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The properties of solutes and their reactivity in aliphatic alcohols significantly depend on the formation of
hydrogen bonds. In this work, calorimetric, FTIR-spectroscopic and gas chromatographic vapor pressure
studies of hydrogen bonds of weak bases in solution of aliphatic alcohols were carried out. Enthalpies of

Keywords: solutions at infinite dilution of ketones, nitriles and acetates in methanol and octan-1-ol were measured.
Hydrogen bonding Obtained from the calorimetric data, the enthalpies of specific interaction of weak bases in aliphatic alco-
Enthalpy hols unexpectedly found to be positive. IR spectra of solutions of ketones in aliphatic alcohols at infinite
g;tt’lt_fpey“ergy dilution were measured at different temperatures. Enthalpies of specific interaction in studied systems
Weak base obtained from the spectroscopic data confirmed the endothermic process and are in good agreement with

calorimetric results. Gibbs energies and entropies of specific interaction of weak bases in aliphatic alco-

Aliphatic alcohol -
hols were determined.

Obtained results show, that the hydrogen bonding process of weak bases in aliphatic alcohols differs
substantially from the formation of complexes 1:1 ROH- - -B (B — weak proton acceptor) in aprotic media.
The complicated process of hydrogen bonding of weak bases in aliphatic alcohols apparently is controlled
by the entropy factor, because these values are above zero.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Aliphatic alcohols present an example of self-associated liquids,
which physical and chemical properties are greatly affected by
forming of hydrogen bonded complexes [1]. Hydrogen bonded
clusters in alcohol medium can be varied by structure (linear,
branched, cyclic) and composition (monomer, dimer, tetramer,
etc.), and are in equilibrium with each other [1]. Various processes,
realized in aliphatic alcohols, as well as the reactivity of the solute
molecules in their medium, greatly depend on the hydrogen bond-
ing with the solvent. Since aliphatic alcohols are widely used in
various branches of science and technology, quantification of ther-
modynamic parameters of hydrogen bonding of them with various
solutes induces a great practical interest.

Different experimental techniques, such as NMR [2] and infra-
red [3-5] spectroscopy, vapor pressure measurements [6,7] and
solution calorimetry [8-13] were applied for investigation of the
hydrogen bonding of various molecules with aliphatic alcohols.
However, studies of hydrogen bonding of solute molecules with
alcohol clusters in alcohol medium were rather poorly distributed.
This task is greatly hampered by some peculiarities of
self-associated solvents.

* Corresponding author. Tel.: +7 843 2337606; fax: +7 843 2387901.
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First, the net of hydrogen bonds in associated solvents may be
broken while dissolution of some organic molecules in them. This
process was discussed in works [3,11-14] and was called reorgani-
zation [15]. It was shown that reorganization depends on the sol-
ute and solvent molecules structure [12,16,17]. Comparing the
number of lone electron pairs capable to hydrogen bonding with
a number of active hydrogen atoms in solvent molecule, one may
predict the presence (or absence) of reorganization process in it
[12]. The type of hydrogen bonding centers (active hydrogen atoms
or lone electron pairs) presented in excess determines the type of
solute causing the reorganization. Alcohol molecule has two lone
electron pairs and one active hydrogen atom. Almost all alcohol
molecules are hydrogen bonded with its complexation degree
close to 100% [18]. Regardless of association type (open, linear,
branched or cyclic) there is a lack of free hydrogen atoms of
O—H groups. Consequently, alcohol molecule cannot interact with
solute as a proton donor without disruption of alcohol-alcohol
hydrogen bonds. However, alcohol molecule possesses a lone elec-
tron pair for interacting as a proton acceptor.

Another feature of associated liquids is cooperativity phenome-
non [19-22]. Solutes capable to specific interaction form hydrogen
bonds with alcohol associates. The energy of such interaction is
higher than in equimolar complexes due to cooperative effects
[5,7,21,22]. Studies on the hydrogen bonding of amines with alco-
hols solutions have shown that the cooperative strengthening in
complexes of pyridine and its methyl derivatives with alcohols
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clusters are approximately equal [9,16,23]. For complexes of trial-
kylamines cooperativity factor decreases going from triethylamine
to tri-n-butylamine [16]. Thus, the cooperativity implies the
change in strength of intermolecular contacts in the multi-particle
complexes comparing with equimolar complexes due to mutual
influence of the molecules. The contribution of cooperativity in
complexes of alcohols depends on proton acceptor and proton do-
nor ability of interacting molecules [24,25].

Unlike the solvation of strong proton acceptors, which complex-
ation degree in alcohol environment is close to 100%, the solvation
of weak proton acceptors probably has some peculiarities. Symons
and Eaton [26] have studied IR-spectra of acetone-methanol solu-
tion in acetone C=0 group stretching vibration absorbance region.
Two bands (1707.5 cm~! and 1717 cm™!) in C=0 group stretching
vibration region were observed at infinite dilution of acetone in
methanol, which authors attributed to hydrogen bonded acetone
with methanol associates and non-hydrogen bonded acetone. The
existence of free acetone molecules in alcoholic solution is much
unexpected result. Authors of [27] have used factor analysis of
acetone C=0 and methanol O—H bands in IR spectra of acetone-
methanol solution to reveal that only 54.3% of acetone in metha-
nol-acetone mixture is hydrogen bonded. Evidently, such situation
can be observed not only for acetone, but for other ketones and
weak bases. At the same time there is not enough information on
the hydrogen bonding thermodynamics for such systems in the lit-
erature. Moreover, no approaches were proposed for quantification
of such interactions. In order to review the peculiarities of intermo-
lecular interaction in systems “weak base-alcohol” we investigated
the thermodynamics of hydrogen bonding in such systems. The
solution calorimetry method was used to obtain enthalpies of
solution of proton acceptors in methanol and octan-1-ol. Also
IR-spectroscopy was applied for examining unusual results on
hydrogen bonding thermodynamics in studied systems.

2. Experimental part

All chemicals were supplied by Acros Organics (mass fraction
min. 0.98). They were additionally dried and fractionally distilled
before use by standard methods [28]. The purity of chemicals
was monitored by gas chromatographic analysis; the content of
main substances in all cases was no less than 0.998. The residual
water content was checked by Karl Fischer titration. It did not ex-
ceed 1 x 1072 vol.% for alcohols and 5 x 1072 vol.% for the other
chemicals.

Calorimetric measurements were carried out using a semi-adia-
batic solution calorimeter constructed in Kazan University. Detailed
description of apparatus is presented in [16,29]. The reproducibility
of calorimetric data regarding the electrical calibrations only was
found to be about 0.15% for the range of calibration heat from 0.5
to 1.5]. The apparatus was tested by the dissolution of potassium
chloride in water. The averaged value obtained is Ao, H<@/"2° =
17.41 + 0.04 k) mol ™' (T=298.15K, m=0.02783 mol kg~") that
corresponds to the standard data [30]. Each value of the solution
enthalpy was reproduced 6-8 times. All experimental data were
statistically processed. In addition, the concentration measure-
ments of solution enthalpies were carried out. The absence of
concentration dependence of solution enthalpies confirms the
performance of dissolution experiments at infinite dilution
conditions.

FTIR spectra were recorded using Vector-22 Bruker spectrome-
ter. 64 scans with a set resolution of 1 cm~' were accumulated for
each spectrum. A CaF, cell of 0.1 mm path length was utilized.
Spectra were analyzed in the C=0 stretching vibration region
(~1700 cm™!). Concentration of ketones in solutions of alcohols
was about 1 vol.%. Spectra of pure solvents were subtracted from

spectra of solutions for processing obtained data. The curve fitting
was made by Peak Feat program package. Fitting was proved by
coincidence of theoretical and experimental band contours (see
example of fitting in Fig. S1 of Supporting material). Spectra were
recorded in temperature range 293-333 K every 5 K with accuracy
+0.05 K.

The limiting activity coefficient (y*/) of propionitrile in benzene
was measured using gas chromatographic head space analysis
(Chromatec Crystall-2000M gas chromatograph, quartz glass col-
umn with RTX-5 Amine stationary phase), for details see [31].
v45 can be calculated from the ratio of vapor pressure of solute A
over its solution in S (p*) to pA,:

P =P X, (1)

where x}* is a mole fraction of A in solution.

3. Results and discussion

The aim of current work was to investigate the hydrogen bond-
ing process in systems consisting of weak bases and self-associated
liquids - aliphatic alcohols. As weak bases ketones, nitriles and
acetates were chosen. We used solvation thermodynamic approach
for determination of thermodynamic functions of hydrogen
bonding in systems studied. Thermodynamic function of solvation
Asor (enthalpy, Gibbs energy or others) of solute A in solvent S,
which refers to isothermal transfer of solute A from the ideal gas
state to an infinitely diluted solution in solvent S at temperature
298.15K and pressure 0.1 MPa, can be found from experimental
values:

Asolva/S = Asolan/S - AuapfAs (2)

where Ag,f*° is the thermodynamic function of solution of solute
Ainsolvent S, Avapf* is the thermodynamic function of vaporization
of solute A if it is a liquid, for solids we need to take sublimation
thermodynamic function (Asublf“). Value A reflects intermo-
lecular interactions in solution. It consists of two contributions:

Asolva/S = Asolv(nansp)fA/s + Aint(sp)fA/5~ (3)

Here Asop(nonsp)f™”* is the thermodynamic function of non-specific sol-
vation, A,-nt(spf‘/s is the thermodynamic function of specific interac-
tion of solute A in solvent S. In general specific interaction can be
understood as localized donor-acceptor interaction. In our case it
was hydrogen bonding. The magnitude of specific interaction ther-
modynamic function of proton acceptor solute A in self-associated
solvent - aliphatic alcohol - is of complex nature. On the one hand
it characterizes the hydrogen bonding of solute A with associative
species of solvent molecules (Eq. (4)). Therefore, the energy of hydro-
genbond in this case is not equal to the complexation energy in binary
complex A.--S [5,7,21,22]. On the other hand the solute-solvent
hydrogen bonding may cause a disruption of hydrogen bonds be-
tween solvent molecules (Eq. (5)) [3,11-14]. The summarized value
of the specific interaction enthalpy (Aint(sp)HA/S) of proton acceptor
solutes in aliphatic alcohol includes both enthalpies of the H-com-
plexation and the solvent reorganization [11,16] (Eq. (7)):

(RO[—[)m +A 2 (ROH)m A + AHBHA...(ROH),,, (4)
(ROH)H 2 (ROH)m + (ROH)k + AreorgHR0H7 m+k=n (5)

(ROH), +A = (ROH),,---A + (ROH), + AinespyH ", m + k
—n (6)

Aint(sP)HA/ROH =0o- AHBHA“«ROH)"’ + AreorgHROHv (7)

where o - complexation degree.
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3.1. Calorimetric determination of the enthalpy of specific interaction
of weak bases in solutions of alcohols

The enthalpies of solution of ketones, nitriles and acetates in
methanol and octan-1-ol were measured at infinite dilution at
298.15 K and atmospheric pressure. They are presented in Tables 1
and 2 together with literature data. Enthalpies of solution of proton
acceptors in alcohols have unexpectedly positive values for solutes
which seem to form hydrogen bonds with solvent molecules.
Despite the hydrogen bonding process, the solution enthalpies of
bases in octan-1-ol are more positive than solution enthalpies
of alkanes in octan-1-o0l (AsmH*S=1.21kI mol~' for n-hexane
[32], AsorH* = 1.25 k] mol " for n-heptane [32], AsoiH"S = 1.42 k]
mol~! for n-octane [32]).

For the determination of specific interaction enthalpies from
the solvation enthalpies various approaches were proposed earlier
[33-35,9]. In current work method from [36] was used. This meth-
od is based on following equation [36]:

S CH
Amr(w)HA/s = AgoinHS — Ao HY CeH12 — (5mh — Seaph 12) ~Vf

- (aR +bry/ 5cauhs>

[ (AsorH® = AgqiaHY52) — (320, — 37 - V],
(8)

Here AgomHYS, AsonHYR, AgomHY ™12 are the solution enthalpies of
solute A in studied solvent S, in standard solvent R and in cyclohex-
ane, respectively, dca,h’, deavh® and Seawh™2 are the specific relative
cavity formation enthalpies for each solvent and V# is characteristic
volume of solute A [37]. The specific relative cavity formation en-
thalpy d..h° is the enthalpy of transfer of an alkane from imaginary
solvent Sy, where the solution enthalpy of an alkane is zero
(AsoH "M 202/50) to the solvent S, divided by the characteristic vol-
ume VM2 of alkane. Hence, the d.q,h° is given by:

CnH2n+2 S -1
beaah/(10° K cm-2) = Ao/ mol ) ©)
Ve /(107 cm® mol )
For the determination of specific interaction enthalpy one should
use benzene (ag =0.20, bg = 0.38) as a solvent R, because benzene

is not able to interact specifically with proton acceptor solutes.

The enthalpies of specific interaction of weak proton acceptors
in methanol and octan-1-ol were calculated via Eq. (8) using exper-
imental and literature solution enthalpies at infinite dilution. Re-
quired data for calculation of enthalpies of specific interaction
according with Eq. (8) are presented in Table 1.

The specific relative cavity formation enthalpies in cyclohexane
(142 x 10°kj cm3), benzene (5.02 x 102kJ cm>3), methanol
(5.1 x 10?2 k] cm~3) and octan-1-ol (1.1 x 10% k] cm~3) were taken
from works [19,36]. Obtained using Eq. (8) enthalpies of specific
interaction of weak bases in methanol and octan-1-ol are above
zero (Table 2). Moreover, specific interaction enthalpies in octan-
1-ol are more positive than in methanol. This fact is much unusual
due to absence analogous data in literature. At the same time al-
most all published data on the enthalpies of hydrogen bonding of
alcohols with weak bases obtained in aprotic solvents have nega-
tive values (for nitriles its value is equal to —7.9 = 1.1 k] mol !,
for ketones an average value of AyH* "% is —9.8 + 0.6 k] mol ,
for acetates —9.1 + 0.6 k] mol ! [36,44,45]).

The obtained positive values of specific interaction enthalpies
can be explained in the following way. Enthalpy of specific interac-
tion of weak proton acceptors with aliphatic alcohols decreases
due to reorganization process. When the second term - the enthal-
py of reorganization - in Eq. (7) exceeds the enthalpy of coopera-
tive hydrogen bonding with alcohol associates, the total value of

Table 1
Characteristic volumes of proton acceptors (Vf) , the solution enthalpies of proton
acceptors in cyclohexane (4, H/%"2) and benzene (g, H*/“"¢) at 298.15 K.

Substance (A) Vf « 1072 AgopHY/CeHr2 Ao HA/ M
(cm? mol 1) (kj mol™1) (kj mol™1)

Acetone 0.5470 9.74 + 0.42° 1.13 £0.088
Butanone 0.6879 8.20 £ 0.50% 0.42 +0.08"
Pentanone-2 0.8288 7.11 £0.09% 0.71 £0.05°
Pentanone-3 0.8288 7.53 £0.08% 0.08 £0.05°
Hexanone-2 0.9676 6.75+0.10° 0.79 +0.05°
Heptanone-2 1.1106 6.80 + 0.09% 1.00 +0.08"
Heptanone-4 1.1106 7.06 +0.40° 0.67 +0.20°
Nonanone-2 1.3924 6.60 £0.10° 1.63 £0.20°
Nonanone-5 1.3924 6.00%0.10° 1.55 +0.08"
Cyclopentanone  0.7202 9.08 +0.01° —1.05 +0.05°
Acetophenone 1.0139 10.73 £ 0.22¢ 1.51+0.21"
Acetonitrile 0.4042 15.00 = 0.30¢ 1.66 +0.128
Propionitrile 0.5451 12.60  0.10¢ 0.70 £ 0.05°
Butyronitrile 0.6860 10.20 + 0.20¢ 0.21+0.03f
Benzonitrile 0.8711 11.53 £0.32° 0.39 £0.03f
Methyl acetate  0.6057 8.62 + 0.09° 1.02 £ 0.05
Ethyl acetate 0.7466 7.28£0.17¢ 0.46 + 0.04¢
Propyl acetate  0.8875 6.21+0.10 0.56 + 0.04
Butyl acetate 1.0284 6.19+0.07 0.51 +0.03f

2 Ref. [38].
b Ref. [39].

¢ Ref. [36].

d Ref. [40].

€ Ref. [41].

f Values measured in present work.
& Ref. [42].

" Ref. [43].

A,—,,t(sp)HA/S can be near zero or even positive. Last situation is ob-
served while dilution of weak proton acceptors in liquid alcohols.
At the same time for aliphatic and aromatic amines the enthalpy
of cooperative hydrogen bonding exceeds the enthalpy of reorgani-
zation and total enthalpy of specific interaction has negative value.
For example, Ay spH“"7°" = —3.1 k] mol ™" in case of tri-n-pro-
pylamine [16].

3.2. IR-spectroscopic determination of the enthalpy of specific
interaction of weak bases in solutions of alcohols

We decided to verify obtained positive values of specific
interaction enthalpies using IR-spectroscopy. It is a standard
method for hydrogen bonding study, but it is less applicable to
investigation of solute-solvent interactions in self-associated liq-
uids. IR-spectra of acetone, butanone, pentanone-2, heptanone-2,
nonanone-2 in methanol and octan-1-ol at infinite dilution were
recorded at different temperatures. Hydrogen bonding of ketones
in alcohol solutions were studied in the C=0 group stretching
vibration region. Figs 1 and 2 show selected IR-spectra of
butanone-in-methanol and octan-1-ol in temperature range
293-328 K.

It is evident (Fig. 1) that C=0 band of acetone in methanol has
two components (1720 cm ™! and 1707 cm™ '), which in accordance
with [26] are related to unbonded and H-bonded C=0O groups.
These overlapping bands were decomposed into individuals and
integral intensities of H-bonded and “free” C=0 groups were cal-
culated. Supporting material contains an example of theoretical
decomposition of C=0 bands along with theoretical peaks (Fig. S1).

Integral intensities of free and H-bonded C=0 bands correlate
with concentration of these species in solution through Bouguer-
Lambert-Beer law:

Iband = gbondcbondl (10)
I ' free = SfreecfreeL
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Table 2

Solution enthalpies of studied bases in methanol (s, H*“*%") and octan-1-ol (4, HY "7 at 298.15 K, enthalpies of specific interaction of bases in alcohols (s

and Ajpep HY 1701,

) A/CH3OH

Substance (A) AgomHY M (K mol 1)

AsolnHA/CXHWOH (kJ mol 1)

Aint(sp)HA/CHjOH (kJ mol 1) Aint(sp)HA/csH”OH (kJ mol 1)

Acetone 2.51+0.13* 8.91 +0.06 2.0 5.7
Butanone 242 +0.13* 7.53 £0.06 2.5 5.7
Pentanone-2 2.50+0.10* 7.22 +0.06 23 6.0
Pentanone-3 2.63+0.10% 6.92 +0.04 3.1 5.9
Hexanone-2 2.84+0.10* 6.77 £0.07 25 6.0
Heptanone-2 3.14+0.13* 6.69+0.13% 2.6 6.1
Heptanone-4 3.22+0.13% 6.22 £0.06 3.1 5.7
Nonanone-2 4.73+0.13* 6.15 £ 0.348 3.6 6.0
Nonanone-5 3.93+0.13* 6.11+0.21®% 2.8 6.2
Cyclopentanone 3.40+0.10* 8.38 +0.06" 5.1 7.1
Acetophenone 5.02 +0.42° 7.15 £0.07¢ 4.2 4.5
Acetonitrile 4.34 +0.05° 10.53 £0.15° 3.5 4.5
Propionitrile 3.99 +0.03¢ 9.62+0.11¢ 4.1 5.5
Butyronitrile 3.81£0.02¢ 8.02 43 5.5
Benzonitrile 3.59 +0.02° 8.05 £0.10¢ 4.0 53
Methyl acetate 3.84+0.02¢ 7.88! 33 53
Ethyl acetate 3.17+0.19¢ 7.63 +0.05¢ 3.2 6.3
Propyl acetate 3.37£0.20° 6.80! 33 6.2
Butyl acetate 3.65+0.01° 6.76' 3.6 6.5

2 Ref. [39].

b Ref. [46].

¢ Ref. [40].

d Ref. [47].

€ Values measured in present work.

f Ref. [48].

& Ref. [49].

' Ref. [50].

I Ref. [51].

Absorbance

0.0
T Ll T T T ]
1740 1730 1720 1710 1700 1690 1680
Wavenumber (cm™)

Fig. 1. Spectra of infinitely diluted butanone-in-methanol solution in C=0
stretching vibration region.

where Iponqg and I are the integral intensities of H-bonded and
“free” C=0 groups (absorbance units), &pona and &g are the molar
extinction coefficients of H-bonded and “free” C=0 groups, Cpona
and cpe are the concentrations of H-bonded and free base species
(mol L™1), Iis the cell length (mm). Assuming that extinction coeffi-
cients of “free” and H-bonded C=0 groups vary with temperature in
the same way and the specific interaction enthalpy does not change
significantly in narrow temperature interval, we can estimate en-
thalpy of specific interaction by the Van't Hoff equation:

Aint(sp)HA/ROH <Ibond> (1>
e A=), 11
R Ifree T ( )

where T is the temperature, AspyH*/"°M is the enthalpy of specific

interaction of ketones in alcohol solutions. Figs. 3 and 4 demon-
strate the dependence of In Iyona/lfee Of “free” and H-bonded C=0
groups of butanone-in-methanol and octan-1-ol on 1/T.

0.7 4

0.6 1

0.5

0.4 4

0.3 4

Absorbance

0.2 4

0.1+

0.0

T T v T v T T T ¥ T T 1
1740 1730 1720 1710 1700 1690 1680
Wavenumber (cm™)

Fig. 2. Spectra of infinitely diluted butanone-in-octan-1-ol solution in C=0
stretching vibration region.

As it can be seen from Figs. 3 and 4 the ratio of integral intensi-
ties of H-bonded and unbonded C=0 groups grows with tempera-
ture increasing. This result justifies the endothermic values of
specific interaction enthalpy. The enthalpies of specific interaction
in studied systems were calculated using dependencies analogous
to that in Figs. 3 and 4. All obtained data are presented in Table 3. It
can be noted that all calculated enthalpies of specific interaction
have positive values. IR-spectroscopic investigation of ketone-
alcohol solution has revealed that the enthalpy of specific interac-
tion in such systems can be above zero. This result completely con-
firms calorimetric data.

The additional experiments were performed to verify an
assumption about the same influence of the temperature on the
extinction coefficients of H-bonded and “free” C=0 groups. Tem-
perature IR-spectroscopic investigation of ketones in n-hexane
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Fig. 4. Temperature dependence of logarithmic relation between integral intensi-
ties of H-bonded and “free” C=0 group bands <’,';—::) (butanone-in-octan-1-ol
system).

and chloroform was made. The first solution models the tempera-
ture behavior of “free” C=0 group, the second one - the tempera-
ture behavior of H-bonded C=0O group. It was shown that the
temperature slightly influences on e-coefficients of “free” and H-
bonded C=0 groups (Figs. S2 and S3). Consequently, if we took into
account real temperature dependence of extinction coefficients we
would probably obtain even more positive enthalpies.

3.3. Gibbs energies and entropies of specific interaction of weak bases
in solutions of alcohols

How the process of specific interaction is realized? In order to
answer this question we calculated the Gibbs energies of specific
interaction of ketones, nitriles and acetates in methanol and oc-
tan-1-ol. For this purpose Eq. (12) analogous that for the enthalpy
of specific interaction was used [52]:

Aint(sp)GA/s = AsalvGA/s - AsolvGA/SU - (5cavgs - 55(1ng0) . V/:
- (a + b Vv 5cavgs) : [(ASOIUGA/SR - AsoluGA/SD>
- (5caugsk - 5caug50) . Vl:] —-C- V/: - d7
a= 7\/5cavgsﬂ/<\/5cavgsk - \/5awg50>
b=1/(Vowg™ ~ Vo™ ) (12)

Table 3
The enthalpies of specific interaction of ketones in methanol and octan-1-ol solutions,
obtained by IR-spectroscopy.

Substance (A) ApgHY 0% (k) mol 1) ApgHY PO (k) mol )

Acetone 35+1.0 6.3+1.0
Butanone 28+1.0 43+1.0
Pentanone-2 3.8+1.0 71+£1.0
Heptanone-2 25+1.0 74+1.0
Nonanone-2 44+1.0 6.3+1.0

Here Ay, GY%, A5, GV% are the Gibbs energies of solvation of solute
A in the standard solvents So and Sg, which interact with A only
non-specifically; 6c,8°, dcapg® and .,g% are the specific relative
Gibbs energies of cavity formation for each solvent, contribution
(c-V4—d) reflects solvophobic effect of alcohols as solvents
(c=5.17, d=0.23 for methanol [53], c=1.78, d=0.60 for octan-
1-nol [53]). Parameter J.,,g° is responsible for non-specific
interactions with studied solvent and can be determined from Gibbs
energies of solvation of n-octane in solvent S (A, G™¢/%) and
n-hexadecane (A, GM1s/Crofiaey:

(AmwGCsng/s _Asolycchm/CwHM)/(kj mol’l)

Jca gs/(1072 k] ClTl73) =
’ V§8H13/<]02 cm3 mol’1>

(13)

All required Gibbs energies of solvation in alcohols, n-hexadecane
and benzene are presented in Table 4. Gibbs energies of solvation
in alcohols were calculated using gas-liquid partition coefficients
L [54,55] via equation:

RT
Aso1,G*® = RTIn . 14
soly LPOV; ) ( )
where V3, is the molar volume of solvent S, P° is the standard
pressure. Other data were taken from literature. The Gibbs energy
of propionitrile in benzene was calculated from equation:

Aso1,GY® = RTIn(y"*pl,). (15)

where 4 is the limiting activity coefficient 298.15 K, p2, is the
saturated vapor pressure of pure A in bar.

As a standard solvent Sz we used benzene (J.,8% =
1.7 x 1072 kJ cm~3 [52]; a =0 and b = 0.78). Specific relative cavity
formation Gibbs energies of n-hexadecane (Sp) (dpg% = 0.0x
1072kJ cm~3 [52]), methanol (d¢,g%H = 2.6 x 1072 kJ cm~3 [53])
and octan-1-ol (8e,g%H7oH = 0.2 x 1072 k] cm~3 [53]) were taken
for calculations.

As it is shown in Table 3 obtained magnitudes Ajsp
and Ay GV"17°" have negative values. At the same time they
are close to each other for the same proton acceptor within the
error of calculations.

Using values of the enthalpies and Gibbs energies of specific
interaction presented in Tables 2 and 4 we calculated the entropies
of specific interaction of weak proton acceptors in methanol and
octan-1-ol:

Ainsp)S° = (A,»m<s,,)HA/ S AmmsmGA/S) / T (16)

: GA/CH3OH

The values ofAmNsp)SA/s are shown in Table 5. From this table one can
see that all entropies of specific interaction of ketones and acetates
are positive, their values increase when going from methanol to
octan-1-ol. This result is rather unexpected. Most often the literature
data on entropies of hydrogen bonding in complexes of alcohols with
bases of 1:1 composition have negative values (—32.6 k] mol~' K™!
for complex methanol-methyl acetate, —30.5k] mol~!'K~! for
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Table 4

Solvation Gibbs energies of proton acceptors in methanol and octan-1-ol, n-hexadecane and benzene, specific interaction Gibbs energies for studied systems.
Substance (A) Hqop G/ CH5OHa Hqor G/ CoHi7OHD Aoy G/1~CroHe Agory G/ CHs Ain[(swcA/CH;OH Am[(smGA/cguwou

(k] mol™1) (k] mol™1) (k] mol™1) (k] mol™1) (kJ mol~1) (kJ mol1)

Acetone -0.6 -0.6 1.4¢ -1.9¢ -1.2 —2.2
Butanone -3.2 -33 —2.1¢ —4.7¢ -1.9 -1.9
Pentanone-2 —4.5 -5.7 —4.8¢ —~7.6¢ -1.2 -1.7
Hexanone-2 -5.9 -85 —~7.6¢ -10.1¢ -0.9 -1.9
Heptanone-2 -9.1 -111 -10.5¢ -12.6¢ -2.5 -2.1
Acetonitrile -1.0 -0.6 1.1¢ -2.2¢ -0.5 -1.7
Propionitrile -4.7 -2.8 —0.9¢ -5.3¢ -1.6 -1.8
Methyl acetate -0.8 -0.6 -0.2¢ -2.9¢ -0.8 -1.0
Propyl acetate —-4.2 -5.6 —5.4° -7.8° -1.1 -11
Butyl acetate -6.5 -83 —8.3¢ -10.2¢ -19 -14

2 Gibbs energies of solvation were calculated via Eq. (14) using data from [54].
P Gibbs energies of solvation were calculated via Eq. (14) using data from [55].
¢ Ref. [56].

4 Ref. [57].

€ Values measured in present work.

Table 5
Entropies of specific interaction of proton acceptors in methanol and octan-1-ol.
Substance (A) Aint(sp) GA/CH30Ha Aintisp) §A/CsHizOHa
(x10° k] mol~' K1) (x10° kJ mol~' K1)
Acetone 10.7 26.5
Butanone 14.8 255
Pentanone-2 11.7 258
Hexanone-2 114 26.5
Heptanone-2 171 27.5
Acetonitrile 134 21.1
Propionitrile 19.1 24.5
Methyl acetate 13.8 21.1
Propyl acetate 14.8 24.5
Butyl acetate 18.5 26.5

@ Calculated via Eq. (16).

complex methanol-acetone, —30.5 k] mol~! K~! for complex octan-
1-ol-hexyl hexanoate [44]). The increasing in entropy values can be
explained in following way. Since the entropy can be expressed as a
measure of randomness or disorder, its increasing indicates the
growth of possible microscopic configurations of molecules in sys-
tem. It may be an indirect proof of assumption that dissolution of
weak proton acceptors in alcohols causes the disruption of associate
chain of hydrogen bonds.

4. Conclusion

This work presents new and unexpected information on the
thermodynamics of hydrogen bonding of weak bases in solution
of aliphatic alcohols. It was shown that the enthalpies of specific
interaction of weak bases in solution of aliphatic alcohols are
positive. They are determined using two different experimental
methods, namely, the solution calorimetry and IR spectroscopy.
Part of the solute molecules is not H-bonded in the environment
of alcohol. This is due to the influence of self-association of solvent
molecules. The enthalpy of specific interaction of weak bases in
solutions of alcohols consists of two contributions: formation of
solute-solvent hydrogen bonds (exothermic value) and the break-
ing of solvent-solvent hydrogen bonds (endothermic value). The
relationship between these contributions determines the magni-
tude and sign of the enthalpy of specific interaction in the systems
studied. The Gibbs energy of hydrogen bonding of weak bases in
solution of aliphatic alcohols are negative (spontaneous process)
despite the positive enthalpy values. The process of specific
interaction in systems studied is accompanied by an increase in

entropy. The results show that the thermodynamics of hydrogen
bonding of weak bases in solution of aliphatic alcohols differs from
the usual thermodynamics of complexation between alcohol and
base molecules in aprotic solvents (pure base or inert media).

Acknowledgements

Authors would like to appreciate D.A. Faizullin for the discus-
sion of IR-spectroscopic data. This work was supported by Russian
Federal program “Scientific and scientific-pedagogical personnel of
innovative Russia” (contract No. P1349).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molstruc.2012.01.020.
References

[1] A. Apelblat, J. Mol. Liq. 128 (2006) 1.
[2] J.S. Lomas, F. Maurel, A. Adenier, J. Phys. Org. Chem. 24 (2011) 798;
J.S. Lomas, C. Cordier, J. Phys. Org. Chem. 22 (2009) 289;
J.S. Lomas, ]. Phys. Org. Chem. 18 (2005) 1001.
[3] M.C.R. Symons, H.L. Robinson, Phys. Chem. Chem. Phys. 3 (2001) 535.
[4] E.V. Vedernikova, M.M. Gafurov, M.B. Ataev, Russ. Phys. J. 53 (2011) 843.
[5] M. Weimann, M. Farnik, M.A. Suhm, M.E. Alikhani, ]. Sadlej, J. Mol. Struct. 790
(2006) 18.
[6] D.E. Martire, P. Ried], J. Phys. Chem. 72 (1968) 3478;
R.C. Castells, L.M. Romero, A.M. Nardillo, J. Chromatogr., A 898 (2000) 103.
[7] E.E. Tucker, S.D. Christian, J. Am. Chem. Soc. 100 (1978) 1418;
E.E. Tucker, S.D. Christian, J. Phys. Chem. 79 (1975) 2484;
E.E. Tucker, S.D. Christian, J. Am. Chem. Soc. 97 (1975) 1269.
[8] M.M.H. Bhuiyan, K. Tamura, Thermochim. Acta 405 (2003) 137;
C.H. Rochester, ]. Waters, J. Chem. Soc., Faraday Trans. 1. 78 (1982) 631;
J.N. Spencer, W.S. Wolbach, J.W. Hovick, L. Ansel, K.J. Modarres, J. Solution
Chem. 14 (1985) 805.
[9] E. Bich, M. Dzida, T. Vasiltsova, A. Heintz, ]. Mol. Liq. 136 (2007) 94.
[10] A. Heintz, D. Wandschneider, U. Liining, W. Marczak, Fluid Phase Equilib. 248
(2006) 123-133.
[11] W. Marczak, A. Heintz, M. Bucek, ]. Chem. Thermodyn. 36 (2004) 575.
[12] M.D. Borisover, B.N. Solomonov, A.l. Konovalov, Russ. ]J. Gen. Chem. 61 (1991)
329.
[13] G.G. Siegel, P.L. Huyskens, L. Vanderheyden, Ber. Bunsenges. Phys. Chem. 94
(1990) 549.
[14] M.C.R. Symons, V.K. Thomas, NJ. Fletcher, N.G. Pay, ]. Chem. Soc., Faraday
Trans. 77 (1981) 1899.
[15] T. Lazaridis, J. Phys. Chem. B 102 (1998) 3531.
[16] K.V. Zaitseva, M.A. Varfolomeev, V.B. Novikov, B.N. Solomonov, ]J. Chem.
Thermodyn. 43 (2011) 1083.
[17] M.A. Varfolomeev, K.V. Zaitseva, L.T. Rakipov, B.N. Solomonov, Russ. ]. Gen.
Chem. 80 (2010) 402.
[18] N. Asprion, H. Hasse, G. Maurer, Fluid Phase Equilib. 186 (2001) 1;
G.M. Kontogeorgis, 1. Tsivintzelis, N. von Solms, A. Grenner, D. Bagh, M. Frost,
A. Knage-Rasmussen, 1.G. Economou, Fluid Phase Equilib. 296 (2010) 219.
[19] B.N. Solomonov, V.B. Novikov, M.A. Varfolomeev, A.E. Klimovitskii, ]. Phys. Org.
Chem. 18 (2005) 1132.



20 K.V. Zaitseva et al. /Journal of Molecular Structure 1018 (2012) 14-20

[20] M. Mandado, A.M. Grana, R.A. Mosquera, Chem. Phys. Lett. 381 (2003) 22;
R.D. Parra, X.C. Zeng, J. Chem. Phys. 110 (1999) 6329;
AK. Sum, S.I. Sandler, J. Phys. Chem. A 104 (2000) 1121;
L. Gonzalez, O. Mo, M. Yanez, ]. Chem. Phys. 111 (1999) 3855.

[21] A. Karpfen, Adv. Chem. Phys. 123 (2002) 469.

[22] M.A. Varfolomeev, D.I. Abaidullina, L.T. Rakipov, B.N. Solomonov, Russ. J. Gen.
Chem. 78 (2008) 2283.

[23] B.N. Solomonov, M.A. Varfolomeev, V.B. Novikov, ]. Phys. Org. Chem. 19 (2006)
263.

[24] B.N. Solomonov, M.A. Varfolomeev, V.B. Novikov, A.E. Klimovitskii,
Spectrochim. Acta, A 64 (2006) 405.

[25] B.N. Solomonov, M.A. Varfolomeev, D.I. Abaidullina, Vib. Spectrosc. 43 (2007)
380.

[26] M.C.R. Symons, G. Eaton, ]J. Chem. Soc., Faraday Trans. 1 81 (1985) 1963.

[27] J.-J. Max, C. Chapados, J. Chem. Phys. 122 (2005) 014504.

[28] D.D. Perrin, W.L.F. Armarego, D.R. Perrin, Purification of Laboratory Chemicals,
second ed., Pergamon Press, Oxford, 1980.

[29] M.A. Varfolomeev, D.I. Abaidullina, B.N. Solomonov, S.P. Verevkin, V.N.
Emel'yanenko, J. Phys. Chem. B 114 (2010) 16503.

[30] R. Sabbah, X.W. An, J.S. Chickos, M.L.P. Leitao, M.V. Roux, L.A. Torres,
Thermochim. Acta 331 (1999) 93.

[31] V.V. Gorbatchuk, A.G. Tsifarkin, L.S. Antipin, B.N. Solomonov, A.l. Konovalov, J.
Seidel, F.D. Baitalov, J. Chem. Soc., Perkin Trans. 2 11 (2000) 2287.

[32] R. Fuchs, W.K. Stephenson, Can. ]J. Chem. 63 (1985) 349.

[33] E.M. Arnett, EJ. Mitchell, T.S.S.R. Murty, J. Am. Chem. Soc. 96 (1974) 3875.

[34] W.K. Stephenson, R. Fuchs, Can. J. Chem. 63 (1985) 342.

[35] B.N. Solomonov, A.l. Konovalov, V.B. Novikov, V.V. Gorbachuk, S.A. Nekludov,
Russ. J. Gen. Chem. 55 (1985) 1889.

[36] B.N. Solomonov, V.B. Novikov, M.A. Varfolomeev, N.M. Mileshko, ]J. Phys. Org.
Chem. 18 (2005) 49.

[37] M.H. Abraham, J.C. McGowan, Chromatografia 23 (1987) 243.

[38] G. Dellagatta, L. Stradella, P. Venturello, J. Solution Chem. 10 (1981) 209.

[39] P.S. Saluja, L.A. Peacock, R. Fuchs, J. Am. Chem. Soc. 101 (1979) 1958.

[40] D.M. Trampe, C.A. Eckert, J. Chem. Eng. Data 36 (1991) 112.

[41] R.S. Drago, M.S. Nozari, G.C. Vogel, J. Am. Chem. Soc. 94 (1972) 90.

[42] B.N. Solomonov, M.A. Varfolomeev, V.B. Novikov, A.E. Klimovitskii, D.A.
Faizullin, Russ. J. Phys. Chem. 79 (2005) 1029.

[43] R. Fuchs, T.M. Young, R.F. Rodewald, J. Am. Chem. Soc. 96 (1974) 4705.

[44] M.D. Joesten, LJ. Schaad, Hydrogen Bonding, Marcel Dekker, New York, 1974.

[45] H. lloukhani, M. Fattahi, J. Chem. Thermodyn. 43 (2011) 1597;
H. Ratajczak, WJ. Orville-Thomas, C.N.R. Rao, Chem. Phys. 17 (1976) 197.

[46] R. Fuchs, R.F. Rodewald, J. Am. Chem. Soc. 95 (1973) 5897.

[47] C. Mintz, T. Ladlie, K. Burton, M. Clark, W.E. Acree Jr., M.H. Abraham, QSAR
Comb. Sci. 27 (2008) 627.

[48] L. Bernazzani, S. Cabani, G. Conti, V. Mollica, J. Chem. Soc., Faraday Trans. 91
(1995) 649.

[49] W.K. Stephenson, R. Fuchs, Can. ]J. Chem. 63 (1985) 336.

[50] P. Berti, S. Cabani, G. Conti, V. Mollica, ]. Chem. Soc., Faraday Trans.1 82 (1986)
2547.

[51] C. Mintz, M. Clark, W.E. Acree, M.H. Abraham, J. Chem. Inf. Model. 47 (2007)
115.

[52] LA. Sedov, B.N. Solomonov, Fluid Phase Equilib. 276 (2009) 108.

[53] LA. Sedov, M.A. Stolov, B.N. Solomonov, J. Phys. Org. Chem. 24 (2011) 1088.

[54] M.H. Abraham, G.S. Whiting, P.W. Carr, H. Ouyang, J. Chem. Soc., Perkin Trans.
2 (1998) 1385.

[55] M.H. Abraham, J. Le, W.E. Acree Jr., PW. Carr, A]. Dallas, Chemosphere 44
(2001) 855.

[56] L.A. Sedov, B.N. Solomonov, J. Chem. Eng. Data 56 (2011) 1438.

[57] M.H. Abraham, ]. Andonian-Haftvan, G.S. Whiting, A. Leo, R.S. Taft, ]. Chem.
Soc., Perkin Trans. 2 (8) (1994) 1777.



