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The infrared and Raman spectra of potassium trans-4-hexenoate (PT4H)
have been measured in the crystalline state and in aqueous solution. Normal
coordinate calculations have been carried out to explain the vibrational
spectra. For crystalline PT4H it is concluded from the vibrational spectra in
the 700-100 cm™ region that the trans—skew (TS) and trans—cis (TC) forms
coexist at 300 K and the TS form is stabilized at 100 K. For the PT4H ions
in aqueous solution the TS form was found to be predominantly stabilized
on micellization. In particular, the Raman spectra of a PT4H-H,0 solution
in the 1700-700 cm™! range were investigated at various concentrations, and
it was found that the stabilization of the TS form is reflected in vibrational
modes characteristic of the —CH=CH— and CH, groups. The difference
Fourier-transform infrared (F.t.i.r.) spectra of PT4H-H,O (or PT4H-D,0)
solutions have also been measured at various concentrations. The infrared
absorption spectra of water were successfully cancelled out in the 1500-900
cm™! region for H,O and in the 1700-1300 and 1000-700 cm™* regions for
D,O. The concentration dependence of the difference F.t.i.r. spectrum was
used to investigate conformational changes upon micellization.

Vibrational spectroscopy has been extensively used in studying the structural ordering
of the saturated-hydrocarbon parts of fatty acids and their salts and phospholipids. In
particular, Raman scattering has played an important role in conformational studies of
surfactants.’® The effect of an unsaturated acyl chain on the physical properties of a
phospholipid bilayer has been studied in relation to the functions of biological
membranes.”® Raman scattering has also been used to study structural ordering and in
carrying out conformational studies of bilayers and micelles having unsaturated
chains.11%

The utility of the vibrational spectrum in the 1200-1000 cm™ region for investigating
the conformation of unsaturated fatty acids has been pointed out by Lippert and
Peticolas.'® Okabayashi e al. have shown from Raman studies in the 1200-200 cm™
region that a specific rotational isomer of simple unsaturated surfactants is preferentially
stabilized on aggregation.!***

In recent years, Fourier transform infrared (F.t.i.r.) spectroscopy has permitted
precise studies of molecular and conformational properties, and has made it possible to
study aqueous micellar solution,'®*” multibilayer lipid membranes'®*?* and mono-
molecular fitms.?*

In the present work, Raman scattering and the F.t.i.r. technique have been used to
investigate the conformational changes of simple unsaturated surfactants upon
micellization.
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Experimental
Materials

trans-4-Hexenoic acid was synthesized from crotyl bromide and dimethylmalonate,
following the method of Eccot and Linstead? (boiling point of trans-4-hexenoic acid,
106 °C at 17 mmHgt). Identification of the sample was made from 'H and *C n.m.r.
spectra. Potassium trans-4-hexenoate (PT4H) was prepared from the corresponding acid
and potassium hydroxide in methanol and was recrystallized in the same solvent.

Infrared Absorption Spectra Measurements

The infrared absorption spectra were recorded with a JASCO-DS-402G double-beam
grating spectrometer in the 4000400 cm™! range and with a Hitachi FIS-3 double-beam
grating spectrometer in the 400-30 cm™ region.

Fourier-transform Infrared Spectra Measurements

Fourier-transform infrared (F.t.i.r.) spectra were measured with a Perkin-Elmer 1700
Fourier-transform infrared spectrometer. An attenuated total reflection (ATR)
instrument (ZnSe, sample volume 350 mm?®) was used for measurements on the aqueous
solutions.

Raman Scattering Measurements

Raman spectra were measured with a JEOL model 400D Raman spectrometer. The
514.5 nm line of an argon-ion laser (NEC GLS-3200, 2W) was used as an excitation
source.

Normal-coordinate Treatment

A normal-coordinate analysis of the PT4H ion was made for possible rotational
isomers; trans—skew (TS), trans—cis (TC), gauche—skew (GS), gauche’-skew (G’S) and
gauche—cis (GC), the order going from the CO; group to the terminal group. The other
isomers, which were omitted from the calculations, are expected to be much less stable
owing to steric hindrance.

In the normal-coordinate calculations we assume that the infrared absorption bands
increased in intensity on cooling, and the corresponding Raman bands arise from the TS
form. This assumption is reasonable by reference to the infrared and Raman studies of
potassium 5-hexenoate and potassium 4-pentenoate,’® Raman studies of various long-
chain unsaturated fatty acids®® and X-ray diffraction analysis of oleic acid.?’

The Urey-Bradley-Shimanouchi force field (UBSFF) was used for calculations of
normal mode frequencies. The calculations contain the force constants for (a) the cis-
C---C repulsion and (b) the interaction between =—CH— out-of-plane wagging and
C=C torsional modes. Force constants of alkenes and potassium carboxylates were
initially used, and those used in the molecular skeleton calculations were modified to
obtain the best fit between the observed wavenumbers of the crystalline PT4H and those
calculated*by a least-squares method. The modified force constants (table 1) were used
for calculations on other isomers.

A Melcom-Cosmo 700III/MP computer was used for all calculations by using the
program NCTB prepared by Shimanouchi et al.?®

+ 1 mmHg = 1.3322 x 10* Pa.
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Table 1. Force constants and structural parameters for PT4H*

force constant value force constant value
K(C—H), CH, 4.28 F(C'—C—H) 0.38
K(C—H), CH, 4.09 F(C=C—C) 0.40
K(C—C) 2.60 FKC—C—H) 0.51
K(=C—C) 3.25 F(C=C—H) 0.45
K(C=0) 7.55 FC—C—0) 1.22
K(=CH) 4.39 FO—C—0) 1.20
K(C—CO) 2.94 FC—C—C) 0.40
K(C—0) 7.35 W(=CH) 0.32
H(C—C—H) 0.243 w(CO,) 0.62
HH—C—H) 0.35 Y(—C—C) 0.08
H(=C—C—C) 025 Y(=C—C) 0.085
H(C'—C—H) 0.22 Y(C=C) 0.47
H(C=C—C) 0.31 WW(H---H) —0.044
H(C—C'—H) 0.16 WYHC=C) 0.025
H({C=C—H) 0.21 R(—C—C=), 0.33
C*=CCC*
H(C—C—0) 0.14 TC(H—H) 0.096
H(O—C—0) 0.65 GC(H—H) —-0.036
H(C—C—0) 0.12 P(CO,) 0.10
FC—C—H) 0.40 P(CH,) -0.10
FH-—C—H) 0.21 P(CH,) —0.06

F=C—C—C) 0.40

bond length, r (a.u.)

r(C=C):1.335, (=C—C):1.515, (C—C):1.540, r(C—H):1.095,

H=C—H):1.09

bond angle, ®/°

(C=C—C):125, O(C=C—H):120, other valence angles:

tetrahedral.
® The units of the Urey—Bradley-Shimanouchi force constants
are mdyn A™! for stretching (K), bending (H), repulsion (F), cis
repulsion (R) and bond interaction (P), and mdyn A for out-of-
plane wagging (W), torsion (Y), the interaction constant (WW)
between the two neighbouring CH wagging modes, the in-
teraction constant (WY) between the CH wagging and C=C
torsional modes, and trans and gauche interactions (TC and
GC).

Results and Discussion

In our previous paper'® we reported the vibrational spectra of two simple surfactants,
potassium 4-pentenoate (P4P) and potassium 5-hexenoate (P5H), and discussed the
conformation of these molecules. From the vibrational spectra and the predictions of
normal-coordinate calculations, it was shown that the skew form about the C—C single
bond adjoining the C=C double bond is stabilized at low temperatures. This conclusion
has been directly confirmed by the use of the skeletal deformation region in the
vibrational spectra.

In the present paper, for potassium trans-4-hexenoate (PT4H) the temperature
dependence of the vibrational spectra in the 1700-100 cm™ region were investigated
and normal-coordinate calculations were also made in order to explain the vibrational
spectra (table 2). Results similar to those for P4P and P5H were obtained, i.e. the TS and
TC forms also coexist in crystalline PT4H at room temperature (300 K). The population
of the TS form is much greater than that of the TC form at low temperature (100 K),
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since the intensities of the TC bands are extremely weak in both the infrared and Raman
spectra. Thus the TS form is preferentially stabilized on cooling to 100 K, compared to
the TC form, in the crystal.

The vibrational spectra in the 1700-700 cm™ region are sensitive to the molecular
conformation, as has been shown in our previous papers.}**® Lippert and Peticolas®
pointed out the utility of this region in conformation studies of unsaturated fatty acids.
However, little is known about the detailed vibrational state of simple unsaturated
surfactants by analysing the vibrational spectra and assignments due to normal-
coordinate calculations. To carry out more detailed conformational studies, a normal-
coordinate analysis of simple surfactants in this region is required. Our discussion is
mainly devoted to the utility of vibrational spectra in the 1700-700 cm™ region in
conformation studies of PT4H.

The stabilization of the TS form caused by cooling affects the infrared spectrum in the
1700-700 cm™ region. The infrared band at 831 cm™ observed at 300 K decreases in
intensity on cooling, and the band at 1025 cm™ disappears at 100 K. The other infrared
bands increase in intensity at low temperatures. The 831 and 1025 cm™ bands are due
to the TC form. The population of TC is very small at 100 K since the intensities of these
vibrational bands are extremely weak. Assignment of these two bands to the TC form
is supported by the calculated results of the normal-coordinate analysis (table 2); the
observed wavenumbers of 1025 and 831 cm™* closely correspond to the calculated ones,
1019 and 834 cm™, of the TC form. The wavenumbers of the other infrared bands and
the corresponding Raman bands are in good agreement with the calculated ones of the
TS form. Thus the vibrational bands of the crystalline PT4H in this region can be
explained by the TS form, except for the above two bands.

For the vibrational modes characteristic of the —CH==CH— group, the out-of-plane
deformation mode is particularly useful for conformation studies, because it is predicted
from calculations that the wavenumber of this mode is dependent on the molecular
conformation.

The vibrational modes characteristic of - and §-CH, groups appear separately at the
different wavenumbers, and are available for conformation studies.

Conformational Change on Micellization: Raman Scattering Studies

A change in conformation of simple surfactants on micelle formation in aqueous solution
can be directly confirmed by measurements of the concentration dependence of the
Raman spectrum in the 700-100 cm™ region. For instance, in the case of simple
surfactants having a saturated hydrocarbon chain, it has been found that the intensity
of the Raman band due to an accordion-like vibration of the all-trans form of the chain
rapidly increases on micellization.® This phenomenon is due to the predominant
stabilization of the all-trans form in the micellar state. For simple surfactants having a
C=C double bond, the stabilization of a specific rotational isomer on micellization has
also been confirmed by the Raman spectra in the skeletal deformation region.'**

In the present paper the Raman spectrum of PT4H in H,O is dependent on
concentration with regard to both the intensities and positions of the bands, as can be
seen in fig. 1. The intensity of the 352-363 cm™ band due to the TS form increases
markedly with an increase in the concentration, while that of the 404 cm™ band of the
GS and G’S forms increases with dilution and broadening occurs [fig. 1 (A)]. The ratio,
Loy 363/ 10, increases rapidly with increasing concentration above 1.4-1.5 mol dm3,
corresponding to the critical micelle concentration (c.m.c.).?® This observation shows
directly the preferential stabilization of the TS form on micellization. Moreover, at lower
concentrations the 620-624 cm™! band intensity is greater than that of the 660-665
cm™! band, but it decreases at higher concentrations. This shows that the GC form
is unstable at higher concentrations, compared to the GS and G’S forms.
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H,O solutions [(a) 0.33, () 1.3 and (¢) 4 mol dm~?] in

the 700-200 cm™ region (A) and the 1700-700 cm™ region (B) at room temperature.

Fig. 1. Raman scattering spectra of PT4H-
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Fig. 2. Concentration dependence of the relative Raman peak heights (@, I,0e/15159; O,
Loso/ Ti0s0 @nd [0, Iys6/Igs) in the 1700-700 cm™ region.

Such a conformational change also brings about a shift in the wavenumber of the
Raman bands. Those at 479 and 352 cm™ in a 4 mol dm™® aqueous solution are shifted
to higher wavenumber as the concentration is lowered and reach 485 and 363 cm™,
respectively, at a concentration of 0.33 mol dm™. The wavenumber shift also shows a
stabilization of the other rotational isomers at low concentrations, except for the TS
form.

The Raman spectrum in the region of 1700-700 cm™ is sensitive to changes in
conformation upon micellization. Fig. 1(B) shows the Raman spectra of a
PT4H-H,O0 solution at various concentrations. The Raman bands at 1454 and 1443 cm™
are assigned to the scissoring modes of two methylene groups and the asymmetric
deformation mode of the methyl group, respectively. From normal-coordinate analysis
the 1454 cm™ band is mainly due to the CH, scissoring of the TS and TC forms, and
the 1443 cm™ band also has a contribution from the CH, scissoring modes of other
rotational isomers (GS, G’S and GC). The relative intensities of the two bands are
dependent on the concentration. In the concentrated solutions (4 mol dm~3) the intensity
of the 1454 cm™! band is larger than that of the 1443 cm™ band. However, the 1443
cm ! band increases in intensity with decreasing concentration. The intensity variation
is due to the stabilization of TS or TC at higher concentrations.

In the 1330-1270 cm™! region a broad and strong Raman band at 1309 cm™ and a
weak band at 1278 cm™! are observed and are assigned to the in-plane deformation
modes of the two =CH— groups. The intensity of the 1278 cm™ band changes with
concentration, as is seen in fig. 1(B). The intensity of the band decreases and its position
is shifted as the sample solution is diluted. Accordingly, the in-plane deformation mode
is also sensitive to a change in conformation.

Four Raman bands at 1209, 1020, 977 and 856 cm™ observed in aqueous solution
disappear in the crystalline state. From the normal-coordinate analysis assignments of
these Raman bands were made as follows. The 1209 cm™ band is assigned to the twisting
mode of the C;H, group adjacent to the C=C double bond of the TC and GC forms
or that of the C,H, group of the GC form. The 1020 cm™* band arises from the
symmetric stretching vibration of the C,—C, bond of the TC and GC forms. The band
at 977 cm™! is due to the rotational isomers, except for the TS and TC forms, and is
assigned to the coupled vibrational mode between the C—CO; stretching and C,H,
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Fig. 3. The difference F.t.i.r. spectra of (A) PT4H-H,O [(a) 0.33, (b) 0.64, (¢) 0.99, (d) 1.32,

(e) 1.97, (/) 2.63 and (g) 3.3 mol dm~?] and (B) PT4H-D,0 [(a) 0.33, (b) 0.66, (c) 0.99, (d) 1.32,
(¢) 1.97 and (f) 2.63 mol dm™].
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rocking modes, and the 856 cm™! band corresponds to the rocking vibration of the
C,H, group of the G’S and GC forms.

The relative peak heights, 1,5, /11184, L os0/ Ti0a0 aNnd Igyse/ Ioes, decrease markedly with
increasing concentration, as is seen in fig. 2. A point of inflection in the plots of the
relative heights vs. the inverse concentration corresponds to the critical micelle
concentration of the PT4H ions. The existence of such an inflection shows that a
conformational change occurs upon micelle formation.

In the region of 800-700 cm™, a very weak, broad Raman band at 769 cm™ and an
extremely weak band at 710-715 cm™ are observed, and are assigned to the out-of-plane
deformation of the =CH— groups. The broadness of the 769 cm™ band implies an
overlapping of some bands, and it is difficult to discuss conformational changes using the
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Raman bands in this region. However, the difference F.t.i.r. spectrum of the sample
solution in this region is available for a study of conformational changes, as is discussed
later.

F.T.I.R. Absorption Studies

The difference F.t.i.r. absorption spectra were measured for the aqueous solutions of
PT4H. In the region 1500-900 cm™ the infrared absorption spectrum of the H,O
molecule was successfully cancelled out.

Fig. 3(A) and (B) show the difference F.t.i.r. spectra of PT4H-H,0 (or PT4H-D,0)
solutions at various concentrations. For concentrated solutions (3.3 mol dm™) the
infrared band at 1236 cm™ corresponded to the 1230 cm™! bands in crystalline PT4H
arising from the C_H, twisting vibrational mode of the TS form. The absorbance of the
1236 cm™ band increases markedly with an increase in the concentration. At low
concentrations a new band at 1263 cm™! appears owing to the in-plane deformation
mode of the two =CH— groups of the rotational isomers, except the TS form. The
absorbance of the 1263 cm™ band decreases rapidly with an increase in concentration,
and finally this band becomes a very weak shoulder at a concentration of 3.3 mol dm™.
These observations reveal that the TS form is preferentially stabilized in higher
concentration.

The absorbance of these two bands is plotted as a function of the reciprocal of the
concentration in fig. 4. The absorbances of the 1236 and 1263 cm™* bands change rapidly
at a concentration of 1.4-1.5 mol dm™2, and the curves do not follow the Beer-Lambert
law. The inflections closely correspond to those in the plots of relative peak heights vs.
1/C of the Raman spectra discussed in the present paper. The variation in absorbance
is due to micelle formation.

The infrared absorption bands at 1315 and 1305 cm™ are assigned to the coupled
bands of the in-plane deformation modes of the two =CH— groups and the wagging
vibration of the C;H, methylene group coupled with the in-plane deformation of the
==C H— group, respectively. For these two bands a dependence on concentration of the
absorbance is also found.

Dilution of the PT4H-H,O solution results in an increase in the absorbance of the
broad infrared band at 1020 cm™. This observation corresponds to the concentration
dependence of the Raman band intensity at 1020 cm™ (fig. 1 and 2).

The position of the infrared band at 970 cm™! is dependent on concentration, as is seen
in fig. 3(A). The wavenumber shift is also caused by the preferential stabilization of the
TS form.

When D,O was used as a solvent, the infrared absorption spectra of D,O in the region
100-700 cm ™! were successfully cancelled out. The difference F.t.i.r. absorption spectra
of PT4H in D,O are found to be sensitive to changes in conformation, as is seen in fig.
3(B). The coupled modes of the rocking vibrations of the «- and f-methylene groups
appear in the region 870-800 cm™. The infrared band at 808 cm™, corresponding to the
Raman band at 804 cm™, is due to the rocking vibrational modes of the two methylene
groups of the TS form, and the 841 cm™" band is due to those of the TC and GS forms.
The Raman band at 856 cm™ arises from the G’S and GC forms.

In fig. 3(B) the absorbance of the 808 cm™ band increases with increasing
concentration, compared to that of the 841 cm™ band. Such a variation occurs at
concentrations near to the c.m.c. The infrared band at 855 cm™! decreases in intensity
with increasing concentration. This closely corresponds to the concentration dependence
of the relative peak heights, [/l in the Raman spectra of PT4H-H,O solutions
discussed above.

For the region 800-700 cm™' the five bands at 770, 756, 743, 725 and 715 cm™,
assigned to the out-of-plane deformation modes of the two ~—CH= groups for the five
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Fig. 4. Concentration dependence of the infrared band intensity in the difference F.t.i.r. spectra of
PT4H-H,0 solutions (O, 1263 and @, 1236 cm™).

rotational isomers, are due to the GS, G'S, TS, GC and TC forms, respectively. The
intensities of these bands seems to be dependent on concentration. The 743 cm™ band
arising from the TS form increases in intensity with increasing concentration. The
infrared bands at 788 and 770 cm™ become a very weak shoulder in higher
concentration, showing the instability of the GS and G’S forms in the micellar state.

Conclusions

Normal-coordinate analysis successfully explains the vibrational spectra of PT4H in the
crystalline state and in aqueous solutions. In crystalline PT4H the TS and TC forms
coexist at room temperature. However, the TS form is preferentially stabilized at lower
temperatures.

In the micellar state of PT4H, the TS form is preferentially stabilized, compared to
other rotational isomers. The stabilization of such a specific isomer causes an intensity
change and wavenumber shift for a wide range of Raman spectra of aqueous
solutions.

The difference F.t.i.r. spectra of PT4H-H,O (or PT4H-D,0) solutions are also
available for the investigation of conformational changes. At a PT4H concentration
> 0.3 mol dm™ the difference F.t.i.r. spectra of H,0 or D,O are successfully cancelled
out, and reproducible difference F.t.i.r. spectra are obtained. For simple surfactants
having a higher c.m.c., the change in intensity of infrared bands below and above the
cm.c. can be easily observed. Moreover, the wavenumber shift accompanying
conformational change can also be measured precisely.
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