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Abstract—Enthalpy of solution at 25 of squalane in butyl alcohols and 1-octanol is determined calorimet-
rically. The endothermic effect of dissolution increases in the order 1-Oct@dG@H < i-BuOH < t-BuOH.

A linear correlation is found between the enthalpies of solution of squalane and hexadecane, from which
the enthalpy of solution of squalane in methanol is determined. The contributions of the cavity formation and
solute-solvent interaction to the enthalpy of solution are estimated by multiple regression analysis. The en-
thalpy of cavity formation is only slightly dependent on the length of the main chain of an alcohol and also on
the branching type, varying in the order 1-Oct@HBUOH ~ i-BuOH < MeOH~ s-BuOH < t-BuOH. Interaction

of squalane with alcocols increases in the order MeOt+BtOH < BUOH <~ i-BUOH ~s-BuOH < 1-OctOH.

It was demonstrated previously [1] that the enthaland Konovalov [4] is that the interaction energy of
py of solvation of a methylene group of alkanes in 1%an alkane with a solvent is independent of their nature.
individual solvents (18 organic solvents of variousThen weakening solvation af-alkanes in a series of
natures + water) are fitted well by a two-parametealcohols on passing from 1-octanol to methanol [1]
equation with the polarizability f€ — 1)/(2n° + 1)] can be attributed only to increasing endo effect of
and polarity/polarizabilityr* by Kamlet and Taft as cavity formation. However, calculations in terms of
parameters. In the cited work the authors themselvage scaled particle theory showed that the enthalpies
noted that they found no theoretical substantiation fopf cavity formation in various alcohols differ insignif-
this equation. It is worth noting that the parameteficantly, only slightly decreasing in the series 1-OctOH,
n* is not an intrinsic characteristic of a solvent, butt-ByOH, s-BuOH, BuOH, MeOH,i-BuOH [5]. If so,
only its response to interaction with some probethe observed weakening of solvation of an alkane on
Furthermore, Kamleet al indicated in [2] that some passing from 1-octanol to methanol can be attributed
difficulties arise in development of the* scale for only to a weaker interaction between the hydrocarbon
H-bonded solvents, among them alcohols, since igngd methanol, as compared to octanol.
this case the contribution of specific interaction be-

tween a solvent and a probe cannot be ignored.Table 1. Enthalpy of solution (kJ mob)2 of squalane in
Batov and Korolev [3] derived equations allowing alcohols at 25C

estimation of the enthalpy of solution of an alkane ir.‘AIcohoI mx 10* | AH Alcohol | mx 104 | AH
an individual solvent from the cohesion energy densi- m m
ty of the solvent and the van der Waals molar volumey ;o 85 8.29 || s-BUOH 117 | 11.81
of the solute. However, in this case the authors were 96 8.16 129 | 11.91
forced to subdivide solvents into two groups: unasso- 109 8.21 201 | 11.70
ciated and H-bonded solvents. 120 8.25 || t-BuOH 51 | 14.00
It should be pointed out that the problem of divid- igg g'ig ﬂg ig'gg
ing the integral enthalpy of solvation into particular 214 824l 1-0ctoH| 128 4.68
contributions from various kinds of interaction in so- 262 8.18 158 476
lution remains to be further sudied. For example, iti§_.g,on | 163 | 10.14 311 4.66
still not understood why the endo effect in dissolution 179 | 10.10
of alkanes drastically increases in a series of alcohols 346 0.88
1-OctOH, BuUOH,t-BuOH, MeOH and how the en-

thalpies of cavity formation and solvessblute interac- 2 mis the molal concentration of squalane akH,, is the en-
tion change in this series. The thought of Solomonov thalpy of solution at a given concentration.
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Table 2. Solvent characteristics at 26 [12-14]2

Alcohol Vy, o mol? o x 10°, K1 prx 1010 Pal | A, HO kI mort o
1-OctOH 158.4 0.827 7.778 71.0 1.4275
BuOH 92.0 0.932 9.445 52.4 1.3973
i-BUOH 92.9 0.953 9.970 50.8 1.3939
s-BUOH 92.3 1.072 9.760 49.7 1.3950
t-BUOH 94.9 1.408 10.820 46.8 1.3851
MeOH 40.7 1.196 12.616 37.8 1.3265

a (Vi) Molar volume, () thermal expansion coefficientB{) isothermal compressibility factorA(,apHO) enthalpy of vaporization,
and fp) refractive index.

Table 3. Solvent parameters including the enthalpies of solution of squalane (k})mail 23C, both experimental
(Angp) and calculated by Egs. (@#) (AHZ,)

Parametér 1-OctOH BUOH i-BUOH sBUOH t-BUOH MeOH
p 0.499 0.625 0.599 0.589 0.538 1.000
Pg 1.000 0.902 0.891 0.894 0.862 0.676
n 0.817 0.758 0.735 0.844 1.000 0.729
e 0.587 0.662 0.677 0.761 1.000 0.849
AHO,, 4.70 8.20 10.0 11.8 14.0 20.5
AHZ,.(2) 4.87 9.22 9.50 10.7 14.5 20.6
AHZ, . (3) 4.56 9.31 9.91 10.6 14.4 20.5
AHZ, . (av.) 4.72 9.26 9.70 10.7 14.4 20.5
AHZ,. (4) 5.22 9.28 9.07 10.6 14.5 20.6

ap= (A\,apH0 — RT)/V,] Cohesion energy densityPf = [(n2 - 1)/(212 + 1)]2} Rummens’ function, andx = o, T/B+) internal

pressure. Each parameter is normalized to one of the alcohol.

It should be pointed out that it is a rather difficult Here s is the standard deviation (kJ mdJ andr is
problem to study alkane solutions by the thermochemthe correlation factor.

ical method. High volatility of many alkanes causes The fact of a perfect direct correlation between

some side effects which are difficult to take into ac-th thaloi t soluti ; I d haxad
count in a calorimetric experiment. Therefore, in this- € ENNAIPIES OF Solution Of squalané and haxadecane

work we used the low-volatile branched alkane, squaSOnfirms the conclusion that the enthalpy of solution
lane (2,6,10,15,19,23-hexamethyltetracosane) as a sbj- Practically totally controlled by the size of an al-
ute. Squalane is liquid over a wide temperature rang&2n€ molecule, but not by its structure [3, 7].
which also can be regarded as an advantage. Data onpresently there are no sufficiently rigorous methods
the enthalpies of solution of squalane in alcohols argyr determination of various particular contributions

given in Table 1. to the integral enthalpy of solvation. In terms of for-

Unfortunately, we were unable to determine the ent@l modeling multiple regression analysis is widely
thalpy of solution of squalane in methanol, because dfsed. Physicochemical characterlstlcs of'the solvgnts
its extremely low solubility in this solvent. This value @nd parameters used by various authors in analysis of
was then determined theoretically (20.5 kJ fhpfrom  solvation effects [3, 811] are presented in Tables 2
a linear correlation (1) between the enthalpies of soluand 3. The corresponding comments regarding selec-
tion of squalane and hexadecane [5, 6] in 5 alcoholon of these parameters will be offered in the discus-
studied. sion below.

Our analysis showed that single-parameter equa-

0 - 0 :

AH(CaoHez) = 0.19 + 1.508HT(CieH30): (1) fions cannot provide acceptable results in treating
s 0.23, r 0.9990. the enthalpy of solution of squalane in six alcohols
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studied. Among two-parameter equations, Eqs-(@) cavity formation [Eq. (4)]. In this case the higher
gave the best quality of approximation. the cohesion energy density, the weaker the solvent
0 solute interaction. This conclusion is also supported
AH® = 46.57 - 51.86%% + 12.449;  (2)  py the fact that we found a correlation betwegpand
s 0.93, r 0.985; p (r 0.93) for six alcohols studied. Therefore, to es-
timate the contribution of cavity formation in grotic

AH? = 39.43 - 40.79Py + 10.093:; (3) solvents, one may recommend the equatlppH"~ =
s 0.96, r 0.984: VvV, wWhereV,, is the solute molar volume [11].

The enthalpies of solution of squalane in alcohols,
AH? = _16.77 + 19.986 + 20.480x (4) experimental and calculated by Eqs.-(@), are given

in Table 3. Although the standard deviation estimated
for EqQ. (4) is only slightly higher than that for Egs. (2)
and (3), the enthalpies estimated for four alcohols by

In multiple regression analysis the equation paramz : : N
eters should not be in linear correlation to each otherEq' (4) differ from the experimental values by 10%

In our this requirement is met. The correlatio and more. For this reason we excluded Eq. (4) from
our case this requirement IS met. The Turther analysis. The enthalpies estimated by Egs. (2)
factors for the corresponding pairs of parameters a

"Ehd (3) and then averaged differ from the experimen-
low: 0.42 Pg andm), 0.40 (p anda), and 0.42Rs 5| yajue for four alcohols by no more than 3% and
anda,). Under these conditions the second and third, only two alcohols (BUOH and-BuOH) of six

terms in Egs. (2)(4) should correspond 10 various e gifference was about 1 kJ rmbl(10%).
particular contributions to the enthalpy of solution.

s 1.16, r 0.977.

, . , . To estimate the particular contributions to the en-
Let us first consider the Rummens’ function. 'tthalpy of solution by Egs. (2) and (3), it is necessary
was used earlier by Stenglet al. [10] in analysis g pass from the dissolution parameters to parameters
of the chemical shift of xenon in aliphatic a|C°h°|S-characterizing transfer from the solvent ® the sol-

The thought of the authors of the cited work is thalyent s, thus eliminating the constants in the equa-
Pr is a parameter characterizing the solveolute tjons.

dispersion interaction, and we are apt to agree with 0 _

them. Note that Egs. (2) and (3) including the param- AHTS > S) = -51.869PR(S) — PRSI
eter P best reproduce the enthalpy of solution. Neg-  + 12.449}(S;) - n(S))] = Hiw(Pr) + Hcafm), (5)
ative values of the factors &z mean that the sol-

vent-solute interaction increases with increasiRg, AHOYS, — S)) = —40.797PK(S,) - Pr(S))]

which appears quite logical. + 10.093p(S,) — %e(S)] = Hie(PR) + Heaa). (6)
The third term in Egs. (2) and (3) includes different

parameters, namely, the internal pressure of a fluid The enthalpy terms assigned B (Pg), H.a(7),

and thermal expansion coefficient. The former waandH_,(c,) are given in Table 4. Since the particular

previously used in [11] for estimating the contributioncontributions estimated by Egs. (5) and (6) aee-

of cavity formation, and the latter is used for the samesonably consistent, in discussion we will use the av-

purpose in the scaled particle theory @RTZ). Note eraged valuesH?®).

that the factors at anda, are positive, i.e., the endo

effect of cavity formation increases with increasing

the internal pressure and thermal expansion coefficien

Interaction of squalane with alcohols increases no-
iceably in the series of-alcohols (MeOH, BuOH,
-OctOH), being insignificantly dependent of the iso-

Since Eg. (4), similar to Eq. (3), also includeg mer nature, only slightly decreasing fdrBuOH
in the third term, it is natural to suppose that this tern{t-BuOH < BUuOH ~ i-BUOH ~ s-BuOH). The differ-
corresponds to the contribution of cavity formation.ence in the enthalpies of cavi(t%/ formation in the alco-
Then the second term in Eq. (4) should correspond thols studied is within 3 kJ mol, i.e., it is consider-
the contribution of solvensolute interaction. This ably lower than the difference in the interaction en-
result appears to be important in view of the fact thathalpies (up to 15 kJ mat). The highest endo effect
the cohesion energy density is often used to take iref cavity formation is found int-BuOH. For the rest
to account the effect of cavity formation, regardlesdive alcohols the difference i, is no more than
of the solvent nature. Our analysis suggests that it kJ mot®. Therefore, the solvent tends to preserve
H-bonded solvents this parameter reflects the contrsuch orientation of its molecules that provides the most
bution of solventsolute interaction rather than of favorable conditions for intermolecular interaction.
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Table 4. Enthalpies (kJ mot) of interaction of squalane with alcoholsif,) and of cavity formation ), estimated

by Egs. (5) and (6), and the entropy of cavity formatid,], (J molt K12

Alcohol Hint (PR) Hint (PR) H Heav (M) | Heay () HEv Hgg\;r Sav
1-OctOH -16.80 -13.22 -15.0 -2.28 -4.17 -3.2 0.6 -10.7
BuOH -11.72 -9.22 -10.5 -3.01 -3.41 -3.2 -2.4 -10.7
i-BUOH -11.15 -8.77 -10.0 -3.30 -3.26 -3.3 -3.8 -11.1
s-BuOH -11.31 -8.89 -10.1 -1.94 -2.41 -2.2 -2.1 -7.4
t-BuOH -9.65 -7.59 -8.6 0 0 0 0 0
MeOH 0 0 0 -3.37 -1.52 -2.4 -3.2 -8.1
a HCS;’,T is estimated from data of [5] for heptane in alcohols, &@d,, by Eq. (7) from data ong‘;fN

Only in the case oft-BuOH, whose molecules are Table 4 shows thaHZ, takes the minimal and the
nearly spherical, having the highest symmetry, thenaximal values in-BuOH andt-BuOH, respectively.
structure-breaking effect of the solute is more clearlyThe rest alcohols take an intermediate position. To
pronounced. answer the question as to what is the difference be-
In Table 4 the results obtained are compared witiween the states qf an alcohol in the solvation sphere
the enthalpy of cavity formation estimated in [4] for Of @n alkane and in the bulk, let us attract the results
heptane (molecular size 0.613 nm) in the frameworfebtainéd by Grunwald and Steel [15]. They have dem-
of the scaled particle theorfd€")). The difference in oOnstrated for a general case that the Gibbs energy of
the size of squalane and heptane [by a factor of abogplvation (and, therefore, of transfer) of a particle in-
1.5, if the molecular diameters are estimated fron¢ludes only the contribution of its interaction with
the molar volumes as (525/147 may be regarded a solvent G, = G;,)). In solvation, cavity formation
as insignificant, if we want to follow the trends in var- in a solvent (authors of [15] use the term solvent re-
iation of HY andH>"T The both parameters equal- organization) provides no contribution to the Gibbs
ly demonstrate that the energy of cavity formationenergy of solvation as a result of the enthakytropy
decreases on passing fraABuOH to the other butyl compensation [Eq. (7)].
alcohols. However, comparison of the>r values
suggests that octanol is a more structured solvent than
methanol, which casts a strong doubt. It follows from
our analysis that methanol is a somewhat more struc-
tured solvent.

Hcav = TS:a\I' (7)

The entropy of cavity formation (solvent reorgani-
zation), estimated by Eqg. (7), is also given in Table 4.
To conclude the discussion on the enthalpy charthis parameter allows judging the evolution in the sol-
acteristics, on the basis of our analysis we may firmyent structuring on its transfer from the bulk to the sol-
ly state, for example, that weakening of solvation oOlyation shell. Since cavity formation is an endothermic
squalane int-BUuOH by 4 kJmol™ as compared to process, according to Eq. (7) the entropy of cavity for-
I-BUOH is caused for about one third by a weakeination should be positive, i.e., a solvent in the solva-
interaction and for the rest two thirds by a higher eny;o ghel s less structured as compared to its state in
ergy of cavity formation int-BuOH. A stronger endo 4 uik of solution. Data 08, (Table 4) show that

effect of dissolution of squalane in methanol as comg, structure-breaking effect of the alkane on an al-

pared to 1-octanol (by 16 kJmd) is caused for . : .
o . . .. cohol increases in the ordé&BuOH < 1-OctOH <
95% by a weaker interaction of the alkane W'thBuOH, MeOH < s-BUOH. t-BUOH.

MeOH. The results obtained in this work do not con-
firm the hypothesis that the enthalpy of interaction of Note as a conclusion that the results of [15] seem
an alkane with solvents is independent of their naturg, ys pasically important. The reason is as follows. It
[4]. In our case this is true only for butyl alcohol iso- j5 gimost commonly accepted to interpret changes in
mers. More likely, one can say that the enthalpy ote enthalpies of solution of compounds in mixed, for
cavity formation is a nearly constant value, at leasyample, aqueous-organic solvents in terms of struc-
in the series of normal aliphatic alcohols. ture making or structure breaking of water by organic

Finally, let us consider the question of the stateronelectrolyte additions. Results obtained in [15]
of a solvent in the solvation sphere of a solutetheoretically substantiate for this concept.
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EXPERIMENTAL 4.

The solvents used were purified by the standards.

procedures [16]. Squalane (chromatographically pure

grade, Merck) was used without further purification. 6.

The enthalpy of solution of squalane in 1-octanol and

butyl alcohols was measured with a isothermal-shell7.

variable-temperature ampule calorimeter. The thermo-

metrical and thermal sensitivities of the experimental 8.

setup were 5 10° deg mm? and 5x 102 J mnt?!

measuring scale, respectively. As the standard enthalo.

pies of solution 4H% we accepted the mean thermal

effects of dissolution AH,), since it was demon- 10.

strated that the enthalpy of solution is practically inde-
pendent of the squalane concentration. To test the cal-

orimetric system efficiency and the quality of squa-11.

lane, we initially measured its enthalpy of solution in

chloroform and CG| The results obtained are as fol- 12.
lows (given in the Parentheses are the reference data.

from [17]) (kJ mof): 11.10 (11.12£ 0.05) and 4.84
(4.67+0.08), respectively.
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