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The equation of state of an acetic acid fluid was derived by molecular-dynamics simulations on a rigid-molecule
model. The optimized potential for liquid simulations (OPLS) given by Briggs, Nguyen, and Jorgensen was assumed.
Only the Z form was adopted in the two conformers in order to save central processing unit (CPU) time to perform the
molecular-dynamics simulation at many state points. Microcanonical simulations were performed for 729 states. The
system had 256 molecules in the cubic basic cell. The equation of state was obtained by a least-squares fitting. The critical
point and liquid-vapor phase boundary were compared with the observed values. Dimerization was also observed by 27
long runs in the gaseous phase around the liquid—vapor phase boundary. The main structure is hydrogen-bonded chains in
the liquid phase. The excess entropy after subtracting the ideal gas term is —10R at low temperatures. This is compared
with —8R in liquid water. These comparisons show that the present model can be used to simulate the hydrogen-bonded

fluid of acetic acid.

Molecular-dynamics simulations are expected to be one
of the most powerful methods to investigate the molecular
mechanism of vaporization and condensation.'? A hydro-
gen-bonded system is frequently compared with a simple
fluid. Among them, acetic acid is interesting because of
the stable dimer in its gaseous phase at low temperatures.
Its vaporization process has been studied using a molecular
beam.? We plan to examine such process by a molecular-
dynamics (MD) simulation in a following paper.

A realistic and, at the same time, simple model should
be used in any time-consuming molecular-dynamics study
on such processes. In the case of water and methanol, rigid
molecule models are useful for simulating the static*—® and
dynamic'? properties of the liquid—vapor interface. This
paper is a report which shows the effectiveness of a simple
rigid model on the acetic acid molecule. The optimized
potentials for liquid simulations (OPLS) given by Briggs et
al.” were assumed in order to obtain the equation of state of
acetic acid in the liquid and the gaseous phase by a molecular-
dynamics simulation.® They have already shown that this can
give a realistic liquid state under ambient pressure based on
a Monte-Carlo (MC) simulation. In their study, the molecule
had a torsion degree of freedom. They showed that the Z-
form of the two conformers is the main component, with the
concentration being more than 97%. For this reason, only
the Z-form is adopted here.

In the second section, both the model and method of the
simulation are given. Then, the radial distribution functions
based on MD are compared with those based on the Monte-
Carlo results.” It will be shown that the liquid structure based
on the present rigid model coincides with that based on the

flexible model by MC.”

Microcanonical molecular-dynamics simulations were
performed for 729 states. The system consisted of 256
molecules in the cubic basic cell. The equation of state was
obtained by a least-squares fitting in a way similar to that
of Ree.” The critical points and liquid—vapor phase bound-
ary were compared with the experimentally observed values.
Dimerization was also observed.

In the last section, the thermodynamic properties are
surveyed as functions of the temperature at constant pres-
sure. The entropy is compared with that in water and a
Lennard—Jones liquid in order to discuss the ordering in ace-
tic acid.
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Fig. 1. The standard orientation of the Z-form acetic acid
molecule (#1) and that of the E-form (#0). The #1—#2
pair shows the minimum energy configuration. The second
minimum one is described as the #1—#3 pair.
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Model and Molecular-Dynamics Simulation

Model. Molecules are represented by interaction sites
located on each nucleus, with the exception that a united
model is used for methyl groups that have a single site cen-
tered on the carbon. There are two conformers in an acetic
acid molecule, i.e., the E-form and the Z-form (Fig. 1). Briggs
et al. studied liquid acetic acid based on an MC simulation
with OPLS and a torsion potential function.” They showed
that the Z-form is the main component (more than 97%). We
assumed a rigid model of only the Z-form for simplicity in
heavy simulations to obtain the equation of state. The stan-
dard orientation of the Z-form is shown as #1 in Fig. 1. The
intermolecular potential ¢ is written as

oor{me 4 a)

4rgyry rl] T

Ci=4&07, )

As=+JAuhy, Cy=1/CiC;.

Here, the first part is the Coulomb energy, where e is the ele-
mentary charge and & is the dielectric constant of a vacuum;
the rest is the Lennard—Jones (LJ) interaction. The symbols
gi, Aii, Bii, &, and 0; are the potential constants. The values
of g;, &, and ¢; are given in Table 1.” The pair of the #1 and
#2 molecule in Fig. 1 demonstrates the configuration corre-
sponding to the minimum pair energy. This is a cyclic dimer
due to the two hydrogen bonds. The other pair, #1-—#3, im-
ages the second lowest energy configuration. There are also
two hydrogen bonds in this case.

Figure 2 describes the pair energy of the #1 and #2 config-
uration as a function of the intermolecular distance between
the center of mass (r), where the orientations are those shown
in Fig. 1. The orientational dependencies of the pair energy
are shown in Fig. 3, where the orientation of the #1 molecule
is fixed as in Fig. 1. The axis of rotation of the #2 molecule is
the x-axis. Figure 2 shows that the minimum-energy config-
uration is realized around the point where the repulsive part
of the L] part becomes effective when the molecular distance
(r) is decreased. We can see that the main part of the well
depth of the minimum energy is the Coulomb interaction part
in Figs. 2 and 3. The anisotropy is sharp in Fig. 3. This is
not so sharp in the water case.!”

Molecular-Dynamics Simulation at Normal Density.
Molecular-dynamics calculations were carried out for a mi-

12
Ai=4&0;",

Table 1. OPLS Potential Parameters for Acetic Acid”
gle 0/107%m &/kcal mol ™!

(6] —0.58 3.00 0.170

C 0.55 3.75 0.105

=0 —0.50 2.96 0.210

H 0.45 0.00 0.000

CH; 0.08 3.71 0.160

1 kcal mol™ =4.184 kI mol L.
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Fig. 2. 'The pair energy ¢ as a function of the intermolecular
distance r. The orientation of the pair is fixed at the min-
imum energy configuration shown as #1 and #2 in Fig. 1.
The contribution of the LJ part and that of Coulomb term
are also shown. The arrow indicates the minimum.
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Fig. 3. The pair energy ¢ as a function of the orientation of

the second molecule. The orientation of the first one is fixed
at the standard orientation (#1 in Fig. 1). The molecular
distance is that of the minimum energy configuration. The
axis of rotation of the #2 molecule is the molecule-fixed x-
axis and the rotation angle is 5.

crocanonical ensemble, where the number of molecules (&),
the volume (V), and the total energy (E) were constant. The
program calculated the temporal evolution of the system us-
ing aleapfrog algorithm.® The electrostatic forces and energy
were calculated by the Ewald’s method.® A periodic bound-
ary condition was assumed on the cubic cell. The force
was cut off at half the MD cell width for the 256-molecule
system. In the first place, some molecular-dynamics simula-
tions were performed in order to see wheter the present rigid
model can reproduce the liquid acetic acid at normal den-
sity. The starting configuration was a distorted face-centered
cubic (FCC) lattice. Liquid samples were obtained by the
simulated annealing method.

Figure 4 shows the radial distribution function for a car-
bonyl-oxygen—hydrogen pair at 300 K. The case of hy-
droxy—oxygen—hydrogen pair is described in Fig. 5. The
height of the first peak is in agreement within 5% error with
that on the flexible model by Briggs et al.” This result is
reasonable because of the low concentration (2—3%) of the
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Fig. 4.  The radial distribution function g(r) of the

cabonyl-oxygen—hydrogen pair at 300 K, V/N=100 Al
The running coordination number n(r) is read by the axis in
the right hand side.
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Fig. 5. The radial distribution function g(r) of the hy-
droxy-oxygen-hydrogen pair at 300 K, V/N=100 A3. The
axis of running coordination number n(r) is shown in the
right hand side.

minor component (E) in their calculation. It is clearly seen
that there is one hydrogen bond in carbonyl-oxygen—hydro-
gen pair. Only a negligible bond is seen in the hydroxy—oxy-
gen—hydrogen pair. Therefore, liquid acetic acid consists
mainly of hydrogen-bonded chains, as shown by Briggs et
al.” The thermodynamic properties are compared for the two
models later (Table 4).

Molecular-Dynamics Simulation for the Equation of
State. High-temperature samples at several densities
were cooled in order to obtain data at many temperatures.
The simulated states are shown in Fig. 6. The time step
is 0.75x10~% s in the liquid and intermediate density and
1x10~15 s in the gaseous state. In our standard runs, 5000
steps were used to control the temperature and aging of the
system. After this, a 5000-step run was performed, where
the molecular-dynamics statistical averages were obtained.
Some very high-temperature data were obtained to make the
fitting of the equation of state stable. Moreover, 30 states
were also added around the critical points.

In the gaseous phase, it took a very long time to establish
the equilibrium state at low temperatures, because of dimer-
ization. An extreme case is shown in Fig. 7, where several
physical properties are plotted against time in the case of low
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Fig. 6. The map of the simulated states in the (V/N, T) plane.
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Fig. 7. An example of time development of physical prop-
erties during a MD simulation. The potential energy of
the system E¥, the pressure P and the number of hydrogen-
bonded pair per molecule Nyp are shown as a function of
time .

temperature (350 K) and low density (volume per molecules
VIN is 1.1x10° A3). Due to the slow dimerization process,
the relaxation is extremely slow; we had to equilibrate the
system for as long as 20 ns before taking the time average.

‘The final configuration is shown in Fig. 8, where several

cyclic dimer pairs and a trimer pair can be clearly observed.
This dimerization is quantitatively analyzed in a later section.
Full listings of all volumes (V), temperatures (7)), energies
(E), and pressures (P) are available from the authors upon
request.

Equation of State

Ree’s method® is used to obtain the equation of state of
fluid. The density is written as p (=N/V) and f=1/kT. The
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Fig. 8. A snapshot of acetic acid gas. The condition is the
same as in Fig. 7, only a part of the whole system is shown.

excess Helmholtz free energy (A°) (after subtracting the ideal
gas term) is given as

BAC (P ( BP ) 1
£ - B _1)=a 2
N /0 F » P, 2
where the excess internal energy (E¥) is given by
OpA°
E= ( ) . 3
B/, )

When the pressure is given as a function of the temper-
ature and density, as usual,'” a numerical derivation of the
other thermodynamic quantities is not simple. On the other
hand, it is easy to obtain the thermodynamic quantities from
the Helmholtz free energy. For this reason, we assume the
following analytic expression for the excess Helmholtz free
energy:”

Ae
R @
p q
p=0,1,2,3,4,56,7,
4=0,1,2,3,4,5,6,7, (%)
p=q=0, and p = g =7 are excluded,
P B
Pr=—, r = (6)
Po Z Bo
N 1
Po =y /%—— @)
Yo _300x107%m?, 2 = 3000k ®)
N Tk ’

The expansion (4) is a type of high-temperature expansion.
The expansion (4) is also a density expansion. The expan-
sion is performed by means of the dimensionless reduced
quantities as Eq. 6.

The coefficients (A,,) are obtained by a least-squares fit-
ting. The following quantity was minimized in our case:

Equation of State of Acetic Acid

i p

{ ZPAPqpfrlgtr} ] > ®

£ |{Za- zqumpm}z

pi B
ir = — ir = 5 10
pr= Bi & (10)
L=1729. (1D

The number of coefficients (A,,) was 62. This can be com-

pared with the simple case of Lennard—Jones fluids where

32 coefficients are used.'” The total number of data points

(729) was large enough to determine 62 coefficients in our

complex fluid. The coefficients (4,,) are given in Table 2.
The relative deviation was obtained as follows:

<[6 (%ﬁr)]2+[5{%_1}]2>;

() 1))

The contributions from the energy and pressure are shown

=0.036. 12)

<[6 (1"%@)]2} | =0.029, a3
(Grem))
<[6{%— }]?2 =0.072. 14

Figures 9, 10, and 11 show how the least-square fitting
smoothes the data. The solid curve is the equation of state
(EOS). The circles and triangles are the MD results. It can
be seen that the temperature dependence of the pressure and
excess internal energy at a given volume is well reproduced.
Note that the least-square fitting was performed in a reduced
variable space, as shown in Fig. 9. Figure 10 shows an ex-
ample of the low-temperature data. Note that the potential
energy (E°), is not close to zero, even at a very low density
ai 400 K because of dimerization. The P-V curve in Fig. 11
corresponds to that around the critical temperature deter-
mined by the MD-EOS. The near-critical and supercritical
behavior of the fluid are observed by a much larger system.
The present critical temperature is overestimated because of
the small system size (N=256).

Comparison of the P-V-T Relation with Experiments

The critical point is determined by the condition as the .
common zero point of the first and second derivatives of
the P versus V curve for a given temperature. The critical
constants are compared with the observed ones'? in Table 3.
Although the calculated critical pressure is larger than the
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Table 2. Coefficients Apg
P q Apq P 4 Apq P q Apy
0 1 5.1690590E—02 2 6 6.8669138E—04 5 3 5.2783530E--02
0 2 —5.3146366E—02 2 7 —1.6100705E—05 5 4 —1.6270881E—03
0 3 1.4776003E—02 3 0 —6.0463279E—-01 5 5 —5.4357667E—04
0 4 3.2616992E-04 3 1 1.7515063E+00 5 6 4.2673386E—05
0 5 —5.7763961E—-04 3 2 —9.9322057E-01 5 7 —7.8939172E—-07
0 6 6.1543993E—05 3 3 2.3787189E—-01 6 0 2.5440779E—-02
0 7 —1.8689568E—06 3 4 —2.2684960E—02 6 1 —9.2017628E—02
1 0 8.0984049E—02 3 5 4.2996972E—-04 6 2 5.8153812E-02
1 1 1.4208907E+00 3 6 —1.6128826E—05 6 3 —1.3638753E—02
1 2 —1.5171448E+00 3 7 1.6160285E—06 6 4 1.0649711E—03
1 3  6.3279426E—-01 4 0 3.9253604E-01 6 5 23067183E—05
1 4 —1.3833128E—01 4 1 —1.1628509E+00 6 6 —4.1780700E—06
1 5 1.5456029E—02 4 2 6.0900807E—01 6 7 7.7054395E—08
1 6 —8.7077270E—-04 4 3 —1.0576335E-01 7 0 —1.8520622E—03
1 7 1.9315099E—05 4 4 —1.6596013E—03 7 1 7.2463760E—03
2 0 6.1338300E-01 4 5 1.9735561E—03 7 2 —4.9286508E—03
2 1 —1.8468776E+00 4 6 —1.3155783E—-04 7 3 12813018E-03
2 2 1.4948777E+00 4 7 22551269E-06 7 4 —1.3479266E—04
2 3 —5.7959110E—-01 5 0 —1.3972141E-01 7 5 4.1784278E—-06
2 4 1.1589380E-01 5 1 4.6041313E-01 7 6 1.4775729E-08
2 5 —1.2064481E—02 5 2 —2.6366338E—-01
E-02 means 1072,
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Fig. 9. Examples of fitting of the reduced excess internal Fig. 11. An example of fitting of the excess internal energy

energy E° multiplied by the inverse of the temperature [,
and the compressibility factor minus one as a function of the
inverse of the reduced temperature f, at a constant volume
V. A liquid-like state V/N=125 A? is shown.

E? and the pressure P as a function of volume per molecule
VIN at T=700 K, around the critical temperature.

Table 3. Liquid—Gas Critical Constants of Acetic Acid

0 7600 12)
+ Calcd Obsd Calcd/Obsd
-1 $500 T./K 699 594.45 118
" 20 ?:_400 Ve/em® mol ™! 185 171 1.08
e o Pc/MPa 9.39 5.79 1.62
g -30 13005 P.VoINKT, 0300 0200 1.50
2 40 3200 7
2 3
R 50 3100 experimental values, the other quantities are in accordance
-60 3 0 with the observed ones. In the following, all state properties
are reduced with the critical quantities in a comparison with
-70 100 1000 10° 10° 10° --100 the experimental values.
V/N) /A 2 The liquid—gas phase boundary is shown in Fig. 12. It was

Fig. 10. An example of fitting of the excess internal energy
E? and the pressure P as a function of volume per molecule
VIN at a constant temperature 7. The low temperature state
T=400 K.

obtained using Maxwell’s rule. It can be seen that the phase
boundary is in good agreement with the experiments'? if it
is reduced with the critical quantities. The P—V-T relation
is plotted in Fig. 13 at several temperatures. An empiri-
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Table 4. Comparison with the Monte Carlo and Observed Results under Normal Pressure?

T/K 208 373

Method EOS MC?  Obsd®®  EOS MC? Obsd?>~1®
(VIN)/A3 91.9 95.8 95.5 97.1 102.6 104.1
E°/KJ mol ™! —-544 —51.92 —5226" —50.1 —47.32 —47.28Y
al(1073 K™ 0.64 0.77 1.083 0.86 0.88 1.234
kr/(107° Pa™1) 0.42 0.60 0.60 0.80

C5/kY mol ™! 48 425 57.8 67 542 62.8

a) P=0.1 MPa. b) Estimated from heat of vaporization to ideal gas.
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Fig. 12. Theliquid—gas phase boundary is shown in the (p/pc,
T/T:) plane. The solid curve is EOS and the circles are the
observed results.'?
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Fig. 13. The reduced pressure P/P. vs. the reduced volume
VIV. plot at several temperatures obtained by MD-EOS is
compared with that by BWR-EOS.'¥

cal Benedict Webb Rubin (BWR) EOS' is also shown for
a comparison, because the experimental P-V-T data were
available to the authors at only around the saturated pressure.
The lines are the MD-based EOS. The overall coincidence

is given in Fig. 13.

The volume (V) of a liquid under ambient pressure is
plotted against the temperature in Fig. 14. The thermal-
expansion coefficient («) is also shown here. We can see that
the present EOS gives a reasonable volume when compared

with the observed one'® in reduced space.
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t[=~-V/Ve,obs | Liquid Acetlc Acid
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Fig. 14. The reduced volume V/V, (the left hand axis) vs.
the reduced temperature 7/7; plot is compared with the
observed values' under the ambient pressure P/P.=0.0175
in the liquid phase. The thermal expansion coefficientis also
compared by the right hand axis.

Dimerization in the Gaseous Phase

Figure 15 depicts the compressibility factor, Z=PV/NkT,
as a function of the density at low temperatures. The low-
density limit is also shown as only a guide for the eye. It is
compared with Bich et al.’s experimental data.'® It is well
known that this has a value that is very close to unity in a
normal gas. The calculated value is clearly less than that

—@— MD,T=400K —o-=0bs,T=410K —=—0bs,T=459K
TS MDT430K o -obaTods4K

1
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Fig. 15. The compressibility factor Z=PV /NkT versus den-
sity p plot around the gaseous phase branch in the liquid-gas
phase boundary. The low density limit and lines are only for
a guide of eye. The experimental results are also plotted.*®
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in such a low-density region. Although the agreement is
not very good, the MD data show the effect of dimerization.
Dimerization is also seen in the potential energy in Fig. 10.
The minimum pair energy is —60 kI mol~!. This means that
the potential energy of the system (—30 kJ mol 1) is the case
of the minimum-energy configuration. The observed value
of the potential energy (E°=—10 kJ mol™!) at 400 K shows
dimerization to a large extent.

An analysis of hydrogen bonds in the gaseous acetic acid
was performed as follows. Any pair of molecules is classi-
fied to be bonded if it satisfies the conditions on the atomic
distance and the pair energy:

rOH<25A4A,
¢ < —16.7kJmol~".

O is carbonyl oxgen, as)

A pair with two bonds is called a cyclic dimer. A non-cyclic
dimer has only one bond. The mole fractions of these and
the monomer were obtained as in Fig. 16. The states are
near to the phase boundary. It can be seen that about 50%
is the dimer at low temperatures. The mole fraction of the
monomer increases as a function of the temperature as a gen-
eral trend. The equilibrium constant in the chemical reaction
was calculated. The result is shown in Fig. 17. The order of
~magnitude of the equilibrium constant of dimerization is in
an agreement with the experimental value of around 400—

450 K.1®
2A = As,
_ 4] 6
[A

Thermodynamic Properties

Thermodynamic Properties under Ambient Pressure.
The thermodynamic properties are compared with MC? and
the observed results™®® in Table 4, where the pressure (P)
is fixed at 0.1 MPa. The calculated volume (V) deviates by
4—7%. The relative error in the potential energy (E°) is
3—6%. The thermal expansion coefficient (&,) isothermal
compressibility (»#r) and excess heat capacity at constant
pressure (Cy) are not very far from MC and the experimental

0.7+
I Gaseous Acetic Acid 1
06+f monomer B N T
T P M. T

I - ~ I
05f a———* a1
I I

M 04 e 1
¥ ~ e . cyclic dimer T
0'3_::_ TS eal ot
0.2+ non-cycllc dimer ____.. Ther--et
I eerPreemean i k
0_1-.¢’:'| PR EPUUPS ERPUN R S S s

340 360 380 400 420 440 460 480
T/K

Fig. 16. The mole fraction x of cyclic dimer, ron-cyclic
dimer, and monomer versus temperature T plot in the
gaseous phase. See the text for the method of analysis
of the hydrogen bond.
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Gaseous Acetic Acid
around liquid-gas
phase boundary

K/dm?® mol?

350 400 450 500 550
T/K
Fig. 17. The equilibrium constant K of the chemical reac-

tion of dimerization as a function of temperature T in the
gaseous phase. The calculated values are compared with
the observed ones.'¥

values. Their temperature dependencies are qualitatively in
accordance with the observations.

Plot of the Thermodynamic Properties under Constant
Pressure.  The excess entropy (S°), and the excess heat
capacity at constant pressure (Cy) are plotted against the re-
duced temperature (7/7;) in Figs. 18 and 19. The reduced
isothermal compressibility (%) P.) and the reduced thermal-
expansion coefficient (a*T,) are shown in Figs. 20 and 21,
respectively. Anomalies around the critical point can be seen
in these figures. The characteristics in the reduced isother-
mal compress1b111ty (2 P.) and thermal-expansion coeffi-
cient (a*T,) are similar to those in a Lennard—Jones (LJ)
fluid!? (not shown). Because of the dimerization in the
gaseous phase, the excess heat capacity (Cy) of the gaseous
state is not almost equal to zero, which is the case in the nor-
mal gas-like LJ model. The excess entropy (5¢) is discussed
below.

Comparison with Water. As far as we know, there
have been no extensive observations on fluid acetic acid

== P=0.0176Pc,l., ~——fe—P=0.1Pc,L —=—P=1.0001Pc
—@- -P=0.0175Pc,G =~~-A~-P=0.1Pc,G —IF -P=1.2Pc
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$
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PR ISR S W S AT T S SO0 AT TV SR WA [ ST VS SN A T S

<12 0
04 0.6 0.8 1 1.2 1.4
T/Te

iy
-2

Fig. 18. The excess entropy of acetic acid S° versus reduced
temperature T/T. plot under several pressures. The sym-
bol L and G are attached to the liquid and gaseous phase,
respectively.



1802 Bull. Chem. Soc. Jpn., 70, No. 8 (1997)

—G=— P=0.0175P¢c,L. = =—pe—P=0.1Pc,L =—tt— P=1.0001Pc

—@- -P=0.0175Pc,G ~~A=-P=0.1Pc,G -~ -P=1.2Pc

—— P=0.0175Pc e P=0.1Pc —&— P=10Pc
100 = ——————

10LL :

= F 3

U; L -

&) ] So T

1 = ' \‘\ -

é G E

N \ |

L Acetic Acid a, <

0.1...|.4.4...1...&....141
0.4 0.6 0.8 1 1.2 1.4 1.6
T/Te
Fig. 19. The excess heat capacity at constant pressure of

acetic acid Cj, versus reduced temperature 7/7; plot under
several pressures. The symbol L and G are attached to the
liquid and gaseous phase, respectively.

—&—P=0,0175P¢c,L. ~—fr—P=0,1Pc,L. ——P=1.0001Pc
—@- -P=0.0175Pc,G ~-a--P=0.1Pc,G =i -P=1.2Pc
—o—P=0.0175P¢ —t— P=0.1Pc —&—P=10P¢c

100 —_—
—o—o—-—o
G

Acetic Acid ]
N BT T R SN R

1.2 14 1.6

0.001
0.4 0.6 0.8

1
T/Te
Fig. 20. The reduced isothermal compressibility of acetic

acid %}k P versus reduced temperature 7/7. plot under sev-

eral pressures. The symbol L and G are attached to the
liquid and gaseous phase, respectively.
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pressures. The symbol L and G are attached to the liquid
and gaseous phase, respectively.

Equation of State of Acetic Acid

over a wide rage of pressures and temperatures. For this
reason, we are going to compare our calculated thermody-
namics quantities with those of water, which is a well-known
hydrogen-bonded system. Figure 22 gives the excess entropy
(5°), the excess heat capacity at constant pressure (Cy), the
reduced isothermal compressibility (%] P.) and the reduced
thermal expansion coefficient (a*T;) of water.'® These were
calculated from the equation of state determined by the ex-
perimental results.!”

The excess entropy (5¢) of acetic acid in the liquid phase
is —10 R at low temperatures in Fig. 18. This is compared
with the —8 R for water at the same reduced temperature
(T/T.=0.40). This was not expected. The density of liquid
water under normal pressure is close to that of low-density
ice. (The liquid density (pL) is normalized by that of dense
solid (ps) in Table 5). It has large vacancies. For this reason,
the liquid water has a low density compared to that of ace-
tic acid. This difference in density is the reason for the
unexpected relation in the excess entropy. The sharpness of
the anisotropic interaction in Fig. 3 is another cause for the
higher ordering in acetic acid. The effect of dimerization in
the gaseous phase is not seen in the excess entropy of water.

The overall feature of the excess heat capacity at con-
stant pressure (C7) of water is similar to that of acetic acid.
The acetic acid has larger heat capacities in the liquid phase
compared to liquid water, if we compare those by the re-
duced temperature. The excess heat capacity at the constant
pressure of liquid water has a minimum as a function of the
temperature, as shown in the inset. This is a famous anomaly
in liquid water. Although a similar anomaly is seen in Fig. 19
of liquid acetic acid, there is a possibility that this is spurious.
This is a problem for fitting at low temperatures. The excess
heat capacity at constant pressure of water in the gaseous
phase is small because of no dimerization.

The reduced isothermal compressibility (3 P.) of liquid
water is larger than that of acetic acid in the liquid phase.
This is due to the low density of liquid water. That also has
a minimum as a function of the temperature, as can be seen
in Fig. 22. The compressibility of water is also larger than
that of acetic acid in the gaseous phase. This results from the
high density of acetic acid gas with dimerization.

The thermal-expansion coefficient (a™*T.) of liquid water
under normal pressure has zero point at low temperature.
Because of this effect, water has a smaller expansion coeffi-
cient than acetic acid in the liquid phase. In the other states,
the general feature is similar in Figs. 21 and 22.

Comparison of Excess Entropy with an LJ Fluid. The
excess entropy (5¢) of an LJ fluid is shown as a function of the
reduced temperature in Fig. 23 at constant pressure. Note that
the volume dependence of the entropy in the ideal gas is not
the target of our discussion. The ideal gas term is subtracted
in order to obtain the excess entropy. The excess entropy
(8°) in the normal liquid density has a value of around —4R
in the case of an LJ fluid. On the other hand, S¢ in an acetic
acid liquid is —10R. This difference comes from the chains
of the hydrogen bond in the acetic acid, as shown in Fig. 4.
As for the gaseous phase of the LJ model, $¢ is almost zero.
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Contrary to this, a value about —1R can be seen in Fig. 18
as the excess entropy (5°) in the gaseous phase of the acetic
acid under low pressures. This is due to dimerization in the
acetic acid gas at low temperatures.

The excess entropy (5¢) is as follows at the critical point:

S°/R (acetic acid) = —1.8,
S°/R (water) = —1.9, at the critical point, a7
S°/R (LT)=—1.0.

Although the difference of S° between acetic acid and water
becomes small at the critical point, $¢(LJ) shows less ordering
in an LJ fluid than in the hydrogen bonded systems (acetic
acid and water).

Quantitative Comparison of Liquid Acetic Acid with
Water and an LJ Liquid. The thermodynamic quantity
(Q) of liquid acetic acid near to the triple point is compared
with those of water and an LJ liquid in Table 5. In the last
column, a ratio (Q (acetic acid)/Q (I.J)) is shown, where Q
(acetic acid) is the observed value when it is known. We can
see that the reduced temperature (7/7.), density (p/p.) and
pressure (P/P.) of the state near to the triple point of acetic
acid is close to those of the LJ system. The reduced thermal-
expansion coefficient (a™T,) of acetic acid around the triple
point also has a value not far from that of an LJ liquid. The
reduced isothermal compressibility (#*P,) of acetic acid is
only 53% of that of the LJ case.

The large effects of the hydrogen bond appear in the excess
heat capacity at constant volume (C?) and pressure ().
Similar phenomena are found in the reduced excess internal
energy (E°/RT.) and excess entropy (5°). The excess entropy
has already been discussed. The reduced excess internal
energy means the reduced average potential energy. The
ratio of this to that of the LJ system is 1.76. The values of
the reduced excess internal energies of the discussed systems
are almost the same as follows at the critical point:
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Equation of State of Acetic Acid

Table 5. Thermodynamic Properties of Liquid Acetic Acid Near the Triple Point Com-

pared with Water and LJ Liquid

Q Acetic acid Water L) © Q (acetic acid)/Q(LJ)
EOS Obsd'>®  EOS™O0bsd®®  EOS'Y :

T/T, 0.424 0.4875 0.4234 0.4240 1.15
plpe 3.34 3.004 3.110 2.573 1.17
PIP, 0.0175 0.0173 0.00453 0.01750  0.989
a*T. 0.443 0.64 —0.0409 0.573 1.12

#5 Pe 0.00388 0.0112 0.00731  0.53
CR 4.08 6.11 1.51 2.70
Ci/R 5.81 7.09 5.11 3.48 2.04
E*/RT. —9.38 —7.94 —532 1.76
SR —9.80 —7.54 —433 226
prlps® 0.83 0.60 0.85 0.98

a) The quantities pp and ps are the density of liquid and that of the dense solid, respectively.

E?/RT (acetic acid) = —2.6,
E’/RT, (water) = —3.1, at the critical point,
E°/RT. (LT) = —2.6.

(18)

From this relation, it can be understood that the anisotropic
potential well due to the hydrogen bond is deeper at low
temperature in acetic acid than in a simple liquid with the
same critical temperature (7;). That well is averaged out to
the value shown in Eq. 18 when the temperature increases
and the density decreases to the critical point.

The liquid density is normalized by that of a dense solid
in the last row. The ice VIII is used as a dense solid in the
case of the water system. The normalized density (pr/ps) of
acetic acid is almost the same with that of the LJ case. No
significant effects of the hydrogen bond appear in the acetic
acid liquid near to the triple point.
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