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QUANTITATIVE ANALYSIS OF COMPLEX
FORMATION IN ACETONE-CHLOROFORM AND ETHYL
ACETATE-CYCLOHEXANE SOLUTIONS

The actual binary (double) solutions of “acetone—chloroform” and “ethyl acetate—cyclohexane”
are simulated as ideal multi-component (triple, quadruple) miztures, which consist of associates
[Ap], [Bq], and complezes [AnBp]. The MCR-ALS method is used for the analysis of near-
IR absorption spectra. Complezes of a single type [A1Bi] are determined in an acetone—
chloroform solution, and complezes of two types, [X1Y1] and [X5Y1], are determined in an ethyl
acetate—cycloherane solution. An auziliary method for determining the number of complezes
by analyzing the residual intensity in the IR spectra is proposed. Information about the number
of complexes in solutions obtained by analyzing the residual intensity correlates with the MCR-
ALS data. It is used for the interpretation of the formation of complexes in binary solutions.

Keywords: acetone—chloroform, ethyl acetate—cyclohexane, complex, IR spectroscopy of

solutions.

1. Introduction

A rigorous description of the structure of solutions
requires the use of a statistical approach [1-3]. How-
ever, the simplified models are very useful. Thus,
it is possible to assume that the mixture of two lig-
uids A and B forms a multicomponent solution [4-
6]. This solution can be considered as a mixture of
the associates of pure components (further called —
“associates”) and mixed associates (further called —
“complexes”). The structure of such complexes in an
acetone—chloroform solution was determined a num-
ber of works [7-10]. It is well established that the in-
teraction between the molecules of acetone and chlo-
roform forms complexes with type 1:1. Some authors
consider that, together with complexes type 1:1, com-
plexes with type 2:1 also exist in a small amount
[11,12].

The determination of complexes in molecular spec-
tra is associated with the degree of their occurrence
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in spectral bands. In this work, we will show that it
is not possible to determine more than one complex
type in an acetone—chloroform solution, the stoichio-
metric ratio of which can be assumed to be 1:1.

In some cases, the type of complexes can be pre-
dicted by the curve shape of the concentration de-
pendence of the enthalpy AH(N;), where N; is the
concentration of component A in component B, N; €
€ [1,100]. For example, if the last function has an ex-
tremum at 50 mol.%, this equation can be explained
by the equality of molecules A and B in complex.
The profile of the concentration dependence of the
enthalpy in an acetone—chloroform solution is approx-
imately symmetric with respect to an acetone concen-
tration of 50 mol.% (minimum at 42 £+ 3 mol.%) [13].
As a result, the consideration of the three-component
model (with formation of only one type of complex)
is an acceptable approximation.

The vibrational spectra analysis of liquid binary
solutions with different concentrations of the compo-
nents provides information about the concentration
of structural formations in a solution [4,14]. The se-
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lection of a spectral range for analysis is important in
the chemometric processing of spectral data. The ef-
fects of intermolecular interactions appear with differ-
ent degrees in different spectral bands. The studies of
the concentration dependence of integrated intensities
of the different vibrations for the acetone—chloroform
solution were carried out by Raman spectroscopy in
[15]. It was found that C—C and C-H vibrations
of acetone (not involved in hydrogen bonding) are
not shifted and broadened practically over the en-
tire range of concentrations (0 to 100 mol.%) in the
mixing process. But C=C vibrations of acetone and
C-H vibrations of chloroform, directly involved in the
hydrogen bonding in the complex, are undergoing sig-
nificant changes. Moreover, the maximum increase in
the integrated intensity of C=0 vibrations of acetone
accounted for a concentration of 45-50 mol.%.

A particular attention should be paid to the areas
with the highest manifestation of the effects of inter-
molecular interactions in the selection of a spectral
range. It is important to study the spectral bands
with the least possible overlap of contours (it is one
of the conditions for the successful application of the
multivariate curve resolution method). The acetone—
chloroform solution is of interest, because acetone is
capable to forming a hydrogen bond with chloroform,
while hydrogen bonds between molecules of acetone
only or chloroform only are not formed. Note that the
energy of the van-der-Waals interaction in associates
(<1 kecal/mol) is less than the energy of the hydrogen
bond (>3 kecal/mol [9])between the components in a
complex [A,,B;;]. In this case, the distortion of the
spectral lines associated with the emergence of asso-
ciates A, (consisting only of molecules of acetone) and
B, (consisting only of molecules of chloroform) will
appear much weaker than the distortions connected
with the appearance of complexes with type [A, B].
Intermolecular interactions appear to a less extent in
an ethyl acetate—cyclohexane solution due to the lack
of hydrogen bonds between the molecules in the as-
sociates, as well as in the complexes, which makes
it difficult to separate them from the IR absorption
spectra.

The paper describes methods to determine the con-
centration of the structural formations (complexes)
in acetone—chloroform and ethyl acetate—cyclohexane
solutions. First, the amount and the concentration
of complexes in a solution are determined, by us-
ing the chemometric method MCR-ALS [16] with re-
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spect to the absorption spectra in the near-infrared
range. Next, an auxiliary method of determining the
number of complexes by analyzing the residual inten-
sity in the IR spectra is considered. A comparison
of concentration values of the complexes obtained by
MCR-ALS and by analyzing the residual intensity in
the spectra is performed for acetone—chloroform and
ethyl acetate—cyclohexane solutions. The correspon-
dence of the results is found.

2. Experiment

Acetone, chloroform, ethyl acetate, and cyclohexane
with a purity of 99.9% were used in this research. The
concentration of components was changed from 0% to
100% (in volume %) with a step of 10%. The mea-
surement of the spectra was carried out in 24 h after
the time of the preparation of solutions to eliminate
the influence of relaxation processes.

FT-NIR transmission spectra were measured with
a Perkin Elmer Spectrum BXII spectrometer with a
spectral resolution of 2 cm™!. Spectra recording were
repeated 10 times for every sample. Thereafter, the
average spectra were calculated for every concentra-
tion and used in the further analysis. The spectra
were not smoothed out by a software, and the baseline
correction was not carried out (because these trans-
formations can distort the manifestation of the effects
of intermolecular interactions in the spectral bands).
The optical path length of the quartz cell was 1 mm.
Heating of the sample almost did not occur during the
measurements due to a small value of the absorption
coefficient at excitation frequencies. The temperature
of liquid samples was 25 + 0.2 °C.

3. Model Approach
3.1. The model of “binary” liquid solution

The binary solution is a mixture of two liquids A
and B. However, there may be new components (a
typical example — alcohol hydrates in aqueous alcohol
solution). Subsequently, the “binary” solution will be
considered as a mixture of the pure components A,
and B, (associates) and complexes [A,,B,,].

The term “complex” is used in different senses in
the literature, so we focus on its definition. It is
known that the lifetime of hydrogen and van-der-
Waals bonds in molecular liquids is extremely small
(less than ~107!2 s) [18]. This raises the question
of the appropriateness of the third component of the
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solution (“complexes”) due to the instability of the
compounds. However, the average lifetime of the
complex 7 is only one characteristic. The second
feature of the dynamics of the dissolution with the
mean free time 74 is the existence of molecules A and
B. Suppose that 7 = 79 and note that the macro-
scopic (measured) data correspond to averaging the
relevant properties of an ensemble of particles over
time ¢ > 70, 7¢. In this case, 50% of the particles
will always be in a bound state (complexes), and the
remaining 50% of particles will be in the free (un-
bound) form in any physically infinitesimal volume.
Within this approach, a small lifetime of intermolec-
ular bonds does not matter, because the “complex” is
considered as the average characteristics of the indi-
vidual components of the system.

3.2. Analysis
of residual intensity in the spectra

The spectra were measured at each fixed concentra-
tion of one component. A set of values “spectrum-
concentration” will be presented in the form of a ma-
trix X (with dimensions ¢ x j), where each row cor-
responds to the spectrum (the set of frequencies) at
a fixed concentration. The determination of the opti-
mum frequency regions was performed using the fol-
lowing procedure:

1) Hypothetical spectrum of an “ideal binary so-
lution” was injected into consideration. Such liquid
consists of molecules of types A and B, and they do
not interact with each other during the mixing (com-
plexes are not formed). The corresponding model ma-
trix for the idealized binary solution is X 04, and the
spectra of pure components A and B are I4 and [,
respectively.

2) The model matrix Xy o4 (matrix of the ideal
solution) is calculated as a linear combination of
I4 and Ip:

IAN; + Ig(1 — Ny
IANy + I5(1 — N,

IAN; + Ip(1 - N;)

Xpnod = 0.01 (1)

The matrix X of the measured values for the real bi-
nary solution is different from the idealized (model)
matrix because the interaction between molecules
change the vibrational characteristics of the system.
The differences between the real and model solutions
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define the auxiliary matrix:
Xres = X — Xiod- (2)

The last matrix contains information about the condi-
tions, under which the differences of shapes and shifts
of the resonant frequencies of the vibrational bands
caused by the formation of complexes are most clearly
manifested. 3) Frequency regions where the matrix
X,es has a maximum deviations from the zero level
can be considered as areas with the greatest mani-
festation of the intermolecular interactions in the for-
mation of complexes. In the future, it will be a sub-
ject of the detailed analysis. The exclusion of spec-
tral regions, where the intermolecular interaction is
weak, helps to improve the accuracy of calculations.
Information about the number of complexes derived
from the analysis of the residual intensity in the ma-
trix X,es should complement the results of MCR-ALS
analysis.

3.3. Multivariate curve resolution

The resolution methods decompose mathematically a
global mixed instrumental response into the pure con-
tributions due to each component in the system [16].
This mixed signal is organized in the matrix X con-
taining the raw information about all the components
present in the data set. The resolution methods allow
the decomposition of the initial mixture data matrix
X into the product of two data matrices C and ST,
each of them including the pure response profiles of
the n mixture or process components associated with
the row and column directions of the initial data ma-
trix, respectively. In the matrix notation, the expres-
sion valid for all resolution methods is as follows:

X =0S8"+E, (3)

where X (i x j) is the original data matrix, C(i x n)
and ST (n x j) are the matrices containing the pure
response profiles related to the data variation in the
row and column directions, respectively, and E(i X j)
is the error matrix, i.e. the residual variation of the
data set that is not related to any chemical contri-
bution. The parameters ¢ and j are the numbers of
rows and columns of the original data matrix, respec-
tively, and n is the number of chemical components
in the mixture or process. C and S are often re-
ferred to concentration profiles and spectra (hence,
their names). The mathematical decomposition of
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a single data matrix, no matter the method used,
is known to be subjected to ambiguities [17]. This
means that many sets of paired C' and ST -type matri-
ces can reproduce the original data set with the same
fit quality. In other words, the correct reproduction
of the original data matrix can be achieved by using
the response profiles differing in shape (rotational am-
biguity) or in magnitude (intensity ambiguity) from
the sought (true) ones [19]. Mathematically, it can
be written as follow:

X=0cs8"=c177 18T = CS7, (4)

where T'(n x n) — invertible matrix. If T is an orthog-
onal matrix, the ambiguity is called rotational.

The Multivariate Curve Resolution-Alternating
Least Squares (MCR-ALS) method is a popular
chemometric one used for the resolution of multi-
ple component responses in unknown unresolved mix-
tures. MCR~ALS solves iteratively Eq. (3) by an Al-
ternating Least Squares algorithm which calculates
the concentration C and pure spectral ST matrices
optimally fitting the experimental data matrix X.
This optimization is carried out for a proposed num-
ber of components with the use of the initial estimates
of either C or ST.

4. Results
4.1. Acetone-chloroform

The FTIR transmission spectra of an acetone—
chloroform solution (Fig. 1) are registered in the spec-
tral range 45003900 cm~!. This spectral range was
chosen due to the weak absorption of overtones and
composite frequencies in the near-IR region. The
weak absorption allows us to use the liquid cell with
a relatively large value of the optical beam path
(I mm). Compound vibrations of acetone were de-
termined at 4009 cm~', 4065 cm~!, 4142 cm™!,
4185 cm™!, 4315 cm ™1, 4357 cm™ !, 4420 cm ™!, and
the compound vibration of chloroform was deter-
mined at 4213 ecm™! (v1 +v4), where 11 (23033 cm™1)
is the frequency of C—H symmetric stretching vibra-
tions of chloroform, and v4(~1220 cm™!) is the fre-
quency of strain C-H vibrations of chloroform [24].
The selection of the spectral range 4500-3900 cm~!
was performed due to several reasons. First, the
spectral contours of chloroform and acetone overlap
slightly in this region, which is best suited for the
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Fig. 1. NIR spectra of an acetone—chloroform solution in

the range 4500-3900 cm~!. The solution concentration step
is 10 vol.%, continuous line — the spectrum of pure acetone,
the dotted line — the spectrum of pure chloroform
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Fig. 2. NIR spectra of an ethyl acetate—cyclohexane solu-
tion in the range 6150-5400 cm~!. The solution concentration
step is 10 vol.%, continuous line — the spectrum of pure ethyl
acetate, the dotted line — the spectrum of pure cyclohexane

separation of the complexes with the use of MCR-
ALS. Second, the measurements in the mid-IR region
require us to use the optical beam path around 10—
25 pm. Therefore, this range is not preferred for the
quantitative analysis.

4.2. Ethyl acetate—cyclohexane

Figure 2 shows the IR spectra obtained in the
transmission mode (in absorbance units) for the
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Fig. 3. Minimum and maximum concentration profiles of
three components in the acetone—chloroform solution, which
are obtained by MCR-ALS analysis of the IR spectra in the
region 4500-3900 cm~!. The concentration range between the
upper and lower curves of the same type points to the existence
of a range of solutions with a given residue
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Fig. 4. Minimum and maximum spectra profiles of three com-
ponents in the acetone—chloroform solution, which are obtained
by MCR-ALS analysis of the IR spectra in the region 4500—
3900 cm~ 1.
lower curves of the same type points to the existence of a range

The concentration range between the upper and

of solutions with a given residue

ethyl acetate—cyclohexane solution in the range 6150—
5400 cm~'. This range is responsible for the C-H
stretching vibrations of cyclohexane and ethyl ac-
etate. A large number of different vibrational modes
of ethyl acetate and cyclohexane are located in
the range of frequencies 4600-3800 cm™!. The lat-
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Fig. 5. Minimum and maximum concentration profiles of
three components in the ethyl acetate—cyclohexane solution,
which are obtained by MCR-ALS analysis of the IR spectra
in the region 6100-5400 cm~!.
tween the upper and lower curves of the same type points to

The concentration range be-

the existence of a range of solutions with a given residue

ter fact has a negative impact on the ability of the
MCR method to separate the concentration of com-
plexes from the obtained spectra. Therefore, the fre-
quency range 4600-3800 cm~! was not analyzed in
this paper.

4.8. Multivariate curve resolution

The decomposition of the matrix X was performed
for three components of the acetone—chloroform so-
lution (associates of pure acetone, associates of pure
chloroform, and one type of complex). The ALS op-
timization convergence is achieved when, in two con-
secutive iterative cycles, the relative differences in
standard deviations of the residuals between exper-
imental and ALS calculated data are less than a pre-
viously selected value, usually chosen as 0.1%. The
iterative process in the MCR-ALS analysis failed to
be completed successfully with the established crite-
rion of 0.1% during the decomposition of the matrix
of the ethyl acetate—cyclohexane solution for 3 com-
ponents. But the process was successfully completed
by the decomposition into 4 components (associates
of pure ethyl acetate, associates of pure cyclohexane,
and two types of complexes). The initial approxima-
tion for the matrixes C' and ST was determined, by
using the evolving factor analysis during the process-
ing of the spectra of the solution [25].
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The concentration and spectral profiles of the com-
plexes for the acetone—chloroform solution (Figs. 3
and 4) and for the ethyl acetate—cyclohexane solution
(Figs. 5 and 6) were obtained by the method MCR-
ALS. The accuracy of the determination of the com-
plexes in a solution (maximum and minimum concen-
trations and spectral profiles) was evaluated, by using
the MCR-bands method [22].

The matrices for the acetone—chloroform solution in
the range of 4500-3900 cm~! and for ethyl acetate—
cyclohexane solution in the range 6100-5400 cm~!
were obtained by the analysis of the residual intensity
in spectra. The graphic representation of the matrices
is shown in Figs. 7 and 8.

There is only one extreme in the acetone—
chloroform solution, as is seen in Fig. 7. This confirms
the feasibility of selecting the ternary system (two
pure substances and one type of complexes) in MCR-
ALS analysis. Figure 8 shows the presence of two con-
centration extrema in the ethyl acetate—cyclohexane
solution. This correlates well with the fact that (as
mentioned above) the selection of only one complex
in a solution (decomposition into 3 main components)
gives no satisfactory results in the MCR-ALS analy-
sis. The convergence of the iterative process could
be achieved only by introducing two complexes (four-
component model) during the MCR-~ALS analysis.

The concentration of complexes in the acetone—
chloroform solution (Fig. 3) obtained by analyzing
the spectral range 4500-3900 cm ™! reaches a maxi-
mum at a molar content of acetone of 44+4% (X-axis
in Fig. 3). The maximum value corresponds to a mo-
lar concentration of complexes of 58 2% of the total
concentration of the components in the binary solu-
tion (Y-axis in Fig. 3).

Two types of complexes in the ethyl acetate—
cyclohexane solution, which are obtained by analyz-
ing the spectral range 6100-5400 cm~! (Fig. 5), have
the following characteristics:

1) The concentration of the type-I complexes
reaches a maximum, when the content of ethyl ac-
etate is 50 &= 5 mol.%, and the value of maximum
concentration is 27 4= 18 mol.%;

2) The concentration of the type-II complexes
reaches a maximum, when the content of ethyl ac-
etate is 80 + 5 mol.%, and the value of maximum
concentration is 34 + 12 mol.%.

The large ambiguity in the concentrations of com-
plexes in the ethyl acetate—cyclohexane solution is
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associated with significantly lower forces of inter-
molecular interaction between molecules A and B in
comparison with those in the acetone—chloroform so-
lution. The stoichiometry of complexes in the ethyl
acetate—cyclohexane solution was calculated accord-
ing to the concentration profiles (Fig. 5). The com-
plex has a composition close to [A1B;] (A — ace-
tone, B — chloroform) in the chloroform-acetone solu-
tion. The type-I complex has a composition close to
[X1Y1] (X — ethyl acetate, Y — cyclohexane) and the
type-II complex has a composition close to [X5Y7] in
the ethyl acetate—cyclohexane solution.

The extremum in Fig. 7 is located in the spectral
region 4250-4220 cm~! at an acetone concentration
of 44 + 4 mol.% in the acetone—chloroform solution.
The extrema in Fig. 8 are located in the spectral re-
gions 57505720 cm~!, 5820-5800 cm~!, 59105880
cm~! at the concentrations of ethyl acetate 5045 and
80 + 5 mol.%. These data are consistent with results
obtained by MCR-ALS analysis of the measured so-
lutions (Fig. 4, 6). Information about the number of
complexes in solutions obtained by the analysis of the
residual intensity in the matrix X, correlates with
the MCR-ALS data. This indicates that the data
from the spectra of the 3-rd and 4-th main compo-
nents obtained by the MCR~ALS analysis (which are
interpreted as complexes) are actually derived from
the presence of the concentration extrema in the ma-
trix X,es (Figs. 7 and 8).

5. Conclusions

The experimental results confirm the possibility to
describe the structure of a liquid acetone—chloroform
solution as the combination of three components: free
acetone, free chloroform, and complexes [A; B1], con-
sisting of both types of molecules.

It is shown that the ethyl acetate—cyclohexane solu-
tion can be regarded as a set of four components: free
ethyl acetate, free cyclohexane, and complexes [X;Y7]
and [X5Y7] consisting of both types of molecules. The
ambiguity in determining the concentration of com-
plexes in the ethyl acetate—cyclohexane solution is
more than in the acetone—chloroform solution. This
is due to the fact that the conditions of successful
MCR-ALS analysis hold to a less extent for ethyl
acetate—cyclohexane solution. These are the absence
of strong intermolecular interactions in the complexes
(hydrogen bonds are not formed) and the overlap of
the spectral lines of ethyl acetate and cyclohexane.
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An auxiliary method for determining the number
of complexes by analyzing the residual intensity in
the IR spectra is proposed. Minima/maxima of ab-
sorption in the residual intensity matrix X,.s coincide
with those in the concentration of complexes in the
matrix of concentration profiles obtained by MCR-
ALS. This indicates that the data from the spectra
of the main components obtained during MCR-ALS
analysis are actually derived from the presence of con-
centration extrema in the matrix X,.

In conclusion, the authors express their gratitude
to T. Dolenko, S. Patsaeva, and S. Burikov for the
discussion of the results and Profs. V.A. Skryshevsky
and A.I. Manilov for the assistance with the optical
measurements.
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KIJIBKICHUI AHAJII3
KOMITJIEKCOYTBOPEHHA B MOJIEKVJIAPHUX
PO3YMHAX ATETOH-XJIOPO®OPM

I ETUJIAIIETAT-IIUKJIOTEKCAH

Peszwowme

Peanbui Ginapnui (monsiitai) posumuu “aneron—xsopodopm”
i “eTmiranieTaT-IMKJIOTeKCaH’ MOJIEIIOITHCA ileaJlbHUMU Ga-

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3

raTOKOMIIOHEHTHUMH (IIOTPIHHUMM, YETBEPHUMH) CyMillaMH,
AKi CKJIaJaioThes 3 acouiaris Tumy [Ap], [Be] i Kommzekcis
[An Bp,]. CuekTpu NOrIMHAHHS WX DPO3YUHIB B OJIMKHBOMY
Y niamazoni aHaJ3yIOTHCA 3 BUKOPUCTAHHAM XEMOMETPUIHO-
ro merony MCR-ALS. B posuunni areroH-xmopodopm 3adi-
KCOBaHO yTBOPEHHsI KOMILIEKCY ofHoro tuiy [A1Bi], a B pos-
YHHI €THIAIETaT—[[UKJIOTEKCAH 3HAWIEHO IBa KOMILIEKCH TH-
miB [X1Y1] 1 [X5Y1]. BanpononoBano HONOMIXKHMIA METOJ| BU-
3HAYEHHS KiJIBKOCTI KOMIIIEKCIB HIJISIXOM aHaJIi3y 3aJIUIIKOBOI
inrercusHocti B IY crekrpax. Indopmariis mpo KinbKicTb KOM-
IJIEKCIB ¥ PO3YMHIi, 1[0 OTPUMAaHA MiJl YaC aHaJIi3y 3aJIMIIIKOBOL
inrercuBHOCTi, Kopemioe 3 manumu MCR-ALS i Bukopucrosy-
BaJIacCh JJIsi IHTEPIIpeTalil IPOIECiB KOMILJIEKCOY TBOPEHHS B 6i-
HapHUX PO3YMHAX.
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