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Aliphatic alcohols form homogeneous mixtures with alkanes of similar size and structure, however at
a molecular level one can expect the presence of both the homo and heteroclusters leading to the local
heterogeneity. Recently, we observed this phenomenon in the binary mixtures of methanol with aliphatic
alcohols [RSC Adyv., 2016, 6, 37195]. This paper provides new and comprehensive information on the
structure of alcohol/alkane mixtures at a molecular level. Besides, we studied the relationship between
the chain structure and the deviation from the ideal mixture. A particular attention was paid for the
difference between the linear and cyclic alcohols and alkanes. For studies we selected two alcohols: 1-
hexanol, cyclohexanol, and two alkanes: n-hexane, cyclohexane. By combining these two pairs of
compounds, we obtained four different alcohol/alkane mixtures. The inhomogeneity distribution of
molecules in these mixtures and deviation from the ideality was characterized by ATR-IR/NIR excess
absorption spectra and chemometric methods. Obtained results allow us to conclude that the separation
at a molecular level and the extent of deviation from the ideality depends on the degree of association
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Accepted 27th September 2016 of the alcohol and the similarity of alkyl parts. As 1-hexanol is more associated than cyclohexanol, 1-
hexanol/n-hexane mixture is the closest to the ideal mixture. In contrast, cyclohexanol/n-hexane is the

DOI 10.1039/c6ra18692k most non-ideal mixture since in this case the smaller degree of self-association of cyclohexanol is
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Introduction

At a macroscopic level, long chain aliphatic alcohols form
homogeneous mixtures with alkanes of similar size and struc-
ture. Though the literature on self-association of alcohols in
nonpolar solvents is very rich it does not present a uniform
picture.”™* Fletcher and Heller postulated the presence of
monomers as well as the linear and cyclic tetramers of 1-octanol
and 1-butanol in n-decane solutions but they did not observe
the dimers." In contrast, Asprion et al. assumed that most of
alcohols in n-hexane exist in equilibrium between the mono-
mers, dimers and oligomers (mostly pentamers).> Kunst et al.
reported that association of n-alcohols in alkanes is well fitted
by monomer-dimer-tetramer model.> The authors claim that
the length of alkyl chain (n > 2) has no appreciable effect on
creation of the linear dimers and cyclic tetramers. Based on
results of NIR and NMR studies of 1-octanol in n-decane Iwa-
hashi et al. suggested that the cyclic tetramer is the main
associated species for n-alcohols in rod-like alkane solvents.* On
the other hand, Car-Parrinello molecular dynamics calcula-
tions by Stubbs and Siepmann reveal that the distribution of
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coupled with different structure of alcohol and alkane chains.

alcohol associates in nonpolar solvents is more complex than
the frequently assumed equilibrium of monomers and cyclic
tetramers.” The authors also suggest that there is no simple
correlation between the OH peak shift and size or structure of
the associates. As shown, the cooperativity effect appears to be
responsible for differentiation of the polymer-like (cooperative)
and dimer-like (noncooperative) peaks in the vibrational spec-
trum. The frequency shift for the ‘dimer-like’ band is around
100 cm ™" with respect to the OH monomer, while the ‘polymer-
like’ band is usually shifted more than 200 cm™ " in alcohol/
alkane mixtures. The cyclic associates are expected to absorb in
the ‘polymer-like’ region. Gupta and Brinkley also emphasized
importance of the hydrogen bonding cooperativity in 1-alkanol/
n-alkane mixtures.® They suggested that the equilibrium
constant for the second hydrogen bond is 10 times higher than
that for the first hydrogen bond. In contrast, Solms et al. re-
ported that FT-IR spectra of different 1-alkanol/n-alkane
mixtures can be precisely modeled by SAFT method without
taking into account the hydrogen bonding cooperativity.”
Wilson et al. have shown that the degree of association in
alcohols dissolved in long chain alkanes appears to be inde-
pendent of the extent of van der Waals or hydrophobic inter-
actions that might exist in these solutions.® It depends mainly
on the alcohol concentration, but is independent of both the

This journal is © The Royal Society of Chemistry 2016
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alcohol and the alkane chain length. On the contrary, NIR
spectroscopic study coupled with 2D correlation analysis and
chemometric methods demonstrated an opposite behavior.>*®
Comparison of results for various aliphatic alcohols reveals that
the strength of hydrogen bonding weakens with an increase in
both the alcohol order and the chain length. Dielectric relaxa-
tion studies of mixtures of aliphatic alcohols with n-alkanes
reveals that the structure of the liquid phase is dependent on
the relative chain length of the alcohol and the alkane.'* When
the alcohol chain is longer than that of the alkane, the alkane is
mainly solved in the hydrocarbon region of the alcohol clusters.
In the other case, in the mixture microheterogenity exists with
the separate clusters of the alkane. Flores et al. studied 1-hex-
anol association in cyclohexane by using NMR and NIR spec-
troscopies.” The authors concluded that the structure of the
mixture depends on its composition. At low 1-hexanol mole
fraction (X < 0.05) dominates dispersion interactions and the
molecules of alcohols exist mainly as monomers. When X still
further increases up to 0.2 in the mixture dominates the
hydrogen bonding leading to creation of higher associates. In
the range of 1-hexanol mole fraction from 0.2 to 0.9 the struc-
ture of the mixture is determined by dipolar interactions. Max
and Chapados examined methanol in n-hexane by using ATR-IR
spectroscopy.” They suggested that the structure of this mixture
depends on the methanol content and is well represented by
two kinds of micelles. At high methanol content (Xcy,0n > 0.75)
are created the micelles, while inverse micelles (the OH groups
in the core) are formed in the low methanol concentration
(Xcn,on < 0.25). In the intermediate concentrations (0.25 < X <
0.75) these two kinds of micelles compete giving rise to a phase
separation. The authors also concluded that the hydrogen
bonding interaction through the OH groups is much stronger
than that of van der Waals interactions of the alkane chains.

When two compounds with different chain length or struc-
ture are mixed together, one can expect heterogeneity at
a molecular level, despite of the macroscopic miscibility. The
local heterogeneity simply results from the presence of different
homo and heteroclusters. This phenomenon leads to anoma-
lous behavior of physicochemical properties of the mixtures
and is observed as a deviation from the ideality. It is of partic-
ular note that the separation at a molecular level was observed
even in the methanol/ethanol mixture." Mello et al. suggested
the presence of separate methanol and ethanol clusters without
hydrogen bonding between different alcohol species. Recently,
we reported microheterogeneity in binary mixtures of methanol
with short chain aliphatic alcohols.'® As shown, in the entire
range of compositions in the mixtures coexist the clusters of
pure alcohols and the mixed clusters with an average mole ratio
of 1: 1. All mixtures deviate from the ideality and the largest
deviation appears at equimolar mixture. At this composition
about 50% of molecules are involved in the mixed clusters.
These studies demonstrated that the degree of non-ideality in
binary mixtures of methyl alcohol with the short chain aliphatic
alcohols depends on the chain length and the order of the
alcohol.

Most of previous studies on alcohol/alkane mixtures were
performed at relatively low alcohol concentrations (M < 0.1) and
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were focused mainly on behavior of the alcohol. On the other
hand, very little attention was paid for behavior of the aliphatic
solvent. This work provides new and comprehensive informa-
tion on the state of both alcohol and alkane in the mixture. The
relationship between the extent of deviation from the ideality of
alcohol/alkane mixtures and molecular structure of both
components was elucidated. To realize this purpose we studied
four mixtures: 1-hexanol/n-hexane, 1-hexanol/cyclohexane,
cyclohexanol/n-hexane and cyclohexanol/cyclohexane by using
ATR-IR/NIR spectroscopy combined with the excess absorption
spectra and chemometric methods.

Experimental details

For studies we selected two alcohols: 1-hexanol (Merck, Ger-
many), cyclohexanol (Eurochem BGD, Poland) and two alkanes:
n-hexane (J. T. Baker, the Netherlands), cyclohexane (Carl Roth,
Germany). All samples (purity > 99%) were distilled and dried
under freshly activated molecular sieves (4A). ATR-IR and NIR
spectra were recorded at a resolution of 2 cm™" and 4 cm ™" (256
scans), respectively, on Nicolet Magna 860 spectrometer with
DTGS detector. ATR-IR spectra were recorded with multi-
reflection ZnSe crystal (PIKE), while NIR spectra were measured
in a variable temperature quartz cell of 5 mm thickness
(Hellma). The spectra of 1-hexanol/n-hexane and 1-hexanol/
cyclohexane mixtures were recorded at 25 °C, while the spectra
of cyclohexanol/n-hexane and cyclohexanol/cyclohexane
mixtures were recorded at 30 °C (melting point of cyclohexanol
is =26-27 °C) in the entire range of mole fractions with a step of
0.04 = 0.0001. The mixtures were automatically prepared and
dosed to ATR-IR and NIR cells by a flow-system constructed in
our laboratory (Fig. 1). This system was controlled by portable
computer and assured a high precision and repeatability of
sample preparation. As a result, the experimental data were
more accurate and provided more reliable information on small
intensity variations.

P

Fig. 1 Flow-system for automatic preparing and dosing samples to
ATR-IR/NIR cells.
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Computational details

The baseline fluctuations in ATR-IR and NIR spectra were
reduced by an offset at 4000 cm ™" and 9000 cm ™', respectively.
The spectra have high signal-to-noise-ratio, and no other
corrections were necessary. The number of components in the
data matrix and the initial estimates of the concentration
profiles for each component were obtained from principal
component analysis (PCA) and evolving factor analysis
(EFA).*”*® In addition, PCA was used for identification of the
outliers. The actual concentration and spectral profiles of pure
components were resolved by multivariate curve resolution-
alternating least squares (MCR-ALS) method with constraints
(non-negativity on concentrations and spectra, closure,
equality)."*® The chemometric analysis was achieved by PLS-
Toolbox 8.2 (Eigenvector Research Inc.) for use with Matlab 9.0
(MathWorks).

The excess MIR/NIR absorption spectra (4...) were calculated
as a difference between the real spectra (A) and the linear
combination of the MIR/NIR spectra of neat alcohol (4,) and
alkane (4,):

Aexc =4 - [Ale + A2(1 - Xl)] (1)

where X; is the mole fraction of A;. The part in the square
brackets represents the spectra of the ideal mixture. Hence, the
excess absorption spectrum is related to deviation of the
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Fig. 2 ATR-IR spectra of 1-hexanol/n-hexane (a), 1-hexanol/cyclo-
hexane (b), cyclohexanol/n-hexane (c) and cyclohexanol/cyclohexane
(d) in the entire range of mole fractions with a step of 0.04.
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mixture from the ideality.”"** From the excess spectra one can
calculate the values of ER, which allow for quantitative esti-
mation of the deviation from the ideal mixture and comparison
between different mixtures. This value was introduced in our
previous paper'® and is defined as below:

JImean(Aexe(Xac))|
Jmean(4 (X))

ER = x 100% (2)
where ‘mean’ stands for the composition-mean MIR/NIR excess
absorption spectrum (Aey) or normal spectrum (4) and X,y is
the mole fraction of alcohol.

Results and discussion
ATR-IR/NIR spectra

ATR-IR and NIR spectra were recorded from 1000 to 12 000
cm ' in the entire range of mole fractions, but for analysis we
selected the most important regions including the CH and OH
stretching vibrations. In the 2800-3000 cm ™' range absorb the
C-H stretching vibrations of the methyl and methylene groups
(Fig. 2), while the corresponding second overtones absorb from
8000 to 8700 cm ™" (Fig. 3). The broad band centered near 3300
ecm™ ' is due to the stretching vibration of the hydrogen-bonded
O-H group (Fig. 2), whereas its first overtone appears in the
6000-6900 cm ™ * range (Fig. 3). It is of note that the band due to
the free OH group does not occur in the MIR spectra. In
contrast, this band clearly appears in the NIR spectra near 7100
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Fig. 3 NIR spectra of 1-hexanol/n-hexane (a), 1-hexanol/cyclohexane
(b), cyclohexane/n-hexane (c) and cyclohexanol/cyclohexane (d) in
the entire range of mole fractions with a step of 0.04.
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Fig. 4 Absorbance (solid, blue) and normalized second derivative
(dashed, red) of the first overtone of the free OH for 1-hexanol/n-
hexane (a), 1-hexanol/cyclohexane (b), cyclohexanol/n-hexane (c) and
cyclohexanol/cyclohexane (d) mixtures.

em™" (Fig. 3). Luck and Ditter have shown that vibrations of
weak hydrogen bonds and free OH have weak fundamentals
and strong overtones.>® The intensities of the bands assigned to
the bonded OH groups increase with the increase in mole
fraction of the alcohol. On the other hand, the spectral changes
for the CH bands are more complex and depend on the chain
structure of alcohol and alkane. Also the intensity changes for
the band due to the free OH are not monotonic and follow more
complex pattern (Fig. 4). Since this band is overlapped by the
CH combination bands absorbing from 6900 to 7400 cm ' ** its
spectral changes are better seen in the second derivative spec-
trum. In most of mixtures the maximum of these changes
occurs at X, = 0.2-0.3. For small alcohol content the pop-
ulation of the free OH rapidly increases with X,.. When the
alcohol content still further increases, a part of alcohol mole-
cules form hydrogen bonding and therefore this increase
becomes slower. Finally, when X, > 0.3 the population of the
bonded OH increases faster as compared with an increase in the
alcohol content. As a result, the overall population of the free
OH decreases.

ATR-IR/NIR excess absorption spectra

Fig. 5 shows the composition-mean excess absorption spectra in
MIR and NIR ranges. The values of ER calculated from these
spectra are collected in Table 1. As can be seen from Fig. 5 and
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Fig. 5 Composition-mean excess MIR (a) and NIR (b) absorption
spectra of 1-hexanol/n-hexane (blue), 1-hexanol/cyclohexane (red),
cyclohexanol/n-hexane (green) and cyclohexanol/cyclohexane
(magenta) mixtures.

Table 1, 1-hexanol/n-hexane is the most ideal mixture, while
cyclohexanol/n-hexane mixture is at the opposite end of the
scale. It is worth to mention that the same trends were obtained
both from ATR-IR and NIR spectra. In the case of ATR-IR excess
absorption spectra, it was possible to estimate the separate
values of ER for the CH and OH vibrations. In most mixtures ER
for the OH vibrations are four times higher as compared with
those for the CH vibrations. This means that the OH-OH inter-
actions more significantly contribute to deviations from the ideal
mixture as compared with the hydrophobic interactions of the
alkyl parts. The values of ER from OH vibrations are similar for
both mixtures of 1-hexanol, but significantly smaller than the
analogous values for the mixtures of cyclohexanol. Hence, one
can conclude that ER is related to the degree of association of the
alcohol. It is also evident that values of ER for the CH vibrations
are smaller if the chains have the same structure.

Comparison of ER for alcohol/alcohol mixtures (Table 2, ref.
16) with those for alcohol/alkane mixtures (Table 1, this work)

Table 1 Values of ER for all studied mixtures

ATR-IR NIR
Mixture CH + OH CH OH CH + OH
1-Hexanol/n-hexane 2.1 1.0 4.0 1.4
1-Hexanol/cyclohexane 3.5 2.7 4.9 2.8
Cyclohexanol/cyclohexane 3.8 1.8 7.4 2.4
Cyclohexanol/n-hexane 9.9 4.7 19.1 4.2

RSC Adv., 2016, 6, 94294-94300 | 94297
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Fig. 6 The spectral changes at 7090 cm~tin NIR excess absorption
spectrum of 1-hexanol/n-hexane mixture.

reveals that the values from ATR-IR spectra are comparable. In
contrast, values of ER obtained from NIR spectra are signifi-
cantly higher for alcohol/alcohol mixtures than those for
alcohol/alkane mixtures. An inspection of Fig. 11b (ref. 16) and
Fig. 5b (this work) immediately explains the reason of the
difference. In alcohol/alcohol mixtures the main contribution to
ER comes from the bonded OH. On the other hand, this band is
much weaker in alcohol/alkane mixtures.

Fig. 6 displays the intensity variations at 7090 cm ™" in the
NIR excess absorption spectrum of 1-hexanol/n-hexane
mixture. Similar plots were obtained for the other mixtures
(not shown). As can be seen, the largest deviation from the
ideal mixture appears at X, = 0.2-0.3. It is of note that at this
mole fraction is observed the highest population of the free
OH groups (Fig. 4). This suggests that deviation from the
ideality in alcohol/alkane mixtures is related to the population
of the free OH.
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Fig.7 Concentration (a) and spectral (b) profiles obtained from MCR-
ALS of ATR-IR + NIR spectra of 1-hexanol/n-hexane mixture by using
three components. Corresponding concentration and spectral profiles
have the same colors.
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Fig. 8 Concentration (a) and spectral (b) profiles obtained from MCR-
ALS of ATR-IR + NIR spectra of 1-hexanol/cyclohexane mixture by
using three components. Corresponding concentration and spectral
profiles have the same colors.

Resolution of ATR-IR/NIR spectra of the mixtures by MCR-ALS

Using the same computational procedures as previously,'® we
estimated the number of significant components in the
mixtures. In most mixtures the results suggested the presence
of 2-3 components, only for cyclohexanol/n-hexane mixture the
best fits were obtained for 3-4 components. To increase the
reliability of MCR-ALS results, we preformed the calculations by
using the augmented data matrix, which included both ATR-IR
and NIR spectra. The concentration and spectral profiles ob-
tained from MCR-ALS are shown in Fig. 7-10. For cyclohexanol/
n-hexane mixture the best results were obtained by using four
components, while the remaining three mixtures provided the
best results with three components. The concentration profiles
shown in Fig. 7a-9a are similar. The profile assigned to alkane
rapidly decreases, while the alcohol's profile gradually increases
with an increase in the alcohol content. The third profile
(‘green’) after initial fast increase reaches the maximum near
Xae = 0.3 and then gradually decreases. The spectral profile of
this component is similar to that of pure alkane, but addition-
ally it includes a significant peak near 7100 cm ' due to
absorption of the free OH. It is worth to note that this spectral
component does not reveal the contribution from the associ-
ated OH. An estimated (from the concentration profiles) alka-
ne : alcohol ratio for this cluster was found to be higher than 8-
10. This means that the third component is a heterocluster
consisting of a single molecule of alcohol surrounded by the
molecules of alkane. The molecule of alcohol in this cluster do
not interact with the other molecules of alcohol, and for this
reason the OH group absorb near 7100 cm ™.

Fig. 10 display results of MCR-ALS for cyclohexanol/n-hexane
mixture. As can be seen, the concentration profile of n-hexane is
more or less similar to those for the other alkanes. In contrast,
the concentration profile of cyclohexanol is different from
analogous profiles of alcohols in the other mixtures. The
formation of pure cyclohexanol clusters starts at X, = 0.3,

This journal is © The Royal Society of Chemistry 2016
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while in the remaining mixtures it starts at X,. = 0.04. In
addition, an increase in the population of cyclohexanol clusters
is strongly nonlinear (Fig. 10a). The ‘green’ heterocluster is
similar to those in the other mixtures, and it consists mainly
from molecules of n-hexane. The molecules of cyclohexanol in
these clusters do not interact with the other molecules of
cyclohexanol. In contrast, the spectral profile of the second
heterocluster (‘red’) is similar to that of the alcohol (Fig. 10b).
The intensity ratio free : bonded OH for this spectral profile is
only slightly higher than that for the pure cyclohexanol. Hence,
one can conclude that these clusters are built mainly from the
hydrogen-bonded molecules of cyclohexanol with a small
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Fig. 10 Concentration (a) and spectral (b) profiles obtained from
MCR-ALS of ATR-IR + NIR spectra of cyclohexanol/n-hexane mixture

by using four components. Corresponding concentration and spectral
profiles have the same colors.
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1-hexanol (b) together with the corresponding spectral profiles (red)
obtained from MCR-ALS of ATR-IR + NIR spectra of 1-hexanol/n-
hexane mixture by using three components.

contamination of n-hexane. At maximum (X, = 0.6) only 25%
of molecules are involved in these alcohol-rich clusters.

In Fig. 11 are shown the normalized spectral profiles of 1-
hexanol (a) and n-hexane (b) in 1-hexanol/n-hexane mixture
together with the corresponding spectra of pure 1-hexanol and
n-hexane. Similar plots were obtained for the remaining
mixtures (not shown). It is clear that the spectral profiles of n-
hexane (Fig. 11a) and 1-hexanol (Fig. 11b) are identical with the
corresponding spectra of bulk n-hexane and 1-hexanol. This
evidences that the homoclusters of alcohol and alkane in the
mixture are similar to those in neat components. However, both
kinds of homoclusters exist in a different range of compositions
(Fig. 7a-9a).

Conclusions

It has been shown that in 1-hexanol/n-hexane, 1-hexanol/cyclo-
hexane and cyclohexanol/cyclohexane mixtures the homo-
clusters of alcohols exist in the entire range of mole fractions,
whereas the homoclusters of alkane are present only up to X, =
0.4-0.6. Evidently, the clusters created by the OH-OH interac-
tions are more stable than those formed by the hydrophobic
interactions of the alkyl chains. The alkane-rich heteroclusters
exist in the entire range of compositions with maximum near
Xae = 0.3. At this mole fraction about 50-60% molecules are
involved in the heteroclusters. Only in cyclohexanol/n-hexane
mixture this fraction is significantly higher - nearly 80% at
maximum. These alkane-rich heteroclusters consist of a single
molecule of alcohol surrounded by more than 8-10 molecules of
alkane. In cyclohexanol/n-hexane mixture we found an addi-
tional alcohol-rich cluster. This cluster exists in the entire range
of mole fractions and has the maximum at X,;. = 0.6.

From MIR/NIR excess absorption spectra and values of ER it
results that 1-hexanol/n-hexane mixture is the closest to the
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ideal mixture. In contrast, the highest deviation from the
ideality appears for cyclohexanol/n-hexane mixture. The
maximum of these deviations, for all studied mixtures, occurs at
Xae = 0.2-0.3. As shown, the extent of deviation from the
ideality in alcohol/alkane mixtures depends on the degree of
association of the alcohol and the similarity of the alkyl parts.
More associated is the alcohol and more similar are the alcohol
and alkane chains, the more ideal is the mixture. As 1-hexanol is
more associated than cyclohexanol, 1-hexanol/n-hexane mixture
is the closest to the ideal mixture. In contrast, cyclohexanol/n-
hexane is the most non-ideal mixture since in this case the
smaller extent of self-association of cyclohexanol is coupled
with different structure of the alcohol and alkane chains. Our
studies provide evidences that the OH-OH interactions more
significantly contribute to the deviation from the ideality as
compared with the interactions of the alkyl parts.
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