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Raman studies of the G=C and C=0 stretching modes in various cholesteryl alkanoates
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Cholesteryl alkanoates were previously mostly studied by biochemists, and more rarely by physicists. In this
work we present Raman studies of the=C and G=0 stretching modes for various cholesteryl alkanoates
after different treatments. The unicity of these bonds in theses molecules permits us to propouagdGhe C
stretching mode as an internal reference in regard to its independence from the alkyl chain length. The splitting
of the C=0 stretching mode leads us to conclude on the existence of two types of molecules, differing only
by angle and bond-length variations, in the polycrystalline sf&&063-651X97)12906-3

PACS numbds): 87.15.By, 87.10te

[. INTRODUCTION A “knuckle joint” binds the two groups. This “knuckle
joint” is constituted by the carbonyl group {8-C,g=0,s.
Cholesterol derivatives present great interest in biologicallhe double bond between,gand Qg will be the object of
science, and many studies, using various physical techthe direct influence of the steroid skeleton and the alkyl
niques, have been made on systems where cholesteryl estetwin at the same time.
are implied[1-6]. Thus it is generally accepted that choles-  X-ray studies on cholesteryl alkanoates were performed in
teryl esters play a prominent part in understanding the gerthe 19709422-28. More recently Sawzik and Craven inves-
esis of atherosclerotic lesioni—9]. These cholesterol de- tigated the crystalline structure of cholesteryl acetate
rivatives, observed from the material science point of view,(n=2) by the same technigy&9] and also by neutron dif-
are very attractive in regard to their numerous phasefraction [30]. The x-ray results obtained by these authors
[10,11. One of the reasons for the physical interest is thatonfirmed the previous work22] that cholesteryl acetate is
these compounds can present various liquid crystal phas@sonoclinic with space group2, in the crystalline state be-
and in particular cholesteric phadd£]. Such liquid crystals low 123 K. The unit cell contains four molecules arranged in
are known to exhibit anisotropic electro-optical propertiestwo asymmetric units, implying the existence of two types of
[13-16. molecules, labeledA) and B). These molecules are only
Raman investigations of various cholesterol liquid crystal-differentiated by a few conformation details. The neutron
line materials were carried out, with a biological back- studies confirm and refine the x-ray results, and specify the
ground, by Bulkin and Krishnafl7]. Since this pioneering bond length and angle variations between molecu#dsand
work, few cholesteryl ester studies were focused on som¢B) [30]. These studies show that the essential conforma-
specific spectral ranggd8,19. The few results about the tional differences are located on the sterdidand B rings
C—H stretching spectral range and about the low-frequencgnd on the ester group. On one hand, there is a distortion
behavior have opened an interesting research fieldkom the chair conformation oA andB rings in the mol-
[18,20,2]. The physical information extracted from these ecules Q) relative to the molecules). On the other hand,
works was not sufficient to conclude about the intramolecuthese authors notice a twisting of the “knuckle joint” group
lar and intermolecular interactions. Although the first inves-O,—C,s—0,5 with various torsion angle and bond lengths
tigations using Raman spectroscopy are old, no decisivéor molecules A) and B). The G—C;—0O;—C,g torsion

progress was registered since the late 1970s. In order to uangle has a value of 151.3° in molecules)( whereas in
derstand the behavior of the cholesteryl esters, we have un-

dertaken to analyze these molecules using Raman spectros-
copy by varying various parameters. This technique is very
sensitive to the conformational changes and material organi-
zation.

We focused our attention on the cholesteryl alkanoates
family, the rough formula is

C27+ n H44+ 2n02

wheren—1 is the number of the alkyl chain carbons. ~ FIG. 1. The cholesteryl alkanoate molecules. The cholesteryl
These molecules are composed of two characteristigikanoate molecules have a “knuckle joint” group:

groups: the steroid skeletdnings A, B, C, andD and the  O;—C,0,;. It separates the steroiings A, B, C, andD and
isopropy! group and the alkyl chain(Fig. 1). the isopropyl groupand the alkyl chain beginning at,g(n=1).
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T T T T T T T v T v T TABLE |. Characteristics of the studied samples.

Cholesteryl Alkanoates n Supplier Purity(%)

Formate 1 Sigma 98
_ 4 Acetate 2 Sigma 99
= i Pentanoate or valerate 5 Sigma 93
5: ‘ Nonanoate or perlagonate 9 Fluka 99
'E . Tetradecanoate or myristate 14 Sigma 99
= H Behenate 22 Sigma 95
= -

, In this work, we analyze six cholesteryl alkanoates in dif-
P ferent phases. These products were bought by the Aldrich-
? i Sigma-Fluka society, and were in a polycrystalline form; the
characteristics of the studied samples are given in Table I.

! \\ The first work was performed on these samples without fur-
WWWWWVW LM______JN ther treatment. In a second step we verified that the original
1 I 1

I

samples were effectively in a polycrystalline state. For this
aim, we recrystallized the samples using a classical solvent
| for such molecules: chlorofori§81,32. The cholesteryl al-
Raman shift (cm ) kanoates were dissolved, and the solvent was slowly evapo-
rated at atmospheric pressure and room temperature, over a
few days, to obtain a polycrystalline phase. The third step
was to compare the polycrystalline and noncrystalline phases
at room temperature. In order to obtain the noncrystalline
phase, the polycrystallized samples were heated to 383 K to
) reach the isotropic liquid phag&0,11], and after 12 h they
molecules B) this angle equals 161.930]. At the Same —\vere cooled down to the room temperature. This cooling was
time, G—Cs—O5;—Cyg pivots from an angle of 10.4° be- g6y 1o avoid a quenching of the samples, the rate was 5 K/h.

tween molecule &) conformation and the molecul&) one  Thege samples are labeled “melted” cholesteryl alkanoates.
[29]. The bond length @—C,g is 1.350 A for molecules

(A) and 1.344 A for moleculesBR). More important is the
bond length shift of G—0O;, it increases from 0.010 A be-
tween moleculesA) and B). The spectra in the range 15501800 ¢rof the different
The Raman spectra of the cholesteryl alkanoates in theamples and after different treatments are shown in Figs.
range 200-3100 cnt are very bushy(Fig. 2). Therefore, 3-5. The spectra of the samples without further treatment are
given that the €O double bond plays a major role in the shown in Fig. 3. Whatever the sample, we always observe a
“knuckle joint” group O3—C,g=0,, in this work, we have strong peak nearby 1670 cthand a weaker peak at higher
focused, our attention only on the 1500—1800-¢mange in  frequencies, split or not into two components. We notice the
order to characterize the influence of, on one hand, the alkydxistence of a very weak peak near 1640 ¢nim each spec-
chain length and, on the other hand, of the sample historytrum for any sample.
The stretching of the double bonds= and G=C are very The split mode frequencies, in the case of the formate
interesting to analyze if we remark that they are unique im=1, are lowered of about 30 cmhwith regard to the other
these molecules; this implies that these bonds are good capamplesn=2, 5, 9, 14, and 22see Table Il for the precise
didates to be internal references. In the present paper, wsointed valuel For the cholesteryl alkanoates with a “real”
present Raman spectroscopic results for the rangealkyl chain (7>1) we observed a well-resolved doublet for
1550-1800 cm’ for various cholesteryl alkanoates differing the cholesteryl tetradecanoate and behenate samples; the re-
by the alkyl chain length and with different sample histories.ported frequencies valug¢$able Il) are the pointed one. For
the cholesteryl acetate samples, the doublet is weakly re-
solved; the pointed and fitted frequencies values are the same
and are labeled* in Table Il. More striking is the fact that
in the case of the cholesteryl pentanoate and nonanoate
The cholesteryl alkanoate spectra have been obtained wittamples we observed only a broad peak in the same spectral
a DILOR (XY) Raman spectrophotometer. We used an ex+egion (1730—1740 cit). The fitting is only successful
citation wavelength of 514.5 nm, and the beam was focusedith two componentgfitted frequencies values labeledn
on the samples by microscope, the spot aera was nearflyable 1l). Our results show that for the studied series of
1 um?. The signal was collected through a premonochromaeholesteryl alkanoates this weak peak always has two com-
tor and a charge-coupled-devi€ECD) detector was used. ponents.
With such an experimental configuration, the spectral reso- In Fig. 4 we present the spectra after recrystallization. The
lution is of the order of 2 cm?, and the density of power is appearance of these samples under a microscope was the
in order of a few mW to avoid the destruction of the samplessame as for the nontreated samples: microcrystallites. Previ-

500 1000 1500 2000 2500 3000

FIG. 2. Raman spectrum in the range 200—-3100%wf the
cholesteryl tetradecanoate. In the range 1550—1800 cme ob-
serve few isolated peaks.

Ill. RESULTS AND DISCUSSION

II. EXPERIMENTAL TECHNIQUE
AND SAMPLE PREPARATION
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FIG. 3. Raman spectra of the cholesteryl formaeacetateh), FIG. 5. Raman spectra of the “melted” cholesteryl formédg
pentanoatdc), nonanoated), tetradecanoatée), and behenat€) acetate(b), pentanoatec), nonanoated), tetradecanoatée), and
without treatment. behenatgf). There is a broadening of the=&C stretching mode

and a disappearing of the=€0 stretching doublet.
: : : | ous observations on nontreated samples are available for
i ] these recrystallized samples. The peaks are pointed or fitted
; at the same frequencie§able Il) as for the nontreated
IR samples, taking into account the experimental and calcula-
f
2 skt Nt N tion errors (1.5 cm?). We remark that the intensity ratio
between the strong 1670-crhpeak and the weak doublet is
not conserved after the recrystallization.
_e J "\ M The “melted” samples spectra are reported in Fig. 5.
These spectra differ greatly from the recrystallized and
£ i nontreated sample spectra. The peak nearby 1670 cm
= |4 I is as strong as before melting, but he is bréhe half-width

§ < A T of about 15cm?). In place of the doublets we observe

z i weak peaks with a half-width of about 15 ch

§ ¢ \ is not possible to fit them with two components, so in Table

= ./ R \__,/\\g_,___ I we present the frequency distribution ranges. These broad

peaks have a central frequency which corresponds approxi-
A mately to the doublet one. That is true for all the samples
b / A AN except for cholesteryl formate, whose spectrum shows a fre-
£ quency shift of about- 10 cm ! between the weak peak fre-

it quency and the doublet one. The very weak peak observed

TS on the nonmelted samples at about 1640tris not ob-

:____..,-W-,/ . \“’, P —— served but a strong broad pedkbeled “SB peak” in Table
1550 1600 1650 1700 1750 1800 Il) appears for each cholesteryl alkanoate around

1635 cm L.

R hift (cm”
aman shift (cm ) The strong peak near 1670 ch observed in every

FIG. 4. Raman spectra of the recrystallized cholesteryl format&ample spectrum is assigned to the=&Cs stretch Vit?ratipn.
(a), acetate(b), pentanoatgc), nonanoatgd), tetradecanoatée), In the case of the cholesteryl alkanoates considering the
and behenaté). C¢==C; position inside the six membered riBgwe can, in a
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TABLE Il. The frequencies values of the=€C and G=0 stretching modes for the studied samples in
three cases: without treatment, after recrystallization, and after melting, labeled “méttefitted frequen-
cies values?: the pointed and the fitted frequency values are gqual

C==C stretching frequencies (cr) C=0 stretching frequencies (ci)  SB peak

Cholesteryl Without Without

alkanoates treatment  Recrystallized Meltedtreatment Recrystallized Melted Melted
1704 1704

Formate 1674 1675.5 1672 1713 1713 1720-1730 1634
1736 1736*

Acetate 1673 1673 1672.5 1743+ 1743+ 1715-1725 1635
1730.5 1733

Pentanoate 1669 1670.5 1670 1734.5 1737 1730-1740 1634
1735.53 1735.5

Nonanoate 1671 1671.5 1673 1740 1739 5 1733-1739 1634
1738 1739

Tetradecanoate 1668.5 1669.5 1674 1744.5 1745 1733-1739 1634.5

Behenate 1669 1669.5 1676.5 1738 1738 1735-1745 1637.5

1744.5 17445

first approximation, admit that &=Cs is equivalent to an Nevertheless it is reasonable to suppose that taeChond
alkyl-trisubstituted ethylene. It is well known that in this mode is insensitive to the alkyl chain length, seeing that this
case the Raman spectra has a strong band in the ranggnd is in the steroid. Considering the=€ mode, the vi-
1665-1680 cm" [33,34. This peak is a good candidate 0 pration frequency seems to be independent of the alkyl chain
be an internal reference for further investigations because [Ength for n=14. The splitting of the €0 mode is the

is a strong isolated band resulting from the stretch of thesignature of the existence of the molecul&g and @), and
unique carbon-carbon double bond of these molecules. o ester group ©—C,e—0,; is the linkage between the

In the polycrystalline sample®ot melted we always ob-  gteroid and alkyl chain parts of the molecules; these double
served a doublet, resolved or not, assigned to the-©3  jnterests justify our further investigations in polarized Ra-
stretch vibration. This doublet is in the spectral rangeman.

1730-1745 cm' for n>1. For cholesteryl formaten(=1) The broadening of the-=C stretching mode and the dis-
it is shifted to lower frequencies. ;=0 is the double  ,nnearing of the €0 stretching doublet indicate a lower
bond of an ester function; it is established that the stretch)qer in the “melted” samples. This result is in agreement
vibration in esters is mostly in the range 1725—-1750¢tm with the phase transition studig0,11,31. These works re-
[35-37. In the ester family, formate esters are characterized
by a lowered €O stretch vibration frequency of about
15-20 cm! [35-39. This shift results from a mass effect; — T T
the G4 atom of the cholesteryl alkanoatesx1) is replaced :
by a hydrogen atom in cholesteryl formate, and so the force
constant of the €0 double bond decreasg33,40,41. For
the cholesteryl formate the observed shift is-080 cm !
and not—15cmi 'l The splitting into two components of
this C=0 stretching mode could be surprising in those ma-
terials. Such a behavior is characteristic of bond angle ef-
fects. This result implies the existence of two geometries of
the “knuckle joint” group O—C,g—=0,g: the double-bond—
single-bond angle has two different values. This indicates
that for some molecules the ester group is strained. Our in-
terpretation is confirmed by x-ray and neutron diffusion stud-
ies[22,25,29,30,3R These works revealed the existence of
two types of molecules in the crystalline cholesteryl esters. ;
Indeed the corresponding bond angles in these two types of e s i ‘
molecules A) and B) are different. In the cases where the S { \“T‘"’" f——
doublet is resolved we can suppose that the bond angle varia- 1550 1600 1650 1700 1750 1800
tions between the molecules of types)(and B) are more Raman shift (cm™)
significant than in the cases where the doublet is not re-
solved. FIG. 6. Raman spectrum of the recrystallized “melted” choles-
Our results do not permit us to conclude that the=C  teryl behenate. This spectrum is the same as the spectra of Figs. 3
stretching mode has a dependence on the alkyl chain lengthnd 4.

Intensity (arb. units)
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port that, after melting and cooling the polycrystalline cho- V. CONCLUSION

l[gztzrfl 42alr:2(:§;?5t'0 t2$y tifrénerz'b'??lyg??rzgzgstlcr)h(e:l-se In this work we have presented systematic Raman studies
o verity Versionity U of cholesteryl alkanoates in the spectral range

tural transitions, we dissolved the “melted” samples and 1 ;
then recrystallized them as previously described F0|é550_1800 cm.Thg stretchlng modes of the;SCe E-in-d
o ; ' ,e=—0,g bonds are in this range. In regard to the unicity of
example, in Fig. 6 we present the corresponding spectrumpese honds in the molecules, and because th&€Gtretch
for behenate, which is identical to the nontreated andrequency shows independence from the alkyl chain
recrystallized sample spectrum. This result is validiength, we propose to consider this mode an internal refer-
for each cholesteryl alkanoate studied. This fact showgnce. The split stretch mode of,E=0,5 permits us to
that the thermal history of the samples must be takgonclude on the existence of two types of molecul&$ (
into account before any conclusion. Our results obtainegnd B) in the polycrystalline phase. These molecules
for different cholesteryl alkanoates after various treatmentsjiffer from each other only by bond angle variations. For
demonstrate the high sensibility of the studied spectrah=14 the frequency of the §=0O,3 mode seems to be
range to the molecule geometry and the structuralndependent on the alkyl chain length in opposite of the
order. cases whera<14.

[1] S. C. Goheen, L. j. Lis, and J. W. Kauffman, Chem. Phys.[24] J. H. Wendorff and F. P. Price, Mol. Cryst. Lig. Cry&®, 85

Lipids 20, 253 (1977). (1973.
[2] R. Faiman, Chem. Phys. Lipidk8, 84 (1977). [25] J. H. Wendorff and F. P. Price, Mol. Cryst. Lig. Cry&6, 71
[3] S. Fowler Bush, Henry Levin, and Ira W. Levin, Chem. Phys. (1974.
Lipids 27, 101 (1980. [26] B. M. Craven and G. T. Detitta, J. Chem. Soc. Perkin Trans.
[4] R. Faiman and K. Larsson, J. Raman Spectr6s@.(1976. 814 (1976.
[5] P. Lecacheux, G. Menard, H. N. Quang, N. Q. Dao, A. G.[27] N. G. Guerina and B. M. Cravefunpublisheg
Roach, and D. Dron, Spectrochim. Acta5®, 1619(1996. [28] N. G. Guerina and B. M. Cravefunpublished
[6] P. Lecacheux, G. Menard, H. N. Quang, Q. Dao, P. Wein-[29] P. Sawzik and B. M. Craven, Acta Crystallogr. 3, 895
mann, and N. Jouan, Appl. Spectro56, 1253(1996. (1979.
[7] C. R. Loomis, M. J. Janiak, D. M. Small, and G. G. Shipley, J.[30] H.-P. Weber, B. M. Craven, P. Sawzik, and R. K. McMullan,
Mol. Biol. 86, 309 (1974. Acta Crystallogr. B47, 116 (1991).
[8] D. M. Small and G. G. Shipley, Sciend&85, 222 (1974). [31] A. K. Zeminder, B. Jha, S. Paul, and R. Paul, Mol. Cryst. Lig.
[9] B. Lundberg, Chem. Phys. Lipids4, 309 (1975. Cryst. 48, 183(1978.
[10] G. W. Gray, J. Chem. So&, 3733(1956. [32] M. P. McCourt, N. Li, W. A. Pangborn, R. Miller, C. M.
[11] R. D. Ennulat, Mol. Cryst. Lig. Cryst8, 247 (1969. Weeks, and D. L. Dorset, J. Phys. Chelf0 9842 (1996.
[12] P. G. de Gennes, ifihe Physics of Liquid Crystaledited by  [33] N. B. Colthup, L. H. Daly, and S. E. Wiberley, introduction
W. Marshall and D. H. Wilkinsor{Clarendon, Oxford, 1974 to Infrared and Raman Spectroscoyd ed.(Academic, New
[13] I.-C. Khoo and S.-T. Wu, irOptics and Nonlinear Optics of York, 1990.
Liquids Crystals(World Scientific, Singapore, 1993 [34] H. L. McMurry and V. Thornton, Anal. Chen24, 318(1952.
[14] J.-C. Lee and S. D. Jacobs, J. Appl. PH§8. 6523(1990. [35] D. Lin-Vien, N. B. Colthup, W. G. Fateley, and J. G. Grasselli,
[15] Z. Sekkatet al, Opt. Commun111, 324 (1994). in The Handbook of Infrared and Raman Characteristic Fre-
[16] I. P. II'chishin and A. Y. Vakhnin, Lig. Cryst265, 687(1995. quencies of Organic Moleculéé&cademic, New York, 1991
[17] B. J. Bulkin and K. Krishnan, J. Am. Chem. Sd23, 5998 [36] R. Dollish, W. G. Fateley, and F. F. Bentley, @haracteristic
(1972. Raman Frequencies of Organic Compoun@iley, New
[18] B. J. Bulkin and K. Krishnan, J. Am. Chem. Sd#4, 1109 York, 1974.
(1972). [37] H. W. Thompson and P. Torkington, J. Chem. Soc. LonBon
[19] B. J. Bulkin, J. O. Lephardt, and K. Krishnan, Mol. Cryst. Lig. 640 (1945.
Cryst. 19, 295 (1973. [38] C. J. Pouchert, iThe Aldrich Library of FT-IR SpectréAld-
[20] G. Vergoten, G. Fleury, M. Tasumi, and T. Shimanouchi, rich Chemical, Milwaukee, 1985
Chem. Phys. Lettl9, 191(1973. [39] C. J. Pouchert, ivapor PhasdAldrich Chemical, Milwaukee,
[21] G. Vergoten and G. Fleury, Mol. Cryst. Liq. Crys0, 223 1989.
(1975. [40] S. Bratoz and S. Besnainou, C. R. Acad. 2di8 546 (1959.
[22] J. A. W. Barnard and J. F. Lydon, Mol. Cryst. Lig. Cry&6, [41] J. O. Halford, J. Chem. Phy&4, 830(1956.
285(1974. [42] V. A. Usol'Tseva and I. G. Chistyakov, Russ. Chem. R&%,.

[23] W. L. McMillan, Phys. Rev. A6, 936 (1972. 502 (1963.



