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h i g h l i g h t s

" Behenic acid dimers were investigated in a wide temperature range 10–365 K.
" Two dimer conformations, cis and trans, coexist in a crystal phase at all temperatures.
" The trans configuration prevails at low temperatures and amounts to 96% at T = 10 K.
" At heating trans dimers transform gradually into the cis form.
" The hydrogen bonding energy for both types of behenic acid dimers is �8 kcal/mol.
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a b s t r a c t

The structural evolution of behenic acid molecule dimers has been investigated in a wide temperature 
range 10–365 K by FT-IR spectroscopy. In a crystal phase the two dimer conformations, cis and trans
forms, coexist in the whole temperature region up to the melting point. The trans configuration prevai ls 
at low temperatures and amounts to 96% at T = 10 K. At heating these associates transform gradually into 
the cis form. The dynamic equilibrium of 75% cis and 25% trans dimer configurations is established at 
T = 250 K and retains up to the meltin g, where dimers start to disso ciate to monomers. The calculated 
hydrogen bonding energy for both types of behenic acid dimers is �8 kcal/mol in average, being 
0.3–0.8 kcal/mol (depending on temperature) higher for the trans form. At heating the energy of both 
dimer configurations drops gradually, i.e. the hydrogen bonding in a crystal weakens slowly with 
temperat ure. The results can be generalized and applied for other homologues of carboxylic fatty acids.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction 

Fatty (carboxylic) acids and their derivatives form an important 
class of biological systems, building all complex lipids such as 
phospholipid s, being abundantly present in biological organs, and 
providing the hydrophobic part of biomembranes by the acyl 
chains [1–3]. Furthermore, these compounds have been widely 
used in many industrial products, in particular, foods, cosmetics,
detergents and lubricants.

One of the important characteristics of long-chain molecules is 
their conformationa l flexibility and mobility, which determine the 
overall physicochemical properties of these substances, peculiari- 
ties in their molecula r aggregations, mechanis ms of solid-state or 
solid-melt phase transitions, etc. The hydrocarbo n moieties can re- 
veal various configurations and lateral packing, which results in a
diversity of molecule alignments and condensed phases [4–7].

The understa nding of molecular structure dynamics and conforma- 
tion polymorphism has been a matter of active research and has 
been investiga ted for some representative s of fatty acids [8–12].

Carboxyl groups are known as those which are responsib le for 
molecula r packing of fatty acids [7,12,13]. They act as proton do- 
nors (OAH bonds) and as proton acceptors (C@O bonds), and hence 
can form hydrogen bonds between each other as cyclic dimers or 
as open arrays. The exceptional stability of carboxylic acid dimers 
makes them one of the most suitable classes for studying the 
hydrogen bonded complexes [14].

In this work, the structural evolution of behenic acid molecule 
dimers has been studied in a wide temperature range by Fourier 
transform infrared (FT-IR) spectroscop y. Some results obtained 
can be generalized and applied for other representat ives of carbox- 
ylic fatty acid homologous series.

2. Experimen tal 

Behenic or docosanoic (C22) fatty acid, CH 3(CH2)20COOH, was 
purchase d from Sigma–Aldrich, Inc. (Germany) at a stated 99%

0022-2860/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molstruc.2013.02.034

⇑ Tel.: +380 44 525 1552.
E-mail address: tomaalone@yahoo.com

Journal of Molecular Structure 1040 (2013) 112–116

Contents lists available at SciVerse ScienceDi rect 

Journ al of Molec ular Stru cture 

journal homepage: www.elsevier .com/locate /molstruc

http://dx.doi.org/10.1016/j.molstruc.2013.02.034
mailto:tomaalone@yahoo.com
http://dx.doi.org/10.1016/j.molstruc.2013.02.034
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc


purity and was used without further purification. It consists of 
cream-whit e powder with a melting point of �80 �C and boiling 
point of 306 �C.

FT-IR spectra were acquired using an IFS-88 Bruker spectrome- 
ter in the spectral range 400–4000 cm �1 (spectral slit width 
1 cm �1, 32 scans). The sample was preliminar y melted between 
two KBr plates and then slowly cooled to room temperat ure. Then 
it was placed in a special (Bruker) cell, equipped with a thermo- 
stating system; the accuracy of temperature maintenance was 
±1�. The sample thickness was determined by spaces and equal 
to 15 lm. The IR-spectra were recorded in the temperat ure range 
10–365 K at heating regime. The sample was thermostated at least 
for 10 min at each temperature before the measure ment. After the 
sample was cooled down to the room temperature, its spectrum 
was completely restored.

IR-spectral contour analysis and determinati on of band compo- 
nent paramete rs were carried out by the Jandel Peakfit software 
package. Band fitting was done by a Gauss function with the min- 
imum number of spectral components used for the fitting process,
and was undertak en until reproducibl e results were obtained with 
squared correlations greater than 0.995.

3. Results and discussion 

All carboxyli c acids usually crystallize as head-to- head centro- 
symmetric dimers with the center of inversion within the eight- 
membered ring formed by two carboxyl groups [13,15]. The mole- 
cules in each dimer are linked through two C@O� � �HAO hydrogen 
bonds and in a crystal are packed in bilayers with terminal methyl 
groups at both external faces. In the IR-spectra of these com- 
pounds, formation and dynamics of hydrogen bonds mainly affect 
the frequency values and spectral contours of hydroxyl group 
deformation and stretching vibration s, and also have an influence
on the different vibrations of dimer ring atoms.

Contrary to stretching vibrations Q(OH), deformation ones 
q(OH) are more sensitive to the intermolecu lar interactions and 
conformation transitions , which makes them more informat ive in 
the studies of crystals with H-bonds . Fig. 1 presents the IR-spectr a
of C22 at various temperat ures in the region of OH out-of-plan e
bending modes, which are seen as intense spectral bands, overlap- 
ping by very weak band series of Q(CAC) in-plane stretching vibra- 
tions of carbon framework (916, 920 cm �1) and w(CH2) out-of- 
plane rocking vibrations of methylene chain (988 cm �1). Low 
intensity of the latest bands evidences about the absence of signif- 
icant mixing between these vibrations and q(OH). In addition,

theoretical calculatio ns [16] showed that as a whole the effects 
of the methylen e chain on vibration frequencies of the dimer ring 
are small.

The q(OH) spectral region of behenic acid contains two well- 
pronounced IR-bands, which are characteri zed by different tem- 
perature behaviors. Detail dependencies on temperature of their 
spectral parameters (peak position, intensity, and half-width) are 
given in Fig. 2. At low temperat ure, T = 10 K, a high-frequency band 
(I) at 977 cm �1 possesse s maximum intensity, while a low-fre- 
quency one (II) at 968 cm �1 is practically unseen in the spectrum.
At heating, the band I shifts towards low frequencies by 26 cm �1 in
the C22 crystal state (Fig. 2a) and drops exponential ly in intensity 
(Fig. 2b). Contrary to this, at temperat ure increase the spectral 
band II grows initially, reaching its maximum intensity at 
T = 90 K, and then quenches gradually . Its peak position also shifts 
slowly to the low-frequency side, but larger (by 32 cm �1), than the 
band I. Under heating, both bands become significantly wider, up 
to 20 cm �1 in the half-width in a crystal phase of C22 (Fig. 2c),
and finally, decrease much in intensity (practically to zero near 
the C22 melting point). In a liquid phase, only very weak ‘‘diffused’’
on broad frequency region absorption with a center at 937 cm �1 is
observed in a range of q(OH) vibrations (Fig. 1), which evidences 
about the minimum quantity of dimers present in behenic acid 
melt. The confirmation of C22 dimer dissociation to monomer s un- 
der melting can be also an appearance of the IR-band at 630 cm �1,
being seen quite intensive ly in the spectrum even at T = 360 K. Re- 
sults of IR-spectrosc opic studies, carried out for the different long- 
chain alkyl- and alkoxybenzo ic acids in CCl 4 solutions and as a gas 
phase [16–18], showed that this spectral region contains q(OH)
deformat ion vibrations of fatty acid monomer s. This allowed to as- 
sign the 630 cm �1 band, observed in high-temperat ure IR-spectra 
of behenic acid to the vibration s of C22 monomers and to conclude 
about their primary presence in the melt of this substance. It 
should be also noted that the band I possesses a complex contour 
with an additional spectral component at 980 cm �1. This compo- 
nent loses significantly its intensity under temperature increase 
and disappears practically at C22 melting. But contrary to the de- 
scribed above bands I and II, it retains its frequency position during 
the whole process of heating.

The spectral position of q(OH) deformation vibrations gives a
possibilit y to evaluate energy values of hydrogen bonding for the 
two types of behenic acid dimers. To determine the enthalpy, DH,
of hydrogen bonding in crystals, one can use experimental ly estab- 
lished correlation between a spectral shift of the q(OH) band and 
DH, namely, Iogansen’s frequency rule [19]:

�DH ¼ 1:6� 10�5 q2
d � q2

m

� �
;

where qd and qm – freque ncies of q(OH) vibrations of dimer and 
monome r molecules , correspondi ngly. Taking into account that 
qm = 630 cm �1 for behenic acid, the calcul ated hydroge n bonding 
energy in the dimers of type I is 8.9 kcal/mo l, and in the case of type 
II it is 8.6 kcal/mol for one H-bond at T = 10 K. When the C22 crystal 
is heated up to the melting temperat ure, energy for the both types 
of dimers drops graduall y; this value decreases to 8.3 kcal/mol in 
the case of type I associat es and to 7.5 kcal/mo l for the type II ones.
It should be noticed that the determine d here energy values for 
behenic acid are comparable in magnitud e with hydrogen bonding 
energy, obtained for the dimers of other substances from the series 
of long-cha in acids [16–18].

The existence of two distinct configurations of the dimers has 
been studied in the crystals of some fatty acids [4,20–22]. It has 
been suggested that the trans configuration is present together 
with the cis configuration – in other words, the hydrogen atoms 
fluctuate randomly between two equilibrium positions for cis and
trans configurations (Fig. 3). Although some randomn ess in the 

Fig. 1. IR-spectral region of q(OH) bending vibrations for behenic acid molecules in 
the temperature range 10–365 K (spectra at intermediate temperatures were 
removed for better performance).
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