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Equilibrium Constant and Enthalpy for the Hydrogen Bonding of Acetic Acid with
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FTIR spectroscopy was used to study the hydrogen bonding of acetic acid and tetrahydrofuran in supercritical
(SC) CQ in the ranges of 100160 bar and 308.15323.15 K, and the concentration of tetrahydrofuran
varied from 0 to 0.4 mol/L. The equilibrium constaft for the hydrogen bonding of tetrahdyrofuran with

the monomer of acetic acid was calculated on the basis of the IR spectra deterfiiged.strong function

of pressure or the apparent density of J@oles CQ of per liter). The enthalpy of the hydrogen bonding

was calculated on the basis of the relationship betweemd temperature. In the lower isothermal compressible
region of the fluid, both the enthalpy chang&H) and the entropy chang@§) of the hydrogen bonding
process are negative and the hydrogen bonding is enthalpy driven. In the high isothermal compressible region,
however, botlrAH and AS are positive, and the hydrogen bonding process becomes entropy driven.

1. Introduction In this work, we studied the equilibrium constant of the
hydrogen bonding of tetrahydrofuran and acetic acid in super-
Supercritical fluids (SCFs) have some unique featdré%. c%tica? COs (Te =9304.2 K F{ = 73.8 bar,pc = 10.6 mol/L) P
In the past decade, studies on the intermolecular interactions,,sing FT|R spectroscopy. Tetrahydrofuran was selected because
(such as dipoledipole, dipole-induced dipole, dispersion, j; js 3 relatively weak base and the hydrogen bond is weak.
hydrogen bpndmg) in SCFs have received mgch a@tentlon Thus, the property of the hydrogen bond is more sensitive to
because of its importance to both pure and applied sciences. o change of the properties of solvent, which can be used as a

_ Itis well known that the isothermal compressibility becomes  too to probe the effect of temperature and pressure on the
infinite when the critical point of a fluid is approached and SCF  yroperties of supercritical fluids.

solvents exhibit anomalous behaviors, and all of these anomalous
behaviors are connected with the large co'mpresgibility. 2. Experimental Section
Solvatochromit~17 and fluorescence spectroscdfié® studies
indicated that the local density of the solvents about probe Materials. CO, was supplied by Beijing Analytical Instru-
molecules is much higher than the bulk density in highly ment Factory with a purity of 99.995%. The purity of acetic
compressible SCFs. Thermodynafi# and kinetic 2327 acid was 99.5% (A. R. grade), supplied by Beijing Chemical
investigations for the chemical reactions in SCFs documented Reagent Plant. Tetrahydrofuran was also A. R. grade (99.0%),
that the solvent molecules are enriched in the vicinity of the produced by Tianjin Chemical Agent Institute. All of the
reacting species, which results in the improved selectivity and chemicals were used without further purification.
enhanced rate constant. In addition, the partial molar volumes Apparatus. The experimental setup used was the same as
of solutes in SCFs are large negative values, which implies the that used previousl¥, and the schematic diagram is shown in
clustering of solvent molecules about the solute molect#ies. Figure 1. It consists mainly of a gas cylinder (1), a high-pressure

Infrared spectroscopy has been used to study intermolecularPump (3), a pressure gauge (5), an FTIR spectrometer (9), a
interaction in supercritical fluids, and some interesting results high-pressure IR cell (10), a thermometer (11), a temperature
have been observed. For example, a pronounced effect of solvengontroller (13), a vacuum pump (14), and valves and fittings of
density on hydrogen bonding between methanol and triethyl- different kinds. A Bruker (model IFS-113v) FTIR spectrom-
amine and between perfluotert-butyl alcohol and dimethyl  eter (9) was used in this work. The pressure gauge (5) consisted
ether were observed in §2-33 Benzoic acid in supercritical ~ of a transducer (IC Sensors Co., model 93) and an indicator,
CO;, can form cyclic dimer by hydrogen bondidgNonionic ~ which can be accurate t%0.05 MPa in the range of-€20
surfactants and alcohol aggregate in supercritical @@ GHs MPa. The high-pressure cell (10) was composed of a stainless
because of inter- and intrahydrogen bondihghlcohol self  steel body, ZnS windows of 6-mm thickness, and the temper-
associates in supercritical G@nd ethané Methanol and  ature controlling system. The optical path length of the cell
ethanol can hydrogen bond with benzoic acid and salicylic acid was 1.27 cm, and the internal volume of the cell was 1.32 cm
in supercritical C@3” which explains the fact that the solubilities There was a stainless steel ball in the cell to stir the fluids in
of the solutes increase with the concentrations of the cosolvents the cell before IR measurement, so that the equilibrium can be
Poliakoff et al® gave a review on the application of vibrational reached in a shorter period of time. The insulated cell was
spectroscopy to the systems containing supercriticad. CO electrically heated te-0.3 K of the desired temperature by using

a controller with a platinum resistance temperature probe (model

* Corresponding author fax, (010)-62569564; e-mail, hanbx@pplas. XMT, produced by Beijing Chaoyang Automatic Instrument
icas.ac.cn. Factory).
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Figure 1. Schematic diagram of the FTIR measurement system: 1
gas cylinder; 3 pump; 5 digital pressure gauge; 9 FTIR spectrometer;
10 high pressure IR cell; 11 thermometer; 13 temperature controller;
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In this work, IR spectra of a supercritical GOacetic acia-
tetrahydrofuran system were determined at 308.15, 313.15,
318.15, and 323.15 K. The concentration of tetrahydrofuran was
up to 0.4 mol/L. The concentration of acetic acid was fixed at
1.0 x 1073 mol/L.

For acetic acid in pure CQtwo absorption bands can be
observed in the 16001800 cn1? range, as shown in Figure 2.
On the basis of the papers for studying the hydrogen bonding
of other organic acids in liquid and supercritical solvents by IR
spectroscopy+ it can be concluded that the bands at 1772&m

2,4, 6,7, 8,12 shut-off valves. and 1729 cm! are attributable to>C=0 stretching of the

. . monomer | and the dimer IIl of acetic acid, respectively.
Experimental Procedures.The experimental procedure was As tetrahydrofuran is added, a new absorption band appears
similar to that described previousty The IR cell was cleaned at 1760 cml. Figures 3-5 give some examples of the spectra
thoroughly with suitable solvents, dried under vacuum, and then determined. .The frequency of the new band is lower than that
purg_ed W'th CQ.' The_ desired amount of “?”ahydr{)f”f&“ of the monomer | and higher than that of the dimer Il of acetic
acetic acid solution with a known concentration was introduced , 4 odinokov et a% studied the hydrogen bonding of benzoic

into the IR cell with a microsyringe through valve 12. Then .4 it different bases in liquid CEIThe frequency of the
valves 8 and 12 were closed immediately to prevent air getting >C=0 stretching shifts toward the lower side after hydrogen

into the cell by diffusion. The cell was connected to the system bonding. It is obvious that the new band at 1760 énis for

as srr]\ogvnhln Flgurﬁ 1. After 'thelr.mal equmbrlumdr;)ad been 6 ~c=0 stretching of the hydrogen bonded complex Il
reached, the air in the connecting line was removed by vacuuM¢, e from one acetic acid monomer and one tetrahydrofuran
plﬁmp (1‘:) with valvesl4, 6, and 7 opl)ened and valve 8 closed. )50 le. In this paper, we focus on how temperature, fluid
Then valve 7 was closed and valve 8 opened.,@s density, and pressure affect the hydrogen bonding between acetic

compressed into the cell (10) slowly using the high-pressure , iy monomer and tetrahydrofuran, which can be expressed as
pump (3) until the desired pressure was reached. Valve 8 was '
1)

then closed. The temperature and pressure of the cell remained
constant for abdu2 h before IR spectral measurement was
conducted. Experiments showed that the equilibration time waswhere A, B, and AB stand for acetic acid, tetrahydrofuran, and
long enough because the spectra with a longer equilibration timethe hydrogen-bonded complex I, respectively.
were the same. The concentrations of tetrahydrofuran and acetic The IR spectra were separated into individual bands using a
acid were calculated from the weight, concentration of the computer and the least-squares fitting method, and each band
solution injected, and the volume of the cell. It is worthwhile was represented by the Lorentzian function. The area under each
to mention that the mixture is homogeneous at all experimental individual band was obtained by numerical integration. On the
conditions, which was known from the simulation experiments basis of the LambertBeer law, the concentration of component
using an optical cell. i (Ci) can be expressed as follows

The IR spectra were acquired at 2 thresolution with the
average of 256 scans. The absorption spectra of With and
without cosolvents were also recorded at various conditions. In
this work, all of the spectra were obtained by subtracting the Wherea; andL are absorption coefficient of component i and
background spectra from those of corresponding solutions. ~ path length of the light, respectively is the area under the
absorption band i. The equilibrium constant for eq 1 is defined
by

A+B<=AB

G = Al(aiL) )

3. Results and Discussions

Ke = Cag/(CaCg) = 0ty Ang/(0tag AxCg) 3)

In eq 3,Cag, Cg, andCp are, respectively, concentrations of
hydrogen-bonded complex, tetrahydrufuran, and acetic acid
monomer.aa andaag are, respectively, the absorption coef-
ficients of >C=0 of the acid monomer | and in the hydrogen-
bonded complex IlI.

In this study, the concentration of tetrahydrofuran is much
higher than that of acetic acid (at least 110 times higher), and
thus it can be assumed th@g is equal to the original con-
centration, i.e., the concentration of tetrahydrofuran remains un-
changed before and after hydrogen bonding. TRigsin eq 3
is known, and as mentioned aboy¥gg andAs can be obtained
from the IR spectra.

Equilibrium Constant of Hydrogen Bonding. Tetrahydro-
furan is a base and can hydrogen bond with acetic acid to form
1:1 complex

C70 CH
N

OH G—H...Q
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—
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Acetic acid can form hydrogen-bonded cyclic dimer in the
following forms34
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Figure 2. IR absorption spectrum of the acetic acid in pure,GD Wave number (cm )

318.2 K and 100 bar. Figure 5. IR absorption spectra determined at different temperatures

(Cs = 0.392 mol/L;d; = 17.50 mol/L).

2.0
308.2K On the basis of the discussions aboXecan be calculated
1.9¢ _{jx“ 313.2K easily and the results are listed in Table 1. The densities of the
e g mixtures at the same conditions as the spectra measurements
< 1.8¢ /M KA were determined in this work using a gravimetric metkbaind
b= & e the apparent densities of GG, (moles of CQ per liter mixture)
5 1.7r : are also given in Table 1, which were calculated from the
2 densities of the mixtures and the concentrations of tetrahydro-
< 161 / furan and acetic acid. The dependencepfon the apparent
density of CQ d 1 is also shown in Figures-63 in which the
1.5+ R concentrations of tetrahydrofuran are 0.112, 0.224, and 0.392
"“ﬁf mol/L, respectively.
Y0 1750 1760 1770 1780 1790 Enthalpy of Hydrogen Bonding. Equilibrium constants

considering activity coefficients are defined as
Wave number (cm-1)

Figure 3. IR absorption spectra determined at different temperatures
(Cs = 0.112 mol/L;d; = 17.50 mol/L). K¢ = Ppp/(Pad ) (5)
1.60 . o
. 3082K In eqs 5, ¢as, ¢a, and ¢g are, respectively, the activity
1.55¢ 1132 K coefficients of hydrogen-bonded complex, acetic acid monomer,
1501 3182 K and tetrahydrofuran.
' : 3232 K The standard enthalpy is relatedKg by*!
< 145} %, 2
", — o
.5 140l ,:,;% dIn K/dT = AHY/(RT) (6)
o &1
@ 1.35¢ . % where AH° is the standard molar enthalpy for the hydrogen
< 130l "“ﬁi bonding proces§, andR stand for temperature and gas constant,
: - ‘% respectively.
1.25} For each species, the following expression should be obieyed
1740 1750 1760 1770 1780 1790 -
(@Ingi/aT)p = (H° — H)/(RT) (7)

Wave number (cm-1)

where Hi® and H; are the standard state molar enthalpy and

Figure 4. IR absorption spectra determined at different temperatures artial molar enthalpy for component i. Combining of eds 4. 6
(Cs = 0.224 mol/L;d; = 17.50 mol/L). gnd 7 yieldé! by P goreas S o,

To calculateK,, the values ofoa/oag are required. Our _ _ _ _
experiments showed that at fixed acetic acid concentration and (BINKJo(LM)p = ~(Hag — Ha = Hg)/R=—AH/R (8)
fluid density, the total area of the absorption bands was . .
independent of temperature, although the area of each band igVhereAH is the molar enthalpy of the hydrogen bonding.
a function of temperature, which indicates that the effects of Discussion
temperature and hydrogen bonding on the absorption coefficients
are negligible, i.e.aalang = 1. Allen et al%® studied the The effect of temperature and pressure qrisdplotted in
absorption spectra of benzoic acid in liquid Gdlhey reported Figure 9 forCg = 0.112 mol/L. The dependence &% on
that the absorption coefficients 6fC=0 in the monomer and  temperature and pressure is given in Figure 10, which was
in the hydrogen-bonded dimer are almost the same. obtained from the data in Figures 6 and 9. At higher temper-
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TABLE 1: The Values of K. at Different Conditions
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Cg = 0.112 mol/L

Cg = 0.224 mol/L

Cg = 0.392 mol/L

TIK dy/(mol/L) Ke TIK dy/(mol/L) Ke TIK da/(mol/L) Ke
308.2 1753 5.04 308.2 17.46 6.73 308.2 17.38 9.41
16.66 4.93 16.64 7.00 16.62 6.15
15.48 6.69 15.52 7.91 15.72 7.11
14.39 8.04 14.62 11.59 14.99 9.73
12.67 16.43 13.17 16.00 13.82 14.20
313.2 17.53 4.43 313.2 17.46 5.41 313.2 17.38 8.65
16.66 4.35 16.64 5.81 16.62 5.34
15.48 5.05 15.52 6.89 15.72 5.58
14.39 5.90 14.62 9.59 14.99 8.48
12.67 11.66 13.17 12.50 13.82 12.65
318.2 17.53 3.33 318.2 17.46 3.91 318.2 17.38 7.81
16.66 3.55 16.64 4.38 16.62 4.61
15.48 4.41 15.52 5.25 15.72 4.85
14.39 4.90 14.62 6.01 14.99 7.40
12.67 7.85 13.17 9.44 13.82 10.41
323.2 17.53 3.21 323.2 17.46 3.09 323.2 17.38 6.46
16.66 3.15 16.64 3.53 16.62 3.29
15.48 3.56 15.52 4.14 15.72 3.88
14.39 3.28 14.62 4.90 14.99 5.09
12.67 6.15 13.17 6.11 13.82 9.19
3.4 2.8
32}
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Figure 6. Dependence of K. on d; at different temperatureg =

Figure 8. Dependence of K. on d; at different temperature§ =
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0.224 mol/L).

atures,K. is more sensitive to pressure becauseisimore
sensitive to pressure at higher temperature in the pressure rang

studied.

Figure 9. Effect of pressure on; (Cg = 0.112 mol/L).

Figure 11 illustrates the variation ofig with 1/T at different
pressures, which was obtained from the data in Figure 10. Here,

InK¢ is not a linear function of T, especially at the lower
pressures. The dependence oKkion 1/T is a strong function

InK, = a+ b(1/T) + c(1/T)?

180

gsing the following equation very well (the lines in the figure):

9)

wherea, b, andc are constants at constant pressure.
AH can be easily calculated using eqs 8 and 9, and the results

of pressure. At constant pressure, the data can be correlatedre shown in Figure 12. At higher pressurd$] is negative,
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Figure 10. Effect of pressure on K (Cg = 0.112 mol/L).

which is similar to the hydrogen bonding process in a vacuum
or in liquid solvents. However, it is very interesting to notice
that AH is positive and increases with temperature at lower

pressures, i.e., the hydrogen bonding process is endothermic.

This anomalous phenomenon can be attributed to the abnorma
solvent effect in the system, which is discussed in the following.

The acetic acid and tetrahydrofuran are surrounded separately

by CO, molecules before the hydrogen bonding process, and
the hydrogen-bonded complex is surrounded by @0lecules

after the hydrogen bonding occurs. The process can be described

by the following diagram:

Some of the C@ molecules surrounding tetrahydrofuran
and acetic acid are removed during the hydrogen bonding
process because the surface areas are reduced. We divide t
hydrogen bonding process into two steps: (1) to remove the
CO, molecules from C@-acetic acid and Cg&-tetrahydro-
furan clusters necessary to form the hydrogen bond; (2) to form
the hydrogen-bonded complex. The enthalpy chafbg@nd
entropy change&(S) can be divided into the two corresponding
terms:

AH = AH, + AH,
AS=AS + AS,

(10)
11)

whereAH; andAS; are the enthalpy change and entropy change
of the first step.AH, and AS; stand for enthalpy change and
entropy change of the second step.

The Gibbs free energy changes is related toAH andAS

AG = AH — TAS (12)

At equilibrium and at constant temperature and presa(ee,
should be zero and eq 12 becomes

AHIT=AS (13)

In egs 10 and 11AH; andAS, should be positive andH,
andAS, should be negative.
Other authors studied the clustering of 8@th other solutes

Xu et al.
2.8
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Figure 11. Dependence of K. on 10001 at different temperatures
(Cs = 0.112 mol/L).
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Figure 12. Dependence oAH on T at different pressures.

the lower pressures and higher temperatures studied in this work,

the isothermal compressibility is high, which can be known from
igure 9. It can be expected that clustering of the solvent with

the solutes is more significant. At these conditidxtd andAS

are positive from Figure 12 and eq 18H; andAS; in egs 10

and 11 are dominant. It can be deduced that morgré@ecules

are removed from the solutesolvent clusters to bulk solvent

in the hydrogen bonding process and/or more energy is required

for removing CQ molecules from the clusters. On the other

hand, the bulk density is much lower than the local density

surrounding the solutes at these conditions, and the CO

molecules in the bulk solvent are much more disordered, hence

the entropy change for moving a G@olecule from the clusters

to the bulk solvent is larger, which is favorable to moving the

CO; from the clusters to the bulk solvent. Thas$d; and AS;

are dominant, and\H and AS are positive. The hydrogen

bonding process is entropy driven.

At the higher pressures and lower temperatures studied in
this work, the isothermal compressibility of the fluid is low and
AH and AS are negative, i.e AH,; and AS; are dominant. It
can be deduced that fewer g@®olecules are removed in the
hydrogen bonding process and/or less energy is required for
removing CQ molecules from the clusters. In the meantime,
the difference between the local density and the bulk density is
not considerable in the higher bulk density region, and the
entropy of the C@molecules surrounding the solutes is close
to that of the bulk solvent. BotAS; andAH; are low, andAS;

and indicated that the highest augmented densities correspondnd AH, play main roles.AS and AH are negative, and the

reasonably with the highest isothermal compressibiliy/At

hydrogen bonding process is enthalpy driven.
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4. Conclusion

In the ranges of 106160 bar and 308.15323.15 K, the
equilibrium constank, for the hydrogen bonding of tetrahdy-
rofuran with the monomer of acetic acid in SC, £d&creases
with the apparent density of G@moles CQ of per liter). In
the lower isothermal compressible region of the fluid, both the
enthalpy changeAH) and the entropy changeA§) of the
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