide absorption bands. Fig. 4 shows the CH,
scissoring bands of C,-L-Ala-Azo-C,(N* cast films at 25°C.
The peak contour of the CH, deformation band has been
known to reveal the location of the trans-zigzag planes of the
nearest-neighbouring chains, because the parallel and per-
pendicular alignments of the chain planes produce remark-
ably different patterns of band splitting due to interchain
interactions,”® For example, the perpendicular alignments of
the chains, which are peculiar within the Ol-type subcell,
split the CH, scissoring band into 1473 and 1463 cm™' com-
ponents, The parallel alignments of the chains, which are
plausible within the triclinic T//-type subcell, give a singlet peak
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Fig.4 The region of the CH, scissoring mode in the FTIR spectra of
cast films from the aqueous bilayer of C,-L-Ala-Azo-C;(N* at 25 °C

at 1465 cm™'. According to the splitting patterns, the
ampbhiphiles of C,-L-Ala-Azo-C,(N* containing an even num-
ber of carbons possess perpendicular alignments of the chains,
whereas the amphiphiles containing an odd number of carbons
possess parallel alignments of the chains. The FTIR technique
is very useful for determining the chain packing subcell within
the bilayer aggregate unless the other band appears in the CH,
scissoring region.'

The frequencies of the stretching and deformation bands
of the amide group also changed with the number of carbons
(Fig. 5). Because the bond energies of both the N-H and C=0
bonds are weakened by the H-bond formation, the absorption
frequencies of the stretching vibration in these functional
groups should decrease. On the other hand, the absorption fre-
quency of the N-H deformation band (amide II) increases with
the H-bond formation, because it requires larger energy to
deform the N-H bond, when the N-H bond is strained hard by
the H bonding. Hence, the intermolecular H-bonding between
the amphiphiles containing an even number of carbons is
stronger than that between the amphiphiles containing an odd
number of carbons.

Discussion

Bilayer structures

There are three possible structures for the bilayers of the
amphiphiles of C,L-Ala-Azo-C,(N*, namely, a classic bilayer
structure, a chain penetration structure and a fully inter-
digitated structure,* whose lateral views are given in Table 4.

3295.1

1637.1

1534.7
15332

1533

1530 .

6 7 8 9 10 11 12 13
Number of carbons in the tail

- Y

Fig. 5 Maximal wavenumbers of the (¢) N-H, (») amide 1 and (¢)
amide 11 bands within the FTIR spectra of the cast films

(b)

O?‘ }Chaincarbonsintheupperhyer o%*}cmincubonsinthelowerlaycr

Fig. 6 Subcells in the chain penetration region; (a) The OLl-type
subcell within the bilayers of the amphiphiles containing an even
number of carbons, (b) the T//-type subcell within the bilayers of the
amphiphiles containing an odd number of carbons

Within the chain penetration structure, the tail chains in one
layer penetrate into the opposite layer. An advantage of the
structure is to provide close packing of the tail chains, even if
the sterically hindered methyl group of the alaninate residue is
present. A disadvantage also exists. A gap may prevent close
chain packing in the region between the head and the azo-
benzene group. However, the gap should not affect the bilayer
formation, because triple chain ammonium amphiphiles, which
adopt a classic bilayer structure, formed stable bilayer mem-
branes despite a larger gap between spacers."* We will thus dis-
cuss the variation in the absorption maxima of the bilayers of
C,-L-Ala-Azo-C,(N* for the three possible structures.
Amphiphiles containing an even number of carbons. The
hydrophobic chains containing an even number of carbons are
packed according to the OL type subcell within the bilayer
aggregate. The OL type subcell contains both the parallel and
perpendicular alignments of the chain planes. Hence, a classic
bilayer structure or a fully interdigitated structure could form a
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Fig. 7 Schematic illustration of the chain penetration structure
formed from the amphiphiles containing an even number of carbons.
Arrows indicate directions of respective molecules. Tilting has been
neglected.

face-to-face packing of azobenzenes along either the a, or b
axis (s indicates a subcell). When the amphiphiles form a classic
bilayer membrane, the angles of tilt of the molecules are calcu-
lated to be ca. 34 ° (Table 4). This angle of tilt is very favourable
for the formation of the Jaggregate which absorbs at 360-390
nm." In contrast, when the amphiphiles form a fully inter-
digitated structure, the tilt angles are calculated to be above 67 ©
(Table 4). This tilting must yield the H aggregate which absorbs
at ca. 300 nm. This is not consistent with the UV absorption
(Amax 350 nm). We then assumed a characteristic chain pene-
tration structure as shown in Figs. 6 and 7. In the structure,
adjacent components alternately invert along the a, and b, axes
(Fig. 6). The alternate inversion causes the loss of parallel
stacking of the azobenzenes in one molecular layer and hence
all the remaining planes of the nearest-neighbouring azo-
benzenes should align perpendicular to each other (face-to-side
stacking) (Fig. 7). The perpendicular alignment of chromo-
phores prevents an interchromophore interaction, giving rise to
the absorption at 350 nm. The calculated bimolecular length in
the chain penetration structure and the angle of tilt are given in
Table 4.

Amphiphiles containing an odd number of carbons. The fully
interdigitated structure is excluded from the possible structures
because more than 17 A penetration reduces the calculated
maximal thickness of the structure below the observed thick-
ness. Thus, the classic bilayer structure and the chain penetra-
tion structure are possible. The angles of tilt within respective
structures are given in Table 4. These angles are favourable for
the formation of the H aggregate, because the bilayers of the
amphiphiles containing an odd number of carbons possess the
T//-type subcell, which should provide parallel stacking of the
azobenzene groups. However, 4,,,, decreased with an increase in
the chain length (Fig. 2). Because a less tilted structure absorbs
at a shorter wavelength, the angle of tilt must increase with the
chain length. Actually, the angle of tilt within the chain pene-
tration structure enlarged with an increase in the chain length
relative to a constant angle within the classic bilayer structure.
This result means that the chain penetration structure is also
plausible for the bilayers of the amphiphiles containing an odd
number of carbons. However, we cannot rigorously exclude the
classic bilayer structure in this case.
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Hydrogen bonding

The different chain packing affected the mode of the inter-
molecular H bonding. As described before, the amphiphiles
containing an even number of carbons formed stronger H
bonding than those containing an odd number of carbons. The
formation of the strong H bonding suggests that the adjacent
molecules were not distant from each other. Hence, the absorp-
tion maxima at 350 nm does not result from a large distance
between chromophores but from the perpendicular orientation
of the chromophores. In fact, the amphiphiles containing an
odd number of carbons can form intimate stacking of the
chromophores (H aggregate) despite the rather weak H bond-
ing. Although we cannot determine the conformation around
the NH-CO linkage, the perpendicular alignments of the chain
planes should provide favourable circumstances for formation
of the H bonding.

Generality of the even-odd-chain effect

To our knowledge, such a drastic even-odd-chain effect as
shown here has not previously been observed. However, a small
difference between bilayers of amphiphiles containing an even
and odd number of carbons has been reported. For example,
the pre-transition temperatures (7,) of the aqueous bilayers of
acyl phosphatidylcholine with n-C,, to -C,4 acyl chains showed
periodic change in the chain length, whereas the main transi-
tion temperature (T,) linearly increased with the length of the
chain irrespective of the number of carbon atoms.' The aque-
ous bilayer membranes of the double chain amphiphiles such as
N-(11-trimethylammonioundecanoyl)-L-glutamate dialkyl ester
with n-C,, to -C, alkyl chains [C,-L-Glu-C,,N* (n=12-16)]
also showed no periodic change in the 7, but showed altern-
ation of the absorption wavenumber in the IR spectra.'” Thus,
although the double chain amphiphiles do not display a change
in the T, all amphiphiles containing an even and odd number
of carbons should form the bilayer membranes with different
structures. In particular, as can be seen here, a difference in the
chain packing causes a large difference in the properties of the
bilayer membranes.

Conclusions

Bilayer-forming amphiphiles that contain an odd number of
carbons in the tail have been neglected for a long period,
because they are believed to be an extension of the amphiphiles
containing an even number of carbons. However, the two kinds
of amphiphiles behaved as entirely different species in the pres-
ent case. The difference arose from the inherent chain packing
within the respective bilayers. In order to explain the inherent
chain packing, we proposed a new molecular arrangement,
which we called a chain penetration structure. So far the chain
packing has not been extensively discussed. This is because the
traditional bilayer structures necessarily contain parallel align-
ments of the chromophore planes, even if an OL type subcell is
formed. However, within the chain penetration structure, the
orientation of chromophores is dependent upon whether the
trans-zigzag planes of the tail chains are parallel or perpendicu-
lar. In particular, every other inversion of components causes a
loss of parallel alignments of the chromophore planes. In this
case, a simple lateral view of the bilayer varies with the angle of
the perspective. We therefore emphasize that bilayer properties
must be considered three-dimensionally.
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