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Raman scattering spectra and molecular
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Abstract The dimeric bis(quaterna-
ryammonium bromide) surfactants,
[BI'_(CH3)2N - (CmHZrn + 1)_(CH2)S'
_(CmH2m+ 1)N+(CH3)2BI‘_, s=2,3
and m = 4, 6, 10 and 12, s = 6 and
m = 8, 10, 12], have been synthe-
sized and the phase maps of the sm6-
8-water, sm6-10-water and sm6-12-
water binary systems have been
determined (sm6-8 implies s = 6,

m = 8). In order to examine the
molecular structures of these solid
samples and of their dimeric sur-
factant-water binary systems,
Raman spectra of the simple dimeric
surfactants, sm2-4 and sm3-4, in
which crystal structures of the trans-
and cis-type conformations have
been determined by single-crystal
X-ray diffraction analysis, have been

investigated, and Raman bands
characteristic of these skeletal struc-
tures were found in the skeletal
deformation region. On the basis of
these characteristic Raman bands
for the two conformations, it has
been concluded that the dimeric
surfactants, smo6-8, sm6-10 and
sm6-12 also take up a cis-type con-
formation in the crystalline state.
Furthermore, it has been found that
the Raman bands in the C—H
stretching, skeletal stretching and
CH, scissoring regions are sensitive
to phase structure.

Key words Raman spectra —
Bis(quaternaryammonium bromide)
— Phase-structure

Introduction

Considerable attention has been paid to morphological
studies on homologous series of bis(quaternary-
ammonium bromide) surfactants [dimeric surfactants
(DS)|[1-17]. These molecules are composed of two
n-alkyldimethylammonium bromide moieties whose po-
lar head groups are chemically connected in pairs by an
alkanediyl chain (referred to as a spacer). This dimer-
ization brings about variations in physico-chemical
properties compared with those of the original surfact-
ant molecules. In particular, it is well known that the
length of the spacer markedly affects the morphology of
an aggregate. Zana and Talmon [14] used transmission
electron microscopy to investigate the microstructures
formed by the DS with acyl carbon chain number
m = 12 and the number of spacer methylene units s = 2,
3 or 4 in aqueous solution. The results indicated that the

DS with a short spacer (s = 2, 3) form long, thread-like
and entangled micelles, even at low concentrations,
while the DS molecules with s = 4 form spheroidal
micelles. Thus, short spacers obviously promote lower
spontaneous curvature in the assemblies.

Hirata and coworkers [17] investigated the micro-
structure of the self-assembly systems of some DS by
small-angle neutron scattering and found that for the
DS with a short spacer (s = 2) both micellar growth and
shape variation were more pronounced, while for the DS
with a long spacer (s = 6) the extent of micellar growth
and shape variation became very small.

The results of Alami et al. [15] imply that variation in
the morphology of an aggregate formed by the DS
strongly depends on the specific area per surfactant
molecule which, in turn, is influenced by the length of
the spacer. Indeed, Diamant and Andelman [16] pointed
out that the small specific area imposed by short spacers
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may lead to a large packing parameter thereby account-
ing for the formation of cylindrical micelles, while the
close-to-maximum areas imposed by the presence of a
medium spacer explains the spherical shape. Further-
more, they presented a theoretical explanation for the
experimental results of Zana and Talmon [14] and Alami
et al. [15].

The packing property of self-assembly systems
seems to depend on many factors. In order to discuss
quantitatively the relationship between geometrical
packing parameters and morphological characteristics,
the conformational change brought about by the self-
assembling of surfactant molecules must be investigated
in detail, since the packing parameters will be changed
by variation in the conformation of these molecules.

In their Raman scattering studies of surfactant-water
binary systems Okabayashi and coworkers [18-27] have
already demonstrated that a conformational change of
surfactant molecules occurs upon micellization. Mice-
llization brings about preferential stabilization of a
specific rotational isomer, leading to variation in the
packing parameter. It is therefore clear that further
understanding of the relationship between the geomet-
rical packing parameter and the morphology of a DS-
water system would be obtained by a conformational
study of the DS in the solid state and in aqueous
solution. However, very little is known of conforma-
tional studies of DS using Raman scattering spectra.

In this study, a series of DS and their simple related
compounds have been synthesized and investigated by
using Raman scattering spectroscopy. The conforma-
tions of the DS in the solid state and in various aqueous
phases are then discussed.

Experimental

Materials

Bis(quaternaryammonium bromide) surfactants (DS) of general
formula

+ +
Br~ (CH3)2 ITI —(CHz)S— T(CH3)2 Br~

CmH2m+1 CmH2m+1

were synthesized as follows [9, 10]. The reaction of N,N,N’,N’-
tetramethyl-1,6-diaminohexane (b.p. = 57.1-58.1 °C) with the cor-
respondence n-alkylbromide was performed in dried ethanol under
reflux (7' = 353 K) for 48 h in the presence of a 5-10% excess of
n-alkylbromide, in order to ensure as complete bisquaternization
as possible. The DS thus prepared (Table 1) were recrystallized
in various solvent mixtures (ethanol-ethylacetate or acetone-
ethylacetate). Sample identity was confirmed by NMR and
elemental analysis; the agreement between calculated and observed
values was within +0.5% (Table 1). Since the observed elemental
analysis data for the DS Dgy(sm6-3) (which was very hygroscopic)
were in disagreement with the calculated values, identification of
the sample was carried out by 'H and '*C NMR spectroscopy.
Abbreviations for the three series of DS thus prepared are also

Table 1 Abbreviations of the dimeric surfactants (DS) and their
elemental analysis data®

Abbreviations C% H% N%
A series Al (sm6-8) Calcd. 5591 1047  5.02
Found 55.53 10.72  4.68
A2 (sm6-10) Calcd. 58.62 10.82  4.56
Found 58.51 11.14 445
A3 (sm6-12) Calcd. 60.88 11.12  4.18
Found 60.66 11.51 4.05
B series Bl (sm2-4 - 2H,0)®  Caled. 3945 899 6.57
Found 39.76 9.42 6.33
B2 (sm2-6 - H,O)® Caled.  46.56  9.55 6.03
Found 46.57 9.58 587
B3 (sm2-10) Calcd. 5591 1047  5.02
Found 5594 10.89 4.89
B4 (sm2-12) Calcd. 58.62 10.82  4.56
Found 58.69 11.23 448
C series Cl1 (sm3-4 - 1/2H,0)° Calcd. 43.59 9.02  6.78
Found 43.51 9.13 6.64
C2 (sm3-6 - H0)" Calcd. 4770 9.69 5.85
Found 4744 991 5.66
C3 (sm3-10 - H,0)®  Calcd. 5491 10.58 4.74
Found 54.67 10.74 4.60
C4 (sm3-12 - 2H,0)® Calcd. 56.01 10.92 4.21
Found 56.09 1133 4.26
D Dg (sm6-3) - - - -

#sm2-4 implies that the number (s) of spacer methylene units is 2
and the number (m) of carbon atoms in the n-acyl chains is 4

® Calculated values for the hydrated DS including allowance for the
water molecules of hydration

listed in Table 1. The reactants used for these syntheses, hex-
amethonium bromide [(CH;3);N " (CH,)sN " (CHs); - 2Br, HMB]
and N,N,N’,N’-tetramethyl-1,6-diaminohexane [(CHj3),N(CH,)q
N(CHs3),, TMDH] were obtained from Wako Chemicals and
Tokyo Kasei Kogyo, respectively, and all reactants were purified
before reaction.

Phase map determinations and calorimetry

Sample solutions were prepared by placing the DS and H,O
components into glass ampoules, which were then sealed and the
contents homogenized by annealing. The thermotropic transition
temperature of the DS-H,O system was determined with a
differential scanning calorimeter (Rigaku DSC 8230), using a
volatile pan with a-Al,Oj5 in the reference pan, at a scanning rate of
2 °C/min. The temperature dependence of the phase feature of the
samples was determined by visual inspection as the ampoules were
held in a temperature-controlled water bath (rate of temperature
elevation and cooling 0.1 °C/min). The temperature was measured
with a digital thermometer (Sato Keiryoki).

FT-Raman scattering measurements

Raman spectra below 4000 cm ™" were obtained with a Nicolet 950

Fourier transform Raman spectrometer using the Nd: YAG laser
(CVI]) excitation wavelength of 1064 nm with a resolution of
4 cm™! at room temperature. Raman spectra of the solid samples
were obtained from pressed solid samples in a capillary tube with a
laser power of 400 mW. For measurements in the temperature
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range —80 to 100 °C, samples were placed in a hand-made variable
temperature system.

Light-scattering measurements

Light-scattering measurements were carried out on a Union Giken
DLS 700 light-scattering photometer using He-Ne laser light
(5 mW) at 632.8 nm. The refractive index increment of the sample
solutions was measured on a Union Giken RM-102 differential
refractometer at 633 nm. The temperature was kept at 20 + 0.3 °C
by circulating temperature-controlled water through the cell
housings.

Results and discussion

This present study is mainly concerned with the
molecular structures of DS in the solid state and various
aqueous phases, as determined from the Raman scat-
tering effect. The DS (A series) with a spacer of definite
polymethylene chain-length [(CH,)¢] were synthesized in
order to determine the phase maps of the A series-H,O
binary systems. The simple DS (B and C series) with
short spacers [(CH,),, s = 2 and 3] were also synthesized
to aid interpretation of the Raman scattering spectra
of the A series. In particular, emphasis was focussed on
the longitudinal accordion-like vibrational modes,
as well as the skeletal stretch and C—H stretch modes,
as a measure of the order of the n-octyl, n-decyl and
n-dodecyl side chains and of the spacer chain.

The phase maps of the A series-H,O binary systems
are shown in Fig. 1. For the Al-H,O system (Fig. 1A),
the map consists of four regions (I, II, III and IV). A
homogenous and transparent one-phase solution was
obtained in region I, and in region Il a homogeneous,
transparent and viscous one-phase solution was ob-
tained at higher temperatures, but this could be regarded
as a gel phase at room temperature. It was found that
region III is a coagel phase, while in region IV a coagel
and a transparent gel coexist. For the A2-H,O system
(Fig. 1B), there exist three regions (I, II and III) which
correspond to a homogenous and transparent one-phase
solution, a gel (colorless, transparent and elastic) phase
and a coagel phase, respectively. For the A3-H,O system
(Fig. 1C), in addition to a homogenous and transparent
one-phase solution (region I), a gel phase (region II),
a coagel phase (region III) and a (gel + coagel) phase
(region 1V), there exists a region V, in which hydrated
crystals and an aqueous solution of A3 coexist and the
two-phase system is in equilibrium.

For region I, which was obtained for all three
systems, light-scattering measurements were carried out
at various concentrations and the reduced scattering
intensities were plotted against concentration. The
results show that in this region there exists a critical
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Fig. 1 A-C Phase maps for the A series-H,O binary systems, A: Al-
H,0 B: A2-H,O and C: A3-H,O (filled circles: transition temperature
determined by calorimetric measurement). Region I: homogeneous
and transparent one-phase solution; region II: homogeneous and
transparent viscous one-phase solution; region III. coagel phase;
region IV: coagel + transparent gel; region V: hydrated crystals +
aqueous solution
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micelle concentration (cmc), indicating the presence
of a monomer-micelle equilibrium. The cmcs were
5.5 % 1072 mol/l for Al, 8.1 x 107> mol/l for A2 and
1.8 x 107* mol/l for A3, values very close to those
reported by Ikeda et al. [28], ie. 7.3 x 1072 (Al),
8.7 x 107 (A2) and 1.7 x 107> mol/l (A3), respectively.

For the A2-H,O systems, we have already reported
the existence of prolate micelles with an aggregation
number of 24 in region I and that no micellar growth
occurs [17].

The phase structures in regions II, IIT and IV and the
structures of the solids are discussed below mainly by
interpretation of the Raman spectra. Figure 2 shows the
Raman spectrum of the solid A2 sample, in the region
600-1600 cm™!, as a representative of the A-series
samples. The frequencies of the observed Raman bands
for the A series are listed in Table 2 together with a
tentative assignment.

In order to examine the molecular conformations of
the A series in the solid state, the Raman spectra of the
simple DS (B and C series) with short methylene [(CH,),
and (CH,);] spacers were investigated. In particular, it
was found that the Raman bands in the skeletal
deformation region for these simple surfactants play
an important role in determining the conformations of
the A series. Moreover, the Raman bands coming from
the skeletal C—C stretch and C—H stretch modes were
found to be sensitive to the phase structures of the A
series-H,O binary systems.

Raman spectra of simple DS and their conformations

Schematic models of the molecular conformations for
the B1 and C1 molecules, which we have previously

Fig. 2 Raman spectrum of the
solid A2 sample in the 600—
1000 cm™" region

1458
1443

Raman Intensity

determined by single-crystal X-ray diffraction analysis
[29], are shown in Fig. 3. For the Bl molecule (Fig. 3A),
the two n-butyl chains are in the trans configuration with
respect to the extended N—(CH,),—N skeleton, while
those of C1 (Fig. 3B) are in the cis configuration. The
methylene portions of the two n-butyl chains are in an
extended form. The frequencies of the main Raman
bands in the skeletal deformation region for Bl and C1
are listed in Table 3.

The difference in conformation between the B1 and
C1 series was also strongly reflected in the Raman

Table 2 Raman bands frequencies (cm™") of the solid A series in
the region 700-1500 cm™'*

Al A2 A3 Assignment
(tentative)
1490 (w) 1490 (w) 1490 (w) CH; deg. bend
1455 (vs) 1458 (vs) 1457 (vs) .
1445 (vs) 1443 (vs) 1441 (vs) } CH, scis.
1408 (m) 1410 (m) 1413 (m)
1344 (w) 1343 (w) 1344 (w) } CH, wag.
1306 (m) 1302 (s) 1300 (s)
1229 (w) 1230 (w) 1231 (w) CH, wag., CH, twi.
1173 (w) 1175 (w) 1172 (w)
1137 (w) 1136 (m) 1137 (m)
1120 (w) 1125 (m) 1126 (m)
1080 (m) 1080 (m) 1081 (m) C—C str.
1065 (m) 1065 (s) 1067 (vs)
1030 (m) 1030 (m) 1028 (m)
985 (w) 990 (w) 980 (m)
964 (w) 968 (m) - C—C str., CH, rock
950 (m) - -
923 (w) 932 (w) 925 (w)
898 (m) 895 (m) 898 (m) } CH, rock
764 (s) 767 (s) 767 (s) C—N str.

4 The frequencies of the very weak Raman bands have been omitted

1065
767

1302

1
1400

L
1600

| 1 | J
1200 1000 800 600

Raman Shift (cm™)
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Fig. 3 A, B Schematic molecular conformational models [29] of A B1
and B CI in the crystalline state

Table 3 Raman band frequencies of trans-type B1, cis-type C1 and
of their related DS in the skeletal deformation region

DS Band frequencies (cm™)

trans Bl 546 509 474 382 366
B2 542 508 465 382 372
B3 544 505 457 391 372
B4 544 509 461 - 370

cis Cl 553 536 519 463 426 376
C2 552 530 515 453 421 376
C3 562 530 515 457 422 374
C4 563 534 515 459 422 377

spectra. In particular, the vibrational bands in the region
of the skeletal deformational modes provide direct
information on the molecular conformation [30, 31].
The Raman spectra of the solid Bl and C1 samples in
the skeletal deformation region are shown in Fig. 4.
(The detailed normal mode analysis of Bl and C1 will be
reported separately; however, it has been found that the
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— 251

256

600 500 400 300 200
Raman Shift (em™)

Fig. 4 a, b Raman spectra of the solid a Bl and b C1 samples in the
skeletal deformation region at 25 °C

vibrational modes coupled among the CNC, CCN and
CCC deformational modes are sensitive to the cis and
trans configurations) It is now clear that the marked
difference in the spectral features between the two simple
DS must originate in the differences in their conforma-
tion. In particular, it should be noted that the Raman
band at 423-426 cm™', observed for the crystalline Cl
sample (Fig. 4b), disappears in the Raman spectrum of
the crystalline Bl sample (Fig. 4a). Therefore, we may
regard the band at 423-426 cm™' as characteristic of the
cis-type molecular structure. Raman spectra of the other
B and C series have also been examined. For the spectra
of the B2, B3 and B4 samples in the crystalline state,
Raman bands characteristic of the trans-type Bl were
found, while for those of the C2, C3 and C4 samples
bands characteristic of the cis-type C1 appeared, as seen
in Table 3. These observations reveal that the molecules
of the B series take up a trans-type structure while those
of the C-series adopt a cis-type structure in the
crystalline state. Furthermore, as can be seen in Table 3,
the Raman bands at 505-509 and 542-544 cm™!,
observed for the B series, closely correspond to the
bands at 509 and 546 cm™', respectively, for the Bl
sample, and those at 517-519 and 552-563 cm™' for the
C series also correspond to the bands at 519 and
553 cm™', respectively, of the C1 sample, indicating that
these band frequencies can also be used to distinguish
between the two conformations.
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Fig. 5 A, B Raman spectra for the solid A series in the skeletal
deformation region at A 25 °C (a: Al, b: A2, c: A3) and B at 60 °C (a:
Al, b: A2). The asterisked Raman bands show the bands characteristic
of the cis-type structure

Raman spectra of the A series
and their conformations in the solid state

The Raman spectra (at 25 °C) in the skeletal deforma-
tion region of the crystalline samples for the A series are
shown in Fig. 5A. It is found that the Raman bands
at 423-425, 520 and 564-567 cm™', observed for all
members of series correspond closely to those at 421—
426, 517-519 and 552-563 cm™', respectively, which are
characteristic of the cis-type C series. These observations
imply that the A series systems with longer methylene
spacers also take up a cis-type structure in the crystalline
state. Therefore, these bands may be regarded as
characteristics of the cis-type structure.

We may assume that an increase in temperature
should bring about disordering of the skeletal structure
of a polymethylene chain. In order to obtain informa-
tion on disordering of the cis-type skeletal structure, we
have measured the Raman spectra of the A series at
higher temperatures.

The Raman spectra of the Al and A2 samples in
the crystalline state, measured at 60 °C are shown in
Fig. 5B. For the Al sample (Fig. 5A plot a, B plot a), it
should be noted that an increase in temperature brings
about both a marked decrease in intensity of the
423 cm™' band and its broadening. Moreover, with
increasing temperature, new bands at 230 and 580 cm™'
also appear and the very weak bands at 380 and
480 cm™' become intensified. For the A2 sample
(Fig. 5A plot b, B plot b), as the temperature increases,
in addition to a broadening of the 424 cm™' band, the
broad band at about 480 cm™ increases in intensity and
a new band appears at 580 cm™'. Similar observations
were made for the A3 sample (spectrum at 60 °C not
shown). These results suggest a breaking up of the cis-

Raman Shift (cm™)

type structure and an increase in randomness of the
n-alkyl chains.

Raman bands at 198-208 cm™" are observed for all
these DS in the crystalline state. We may assign these
bands to the accordion modes of the spacer portion
[(CH3)2N+_(CH2)6_N+(CH3)2] in the A series. In
order to confirm this assignment, the Raman spectra
of HMB and its related compounds (TMDH and D)
were measured. As shown in Fig. 6, strong Raman
bands at 208, 198 and 200 cm™! are observed for TMDH
(Fig. 6b), HMB (Fig. 6¢) and D, (Fig. 6d), respectively.
We may assign these bands to the accordion modes of
the TMDH segment.

The accordion vibrational mode of the TMDH portion
for the A series is very close to that (194 cm™) of
n-dodecane. An explanation for this similarity follows.

In the crystal structure of HMB (dihydride), which
has been determined by X-ray diffraction analysis [32],
the molecular chain [CH;—N(CH,)sIN—CHs] containing
the nitrogen atom and one CHj; carbon atom of the
N(CHs;); groups is in the fully extended state, although
both CN(CH3); groups are slightly twisted out of the
average plane of the (CH,)¢ segment. Therefore, the all-
trans plane should provide an accordion band frequency
very close to that of n-decane [30]. However, we must
consider that this segment contains two nitrogen atoms
and that, furthermore, each nitrogen atom is linked with
the methyl group. It is likely that these effects give rise to
the appearance of the accordion mode at the lower
frequency. The effect of substituent groups on the
accordion band frequency has already been reported
by Okabayashi and coworkers [18-23].

For the liquid sample of TMHD (Fig. 6a), a Raman
band is also observed at 208 cm™!, which corresponds
well to the 208 cm™" band of crystalline TMHD (Fig. 6b),
indicating that the extended molecular structure of
TMHD exists even in the liquid state.

The Raman spectra of n-alkyltrimethylammonium
bromides in the crystalline state were also investigated
in order to examine the accordion vibrations of the
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Fig. 6 Raman spectra of [tetramethyldiaminhexane a liquid and
b solid (=60 °)], ¢ solid hexamethonium bromide and d Dy in the
100-300 cm ™" region

n-alkyl-N segments of the A series. The Raman spectra
of n-hexyl, n-octyl, n-decyl and n-dodecyl trimethyl-
ammonium bromides in the 150-600 cm™' region are
shown in Fig. 7. It is seen that the strong Raman bands,
which are observed for all in the 150300 cm™" region,
are shifted markedly to lower frequency with an increase
in the n-alkyl chain length. A similar observation was
made by Mizushima and Simanouchi [30] for the Raman
spectra of n-paraffins (C4—C16). They found that in the
lower-frequency region only one Raman line exists for
each solid paraffin and that its frequency is inversely
proportional to the number of carbon atoms. This result

5 g
@ 2 N N
&
- o
<+ 2 A
A o
=
2 n 2
= 'a) -
- 3= &Y A
g
\anvs-Nm A
QRS
@ NS
600 500 400 300 200 100

Raman Shift (cm™)

Fig. 7 Raman spectra for solid n-alkyltrimethylammonium bromides
(a n-hexyl, b n-octyl, ¢ n-decyl, d n-dodecyl) in the 150600 cm™
region (25 °C)

was accounted for by approximating the extended
carbon chain as a continuous rod and assigning the
Raman line to its longitudinal motion, the frequency of
which is given by

1 |E
V==
20\ p’

where E is Young’s modulus, p the density and ¢ the
length of the rod. This equation implies that the fre-
quency is inversely proportional to the length of the
hydrocarbon chain (number of carbon atoms). Thus,
the Raman bands at 251, 208, 179 and 163 cm™" (Fig. 7)
can be assigned to the longitudinal vibrational modes
(so-called accordion vibrational modes) of the n-hexyl,
n-octyl, n-decyl and n-dodecyl chains, respectively.
These bands are observed at lower frequencies than
the accordion band frequencies of n-paraffins [30]. It is
expected that the effect of the terminal groups (trimethyl-
ammonium ion) will contribute to this trend.

Figure 8 shows the linear relationship between the
accordion band frequency and the reciprocal number of
carbon atoms (1/Cy) for the DS and these values for the
n-paraffins are included for comparison [30]. For Al, A2
and A3, therefore, we may assume that the accordion
band frequencies of the n-octyl, n-decyl and n-dodecyl
chains are very close to those of the m-alkyltrimethyl-
ammonium bromides. The Raman bands observed at
205, 178 and 160 cm™" (Fig. 5A) for A1, A2 and A3 may
be assigned to the accordion bands of the n-octyl,
n-decyl and n-dodecyl chains.

Raman spectra of the A series-H,O binary systems
and the phase structures

The Raman spectra in the skeletal deformation region
of the A series-H,O binary systems are shown in Fig. 9.



313

For the aqueous solutions of Al and A2 (Fig. 9A plot
a, B plot a, respectively), the Raman bands observed at
423-424 cm™! in the solid samples (Fig. 5) have disap-
peared, indicating that the cis-type structure which
exists in the solid state has broken down in aqueous

450

400

350

300

250

200

150

Accordion band frequency(cm")

100 4 1
0.05 0.15
1/C y

0.20

Fig. 8 Plots of the accordion band frequency against the reciprocal
number (1/Cy) of carbon atoms for n-alkyltrimethylammonium
bromides [filled circles: Cg (n-hexyl), Cg (n-octyl), Cyo (n-decyl), Cy»
(n-dodecyl) and open circles: n-paraffins [31] (from n-hexane to
n-dodecane)]

Fig. 9A, B Raman spectra for
the A series-H,O binary systems
in the skeletal deformation re-
gion. A; Al-H,O [a: aqueous
solution (60 wt%, 25 °C), b:
transparent gel (85 wt%, 25 °C),
¢: coagel (60 w%, —40 °C)], and
B; A2-H,O [a: aqueous solution
(40 wt%, 25 °C), b: transparent
gel (69 wt%, 60 °C), c: coagel (60
wt%, —40 °C)]. The asterisked
Raman bands at 220 cm™" are
derived from the solid H,O

solution. Furthermore, the appearance of the very weak
and broad bands at 365-370, 480 and 580 cm™' implies
disordering of the skeletal structure of these DS in
aqueous solution. However, the presence of the weak
bands at 513-515cm™' may imply the existence of
a trans-type structure, since these bands correspond
to the 509 cm™! band (Fig. 6A) of the trans-type Bl
molecule.

The Raman spectra of the A1 and A2 samples in the
transparent gel state (Fig. 9A plot b, B plot b) are very
similar to those seen in aqueous solution, again sug-
gesting that the cis-type structure for the skeleton of
these DS is broken in the gel state.

For the samples in the coagel states (Fig. 9A plot c,
B plot c), the spectral features were found to be very
similar to those of the aqueous and gel samples,
although the broad bands at 465468 cm™' were in-
creased in intensity. Therefore, we may assume that the
cis-type structure of the skeleton is also broken in the
coagel state.

Mizushima and Shimanouchi [30] investigated the
Raman scattering of n-paraffins and concluded that
while for the lower homologs (from n-butane to
n-dodecane) the all-trans (extended) form is abundant
in the liquid state, for n-cetane this form is almost absent
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in that state. Okabayashi et al. [18] used Raman
scattering of simple soap molecules in aqueous solution
to demonstrate that the extended form of the hydrocar-
bon chain increases in population upon micellization.
For Al and A2 we may expect the appearance of the
accordion bands for hexamethylenediamine, n-octyl,
n-decyl and n-dodecyl chains in aqueous solution and
in the gel and coagel states. For the aqueous, gel and
coagel samples of Al, weak and broad bands at 195-
198 cm™! are observed (Fig. 9A plot a, b). These bands
may probably be assigned to the accordion mode of the
hexamethylenediamine chain, which was superimposed
upon that of the n-octyl chain. For the coagel A2
sample, the band at 205 cm™' (Fig. 9B plot ¢) may be
assigned to the accordion mode of the spacer. The
accordion band of the n-decyl chains could not be
observed due to the presence of the very strong Rayleigh
line. These observations reveal that the extended form of
the spacer chain exists in all of the aqueous, gel and
coagel states. Unfortunately, it is difficult to discuss the
ordering state of the n-alkyl chains using the accordion
modes. However, judging from the results of our
previous work [24], we may assume that the n-alkyl
chains are also in an extended form in the coagel state.

We can discuss the stability of the all-trans form in
each phase using the skeletal stretching modes in the
1000-1100 cm™" region. For the Raman scattering
spectra of n-paraffins in the solid state, bands at 1056
1070 cm™" are observed and are assigned to the skeletal
(C—C) stretch modes of the extended form [31, 33].
However, for those of the n-paraffins in the liquid state,
Raman bands at 1080-1086 cm™' are found in addition
to those at 1056-1070 cm™', and are assigned to the
skeletal stretch modes of the conformers containing
the gauche forms [33]. These results have been used
extensively to examine the conformation of lipid mole-
cules in model membranes and of surfactants in
aggregated systems. We may use these bands in order
to examine the phase structures of the A series-H,O
binary systems.

The Raman spectra of the solid A series in the
10001100 cm™" region consist mainly of three bands
(Table 2). The Raman bands at 1065-1067 cm™! in-
creased in intensity with increase in methylene number,
compared with those at 1028—1030 and 1080-1081 cm™".
This observation shows that the 1065-1067 cm™" bands
arise from the all-trans form of the n-alkyl chains.
In order to assign the two bands at 1028-1030 and
1080-1081 cm ™', the Raman spectrum of HMB in the
crystalline state was also investigated in this study
(spectra not shown) and three medium bands at 1026,
1061 and 1083 cm™' were observed in this region.
Therefore, we may assume that the three bands at
1028-1030, 1065-1067 and 1080-1081 cm™" for the solid
A series are superimposed upon the three bands arising
from the extended hexamethonium skeleton.

The Raman spectra in the skeletal stretch region for
the aqueous, transparent gel and coagel samples of the
Al- and A2-H,O binary systems are shown in Fig. 10.
For Al, the Raman spectra of the aqueous and gel
samples (Fig. 10A plot ¢, b, respectively) consist of two
Raman bands at 1066-1069 and 1077-1080 cm™', indi-
cating that the extended forms of the hydrocarbon
chains are also abundant in the two phases and, as
expected, are strongly dependent upon concentration.
In the coagel state (Fig. 10A plot a), the 1068 cm ™' band
is intensified compared with the band at 1079 cm™,
indicating stabilization of the all-trans forms for the
n-alkyl chains and the spacer segment. The Raman
spectrum of A2 in aqueous solution (Fig. 10B plot c) is
very similar to that of the transparent gel (Fig. 10B plot
b) and bands at 1065-1068 and 1077-1079 cm™' are
observed. However, the latter bands are more intense
than the former, indicating that the populations of
conformers having a gauche form are predominant. For
the Raman spectrum of A2 in the coagel state (Fig. 10B
plot a), the two bands at 1066 and 1082 cm™' are
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Fig. 10 A, B Raman spectra for the A Al-H,O binary systems [a:
coagel (60 wt%, —40 °C), b: transparent gel (80 wt%, 25 °C) and c:
aqueous solution (80 wt%, 70 °C)] and B for the A2-H,O [a: coagel
(69 wt%, —40 °C), b: transparent gel (70 wt%, 60 °C) and ¢: aqueous
solution (60 wt%, 25 °C)] in the skeletal stretch region
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obviously intensified. Therefore, the all-trans forms of
the hydrocarbon chains are preferentially stabilized.
However, the presence of the medium and sharp
1082 cm™' band may imply the presence of a consider-
able number of disordered hydrocarbon chains in the
coagel phase.

Unfortunately, it is difficult to discuss the difference
in the extent of ordering between the spacer chain and
the n-acyl chains using Raman spectra in the accordion
and skeletal stretch modes. In general, however, as the
number of carbon atoms in n-paraffins decreases, the
probability for taking up an all-trans form becomes
high. Raman spectra of n-paraffins [30] and those of
simple soap molecules [18, 19] support this assumption.
Therefore, in solution, as well as in the transparent gel
and coagel states, it may be assumed that the population
of the all-trans form is greater in the spacer portion
[N—(CH,)¢—N] than in the acyl chains.

The CH, scissoring bands observed in the 1400-
1500 cm™" region are sensitive to molecular interactions
and are useful as a monitor of the packing state of the
methylene chains in the gel or crystalline state [34, 35]. In
the Raman spectra of the A series, strong bands at 1441—
1448 and 1455-1458 cm™' are observed in this region
(Table 2). It should be noted that an increase in the acyl
chain length brings about a marked variation in this
spectral feature. The separations (Dn) between the two
bands become larger with an increase in the length of the
acyl chain: Dn = 7 cm™! for Al, 15 ecm™' for A2, and
16 cm™' for A3. This behavior must be a reflection of
the variation in the packing of the acyl chains upon
an increase in the length of the acyl chain.

A similar observation has been made (data not
shown) for the coagel samples of the A2-H,O binary
system. The Dn value for the coagel (40.3 wt%) A2
sample was 5 cm™!, while for the 80 wt% coagel it was
14 cm™! and very close to the value in the solid. This
difference in Dn may reflect the difference in chain
packing between the two coagel states, caused by the
extent of hydration about the polar head groups. For the
coagel samples of Al, such a splitting in this region was
not observed, implying that the molecular packing state
of the DS in the binary system depends on the length
of the acyl chain.

For the gel samples of Al and A2 (Fig. 10A plot b,
B plot b, respectively), the spectral features the CH,
scissoring modes were very similar to those of the
aqueous samples. This may reflect the absence of
molecular packing due to disordering of the hydrocar-
bon chains.

The relative intensities of C—H stretching bands have
provided information about the ordering and the
environment of the hydrocarbon moiety of phospholip-
ids [36-38] and surfactant molecules [18, 39] in model
membranes. In the present study, it has been found that
the Raman spectral feature of the C—H stretch modes

reflects the phase structure of the A series-H,O binary
systems. The Raman spectra for the solid A series in the
C—H stretch region, observed at 25 °C and 60 °C, is
shown in Fig. 11. The weak Raman bands in the 3000—
3040 cm™! region may arise from the N—CHj5 groups,
since these bands decrease in intensity with an increase
in the acyl carbon chain length (Fig. 11C < B < A).
Moreover, the very strong Raman band at 3017 cm™!
and the medium 3038 cm™ bands were also found in the
Raman spectrum of solid HMB (spectrum not shown).
The Raman bands at 2860-2865 and 2950-2952 cm™!
tend to decrease in intensity with an increase in the acyl
carbon chain length (Fig. 11C < B < A) and corres-
pond to the bands at 2856-2865 and 2957-2961 cm ™!,
which were found for the Raman spectra of potassium
n-alkylcarboxylates in the solid state, and are assigned to
the terminal CHj; groups of the acyl chains. The bands at
2886 cm™' for A3 (Fig. 11C plot a) and that at
2902 cm™! for Al (Fig. 11A plot a) probably correspond
to the 2880-2894 cm™' band of potassium soap mole-
cules in the solid state, which has often been used to
discuss the ordering of hydrocarbon chains. The fre-
quency of the Raman band characteristic of the solid
state becomes higher as the temperature increases
[2907 cm™" for Al (Fig. 11A plot b), 2892 cm™! for A2
(Fig. 11B plot b) and 2894 cm™' for A3 (Fig. 11C plot
b)]. Furthermore, the Raman bands at 2929-2930 cm™"
(Fig. 11A plot b, B plot b, C plot b) are found to
increase in intensity. These observations imply the
presence of disordered hydrocarbon chains.

The Raman spectra of the aqueous solution, gel and
coagel samples in the C—H stretch region are shown in
Fig. 12. For the solution sample of Al (Fig. 12A plot ¢),
a very strong Raman band at 2936 cm™' is observed,
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reflecting preferential disordering of the hydrocarbon
chains. However, for the gel sample (Fig. 12A plot b), a
2900 cm™! band, as well as the 2936 cm™' band, is
found. This observation may reveal the presence of
ordering of hydrocarbon chains in the gel state. The
2887 cm™! band characteristic of the solid state appears
in the spectrum of the coagel sample (Fig. 12A plot a).
This observation may reflect an increase in the extent of
ordering of hydrocarbon chains with an increase in
population of the all-trans form. However, the appear-
ance of the 2928-2936 cm™' band for these three samples
(Fig. 12A), corresponding to the 2930-2936 cm™' band
characteristic of the molten state [40], may indicate the
introduction of disordered hydrocarbon chains brought
about by the increase in temperature.

It has already been discussed that the overtones of the
CH, scissoring fundamental mode play an important
role in the Raman intensity around 2900 cm™' [41]. In
fact, in the Raman spectrum of the solid Al sample, the
CH, scissoring modes are observed at 1445 and
1455 cm™" (Table 2), and the frequency (2890 cm™") of
the overtone of the 1445 cm™! band is very close to that
of the 2887 cm™! band (Fig. 12A plot a). Therefore, the

intensity of the 2887 cm™' band for the coagel sample
may be largely due to intensity enhancement through
Fermi resonance between the CH, symmetric stretch
fundamental and the overtone mode.

Similar observations were made for the A2 samples in
the aqueous, transparent gel and coagel states. In
particular, it should be noted that the 2892 cm”! band,
corresponding to the 2888 cm™' band of the solid, and
the 2912 cm™' band were observed for the coagel
samples (Fig. 12B plot a). Since the CH, scissoring
modes appear at 1443 and 1458 cm™! in the solid state,
we may expect that the overtone modes should appear at
2886 and 2916 cm™' (Fig. 12B plot a). These expected
frequencies are very close to the observed frequencies at
2892 and 2912 cm™', leading to the possibility of Fermi
resonance between the CH, stretch fundamental and the
overtones.

Thus, the increase in intensity for the 2887 cm™" band
of the coagel Al sample (Fig. 12A plot a) and that for
the 2892 and 2912 cm ™! bands of the coagel A2 sample
(Fig. 12B plot a) may be caused by molecular packing of
the DS molecules due to an increase in concentration in
the coagel phase.

Conclusion

The Raman scattering spectra of DS (A series) in the
solid and various aqueous phases have been measured
and compared with those of simple DS Bl and Cl,
whose molecular structures have been elucidated by
single-crystal X-ray diffraction analysis. The results may
be summarized as follows. For the DS molecules of the
A series in the solid state, the molecular skeleton takes
up a cis-type configuration similar to that of the ClI
molecule, and their n-octyl, n-decyl and n-dodecyl chains
in the solid state as well as the hexamethylene spacer are
in a fully extended state. This skeletal cis configuration
may be broken in various aqueous phases.

The skeletal stretching modes in the 1000-1100 cm ™!
region suggest that the all-trans form for the n-alkyl
chains and spacer segment is abundant in the aqueous
and gel phases and, particularly in the coagel state,
stabilization of the all-trans form for these polymethyl-
enes becomes dominant.

Furthermore, it has been found that the CH,
scissoring bands strongly reflect the packing state of
the polymethylene chains for the DS in the gel or
crystalline state and the C—H stretch bands provide
information about the phase structure of the A series-
H,O binary system.
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