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QUANTUM CHEMICAL ANALYSIS
OF THERMODYNAMIC PARAMETERS
OF 0-HYDROXY ACID DIMERIZATION

AT THE AIR/WATER INTERFACE

E.S. Fomina

Donetsk National Technical University
58 Artema Str., Donetsk, 83000, Ukraine

In the framework of quantum chemical semiempirical method PM3 the thermodynamic and structural
parameters of formation and dimerization have been calculated for homochiral o-hydroxy acids with
general formula C,H,,OHCOOH (n = 6—16). On the basis of five optimized monomer structures, dimers
with ‘serial’ and ‘parallel’ order of monomer functional groups were built. The tilt angles between
hydrocarbon radical and normals to the p- and g-directions of the interface in regarded dimer structures
have been shown to be 6 = 8.9°-21.0° and ¢ = 9.8°-20.9° dependently on the monomer structure of basic
dimer. It has been shown that thermodynamic parameters of dimerization depend on the length of alkyl
chain by stepwise and formation of ‘parallel’ dimers is more energetically preferred. Using dependencies
of thermodynamic parameters of dimerization, it is possible to make an assumption about further path of
the clusterization process of o-hydroxy acids via preferred formation of linear aggregates on the base of

‘parallel’ dimers.

INTRODUCTION

Surfactant monolayers have been successfully
used as high-quality coatings for different surfaces
including displays for electronic devices and hard
disks [1, 2]. In addition, the ability of surfactants to
form the films is used in modern systems of
firefighting [3], particularly in the case of complex
and valuable equipment which can be destroyed by
water or CO,. On the base of o-hydroxy acids,
similarly to a-amino acids, it is possible to carry out
controlled crystallization of chiral compounds and
resolution of enantiomers [4, 5]. This amphiphilic
compounds can be used for construction of
Langmuir-Blodgett films widely used in electronics
and optics while obtaining thing-layer coatings with
predefined optical properties, and in biotechnology
for construction of artificial biomembranes and
biosensors [6]. Also a-hydroxy acids are used
extensively in food industry (lactic and citric acids)
[7,8] and cosmetology (hydroxyacetic and o-
hydroxy-octadecanoic acids) [9-11].

Investigation of surfactant monomolecular
films is of interest from the theoretical point of
view as well. Thus, development of the models
capable of assessment of clusterization
thermodynamic parameters of surfactants allows
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us to control the process of structure formation in
the monolayer during the film growth. It should
be noted that a lot of papers in recent decades are
devoted to research of lipid properties [12—15].
Introduction of hydroxylic group into them could
significantly modify the properties of the whole
biomembrane which consists of these lipids [16].
a-Hydroxy acids are good objects for
investigation of the influence of the second polar
group of surfactant on their surface properties
because it has the smallest cross-sectional area
among all the functional groups. In addition, as it
is noted in [17], new researches concerning the
effect of branching of surfactant alkyl chain or
introduction the second functional group in it are
quite rare. Nevertheless, existing experimental
data [16-21] reveal significant influence of the
OH group position with respect to the alkyl chain
of the acid molecules on the structural
characteristics of obtained monolayers.

It should be also noted that a-hydroxy acids
are chiral compounds. So, it is possible to get
monolayers on their base with different optical
and structural properties. Meanwhile, one can
control the process of enantiomeric or racemic
monolayer formation varying such factors as
temperature, pH, and content of metal ions in the
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aqueous phase. For example, for the films of o-
hydroxyhexadecanoic acid such a situation is
typical: presence of Ca’", Zn>" and Pb*" cations
in the aqueous phase results in compaction of
homo- and heterochiral monolayers, while
presence of Zn>" cations causes preference of
homochiral interactions in the monolayer, but
presence of Pb*" cations vice versa favors
heterochiral interactions in the cluster [21].
Influence of the temperature on the clusterization
of chiral compounds was defined by authors [22]
for 9-hydroxypalmitic acids. They show that the
temperature increase by 5° stipulates increase in
the transition pressure of m-A isotherm onl.5—
2.0 mN/m in average. Also it affects the domain
shape of the monolayer which results in
brunching of the aggregate structure.

All the mentioned above stipulates a necessity
of further detailed research of structural and
thermodynamic parameters of cluster formation of
a-hydroxy acids at the air/water interface. Earlier in
the frameworks of quantum chemical approach we
described the process of cluster formation for ten
classes of surfactants [23—33], particularly a-amino
acids [31,32]. Calculated values of the
spontaneous clusterization threshold for a-amino
acids and structural parameters of their films are in
a good agreement with available experimental data
[34]. That allows us to apply mentioned approach
to description of behavior of other surfactant
classes with several functional groups. This paper
deals with quantum chemical investigation of
structural and thermodynamic parameters of the
dimerization process as the first stage of monolayer
formation for a-hydroxy acids C,H,,OHCOOH
(n = 6-16) at the air/water interface.

METHODS

Calculations of structural and energy
parameters of dimerization for a-hydroxy acids
at the air/water interface were carried out using
quantum chemical software package
MOPAC 2000 in the framework of the
semiempirical PM3 approximation [35]. This
method is parameterized with respect to the heats
of formation [36,37]. It should be noted that
despite some restrictions of this method
(overestimation of CH--HC interaction force
between hydrophobic chains of amphiphilic
molecules) [38], only the PM3 method describes
sufficiently the experimental data conceming the
monolayer formation of different classes of
surfactants, as shown in our previous works [23-33].
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In addition, the papers [31, 32] showed that the
geometry parameters of the unit cells of homo-
and heterochiral o-amino acids monolayers
evaluated by using the PM3 method well agreed
with the experimental data [34]. Considering all
the facts mentioned above, the quantum
chemical semiempirical PM3 method proves its
value in the works dealt with the investigations

of the thermodynamic  parameters of
clusterization of substituted alkanes [23-33].
RESULTS AND DISCUSSION

Monomers. The first stage of this study was
conformational analysis of monomers. The potential
energy dependence of the monomer on the values of
two torsion angles /£ 0=C,-C;+-C,O, and
Z B=C,-C5-O-H, was calculated. These angles
correspond to the carboxylic and hydroxylic group
location with respect to the alkyl chain of a-hydroxy
acid molecule (Fig. 1). Both of them were varied
in the range 0 to 360° in steps of 15°. The
potential energy dependence for monomer of a-
hydroxytridecanoic acid on these torsion angles
is shown in Fig. 2, a. There are 5 minima in this
plot. Additional optimization of the monomer
structures in the vicinity of these minima has
confirmed that five stable conformations exist.
They are characterized by the next values of a
and B angles: (—96° —60°); (80°, —54°);
(67°,29°); (—61°,-164°) and (—123°,25°),
respectively. It should be noted that the heats of
formation for all five conformers are quite similar,
but the most energetically advantageous is the
second monomer (a0 =-96°, p=-60°) and the less
preferable is the forth (o =-61°, B =-164°).

Fig. 1. Torsion angles of the functional groups of

a-hydroxynonanoic acid

For the most energetically advantageous
conformer of o-hydroxytridecanoic acid
(a=-96°, B=-60°) a dependence of the
monomer heat of formation on the value of
torsion angle V4 v=C,—C,—C5—C; has been
obtained. This angle y defines the general
location of the hydrophilic ‘head’ of acid
molecule with respect to its alkyl chain (the
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‘head’ of molecule includes both functional
groups). As a result three minima were obtained
with the next values of y: 73°, 168° and —69°
(Fig. 3). These y values for a-hydroxy acids
virtually coincide with those obtained for a-
amino acids studied earlier [31] (74°, 166° and
—67°). As in the case of o-amino acids,
conformers of a-hydroxy acids with y = 168° are
slightly more energetically preferable. In spite of
this fact, it will be shown below that
dimerization of monomers with y=73° is
characterized by much decrease in the
dimerization Gibbs energy. It should be
mentioned that two last conformers of a-hydroxy
acids with y=73° described above have
different values of a and p angles: (-176°, 171°)
and (98°, -172°) for Monomer 4 and
Monomer 5, respectively. The potential energy
dependence for a-hydroxytridecanoic acid with
vy = 73° is shown in Fig. 2, b.

Optimized geometric structures of obtained
five conformers of a-hydroxy acids with y = 73°
are listed in Fig.4. It can be seen that
Monomers 1 and 4 are stabilized with the
interactions realized between hydrogen atom of
OH unit and hydroxylic oxygen of COOH unit.
In addition in the Monomer 1 there is an
interaction between carbonyl oxygen and o-
hydrogen of the molecular alkyl chain. In the
Monomer 4 this interaction involves carbonyl
oxygen and y-hydrogen of the molecular alkyl
chain. The Monomer 2 has an intramolecular
interaction between hydrogen atom of OH group
and carbonyl oxygen of COOH group. The
structure of the Monomer3 has an
intramolecular interaction between carbonyl
oxygen and o-hydrogen of the molecular
hydrophobic chain. The Monomer 5 is stabilized
by the interaction between hydrogen and oxygen
atoms of two OH units and by the intramolecular
one between hydrogen atom of carboxylic group
and y-hydrogen of the molecular alkyl chain. It
should be also noted that found values of the
torsion angles of functional groups for four of
five conformers of a-hydroxy acids (apart from
the Monomer 4) coincide within the scope of 50°
with  corresponding values of structural
parameters for a-amino acids described
previously [31]. Table 1 contains the calculated
thermodynamic  parameters of  formation
(enthalpy, absolute entropy, Gibbs energy) for
the most energetically preferred Monomer 2, as
an example, at 298 K.
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Fig. 2. Potential energy surfaces for monomer of o-
hydroxytridecanoic acid: y = 168°(a), y = 73°(b)
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Fig. 3. Dependence of the monomer formation
enthalpy of a-hydroxytridecanoic acid on the
value of angle y

It should be mentioned that experimental data
regarding the standard thermodynamic
characteristics of o-hydroxy acid formation are
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scarce. They concern only the crystalline phase
of the first two members of the homologous
series [39]. The standard enthalpy, entropy and
Gibbs  energy of formation of o-
hydroxypropanoic acid are —694.1 kJ/mol,
142.3 J/(mol'’K) and -522.9kJ/mol. For a-
hydroxybutanoic acid these data are available
only for the enthalpy of formation —676.6 kJ/mol
[39]. That is why it is impossible to compare
obtained calculated data with experimental values.
On the basis of calculated data correlation
dependences of the standard thermodynamic
characteristics of a-hydroxy acids on alkyl chain
length (n) were constructed at T =298 K. These
dependences are linear similarly to other classes
of amphiphiless studied previously [23-33].
Their parameters and standard deviations are
listed in Table 2. As the values of the slopes and
absolute terms of the corresponding correlations

are quite similar, it is possible to express these
partial correlations in a general form:

AHC, mon=—(22.68 = 0.21) n — (581.43 £ 1.91)

[S = 7.86 kJ/mol, N = 75], (1)
%08 mon = (31.41 £ 0.27)n + (312.99 + 2.41)
[S =9.92 J/(mol-K); N = 75]. ©)

where S is the standard deviation, and N is the
sampling amount.

The values of the slopes in egs. (1), (2)
which characterize the contributions from the
methylene groups agree well with the values
calculated earlier for other classes of amphiphilic
compounds at 298 K [23-33]. The standard
errors for the calculation of enthalpy, entropy
and Gibbs energy of a-hydroxy acid formation
do not exceed corresponding values of the
amphiphile classes previously studied. The
correlation coefficients exceed 0.997.

Table 1. Thermodynamic parameters of formation of the most energetically preferred Monomer 2 of a-hydroxy
acids (y = 73°) at 298 K

SyStem AH ;’98 , mon? 8398 , mon? AG;’98 , mon System AH ;’98 , mon? 8398 , mon? AG;)98 , mon
kJ/mol J/(mol-K) , kd/mol kJ/mol J/(mol-K) , kd/mol
C;HgO5 -618.19 334.21 -515.60 Ci1Hx05 —798.66 578.35 —468.07
C4H;0; —637.45 363.72 -506.07 Ci2H2405 —821.73 608.43 —462.52
CsH,0; —660.40 394.33 -500.55 Ci3H605 —844.80 638.10 —456.86
CeH 205 —683.37 425.52 —495.21 Ci4H2505 —867.87 668.56 —451.42
C;H,140; —706.42 456.27 —489.82 Ci5H3004 —890.95 698.47 —445.82
CgHy60; —729.46 487.16 —484.47 Ci6H3,05 -914.02 727.65 —440.03
CoH 505 —752.53 517.35 —478.94 Ci7H3404 -937.10 757.83 —434.51

C10H2005 —775.59 547.85 —473.50

Table 2. Correlation equations y=(atAa)n+(b+Ab) for the a-hydroxy acid monomers (sampling amount is 15)

where n is the number of methylene units

Monomer Parameters atAa b+ Ab S
1 AH,05, kJ/mol —22.57+0.06 ~590.53 + (.52 0.96
S5, J/(mol-K) 31.69 £ 0.06 310.24 +0.90 0.49
AG505, kJ/mol 8.55+0.03 -511.60 + 0.26 0.48
2 AH%45, kJ/mol ~22.50 +0.06 _587.92+ 051 0.94
S5, J/(mol-K) 31.66 + 0.06 309.86 + 0.50 0.92
AG%505, kI/mol 8.55+0.03 —508.88 + 0.25 0.47
3 AH,05, kJ/mol ~22.66 + 0.00 —574.51 + 0.04 0.06
S5, J/(mol-K) 31.70 £ 0.05 317.69 + 0.47 0.75
AG%505, kJ/mol 8.50+0.01 —498.34+0.11 0.17
4 AH,05, kJ/mol —22.54+0.07 —577.97 £ 0.61 1.13
S5, J/(mol-K) 31.77 £ 0.06 314.05 £ 0.50 0.93
AG505, kJ/mol 8.55 + 0.04 -500.17 + 0.37 0.67
5 AH%45, kJ/mol ~22.67 +0.00 —574.51 +0.05 0.08
S%os, J/(mol-K) 31.64 + 0.05 319.04 + 0.49 0.79
AG%505, kI/mol 8.51+0.01 —498.74 + 0.14 0.14
408 CPTS 2012. V. 3. N 4
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SERRE

Monomer 1 Monomer 2 Monomer 3

Dimer 2, p

Dimer 4, s

i

Dimer 2, s

$4

Monomer 4 ger 5 Dimer 1, p
Dimer 3, p Dimer 3, s
Dimer 5, p Dimer 5, s

Fig. 4. Optimized geometrical structure of a-hydroxy acid aggregates

Dimers. The dimers were built from the
monomer conformations thus obtained. The
structures of these entities based on Monomer 2
are illustrated in Fig. 5. Here, the vector drawn
through the centers of oxygen atoms of two OH
groups was chosen as a direction of the
orientation of the monomer ‘heads’ in the dimer.
According to this definition, the structures of
dimers were subdivided into two types,
characterized by ‘parallel” (p) and ‘serial’ (s)
relative orientation of the ‘heads’. For example,
the definition ‘Dimer 2, p’ indicates that this
dimer structure is built on the basis of Monomer
2, and the hydrophilic head groups of the
monomers are oriented ‘parallel’ in it (Fig. 5, a).

Note, that it is possible to construct dimers
with different tilt angles & and ¢ of their

CPTS 2012. V.3. N 4
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molecular chains with respect to the normals to
the p- and g-directions of the monolayer unit cell
respectively (Fig. 6). On the basis of these 6 and
¢ values, it is possible to construct larger
clusters, tetramers in particular, which can be
regarded as the unit cells of corresponding
monolayers, and thus define the general tilt angle
t of the a-hydroxy acid molecules with respect to
the normal to the air/water interface. As it is
described elsewhere [32] the value of the general
tilt angle ¢ of the alkyl chain with respect to the
normal to the interface can be calculated using
the next equations:

. [ sind i
t = arcsin > 6, = arctg %—Ctg@ >
cos 6, sing -sin @

3)
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where ¢ is the tilt angle of surfactant molecules with
respect to p-axis of the cluster unit cell, ¢ is the tilt
angle of surfactant molecules with respect to the g-
axis of the cluster unit cell, § is the angle between
the p and q directions of the cluster unit cell.

COOH COOH
OH OH
a
OH COOH OH COOH
b

Fig. 5. Relative orientation of o-hydroxy acid mono-
mers in the dimer: ‘parallel’ (@) and ‘serial’ (b)

Fig. 6. Orientation of a-hydroxy acid molecule with
respect to the air/water interface

To determine the tilt angles of a-hydroxy
acid molecules with respect to the p and q
directions of the cluster unit cell the ‘parallel’
and ‘serial’ types of dimers with the ‘a’ CH---HC
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interaction type (marked in Fig.7 with thin
arrows) have been constructed of two monomers.
Applying the parallel shift of one molecule with
respect to another in both of p and q directions,
the dependencies of the dimerization Gibbs
energy on the J and ¢ angles were tabulated
respectively. The minima of the dimerization
Gibbs energy for these associates correspond to
optimum J and ¢ values.

Dependences of the Gibbs energy of
dimerization for the structure of Dimer 2, p and
Dimer 2, s on the values of tilt angles of the
molecules with respect to the normals to p- and
g-directions of the monolayer spread are listed in
Table 3. These data show that minimum values
of the Gibbs energy of dimerization correspond
to the structures with following values of ¢
angle: 9.8°, 22.0° and 40.9°. Additional
optimization of dimers with ¢ =9.8° and 22.0°
reveals only existence of single stable structure
with @ =9.8°. Presence of the second minimum
of the Gibbs energy of dimerization with
¢ =40.9° corresponds to the dimers which have
one less CHHC contact than dimer of a-
hydroxy-tridecanoic acid shown in Fig. 7. The
loss of this CH--HC interaction causes an
increase in the dimerization Gibbs energy and a
lower preference of such structures in

comparison with those having the maximum
number of CH---HC contacts.

q-direction

Fig. 7. Determination of the molecular tilt angle
with respect to the normal to the g-direction

It should be noted that in the structure of
Dimer2,s there are two intermolecular
interactions. The first is realized between
hydrogen atom of the carboxylic group of one

CPTS 2012. V. 3. N 4
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acid molecule and oxygen atom of the OH group
of another. The second interaction takes place
between oxygen atom of the carboxylic unit of
one molecule and hydrogen atom of the OH unit
of another. Mentioned interactions are marked in
the Fig. 7 with double-edged solid black arrows.
Presence of described interactions causes the
dimer orientation with the angle ¢=9.8°
respectively to the normal to the g-direction.

For Dimers 2, p with ‘parallel’ orientation of
the ‘heads’ minimum values of the dimerization
Gibbs energy correspond to the values of ¢ angle
equal to 10.2°, 21.0° and 36.6° (Table 3). After
additional optimization of these structures, two
minima were observed. The first corresponds to
the structure with 6=21.0° and the second —
with $=36.6°. The second structure of
Dimer 2, p, as in the case of the second structure
of the Dimer 2, s, has one less CH---HC contact
than the dimer of a-hydroxytridecanoic acid with
5=21.0°.

Application of the described procedure to
dimers built on the basis of other monomer
conformations of a-hydroxy acids allows us
determining the angles of molecular chains with
respect to the normals to the directions of
monolayer spread. Obtained values of 6 and ¢
tilt angles for all the five monomer
conformations were found to be (18.9°, 14.6°),
(21.0°, 9.8°), (8.9°, 11.5°), (9.9°, 20.6°), (9.9°,
20.9°) respectively. Using found values of d and
¢ angles, dimer structures with ‘parallel” and
‘serial” orientations of the ‘heads’ were
constructed for all the five monomers (Fig. 4).
Note that only in Dimer5, p there is the
interaction between hydrogen atom of the

carboxylic group of one acid molecule and
carbonyl oxygen atom of another. While
Dimers 1, s, 2, s and 3, s have contacts between
hydrogen atom of OH unit of one molecule and
carbonyl oxygen atom of another. ‘Serial’ dimers
formed using Monomer5 possess another
interaction between hydrogen atom of OH group
of one molecule and the hydroxylic hydrogen
atom belonging to COOH unit of the second
monomer.

Thermodynamic parameters of formation
and dimerization were calculated for all the
dimer structures described above. Enthalpy,
entropy and Gibbs energy of dimerization were
calculated according to the next equations:

AHE™=AH7 =2 H? pons
ASI™ =8 —2-80 rom;
AGE™ = AH ™ _T- ASS™

where AH(% and Sg are enthalpy and entropy of

0

the dimers at a certain temperature T, H ., .

and S°

r.mon are enthalpy and entropy of
respective monomers at the same temperature T.
Corresponding values of the enthalpy, entropy
and Gibbs energy of dimerization are listed in

Table 4 for the dimers built on the base of

Monomer 2, as an example. For all the
homologous  series of the calculated
thermodynamic parameters of dimerization
(enthalpy, entropy, and Gibbs energy)

correlation dependences on the number of
intermolecular CH---HC contacts K, were built.

Table 3. Dependence of the dimerization Gibbs’ energy of a-hydroxy acids built on the basis of Monomer 2 (n=12)

on the & and ¢ values

Gitangle,  ARBe. A4Sy oacgy. SR AHIY. ASE. AGH.
0,° kJ/mol J/(mol'K) kJ/mol 3,° kJ/mol J/(mol'K) kJ/mol
53.7 —41.59 —-221.81 24.51 54.3 —43.48 -201.21 16.49
511 —43.09 —231.26 25.83 51.1 -50.93 —253.50 24.61
40.9 -50.99 —226.12 16.40 36.6 -53.87 —224.40 13.00
35.7 —54.58 —265.73 24.601 34.0 —61.76 —284.91 23.14
22.0 -57.61 —245.97 15.69 21.0 —60.84 —235.28 9.27
11.5 —51.41 —242.15 20.75 10.2 —60.66 —233.64 8.96
9.8 —58.62 —260.34 18.96 9.8 -55.97 —238.86 15.21
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Table 4. Thermodynamic parameters of a-hydroxy acid dimerization found within the PM3 method

System AH ;9“8n,m ’ Asg;:;l,m ’ AG;;;,m ’ System AH ;l;gl,m ’ Asg;;,m ’ AG;;l{:l,m ’
kJ/mol J/(mol‘K) kJ/mol kJ/mol J/(mol'K) kJ/mol
Dimer 2, p Dimer 2, s
C;H 4,05 -29.74 -156.19 16.80 C;H 4,05 -30.67 -197.03 28.05
CsH 605 -32.00 -166.78 17.70 CsH 605 -36.06 —204.89 25.00
CoH,505 -39.90 —180.76 13.97 CoH,505 -39.20 —220.91 26.64
C10H200; —42.40 -191.96 14.81 C10H200; —45.81 —228.65 22.33
C11H,,0; -50.27 -207.90 11.68 C11H,,0; —48.64 —245.37 24.48
C,H,40; -52.75 -219.17 12.56 C,H,40; -56.06 —254.37 19.74
Ci3H560; —60.66 —234.64 9.26 Ci3H560; —58.62 -260.80 19.10
C14H550; —63.15 —242.89 9.23 C14H550; -66.42 —278.51 16.58
C5H300; -71.05 -259.09 6.16 C15H300; -68.97 —288.66 17.05
Ci6H3,0; —73.56 -265.20 5.47 Ci6H3,0; -76.79 -300.96 12.89
C7H340; -81.44 -281.70 2.51 C7H340; —79.36 -311.87 13.57

In this study, as in previous papers [23—-33],
we regard the amphiphile aggregates with
regular structure of monomers entered in them.
Therefore, the inclusion of data concerning small
clusters with edge effects is unreasonable for
further building of the additive scheme that
allows calculation of thermodynamic parameters
of clusterization for 2D films. The edge effects
mean the appearance of such interactions
between monomer molecules (both between their
functional groups and alkyl chains) absent in 2D
films. Note that they can be avoided in structures
of larger rectangular clusters (tetramers,
hexamers) as the increase in the monomer
number in the cluster leads to a more ordered
optimized structure because of the better
regularity of interactions between the atom
groups inside of this cluster. Therefore, the
structures of Dimer 3, p are not included in the
further construction of the general correlation for
all dimer types. The corresponding energetic
increments of the interactions realized between
functional groups of the o-hydroxy acid
molecules can be obtained further from the
Tetramers 3 having these interactions without the
edge effect distortion.

Parameters of correlation equations for
enthalpy, entropy and Gibbs energy of
dimerization are listed in Table 5. These data
reveal that the values of the slope a which
characterize the increment of the CH--HC
interaction in the corresponding values of
thermodynamic parameters of dimerization are
virtually equal to corresponding values
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obtained for earlier studied surfactant classes
(alcohols, saturated and unsaturated carboxylic
acids, 0-amino acids, amines, and
thioalcohols). The contribution of interactions
of a-hydroxy acid ‘heads’ with ‘serial’
orientation in the enthalpy of dimerization was
negative for all the dimers apart from the
Dimer 4, p structure. Possibly, it can be
stipulated by the structural peculiarities of this
dimer. Oxygen atom belonging to OH group of
one monomer and carbonyl oxygen atom of
another mutually repulse. By-turn this causes
the less thermodynamical preference of
formation of such dimers constructed from
Monomer 4 comparatively to other ‘serial’
dimers of a-hydroxy acids. The contribution of
interactions of ‘heads’ with ‘parallel’
orientation in to the enthalpy of dimerization
was statistically insignificant. Therefore, there
are dashes in the corresponding cells of the
Table 5. For entropy of dimerization, the
increment of the hydrophilic group interactions
in ‘serial’ dimers was larger (by absolute
value) than that for ‘parallel” dimers. In
addition, as it was noted above, the less
number of intermolecular CH---HC contacts is
realized in dimers with ‘serial’ orientation of
the ‘heads’ than that in ‘parallel” dimers (for
the structures with odd number of carbon
atoms in the alkyl chain). As a result,
formation of ‘paralle]” dimers is more
advantageous with respect to the Gibbs energy
of dimerization.
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Table 5. Parameters of correlation dependences of the thermodynamic characteristics of dimerization for a-hydroxy
acids (sampling amount N=11)

AH Y, kI/mol
System
(a + Aa) (b £ Ab) R S
Dimer 1, p —10.19+0.28 - 0.9967 1.48
Dimer 1, s —10.24+0.14 —8.95+0.72 0.9991 0.76
Dimer 2, p —-10.25+0.25 - 0.9973 1.33
Dimer 2, s —-9.80+0.33 —8.82+1.63 0.9950 1.74
Dimer 3, s -9.96+0.30 —11.09£1.48 0.9960 1.58
Dimer 4, p —10.23+0.26 - 0.9970 1.41
Dimer 4, s —10.21+0.16 21.33+0.77 0.9990 0.82
Dimer 5, p —10.26+0.25 -5.20£1.39 0.9973 1.34
Dimer 5, s —10.83+0.28 — 0.9971 1.46
ASSe , J/(mol-K)
Dimer 1, p —23.15+1.50 —99.39+8.29 0.9815 7.99
Dimer 1, s —24.324+0.34 —123.73£1.73 0.9991 1.84
Dimer 2, p —24.71+1.04 —88.47+5.72 0.9922 5.51
Dimer 2, s -22.62+1.32 —146.87+£6.63 0.9849 7.05
Dimer 3, s —23.144+2.30 —132.35+£11.46 0.9584 12.19
Dimer 4, p -25.17+1.19 -90.38+6.54 0.9901 6.30
Dimer 4, s -25.67+1.14 —105.18+5.70 0.9912 6.06
Dimer 5, p —25.49+1.56 —105.53+8.57 0.9837 8.26
Dimer 5, s —26.69+0.53 —102.60+2.62 0.9982 2.79
AGy , kJ/mol
Dimer 1, p -3.30+0.19 27.48+1.07 0.9847 1.03
Dimer 1, s -2.994+0.15 27.92+0.77 0.9883 0.81
Dimer 2, p —2.88+0.10 26.13+0.56 0.9945 0.54
Dimer 2, s -3.06+0.16 34.95+0.78 0.9885 0.83
Dimer 3, s -3.06+0.42 28.35+2.07 0.9263 2.20
Dimer 4, p —2.73+£0.11 24.58+0.61 0.9928 0.58
Dimer 4, s -2.56+0.34 52.69+1.67 0.9304 1.78
Dimer 5, p -2.66+0.22 26.24+1.24 0.9693 1.19
Dimer 5, s —2.87+0.38 33.19+1.88 0.9307 2.00
The slopes of the calculated regression Therefore, the partial correlations for all dimers
coefficients of partial correlations for a-hydroxy considered can be generalized into one
acid dimers are quite similar. correlation:

AH 8™ = (10.18+0.04)-(Ky+n; o0y ) — (2.4320.0.35)- (1 1) — (7.03+0.46) 0y +
+(21.2140.46)n4s — (5.61+ 0.46)ns,,, [N=99; R = 0,9997; S = 1,40 kJ/mol]; (4)

ASSY = (24.530.44) K, — (91.74+2.62) (n 1, 1y ) — (124.24+2.56) (n; +nss) —
— (111.30+2.48)- (4 ++ns y1s.5) — (137.8442.97)n,., [N=99; R = 0.9996; S = 7.03 J/(mol-K)], (5)

AGE™ = (2.91£0.08) K, +(54.3220.57) 1y + (25.70£0.50)-(n ;1 1y ) + (33.76+0.49)-(ny +ns ) +
+(27.54+0.48)(n ++ns +ns,p) , [N=99; R = 0,9978; S = 1.34 kJ/mol], (6)

where K, is the number of CH:--HC contacts realized in the regarded dimer. It can be obtained for ‘serial’
and ‘parallel’ dimers as follows:

K ={”_1} and g :{n}, respectively, (7)
! 2 ¢ 2

where n is the number of methylene groups in the integer part of the number; n;, and n;; are the

the alkyl chain of a-hydroxy acids; braces denote descriptors of ‘parallel’ (p) and ‘serially’ (s)
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oriented functional head groups in the structure,
with i denoting the number of the corresponding
monomer used for construction of regarded
dimer. In the case when interaction between the
functional groups of the head groups exists in the
dimer structure then the value of corresponding
descriptor is equal to unity. If this interaction is
absent, this descriptor is zero.

Note, that the values of the standard
deviations for enthalpy, entropy and Gibbs’
energy of dimerization for a-hydroxy acids do
not exceed corresponding values for studied
earlier surfactant classes [23-33].

The graphical dependences of the variation
of the dimerization enthalpy, entropy, and Gibbs
energy are shown in Figs. 8-10. Here the solid
lines represent the dependencies calculated from
egs. (4)—(6), whereas the points correspond to
the data obtained by direct quantum chemical
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calculations. It is seen that the results of direct
calculation agree well with the values predicted
by correlation dependences. Analysis of depicted
data enables to make a prediction that the
spontaneous dimerization threshold at 298 K for
‘parallel’  Dimers 1,p, Dimers2,p, and
Dimers 4,p is 17-18 carbon atoms in the
aliphatic chain, while for Dimers 5, p it is 19-20
carbon atoms. For ‘serial’ dimers this threshold
shifts to the region of compounds with longer
alkyl chains: for Dimers 1, s and Dimers 3, s —
20-21 carbon atoms, for Dimers?2,s and
Dimers 5, s — 24-25, for Dimers 4, s — 38—40.
This is caused by the fact that in the dimer
structures with ‘serial’ orientation of the ‘heads’
there are less number of intermolecular CH---HC
interactions (for the structures with odd number
of carbon atoms in the chain).
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Dependence of the variation of dimerization enthalpy on the alkyl chain length for ‘parallel’ (@) and ‘serial’

4 6 g 10 12 14 16 18 20 22 24 26
7150 1 1 1 1 1 1 1 1 1 1 J n
e dimer 1,5 and 3,5
= = =dimer2,s

o~ 7200 1 sreeenses dimer 4,5 and 5,5
M 0 dimer1,dir.calc.
—_— ® dimer2,sdir.calc.

-250 A !

g A dimer3,sdir.calc.
= B dimer4,sdir.calc.
; -300 4 ¢ dimer5,sdir.calc.
£
0 350

a
|#)
< _a00 .

N
.
-450 ~

9. Dependence of the variation of dimerization entropy on the alkyl chain length for ‘parallel’ (a) and ‘serial’
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Fig. 10. Dependence of the variation of dimerization Gibbs energy on the alkyl chain length for ‘parallel’ (@) and

‘serial’ (b) dimers

Obtained data are useful for the further
construction of an additive scheme for
calculation of the thermodynamic parameters of
a-hydroxy acid clusterization up to 2D films. In
addition, described graphs of the dimerization
Gibbs’ energy dependences for obtained o-
hydroxy acid conformers enable to make an
assumption about the further clusterization path
and domain structure of these compounds. So,
aggregation of a-hydroxy acids will take place
via preferential formation of ‘parallel” dimers,
their further linkage in tetramers, hexamers, etc.
possessing and less preferable interactions of the
hydrophilic parts of molecules as in ‘serial’
dimers. That is the 2D film formation will
progress via preferential formation of linear
aggregates stipulated more friable, ‘dendritic’
structure of the monolayer.

CONCLUSIONS

The  dimerization thermodynamics  of
unbranched o-hydroxy acids C,H,,OHCOOH
(n=6-16) at the air/water interface has been studied
using semiempiric PM3 method. Five stable
monomer structures were found. Monomer 2 is the
most energetically advantageous structure with the
values of torsion angles of carboxylic group (o)
and hydroxylic group (f) -96° and —-60°
respectively, while the torsion angle of the
hydrophilic ‘head’ which includes both functional
groups of o-hydroxy acids was found to be 73°.
The values of torsion angles of the functional
groups for four of five a-hydroxy acid monomers
agree reasonably with corresponding structural
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parameters of o-amino acid monomers described
earlier [31]. It has been shown that dependences of
the enthalpy, entropy and Gibbs energy of a-
hydroxy acid formation on the alkyl chain length
are linear; corresponding correlation coefficients
exceed 0.997.

The dimers with ‘serial’ and ‘parallel’
orientation of monomer functional gropus were
built on the basis of found monomer structures.
The dependences of the dimerization enthalpy,
entropy and Gibbs energy of o-hydroxy acids on
the alkyl chain length are stepwise as in the case of
previously studied surfactant classes [23-33].
Formation of the o-hydroxy acid dimers with
‘parallel’ orientation of the monomer ‘heads’ is
more energetically preferred as compared to
‘serial” orientation.

It has been found that spontaneous dimerization
of the ‘parallel” dimers built on the basis of
Monomer 1, 2 and 4 is possible for structures which
have 17-18 carbon atoms in their alkyl chains, while
for other dimers this threshold is larger. Analysis of
the graphs of the dimerization Gibbs energy
dependences for considered o-hydroxy acid
conformers allows one to make an assumption about
the path of further domain growth. Aggregation of
o-hydroxy acids can take place via preferential
formation of ‘parallel’ dimers, their further linkage
linear associates that causes more friable, ‘dendritic’
structure of the monolayer.
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KBaHTOBO-XiMiYHHI1 aHATI3 TEPMOAMHAMIYHUX NapaMeTpiB
AUMepHU3alii o-riIpPoKCIKUCJI0T Ha MiK(a3Hill MOBepXHi NOBiTpsA/BoAa

0O.C. ®omina

Jloneyvruii HayioHarbHUL MEXHIYHULL YHIGepCUmem
eyn. Apmema, 58, Honeywx, 83000, Yrpaina, elenafomina-ne@yandex.ru

B pamkax xeanmoso-ximiunoco nanieemnipuunoz2o memooy PM3 pospaxosani mepmoounamiuni ma
CMPYKMYPHI napamempu YmeopenHs ma Oumepu3ayii 20MOXUPATbHUX O-2IOPOKCIKUCIOM 3a2aibHOL
dopmynu C,H,,OHCOOH (n = 6-16). Ha ocnosi ompumanux n’smu Kougopmayiti monomepie Oyau
noOy008ani oumepu 3 «HOCTIOOGHUMY» MA «NAPANETLHUMY» DPOSMAULYBAHHAM (DYHKYIOHATbHUX 2PYR
MOHOMEPIE 6 HUuX. 3HatloeHo, wo 2i0popoOHI naHyO2U MONEKYL 0-2i0POKCIKUCIOM Y OOCHIONCYBAHUX
MUNAx Oumepie MOoXCYms po3SmMAaulo8y8amucy nio pisHUMU KYMAMU HAXULy 8iOHOCHO HOpManell 00 p- i q-
Hanpsamkie midicgpaznoi nosepxui — 0 =8.9°-21.0° i ¢ = 9.8°-20.9° 3anexncno 6i0 CcmMpPYKMypHUX
ocobausocmeii MoHomepia, wo Gopmyroms oumep. Ilokazano, wo eHmanvnis, eHmponis ma enepeis
Tibbca oumepuzayii ycix 00CHiONCYBAHUX CMPYKMYD OUMEpPi8 CMYNIHHACMO 3ANeHCUmb 8i0 O008IHCUHU
8y2N1e800HEB020 NAHYI02A, NPU YbOMY 3a eHepeicio 1i6bca oumepusayii sucionuM € ymeopenHs oumepie 3
«NAapaneibHUMy  PO3MAUYB8AHHAM  (DYHKYIOHAMbHUX 2PYR  o-ciopokcikuciom vy uux. Ha ocHnogi
3anexcHocmell mepmMoOUHAMIMHUX NAPAMEMPI8 OumMepusayii 3p00aeH0 NPURYWEHHS NPO NOOANbULULL ULTAX
nepebicy camouunHoi Kiacmepusayii a-2i0OpoKCIKUCIOm Yepe3 nepesadicHe YmMeEopeHH s JIHIUHUX acoyiamie
3 «NApanerbHuUxy oumepis.

KBaHTOBO-XUMHMYECKHUIT aHAJIU3 TEPMOANHAMHYECKUX APaAMeTPOB TUMEPHU3aALNH
O-THAPOKCHKHCJIOT HA MeK(a3HOH MOBEPXHOCTH BO3AYyX/BoJa

E.C. ®omuna

Honeyxuii HayuonanvHulll mexHu4ecKuil ynugepcumem
ya. Apmema, 58, Honeyx, 83000, Yxpauna, elenafomina-ne@yandex.ru

B pamkax  K@aHmMoBo-Xumuyeckozo - noAyIMAUpuueckoeo  memoda  PM3  paccuumanvi
mepmoOuHamuieckue U CMmpyKmypHvle napamempsl o0pazo8anusi u OUMepusayuu 20MOXUPAIbHBIX O-
euopokcuxkuciom c¢ obweti gopmynon C,H,,OHCOOH (n = 6-16). Ha ocHose nonyueHuvix namu
ONMUMUSUPOBAHHBIX CIMPYKMYP MOHOMEPO8 OblIU NOCMPOeHbl OUMEPbl C «NOCIe008AMENbHbIMY U
«NAPANLIETLHBIMY  PACNONONCEHUEM (DYHKYUOHATbHBIX 2PYNN  MOHOMEPO8 6 Hux. Bwiaeneno, umo
2uopoobubvle yenu MOAEKYL O-2UOPOKCUKUCIOM 8 PACCMAMPUBAEMbIX MUNAX OUMEPO8 MO2Ym
pacnonazamvcsi RO0 PA3IUYHbIMU YelamMu HAKIOHA OMHOCUMETbHO HOpMANel K p- U ¢-HanpasieHusm
medrcghasnou nogepxnocmu — 0 =8.9°-21.0° u ¢ = 9.8°-20.9° & 3asucumocmu om CMPYKMYPHLIX
0cobeHHocmell MOHOMEPO8, 6X00suux 8 oumep. Tlokazano, umo snmanvnus, sumponus u snepeus I uboca
oumepuzayuu  6Ccex PACCMOMPEHHLIX CMPYKMYp OUMepos CMYNEHYamo 3a8ucsam om  OJUHbl
Y271e8000pOOHOU Yenu, npu dmom no dHepeuu I ubbca oumepusayuu 6oee npeonoYmMumerbHuIM 6/15emcsl
006pa3zosanue OUMEPOs ¢ «NAPALIETbHBIM» PACHOLONCEHUEM DYHKYUOHATLHBIX SPYAN 0-2UOPOKCUKUCTOM 8
nux. Ha ochose 3asucumocmeii  MEPMOOUHAMUYECKUX — NAPAMEMPO8  OUMEPU3ayuu  COeNaHo
NpPeononodiceHue 0  OalbHeliwemM HYmu  NPOMEKAHUs  CAMONPOU3BOTbHOU — KIACmepuzayuu — o-
SUOPOKCUKUCTIOM Yepe3 NpeuMyujecmeeHnoe 00paszosanue TUHEUHbIX aACCOYUamos U3 «NapauielbHbiX»
oumepos.

418 CPTS 2012. V. 3. N 4


mailto:elenafomina-ne@yandex.ru
mailto:elenafomina-ne@yandex.ru

	Table 1.   Thermodynamic parameters of formation of the most energetically preferred Monomer 2 of α-hydroxy acids (γ = 73°) at 298 K
	System
	System

