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Pressure and Temperature Effects on Conformational Equilibria between
Rotational Isomers.Il. Isobutyl and s-Butyl Halides
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The conformational changes in isobutyl halides (-BuX) and s-butyl halides (s-BuX) in hexane and methanol
have been analyzed by Raman spectroscopy as a function of temperature and pressure. The enthalpy and volume
differences in the conformational changes from Pc (trans) to Pu (gauche) of i-BuX and from Suu(trans) to
Suw(gauche 1) and to Scu(gauche II) of s-BuX in the dissolved state have been obtained. The enthalpy and
volume differences, AH and AV, of all the conformational changes depended on the solvents and the concentra-
tion in solution. In the solution of hexane, the AH (Pc— PH) of :-BuCl and i-BuBr both increased with a decrease
in the concentration of -BuX. The AV (Pc—P#) of i-BuCl increased with an increase in the contents of the
solvents, hexane, but that of i-BuBr decreased. The concentration dependences of AH and AV were discussed on
the basis of the intermolecular interactions. The relation between AH and AV was also discussed on the basis of

thermodynamic consideration.

In our previous papers,'? the conformational
changes in some halogenoalkanes, such as 1,2-dihalo-
genoethane and butyl halides, in the pure liquid
state have been analyzed by Raman spectroscopy as a
function of temperature and pressure. The enthalpy
and volume differences in the rotational isomers of
these halogenoalkanes have been obtained.

In the dissolved state, it is well known that the
enthalpy differences in the conformers are. strongly
related to some physical properties of the solvents,
such as the dielectric constant and specific solute-
solvent interactions in solutions.?=® It is also expect-
ed that the volume difference in the conformers in
solution will depend on the solvent. There have
been a few papers concerning this subject.8:? How-
ever, as their measurements were fragmentary and not
systematic, they have not been sufficient to elucidate
the solvent effects of the volume difference between
the rotational isomers of a molecule.

In this paper, we will report the enthalpy and vol-
ume differences of the conformers of 1-halogeno-2-meth-
ylpropane and 2-halogenobutane (hereafter abbreviat-
ed as -BuX and s-BuX; X=halogene) in hexane and
methanol as obtained by Raman spectroscopy. These
solvents, hexane and methanol, were chosen for the
following reasons: (i) the dielectric constant of hexane
is smaller than those of the halogenoalkanes investi-
gated here, while that of methanol is larger, and (ii)
hexane is an inert solvent for the halogenoalkanes,
but the solvent methanol can be expected to interact
with the halogenoalkanes.

We discussed the solvent effects and the concen-
tration dependences of the enthalpy and volume
differences of i-BuX and s-BuX in hexane and meth-
anol. The relation between AH and AV was also
discussed.

Experimental

The characteristic bands of the X-sensitive modes of each
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Fig. 1. Rotational isomers for butyl halides and the

vibrational frequency of the C-X stretching mode,
where X denotes Cl or Br.

halogenoalkane have been well investigated and assigned
to the rotational isomers.8=1® The structures of the isomers
concerned here are illustrated in Fig. 1, where their charac-
teristic vibrational frequencies used are also given.

Samples: The chemicals (commercial products) were puri-
fied by fractional distillation under reduced pressure. The
solvents, hexane and methanol, were spectro-grade reagents
(Nakarai Chemicals, Ltd.) and were used without further
purification.

Raman Spectroscopy: The Raman spectra under high
pressure were recorded using a laser Raman spectrometer,
JEOL-UI (manufactured by Japan Electron Optical Labo-
ratory Co., Ltd.) and an argon-ion laser (NEC Co., Ltd.).
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The pressure was measured by means of a Heise precision
Bourdon-type gauge. The temperature dependence of the
Raman spectra was measured at the atmospheric pressure,
using a variable-temperature cell of the Harney-Miller type.
The detailed experimental procedure and the data analysis
have been described elsewhere.l:? The accuracy of the inte-
grated intensities is within 3%.

Compressibility and Density Measurements: The densities
of the solutions were measured by a pycnometer (20 cm3)
at temperatures from 15 to 30°C. The adiabatic compress-
ibility was determined from the density and the sound
velocity data using the Laplace equation. The sound
velocity measurements of the solutions were carried out
using an ultrasonic interferometer operating at a constant
frequency of 5.000 MHz.

Results

For the samples investigated here, the Raman fre-
quency of the X-sensitive stretching vibrational modes
of each conformer did not change in the solutions of
hexane and methanol, and it was independent of the
temperature and pressure changes in the temperature
and pressure ranges concerning in this work.

The equilibrium constant, K, of the conformational
equilibrium, A=B, can be expressed as:?

_ng _ 1p8, 1
K= ”A_IA-QB M

where n is the number of molecules, I is the Raman
intensity, and Q is the absolute scattering cross-sec-
tion. The suffixes A and B refer to the conformers.
Assuming that the Q4/Q5 ratio is independent of the
temperature and pressure changes in the whole range
of measurements, we can estimate the enthalpy and
volume differences between the two conformers on
the basis of Arrhenius and van’t Hoff equations;

_ 0 In [1,/Ig]
an = R[] @
AV = -—RT[——a ’“a[ﬁf/’ﬂ]] (3)

As an illustration of typical data, Figs. 2 and 3
show In[Ipy/Ipc] vs. 1/T and P plots for -BuCl in
hexane at 40 and 80 mol% of the i-BuCl solute. The
enthalpy and volume differences, AH and AV, are esti-
mated, respectively, from the slopes in Figs. 2 and 3.
The values thus obtained are summarized in Tables
1 and 2, along with the data of these samples in the
neat state previously.? For comparison, the enthalpy
differences of these compounds in the gaseous state
are also shown in Table 1.

As may be seen in Table 1 and 2, strong solvent
and concentration dependences of AH and AV were ob-
served. Especially in the case of i-BuBr, the AH in
the neat state showed a negative value, —0.710.1 k]J
mol-1. It seems unreasonable, but the AH of i-BuBr
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Fig. 2. Relationships between the logarithmic ratio
of integrated intensities and temperature. (a) 80
mol% of i-BuCl in hexane. (b) 40mol% of i-BuCl

in hexane.
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Fig. 3. Relationships between the logarithmic ratio
of integarated intensities and pressure. (a) 80 mol% of
i-BuCl in hexane. (b) 40 mol% of :-BuCl in hexane.

increased with a decrease in the contents of :-BuBr in
solutions. Moreover, the positive volume difference
of i-Bu(l also decreased with an increase in the con-
tents of hexane and changed to a negative value, —0.62t+
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TABLE 1. CONFORMATIONAL ENTHALPY DIFFERENCES, AH (k] mol—!) IN HEXANE AND METHANOL
" In hexane In methanol
Neat 80 mol% 60 mol% 40 mol% 40 mol% Gas
i-BuCl 0.6,+0.4
Pc—>Px 0.0 0.4510.05 0.591£0.08  0.7710.04 0.26+0.07  0.96+0.08"
i-BuBr
Pc—Px —0.710.1 —0.1o£0.04  —0.10£0.04  0.05%0.03 —0.25£0.06  1.25%1.37
s-BuCl
Suu—Sun’ 2.31£0.4 2.31+0.2 1.3%0.1
Sun—ScH 2.510.4 2.11+0.1 1.910.07
s-BuBr
Sun—Sun’ 2.710.4 2.9+0.2 3.010.1 2.310.2
Sun—Scu 3.0+0.4 2.51+0.1 2.910.1 1.510.2
a) Ref. 2). b) Ref. 13).
TABLE 2. CONFORMATIONAL VOLUME DIFFERENCES, AV (cm®mol~!) IN HEXANE AND METHANOL
In hexane In methanol
Neat®
80 mol% 60 mol% 40 mol% 40 mol%
i-BuCl
Pc—Px 0.5£0.1 0.1310.07 —0.3910.07 —0.62£0.04 —0.4610.04
:-BuBr
Pc—Py —0.71+0.2 —0.7910.08 —0.2510.04 —0.5510.04 —0.6910.03
s-BuCl
Sun—Sun’ —1.410.4 —1.8010.2 —0.15+0.2
Sun—Scu —0.81+0.3 —0.5410.2 0.01-0.06
s-BuBr
Suu—Sun’ 2.0+0.4 —1.45+0.2 0.821+0.2
Sun+Scu 0.61+0.2 —0.9:10.1 0.1g10.2
a) Ref. 2.

0.0scm3mol-! at the 40 mol% of i-BuCl.

For s-BuCl and s-BuBr, the enthalpy changes from
Suu to Suu- are nearly equal to those from Suu to Scu
in the liquid and dissolved states. Therefore, the po-
tential energies of the conformers, Sun- and Scu, may
be almost the same. The values of AH of s-BuBr in
hexane and methanol are comparable to those in the
gaseous state. This indicates that the intermolecu-
lar contribution to AH is small. In the cases of s-BuCl
and s-BuBr, the signs of the AV of Suu—Sun’ and
Sun—Scu in hexane are both negative, but in meth-
anol they are positive for s-BuBr and negative for
s-BuCl. The signs of the AV of these conformational
changes of s-BuCl and s-BuBr in methanol are the
same as in the neat state. These results indicate that
molecules of s-butyl halides in the neat state as well
as those placed in methanol are in a strongly interact-
ing field, as a result of the high dielectric constants
of the media surrounding the central s-butyl halides.
The absolute values of the volume changes caused by the
Sun—Sun- transformation are about two or three times
larger than those of Sun—Scu, although the energy dif-
ferences in the corresponding conformational changes
are nearly equal in the two solutions.

Discussion

The origin of the enthalpy and volume differ-

ences, AH and AV, between the rotational isomers in
solution can be divided into two factors. One is caused
by the intermolecular interaction, and the other, by
the intramolecular character. The solvent and concen-
tration dependences of both AH and AV indicate
that the intermolecular effects are predominant.

The changes in the intrinsic volume of each con-
former were often estimated and compared with those
obtained experimentally.6:19 The intrinsic volume
differences between the rotational isomers were cal-
culated by the Bondi’s method.!’® The results and
van der Waals volumes are summarized in Table 3.
The calculated volume changes are one or two or-
ders of magnitude smaller than those obtained ex-
perimentally, but for s-BuCl and s-BuBr the order of
the volume change of Suu—Sun’ and Suu—Scu agrees
with the experimental one.

The concentration dependences of the volume dif-
ferences between the two conformers of :-BuCl and ¢-
BuBr are shown in Fig. 4 as a function of the contents
of the solute in hexane solutions. The concentration
dependences are quite different for :-BuCl and i-BuBr.
For i-BuCl, the volume difference, AV, decreased with
an increase in the contents of hexane in solutions, but
for -BuBr, AV increased. As is shown inFig. 4, the AV
values of those two compounds seem to level off to a
constant value at higher contents of hexane in solu-
tions. On the other hand, the volume changes
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TABLE 3. CALCULATION OF VOLUME DIFFERNCE AND VAN DER
WAALS VOLUME BY BONDI METHOD (cm?3 mol—1)
Volume differences van der Waals volume

i-BuCl

Pc—Py 0.04 56.37

i-BuBr

Pc—Py 0.05 58.47

s-BuCl

SHH—SHr’ 0.03

Su—Scx 0 56.37

s-BuBr

Sun—Sun’ 0.12

Suu—>Sch 0.08 58.47

The following parameters were used in the calculation:

Radii (A)  Bond lengths (I/A) Bond angles (¢/°)
r(H)=1.20 C-H 1.10 C-C-C 112.2°
r(C)=1.70 C-C 1.53 C-C-H 110.4°
r(CH=1.77 C-Cl 1.77 C-C-Cl 110.0°
r(Br)=1.84 C-Br 1.95 C-C-Br 111.0°
Cl-C-H 106.6°
Br-C-H 105.4°
T T 1
1.0 -

=2.0 1 1 1
100 80 60 40 20

mol®% of solute

Fig. 4. Concentration dependence of AV of isobutyl
halides in hexane. @; i-BuCl O; i-BuBr.

upon conformational change in the gaseous state are
zero as is shown in Table 1. Therefore, AV becomes
powerful measure of the changes in the packing of
molecules in the liquid and dissolved states.

As may be seen in Table 1, the conformational en-
thalpy differences in :-BuCl and :-BuBr in hexane
increase with an increase in the contents of hexane
in solutions. In the neat state, such strong intermolec-
ular interactions as dipole-dipole interactions are work-
ing. These strong intermolecular interactions will be
reduced by the addition in solutions of hexane, which
is an ineart solvent. Therefore, the enthalpy differ-
ences in these compounds increase with an increase
in the concentration of hexane in solutions, and they
tend to approach those in the gaseous state. The en-
thalpy difference in the gaseous state, AH,,, corre-
sponds to that of the intramolecular one. As a result,
the enthalpy difference, 4=AHiq— AH s, is a measure of
the intermolecular interaction of the molecules in the
liquid and dissolved states.

The enthalpy difference, 4=AH);—AH,s, can be
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Fig. 5. Concentration dependence of enthalpy differ-
ences of isobutyl halides in hexane. A(=AHj;—
AHg,) of i-BuCl (@) and i-BuBr (O), obtained by
the spectroscopic method. AH’ of i-BuCl (O) and
i-BuBr (O), calculated from Eq. 4.

estimated by the procedure proposed by Mizushima
et al.,'® using the reaction-field theory of Onsager:1?

e—1 u u

2e+41 [(F)g_ (—;{3—> z] ®)
where ¢ is the dielectric constant of the solvent and
where g and a are the dipole moment and the radius
of the cavity of each conformer. The suffixes t and g
refer to the states of trans and gauche respectively.
The dipole moments of each conformer of the :-BuCl
and i-BuBr were estimated by the method proposed
by Miyagawa.!® The radius of the cavity of these com-
pounds was assumed to be the van der Waals radius
of each conformer, whose value is indicated in Table
3. This assumption has been used by many inves-
tigators.3:1® This dielectric constants of -BuCl, i-
BuBr, hexane, and methanol are found in the litera-
ture.1® However, the dielectric constants of the solu-
tions investigated here were not available; they were
estimated using the following additivity rule of the
molar polarization, [p]:

AH' =

e+1 M
e—2 p

(] = x,[01] + x:[0.], [#] =

where x; refers to the mole fraction of the mixtures.
The calculated values of the enthalpy difference, AH’,
are shown in Fig. 5, where the experimental values of
A=AH)i;—AH,, are also plotted. As may be seen in
Fig. 5, the values of AH’ increase with an increase in
the contents of hexane in solutions. This trend well
explains the experimental results, but the absolute
numerical values of AH’ are in very poor agreement
with those obtained by experiments. This discrepancy
between AH’ and 4(=AHiq—AHg,) must be due to the
poor estimation of the cavity radius, a, and the dipole
moment, u, of each conformer.
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Equation 4 is the result of the first approximation, in
which induced dipole moments were not taken into
account. Besides, Eq. 4 involves only the long-range
force; it does not take into account the short-range
effects, especially the local packing effect of molecules.
These short-range effects are all reflected in the term of
the radius of the cavity. The estimation of the radius of
the cavity of the rotational isomers is very important,
but at present a precise estimation is very difficult.

Devauer and Lascombe2? have thermodynamically
related the enthalpy difference, 4, to the volume change
associated with the conformational change in liquids
as following:

4 = AH,,— AH,, = RT2< aaé )V-l— Aqu—aﬁ? (6)
where a and Br are the expansion coefficient and com-
pressibility respectively where f is In[K/Kj], where
K is the equilibrium constant for the liquid and/or
dissolved state, Ko, that for gaseous state, and the other
symbols have their usual meaning.

The thermodynamic parameters, @ and Br, of Eq. 6
for hexane solutions of -BuCl and :-BuBr were deter-
mined as follows. The thermal expansion coefficient,
a, was determined directly by the data of the tempera-
ture dependence of the density in solutions. The
isothermal compressibility was calculated from the
thermodynamic relation:

fr=bit TG ™

where the adiabatic compressibility, B, was deter-
mined with the aid of the Laplace equation, (8:=1/
(pu?)), from the data of density, p, and sound velocity,
u, in solutions. The heat capacity of hexane and meth-
anol was found in the literature,!® but the halogeno-
alkanes investigated here no data were available.
Therefore, the value for butyl chloride, 9.9 J/g.K.,2V
was adopted for the halogenoalkanes concerned in this
work. The C,’s in solutions were estimated by assum-
ing this relation

Cp = xle,l + xch.z (8)

The values of RT?df/8T), thus obtained are
summarized in Table 4. The values of RT%3f/dT),
are comparable in order with the values of 4 and
AViqaT/B7. Thermodynamically, the RT? (8f/9T).
term corresponds to the internal energy difference
between the liquid and gaseous states. The internal
energy difference cannot be neglected in Eq. 6.

At this stage, it is difficult to calculate the physi-
cal properties concerning volume by statistical mechani-
cal method. However, information about the internal
energy of the solution is obtainable by the theoreti-
cal calculation on the basis of statistical mechanics
and/or a computer-simulation experiment. The inter-
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TABLE 4. THE VALUES OF RT?(df/0T)v (k] mol-1) IN Eq. 6.

Hexane Methanol
80 mol% 60 mol% 40mol% 40 mol%
-BuCl
Pc—Pyu —0.7¢ —0.2 0.07 0.03 —0.1s
i-BuBr
Pc—Pyu —1.4; —1.2; —1.2s —1.0s —1.29
s-BuBr
Suu—Sun’ 0.23 0.95 0.95
Suu—Scu 1.30 1.25 1.40

nal energy of the binary solution is calculated by the
following equation:2?

2N2
vV

£= SN0+ B e watgryriar
0

+ 2x1x2$ Uy(r)g o (r)r2dr + xzzg Upo(7)8aa(r)r2dr]
o 0

x1=%‘, x2=—11\\%2—, N, + N, =N 9)
where u; is the pair potential for molecules of : and
7 and gy, the radial distribution function. As may be
seen in the equation, the short-range effects are in-
volved in the term of the radial distribution function
of each pair. We are now trying to calculate the in-
ternal energy using the theory of the reference inter-
action site model (RISM), which was proposed by
Chandler et al.2% We want to compare the calculated
value with the experimental results obtained here.
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