J. Phys. Chem. 1983, 87, 5185-5193 5185

Pressure Inactivation of a-Chymotrypsin'
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Pressure effects on the inactivation of a-chymotrypsin (a-CHT) have been examined by measuring the rate
of hydroysis of p-nitrophenyl acetate (PNPA) catalyzed by a-chymotrypsin at pressures up to 5 kbar and in
a temperature range from 20 to 55 °C. At each pressure, the apparent rate increases with increasing temperature
and then suddenly decreases above a certain temperature to zero. The increasing rate reflects the temperature
dependence of the deacylation and the decreasing rate corresponds to the heat inactivation of a-chymotrypsin,
which agrees with other optical methods. In the range from 20 to 50 °C, the activation volumes of deacylation
are in the range from —4.4 to -85 cm®/mol and the volume changes accompanying the pressure inactivation
are from —72 to 99 cm®/mol. These volume changes are considered carefully from the following points of view
for volumetric properties of hydrophobic interactions: (1) transfer of a simple solute from water to organic
solvents, (2) dimerization of two simple solutes in an aqueous solution, (3) aggregation of a large number of
solute molecules in-aqueous solution, (4) binary mixture of simple solutes and water, (5) polymers in aqueous
solution. These results support the proposal that pressure inactivation is caused by the rupture of hydrophobic

interactions among nonpolar groups of a-chymotrypsin (Kauzmann model).

Introduction

Thermodynamic aspects of denaturation of proteins are
important to the understanding of the mechanism of de-
naturation. Volume changes accompanying the denatu-
ration of ribonuclease A,? chymotrypsinogen,®* metmyo-
globin,’® and lysozyme* in terms of a two-state model have
been determined by measuring absorption and fluorescence
spectra under high pressure. At 1 atm they are of the order
of 50 to —100 cm?/mol for metmyoglobin, and for other
proteins they are of the order of -5 to ~70 em®/mol. These
absolute values are too small to show that pressure de-
naturation is caused by the rupture of hydrophobic in-
teractions among nonpolar groups if the exposure of each
nonpolar side chain of the protein to water brings a con-
traction of 10-20 cm?® as shown by Kauzmann.® In order
to explain this problem, it is necessary to change two
viewpoints, One of them is to consider whether the volume
change for hydrophobic interactions estimated by Kauz-
mann® is reasonable or not. The other is to apply other
physicochemical approaches to the pressure denaturation
of proteins.

In the preceding study,” the rate of hydrolysis of p-
nitrophenyl acetate (PNPA) catalyzed by o-chymotrypsin
(a-CHT) was measured up to 2 kbar. The rates at 25 and
30 °C by the compression up to 2 kbar. The rates at 25
and 30 °C by the compression up to 2 kbar are accelerated,
while the rates at 35 °C are depressed above 1.5 kbar.
These results coincide with the change of the fluorescence
spectra of «-CHT up to 5 kbar.®? Therefore, it is possible
to approach the pressure denaturation of a-CHT from the
measurement of the hydrolysis rate of PNPA under high
pressure.

The detailed mechanism of the charge-relay system of
esters catalyzed by «-CHT is well-known from kinetic and
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X-ray studies.® The rate-determining step of hydrolysis
of PNPA catalyzed by «-CHT at higher concentration of
PNPA than that of «-CHT is deacylation.!® This is the
first report of the investigation of the pressure inactivation
of an enzyme using a kinetic method. It should be em-
phasized that the denaturation process can be checked in
very dilute enzyme solution (2 X 10® M). The rate of
hydrolysis of PNPA catalyzed by «-CHT at pH 7.8 in 0.05
M Tris buffer was measured up to 5 kbar at various tem-
peratures.

Experimental Section

Chemicals. The PNPA from Aldrich Chemical Co. was
recrystallized twice from hexane, mp 79-80 °C (lit.!° mp
79.5~80 °C). The a-CHT was obtained from Sigma
Chemical Co. (crystallized 3 times and used without ad-
ditional purification). The acetonitrile was distilled from
P,05 before use. The protein concentration at the
fluorescence experiments was determined from the ab-
sorption coefficient of 5 X 10* M™! em™ at 282 nm. The
enzyme concentration in the kinetic experiments was ob-
tained by titration of PNPA to indicate 83% initial ac-
tivity. The PNPA concentration was also determined from
the absorption coefficient of 1.8 X 10* Mt cm™ at 400 nm
of p-nitrophenolate ion formed stoichiometrically after
basic hydrolysis in 0.1 M NaOH. Both stock solutions of
2 X 10* M at pH 4.0 in 0.05 M Tris buffer solution for
a-CHT and of 102 M in pure acetonitrile for PNPA were
kept in the refrigerator.

Apparatus and Procedure. A high-pressure vessel of
the Drickamer type with two sapphire windows was used
for the optical measurements up to 5 kbar. The vessel to
be aligned with the light beam was placed in a copper
jacket which was maintained at a constant temperature
of £0.1 °C in the range of 20-55 °C by circulating water
from a thermostated bath. The hydrolysis was monitored
by observing the change of the optical density at 400 nm
due to the p-nitrophenolate ion by means of a Hitachi-
Perkin-Elmer EP 139 type spectrophotometer directly
under pressure. The sample cell for the measurement was
made of quartz and the pressure-transmitting fluid was
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silicone oil (Shinetsu Chemicals Co.). It was found to be
free from absorbance near 400 nm. The 50 uL of aceto-
nitrile solution of PNPA was added to 5 mL of 0.06 M Tris
buffer solution (pH 7.8) containing 2 X 10® M «-CHT.
The enzyme stock solutions were assayed by using PNPA
before each experiment. Each solution and the quartz cell
were kept at a constant temperature in the thermostated
bath prior to mixing. It took about 3-5 min to compress
the reaction mixture to a desired pressure. The data were
taken during the first 15 min of each run. Fluorescence
emission spectra at 280 nm and at 1 atm were measured
by a Hitachi 204 A spectrofluorometer with the thermo-
jacket maintained at +0.1 °C in the range of 20-90 °C.

Results

PNPA is hydrolyzed spontaneously in the absence of
a-CHT. The rate of the spontaneous hydrolysis was
proportional to the ester concentration. Therefore, at given
temperature and pressure, the rate of hydrolysis in the
presence of «-CHT (rate,,,)rp is separated into two terms,
the uncatalyzed (rate,)rp and the «-CHT-catalyzed
(rateq) T p

(rateypp)r.p = (ratec)rp + (ratey)rp 1

The hydrolysis rates (ratey)rp for the enzyme reaction
were obtained at given temperatures and pressures by
means of eq 1. At PNPA concentrations higher than 1.6
X 107 M?, the reaction rate can be considered to be sub-
strate independent and to be proportional to the enzyme
concentration [E]. The rate constant (k) rp was obtained
by means of eq 2. «-CHT-catalyzed hydrolysis of PNPA

(kcat)T,P = (ratecat)T,P/ [E] (2)
follows the pathway of eq 3, where P, is p-nitrophenol and
«-CHT + PNPA === o-CHT-PNPA —> acyl-CHT + P, ?

3

m kZ

«-CHT + P, (3)

P, is acetic acid, and the rate-determining step is the de-
acylation process (k).

The temperature dependence of the pH value of Tris-
HCI buffer is given to be -0.031 (pK,) per degree,! but
the pressure dependence of the pH value is negligible as
the volume change of the dissociation process is -1 ¢cm3/
mol.’2 Therefore, the pH effect on k., mainly comes from
the effect of temperature on the pH value of the Tris
buffer. The pH dependence of the deacylation follows
sigmoid pH-rate profiles for which the pK, value is pH
6.85 and the rate above pH 7.8 is pH independent. Asa
pH of 7.8 for the Tris buffer is prepared at 30 °C in this
experiment, the effect of pH 7.3 estimated at 50 °C on the
rate is only a 10% drop of the rate at pH 7.8.

Figure 1 shows the temperature effect on %, at pH 7.8
(30 °C) and 1 atm. The values of &k, increase from 0.125
X 10251 at 10 °C to 1.36 X 102 57! at 40 °C with increasing
temperature and then decrease to zero at 57 °C. The
reaction temperature is decreased rapidly until 40 °C after
the first 15 min of the run at 57 °C, and the activity was
checked to be completely recovered; i.e., this process is
reversible. The activation parameters of the deacylation
process in the temperature range 10-35 °C were AF* =
20.68 + 2 kcal/mol (30 °C), AH* = 11.4 £ 2 kcal/mol, and
-TAS* = 9.27 £ 2 kcal/mol (30 °C), respectively. These
values correlate well with AF* = 20.4 £+ 1 kcal/mol, AH*
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Figure 1. k, of a-CHT hydrolysis of PNPA vs. temperature at 1 atm.
Measurements were obtained with 2 X 10- M a-CHT and 1074 M

PNPA in 0.05 M Tris-HCI buffer pH 7.8 (80 °C) in 1% acetonitrile
solution.
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Figure 2. Fluorescence spectra of a-CHT at temperatures in the range
of 20-60 °C. Measurements were obtained with 6.4 X 105 M o-CHT
at 1 atm in 0.2 M Tris-HCI buffer, pH 8.0 (20 °C). The excitation light
was at 280 nm.

=9.7 £ 1 kecal/mol, and -TAS* = 10.7 kcal/mol at pH 8.6
(Bender et al.¥3).

The fluorescence spectra of a-CHT at pH 8.0 (20 °C)
for 0.2 M Tris buffer at various temperatures and at 1 atm
are shown in Figure 2. Figure 3 shows the temperature
dependence of the emission maximum and the relative
fluorescence vield.  The emission maximum of the native
form of a-CHT due to tryptophan residues appeared at
about 333 nm. Between 40 and 57 °C, the spectra shift
from 333 to 350 nm. The relative fluorescence yield de-
creases more rapidly with increasing temperature in this
temperature range. Such a change in the fluorescence
spectrum corresponds to the unfolding process of the
globular structure of a-CHT and is consistent with the
phenomenon of the temperature dependence of k., be-
tween 40 and 57 °C as shown in Figure 1. Therefore, it
is concluded that the profile of the k., vs. temperature

310
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Figure 3. Emission maxima and relative fluorescence yieid vs. tem-
peratures.
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Figure 4. k., of «-CHT hydrolysis of PNPA vs. pressure at temper-
atures In the range of 10-65 °C.

plots between 40 and 57 °C of Figure 1 is the reversible
heat denaturation of a-CHT. If one applies the process
between 40 and 57 °C to the transition of a two-state
model, native proteins (N) = denatured protein (D), the
equilibrium constant K, can be determined from the re-
lation

(Keq)T,P = [(k]cl;%x - kcat)/(kcat - kaitn)]T,P (4)

where the k2" value for inactivity of a-CHT was zero and
mex was the value at the optimum temperature (Figure
1) or pressure (Figure 4). As a result, the equilibrium

constant at each temperature and pressure is given by
(Keq)T,P = [(kg;%x - cat)/kcat]T,P (5)

According to the temperature dependence of k., at the
transition region (40-57 °C) at pH 7.8, the enthalpy change
AH* for the denatured process from van't Hoff plots was
83 £ 10 kcal/mol, which is consistent with the value of 87
% 10 kcal/mol obtained by the temperature effect on the
spectral shift (Figure 3). These data are also in good
agreement with those of the solubility (82 kcal/mol), op-
tical rotatory dispersion (84 kcal/mol), and difference
absorption spectra (83-90 kcal/mol) at pH 2.0 and around
30 °C.* From calorimetric studies, the AH®! values of

(14) Biltonen, R.; Lumry, R. J. Am. Chem. Soc. 1969, 91, 4251.
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Fligure 5. Contours of constant fraction denatured X, on the pres-
sure-temperature plane.

TABLE I: Volume Changes for Pressure Inactivation of
«-Chymotrypsin and Activation Volumes for the
Deacylation Process at pH 7.8'in 0.05 M Tris Buffer and
Various Temperatures

temp, °C 20 30 35 40 45 50
-AV, em®/mol 72 44 51 76 85 99
-AV* em®/mol 4.4 6.3 64 65 13 35
(3)r (40 (4)
(6.0)°

@ Reference 7. ? Reference 17.

110 and 110-140 kcal /mol'® are larger than those from
the van’t Hoff plots. As the denaturation of a-CHT can
be regarded as a two-state model, we apply the transition
region of the k., vs. pressure plots in Figure 4 to a two-
state model using eq 5.

The contours of the constant fraction Xp denatured on
the pressure-temperature plane for a-CHT are given in
Figure 5. The free energy difference between two states,
(AG)rp, is calculated from (AG)rp = —RT In (K )7p.
Along the constant-pressure axis up to 2 kbar, the free
energy difference decreases with increasing temperatures.
The entropy change associated with the transition must
be positive. As the slope of (dP/dT),g=¢ at the AG =0
(Xp = 0.5) contour at 1 atm is positive, the volume change
for the denaturation at 1 atm is also positive following the
Calusius—Clapeyron equation. The (d7/dP),g=¢ curve at
1 kbar shows zero and then changes negative above 1 kbar.
At higher pressures up to 3 kbar and at lower temperatures
below 30 °C the transition point at AG = 0 increases with
increasing temperatures. The maximum point exists at
a temperature between 20 and 30 °C and at a pressure
between 3.5 and 4.0 kbar, respectively. This region shows
both AV and AS as negative.

The volume change AV for the pressure denaturation
of a-CHT and the activation volume for the deacylation
process are calculated from the relations

@ In K, /6P)y = —~AV/RT 6)
(8 1n Ryeaeys/0P)r = ~AV*/RT )

(15) Biltonen, R.; Schwartz, A. T.; Wadso, I. Biochemistry 1971, 10,
3417.
(16) Privalov, P. L.; Khechinashvili, N. N. J. Mol. Biol. 1974, 86, 665.
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TABLE II: Volume Changes for Pressure Denaturation

protein -AV, em®/mol ref
ribonuclease A 4,5 (55 °C)~46 (24 °C) 2
a-chymotrypsinogen 14.3 (0°C), 31.2 (23°C) 3,4
lysozyme 19.7 (23°C) 4
metmyoglobin 51-114 5
FMN-binding protein 74 (23 °C) 18
flavodoxins 63-74 (23°C) 19

where T is the absolute temperature and R is the gas
constant. The volume parameters in Table I were given
from the straight line of the plots of In K, or In kgeecy V8.
pressure within experimental error in the range from 20
to 50 °C.

Discussion

Pressure Effects on Deacylation. The activation vol-
umes (AV*y, 1) accompanying the deacylation of acyl-a-
CHT come mainly from the rupture of the hydrophobic
interaction between the alkyl chain of acyl-a-CHT and the
hydrophobic cavity of a-CHT.® The activation volumes
decrease with increasing temperatures. Such a small
negative value of AV*4,,.; = -35 cm3/mol at 50 °C can
never be explained simply by the hydrophobic interaction
between acyl groups and the active center of the enzyme.
The expected values accompanying the rupture of the
hydrophobic interaction were from ~4 to -6 cm®/mol.5!"
Therefore, above 40 °C the decrease in the activation
volume may be expected to come from the conformational
change of «-CHT.

Pressure Inactivation. It is generally accepted that the
volume change for the pressure-induced denaturation of
globular proteins does not take a value below ~100 cm?/mol
as shown in Table II. This fact indicates an exposure of
only 2-10 groups if the exposure of each nonpolar aliphatic
side chain of the protein brought about a contraction of
10~20 cm®/mol. According to Kauzmann’s estimation,®
this number seems too small to explain protein denatu-
ration. We know that the thermodynamic properties of
thermal denaturation of proteins are quite similar to those
of the solution process of a nonpolar molecule in water.2
So it is believed that the native protein in aqueous solution
is stabilized chiefly by hydrophobic interactions. This
discrepancy in thermodynamic parameters from the effects
of both pressure and temperature confuses protein chem-
ists. In order to explain this problem, it is necessary to
accumulate volumetric data for pressure denaturation
observed by other physicochemical methods. We also
doubt whether the dissolution process of a hydrocarbon
like methane in water is truly the model of protein dena-
turation. Recently, considering a conformational change
of a biopolymer, Ben-Naim?! pointed out that there are
two kinds of processes. One of the simplest processes is
the transfer of a simple solute like methane from a non-
polar liquid such as n-hexane to pure water. The other
is the dimerization or aggregation processes of solute
molecules from monodispersion in water. At this time, it
is important to check carefully the volume change for each
process from the data of density measurements and the
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chemistry 1977, 16, 4879.

(20) Kauzmann, W. “Proceedings of the 4th International Conference
on High Pressure”™; Osugi, J., Ed.; Kawakita Printing Co.: Kyoto, 1975;
p 619.

(21) Ben-Naim, A. “Hydrophobic Interactions”; Plenum Press: New
York, 1980,
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effect of pressure on these processes.

(1) It has been believed that the volumetric model
system for hydrophobic interactions is the transfer process
of methane or ethane in hexane into pure water, and that
the volume changes are —23 cm®/mol for methane and -18
cm3/mol for ethane on the basis of density measurements
of aliphatic hydrocarbons (gas) in water.?2 In 1965,
Friedman and Scheraga?® measured the density of several
aqueous aliphatic alcohol solutions and showed that the
volume changes were -1.1 to ~1.3 cm3/mol for CH, and
-1.9 to 2.3 ¢cm®/mol for C,H, in the range of 1-50 °C,
accompanying the transfer of nonpolar groups from a
nonpolar medium into an infinitely dilute aqueous solution.
These data are based on the important assumption that
the difference between the partial molal volume V,° of
aqueous alcohol solutions and the molar volume v of pure
alcohol, Av (=V,° —v), contains additive contributions from
the polar and nonpolar parts of the alcohol, so a sub-
traction of two values of Av between two alcohols with
different alkyl chains should give the volume change for
the above transfer processes. From the data of the partial
molal volume of aqueous sulfopropyldextran solution,? the
volume change for hydrophobic hydration around the
propyl group (CH;CH,CH,) was —7.5 cm®/mol, which is

. satisfactory enough to be a good correlation to Friedman

and Scheraga’s data rather than Masterton’s. This small
value of ca. 1 cm®/mol per methylene group (CH,) for the
transfer process of the hydrophobic model system is sup-
ported by recent measurements of the apparent molal
volume of 1-alkanols,”® «,w-alkanediols,?® and ethylene
glycol derivatives.? The excess partial molal volume V,E
is defined by eq 8, T

Ve =V4+ VE (8)

where V is the molal volume of a pure solute. The V,F
values are interpreted by the above idea about the volume
contraction accompanying the structure change of water
caused by the hydrophobic hydration. The values of 1-
alkanols are -2.5 cm®/mol for CH,, -3.5 ¢cm®/mol for
CH,CH,, and —4.5 cm?/mol for CH,CH,CH, at 25 °C,
respectively. In the case of n-alkoxyethanol in water,” they
are —4.1 cm®/mol for CHy, 6.2 ¢cm?®/mol for CH,CH,, and
~7.5 em®/mol for CH,CH,CHj at 25 °C, respectively. The
last one is in good agreement with the value found by
Gekko and Noguchi.?*

The most interesting and successful quantitative ap-
proach to the transfer of a molecule from the gas phase
to solution is the scaled particle theory (SPT).2® The
transfer consists of two steps. First, a cavity is created in
the solvent of the proper size to accommodate the solute
molecule. Secondly, the solute is introduced into this
cavity and interacts with the solvent molecules. The V,°
is defined by the SPT expression

VZD = Vcav + AV + BTRT (9)

where V., is the partial molal volume associated with
cavity formation, AV is the partial molal volume contri-
bution from solute-solvent interactions, and 8;RT (87 is
the isothermal compressibility of the pure liquid, R is the
gas constant, and T is the absolute temperature) arises

(22) Masterton, W, L. J. Chem. Phys. 1954, 32, 1830.
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1975, 48, 783.
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Chem. 1978, 7, 463.
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639.
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from the change in the standard state between the gas and
the solution. As AV values in water were 0.8 cm3/mol for
CH, and -0.5 cm?®/mol for C,Hg, the AV values for the
formation of the hydrophobic hydration for methane or
ethane may be less than 1 cm®/mol. Other interesting
results also show that the AV values accompanying the
transfer of argon into various solvents are in the range of
1.7 cm®/mol for HyO to -34.3 em®/mol for n-C;F5 (-15
cm?/mol for n- -hexane). As V.av strongly depends on the
solvent mediums, it is meaningless to select n-hexane for
the transfer process of hydrophobic solute from nonpolar
medium to pure water.

To study the effect of pressure on the solubility of hy-
drophobic solute in water is one way to obtain volumetric
information on transfer processes. The relationship be-
tween the solubility and the volume change is defined by

@ 1n m,/dP); = ~AV/RT = -1 /RT((5), - v,)  (10)

where m, is the molar concentration in the saturated so-
lution, v, is the molar volume of pure organic liquids, and
(Dy),, is the partial molar volume of organic molecules in
water at given pressure and at a constant temperature.
Also, each molar volume is approximately given by the
following equations related to the corresponding isothermal
compressibility (87); and isothermal partial molar com-
pressibility (87}, at 1 atm:
vp = v1[1 = (B P] (11)
(09) = B[1 - (Bp), P (12)
The volume changes for the transfer processes of benzene
and toluene into water at 1 atm were —4.5 cm®/mol®® at 35
°C and -9.6 cm®/mol® at 25 °C, respectively. Kliman®
carefully studied 4-octanone (CH;CH,CH,CH,COCH,C-
H,CHj;) and got —30 cm®/mol at 1 atm and 25 °C. The
solubility datum of benzene is similar to the -6.4 cm3/mol
given by the density measurement.”> When we adapt the
solubility data to the additive rule, AV(CsH;CHj) = AV-
(CeH¢) + AV(CHs), the volume contraction AVcy, per
methyl group is ~5.1 (= -9.6 — (-4.5)) em?®/mol, which is
reasonable for the density data of n-alkoxyethanol deriv-
atives.?’” Compared with toluene and 4-octanone con-
taining the same hydrocarbon number, we notice that AV
values for hydrophobic probes with benzene rings are
smaller than those for alkyl hydrocarbons. This fact tells
us the clear differences of the hydrophobic hydration be-
tween the alkyl chain and the aromatic ring. As the vol-
ume changes at each pressure accompanying the pressure
dependences of the solubility are also defined by the
differences between (5,), and v, in eq 11 and 12, the small
negative volume changes at 1 atm mean that (), of the
solutions is smaller than v, of pure liquids. In general, (87),
values of pure nonpolar liquids (1.56 X 10~ bar™! for iso-
octane, 1.69 X 107 bar™* for n-hexane, 0.98 X 107 bar™ for
benzene)?® are more positive than for pure water (0.46 X
10 bar™), so that v, values of pure organic liquids decrease
with increasing pressure. The adiabatic partial molar
compressibility §,° for 2-butoxyethanol, which has a
structure similar to that of 4-octanone, is —0.45 X 107 bar
at infinite dilution at 25 °C,% and 8, at a certain concen-
tration is determined by the linear empirical equation of
B,° + bm, in which b is positive at 12.3 X 10~ bar™! (ref
26) at 25 °C and m is the expenmental concentration. So,
B, at the concentration of 1072 mol/kg at 25 °C corre-
sponding to the process of the solubility of 4-octanone may
exist near —0.33 X 107 bar™!, which is corrected to be 8

(29) Bradley, R. S.; Dew, M. J.; Munro, D. C. High Temp.—High
Pressures 1973, 5, 169. :

(30) Kliman, H. Ph.D. Dissertation, Princeton, University, Princeton,
NJ, 1969.
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= —0.29 X 107 bar! by using the corresponding data of
the thermal expansion a = 0.878 X 1073 deg™ (ref 26) and
the heat capacity C, = 555.6 J/(deg mol) of the 2-but-
oxyethanol aqueous solutlon at 25 °C.%” When one uses
the By value of 2- butoxyethanol instead of 4-octanone, the
pressure dependence of (J,), is positive, but that of v,, is
negative. This is the reason that the solubility of 4-octa-
none in water passes through maxima along the pressure
axis. The smaller (J;); compared with v; is due to the
partial disappearance of the volume of the solute molecule
like methane itself, when the solute molecule is accom-
modated in the cage of the water structure accompanying
the transfer processes. The formation of the cage is sup-
ported by the thermodynamic parameters for the disso-
lution process calculated by SPT and was comparable to
experimental values.3! From the measurement of adia-
batic partial molar compre551blllt1es in terms of CH, for
an alkoxyethanol series in water, Harada et al.?® observed
that the 8,° increment per CH, group is —1.8 X 10™ bar™!
at 25 °C. The small increment of (v,°), per CH, under
pressure is due to the exposure of part of the solute
molecules that disappear in the cagelike open structure as
the cage is destroyed by compression.

The effect of pressure on the substrate-binding process
of enzyme model reactions following Michaelis—-Menten.
kinetics, such as with micelles,**?* is one approach for
getting volumetric data on hydrophobic model processes.
The including processes of nonpolar parts of substrates
from the aqueous medium into the hydrophobic pocket of
catalysts correspond to the reverse processes of the transfer
of nonpolar molecules from the nonpolar medium into pure
water. The volume changes for the incorporated processes
of n-alkyl p-nitrophenyl esters are 0 cm®/mol for methyl,
4 ¢cm®/mol for ethyl, and 9 cm?3/mol for propyl groups,®?
respectively. These values correlated well with all the data
discussed above except for Masterton’s.

(2) One of the typical studies of the volume change for
the dimerization processes of organic compounds con-
taining nonpolar parts involves the effect of pressure on
the dimerization of carboxylic acids in water. The disso-
ciation constants (Kp) of the dimers for the different kinds
of n-alkyl groups of carboxylic acids were measured by the
conductive method up to about 6 kbar at 30 °C.3 The
volume change accompanying the dimerization in water
is given by

(@ In (1/Kyp)/dP)y = -AVp/RT (13)

The AVy for the dimerization at 1 atm was calculated to
be -14 ¢cm?®/mol for formic acid, =13 cm?/mol for acetic
acid, 8.8 cm®/mol for propionic acid, and —6.2 cm?®/mol
for n-butyric acid. If the AV except that for formic acid
is assumed to contain additive contributions from the polar
(hydrogen bonding) and nonpolar parts (hydrophobic in-
teractions) of carboxylic acids, the decrease in the absolute
value of AVp with the increase in the alkyl chain length
must be attributed to hydrophobic interactions. That is,
the AVp value accompanying the formation of the pairwise
hydrophobic interactions is calculated by AVy, = AV ~

AVp (formic acid). The AVy, at 1 atm was 1 cm®/mol for
methyl, 5 em®/mol for ethyl, and 8 cm®/mol for propyl

(31) Wen, W. Y.; Muccitelli, J. A. J. Solution Chem. 1979, 8, 225.

(32) Taniguchi, Y.; Makimoto, S.; Suzuki, K. J. Phys. Chem. 1981, 85,
2218.

(33) Taniguchi, Y. “Proceedings of the 8th AIRAPT Conference”;
Backman, C. M., Johannisson, T., Tegner, L., Eds.; Uppsala, 1981; Vol.
2, p 633.

(34) Makimoto, S.; Suzuki, K.; Taniguchi, Y Bull. Chem. Soc. Jpn.
1983, 56, 1223.

(35) Suzuki, K.; Taniguchi, Y.; Watanabe, T. JJ. Phys. Chem 1973, 77,
1918.
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TABLE III: Volume Changes, A Vy,, for Micellar Formation of Surfactants and Differences between aV,,(C,,..) and
AV, (Cy)at 1 bar
surfactant temp, °C AV, em?/mol AAVy,, em?/mol ref
anionic !
C,SO,Na 35 (25) 4.9 (6.3)
C,,SO,Na 35 (25) 7.9 (9.1) 3.0 (2.8) 39¢ (425
C,,SO0,Na 35 (25) 10.0 (10.8) 2.1 (1.7) )
C,.SO'Na : 35 11.3 1.3
C.COONa 25 9.5
C,CO0K 25 10.6 1.1 } 4ob
C,,COONa 25 11.0 0.4
C,COORb 25 9.7 }
C,,COORb 25 11.2 1.5 40
C,COON(CH,), 25 7.4 } s
C.,,COON(CH,), 25 9.1 1.7 0
¢,C,H,S0,Na 25 11 b
C.C.H.SO.Na 25 16 5/(CpiCr) f 41
cationic
C,N(CH,),Br 25 2.5
C.,N(CH,),Br 25 3.7 1.2/(Cpi=Ch) 42
CBN(CHa)sBr 25 3.8
C,,N(CH,),B 25 8.9 3.1 }43b
C,.N(CH,), Br 25 8.5 1.6
nOnlOnlC
C,(OC,H,),0H 30 4 b
C.(OC.H.),OH 30 6 2 44
C,SO(CH,),0H 25 3.2
C,SO(CH,).OH 25 6.3 3.1 f 49
C.SO(CH.),0H 25 3.0
C.SO(CH.).0OH 25 6.1 3.1 43
C.SO(CH.),0OH 25 2.7
C.SO(CH.),0H 25 5.5 2.8 fas

@ Pressure dependence of cme. P Density measurement.

groups, which increases with increasing alkyl chain length.
These data correspond to those of the density measure-
ment of alkanols. The values of AVy for the dyes in water
determined by the effect of pressure on the absorption
spectra of aqueous dye solution® are quite surprising at
-10.4 ¢cm®/mol for rhodamine B (RB) and -10.6 ¢cm?/mol
for methylene blue (MB) at 20 °C. These values do not
agree with the positive sign for the formation of the pa-
riwise hydrophobic interaction. This may be the reason
that other factors of electrostatic interactions apart from
the hydrophobic interactions predominantly contrlbute to
the AVy values.

(3) There are two kinds of approaches for gettmg volu-
metric information accompanying aggregation processes
such as micelle formation. One is density measurements
of surfactant solutions as a function of concentration. The
other is the effect of pressure on the critical micelle con-
centration (cmc) of surfactant solutions. There are two
nice reviews of the properties and micelle formation of
surfactant solutions under pressure.’™3® From these re-
views, it is made clear that the volume change AV, for the
transfer from a monodispersed state to a micellar state in
aqueous solution is positive (i.e., the partial molar volume
(D) of the micelle is larger than the partial molar volume
(0, of the monodispersed state) and that AV, values from
the density measurements nearly coincide with those of
the pressure effects. The AV, data presented in Table 111
carefully compare results obtained by the same experi-
mental methods and the same scientists for a series of
surfactants and the average value for 18 data is 2.0
cm?3/mol per CH,CH, for the micellar formation. Tanaka
et al.® studied the pressure effect on the 5,, and 5, of the

(36) Suzuki, K.; Tsuchiya, M. Bull. Chem. Soc. Jpn. 1971, 44, 967.

(37) Tanaka, M.; Kaneshina, S.; Matuura, R. Rep. Sci., Fukuoka Univ.
1974, 4, 131.

(38) Offen H. W. Rev. Phys. Chem. Jpn. 1980, 50, 97.

(39) Kaneshma, S.; Tanaka, M.; Tomida, T.; Matuura, R. J. Colloid
Interface Sci. 1974, 48, 450,

series of sodium n-alkyl sulfates C,SO,Na (n = 2-10) as
anionic surfactants and n-alkyltrimethylammonium
bromide C,Me;NBr (n = 2-10, only odd) as cationic sur-
factants at 25 °C. Plots of 0, against the length of alkyl
chain for both surfactants at each pressure produce a
straight line represented by the following expression:

Ds = Dion + Dmen (14)

where 0., is the partial molar volume per CH, group and
Uion Ay be assumed to be the contribution of the ionic part
which is obtained by extrapolating n to zero. The values
of 0, at 1 atm are 15.4 cm®/mol for C,SO,Na and 15.5
cm?/mol for C,Me;NBr, respectively. The 0y, values of
15.5-15.4 cm®/mol correspond to the volume contraction
of 1 cm?/mol per CH, when the molar volume of CH, is-
calculated to be 16.1-16.5 cm®/mol.# 1t is also supported
by the molar volume of n-alkane (Cs~C,g) at 20 °C.#" This
value nearly coincides with the positive volume change of
1.5 cm®/mol per methylene group accompanying micelle
formation. The values of &, for both kinds of surfactants
decrease with increasing pressure and the partial molar
isothermal compressibilities (87),, are 2.8 X 107 bar™! for
ClosO4Na and 3.7 X 10_5 ba.r_l for C10M93NBI.45 The (BT)S
of the monodispersion is -0.05 X 107 bar™ for C,,SO,Na
and 1.2 X 107 bar? for C;oMe;NBr¥ due to the small
positive or negative pressure dependence of i,. The same
results were supported by studies of the partial molal

(40) Kale, K. M.; Zana, R. J. Colloid Interface Sci. 1977, 61, 312.

(41) Shinoda, K.; Soda, T. J. Phys. Chem. 1963, 67, 2072.

(42) Musbally, G. M.; Perron, G.; Desnoyers, J. E. J. Colloid Interface
Sci. 1974, 48, 494.

(43) Corkill, J. M.; Goodman, J. F.; Walker, T. Trans. Faraday Soc.
1967, 63, 768.

(44) Florence, A. T. J. Pharm. Pharmacol. 1966, 18, 384.

(45) Tanaka, M.; Kaneshina, S.; Shinno, K.; Okajima, T.; Tomida, T.
J. Colloid Interface Sci. 1974, 46, 132,

(46) Cohn, E. J.; Edsall, J. T. “Proteins, Amino Acids, and Peptides”;
Academic Press: New York, 1943; p 155.

(47) dJain, D. V. S,; Gombar, V. K. J. Chem. Soc., Faraday Trans. 1
1979, 75, 1132,
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volume (V) and adiabatic partial molal compressibilities
(B,) of dodecylhexaoxyethylene glycol monoether (C;,Eq). 4
That is, the (3,), value of the monodispersion was ~0.52
X 1075 bar™ and (8,),, of the micelle was 4.2 X 107 bar™™.
They also reported that the calculated compressibilities
of the dodecyl group in the micellar state are in agreement
with the model compressibility of n-dodecane at 25 °C.*°
This fact supports the idea that the interior of the micelle
resembles liquid hydrocarbon. This is why the pressure
dependence of 0, (do,/dP < 0) is larger than that of 5,
(do,/dP > 0 or ~ 0). Accordingly, the above results are
similar to the inversion phenomena of plots of log cmc vs.
pressure, which show maxima around 1 kbar.

(4) There is an alternative approach to the hydrophobic
hydration from the volume properties of aqueous mixtures
of nonelectrolytes studied by Hvidt et al.’**>* They argued
against the above discussion related to model systems of
the unfolding process of the native conformations of pro-
teins. In macromolecular solutions, the local concentra-
tions of the constituent groups of macromolecules never
approach zero, so that the volume change for a given group
of a folded protein molecule is not comparable with a
corresponding volume change accompanying small mole-
cules at infinite dilution. This positive volume change
accompanying the rupture of hydrophobic interactions is
not in line with general concepts (negative volume change)
of aliphatic groups in water, even if it is acceptable that
the local concentration of aliphatic groups of unfolded
proteins does not approach zero. This can be explained
as follows. The decrease of the apparent molar volume of
the solute with increasing concentration of alcohols, ke-
tones, or alkyl amides has such a strong concentration
dependence that it can hardly be explained by overlapping
effects due to cospheres of bulky water surrounding the
alkyl groups of the solute molecules. Therefore, they
proposed two types of equilibria in dilute aqueous solution.
One is the solvation equilibria of alkyl groups (R) between
solvated and nonsolvated states: R + nH,0 = R(H,0),
(AV > 0). The other is solute—solute association: R + R
= R...R (AV > 0). With increasing solute concentration
both processes are displaced in opposite directions, to the
left for the solvation process and to the right for the as-
sociation. In dilute solutions, the negative volume changes
following the displacement of the desolvation process of
alkyl groups with increasing solute concentration appear
to be numerically larger than the positive volume changes
following the displacement of the association.

The above explanation of the solvation and association
equilibria of alkyl groups, however, is not supported by
structure studies of clathrate hydrate formation in the
binary mixture of tert-butyl alcohol (TBA)-water. From
ultrasonic absorption studies,’ there are two relaxation
processes involving the formation of clathrate and asso-
ciation reactions among alcohol molecules. At the maxi-
mum excess absorptions near xpp, = 0.067 corresponding
to the minimum partial molal volume, where xrg, is the
mole fraction of TBA, the adiabatic volume change for the
formation of the clathrate 2[(H,0),;-TBA] is -9 c¢m?/mol

(48) Harada, S.; Nakagawa, T. J. Solution Chem, 1979, 8, 267.

(49) Harada, S.; Nakajima, T.; Momatsu, T.; Nakagawa, T. Chem.
Lett. 1975, 725.

(50) Baje, L.; Hvidt, A. J. Chem. Thermodyn. 1971, 3, 663.

(51) Boje, L.; Hvidt, A. Biopolymers 1972, 11, 2357.

(52) Bruun; S. G.; Hvidt, A. Ber. Bunsenges. Phys. Chem. 1977, 81,
930.

(53) Hvidt, A. Biochim. Biophys. Acta 1978, 537, 374.

(54) Hvidt, A.; Moss, R.; Nielsen, G. Acta Chem. Scand., Ser. B 1978,
32, 274.

(55) Tamura, K.; Maekawa, M.; Yasunaga, T J. Phys. Chem. 1977, 81,
2122.
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TABLE IV: Volume Changes for Hydrophobic Hydration
of Macroions at 25 ° C¢

——AVH s
macroion (cm3/mol)/C®HZCH
NaPAA (o = 1.0)? 17.5
KPMAC (a = 0.95) 9.1
PEI 21.5
NaPS 6.0
NaPES 20.

@ Reference 58. ° « is the degree of dissociation.
¢ Potassium polymethacrylate,

and that for the association process yielding (TBA), is 0.7
cm?®/mol. At the low concentrations below which the
concentration shows a maximum excess absorption near
x1a = 0.067, each alcohol molecule is enclathrated in a
water cage. Therefore, the positive volume change for the
formation of the icelike water structure around nonpolar
groups in the solvation equilibria proposed by Hvidt et al.
must be corrected to small negative values, so that, in the
dilute solution near the minimum J,, the decrease of 7, of
the solute with increasing concentrations should be due
to the formation of the clathrate and the increase of 0,
mainly due to the association process. This explanation
is also supported in detail by light-scattering studies of
binary mixtures of TBA-water.?® In the low concentration
range below xyps = 0.045, the solution only consists of the
mixtures composed of (Hy0O), (1 < r < 20) and (H,0)y;+
TBA. Near the minimum 0,, the mixtures are composed
of 5[(H;0)4;'TBA] and (TBA);. In the concentration range
above the minimum 0, the associated complex 5-
[(H;0),-TBA] breaks down gradually with an increase of
x7pa- Considering the experimental data of the apparent
molar volume (¢,) as a function of the TBA concentration
in dilute solution just below xrgs, = 0.05, the negative
strong concentration dependence of ¢, is due to the for-
mation of clathrate hydration (AV < 0). This minimum
point is also quite sensitive to change in temperature or
pressure.””  When one increases the temperature and
pressure, the absolute values of ¢, increase at the minimum
point and with increasing alkyl chain length of the alcohols.

(5) The hydrophobic effects in polymer solutions have
been studied by Ise and Okubo.”® They measured the
densities of aqueous solutions of polyelectrolytes of poly-
acrylates (NaPAA)

(—CHZ—(‘)H—),.,
COO"Na

poly(styrenesulfonates) (NaPS)
(—CHZ—?H—)n
C,H,S0, Na
poly{ethylenesulfonates) (NaPES)
(—-CHZ—(':H—)”
SO, Na*
and salts of poly(ethylenimines) (PEI)
(‘CHz—FH—)n
NH,HCl

by a pycnometric method. It was interesting that ¢, values
of the polyelectrolytes were found to be practically con-
centration independent, in contrast to the strong depen-
dence of the partial molal volume of the binary mixtures

(56) Iwasaki, K.; Fujiyvama, T. J. Phys. Chem. 1977, 81, 1908.

(57) Moriyoshi, T.; Morishita, Y.; Inubuchi, H. J. Chem. Thermodyn.
1977, 9, 5717.

(58) Ise, N.; Okubo, T. J. Am. Chem. Soc. 1968, 90, 4527.
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TABLE V: Specific Volumes and Isothermal Partial
Specific Compressibilities of Random- Coil Polymers? and
Proteins? in Water

Usp’ 10%8 7,
polymer cm?/g bar™!
hydrophobic
(hydroxyethyl)cellulose 0.678 1.05
poly(ethylene glycol) 0.846 1.07
poly(vinylpyrrolidone) 0.781 1.04
hydrophilic
dextran 0.600 0.23
(=0.73)¢
poly(vinyl alcohol) 0.750 0.65
ionic
sodium (carboxymethyl)cellulose 0.505 —0.86
(0.01 M NaOH, pH 12.0)
sodium polymethacrylate 0.385 -6.48
(0.01 M NaOH, pH 12.0)
native
ribonuclease A 0.704 0.548
a-chymotrypsinogen A 0.733 0.695
lysozyme 0.712 0.467
g-lactoglobulin 0.751 1.18
ovalbumin 0.746 1.21
bovine serum albumin . 0.735 1.46
(0.738)@ (1.23)
denatured
ribonuclease A 0.70
( , (1.5)¢
a-chymotrypsinogen A 0.85
(1.57)¢

@ Reference 60. ? Reference 59. ¢ Adiabatic compres-
sibility, reference 63. ¢ Reference 2. ¢ Reference 3.

of alcohol-, ketone-, or amide—water systems.5525457 Thus,
the observed insensitivity of ¢, for the concentration in-
dicates a delicate balance between hydrophobic and elec-
trostrictional effects; the hydrophobic effect tends to lower
¢, with concentration and the charge effect operates to
cause a positive concentration dependence of ¢,. From the
partial molal volumes of macroions, Vy, values calculated
for the hydrophobic hydration were negative for all po-
lyelectrolytes in the range of —6.0 to —22 ¢cm®/mol as shown
in Table IV,%® where the average value is —17 cm?® per
CH,CH group. This value is much smaller than those of
surfactant molecules.

(8) Tt is also necessary to look at the behavior of the
macromolecular configurations in solution in order to un-
derstand the mechanism of pressure denaturation. When
enzymes are inactivated, the compact globular forms with
partial helixes are released to take the random coil form.
At the same time, nonpolar side chains in the interior of
the molecules are exposed to the solvent water. From the
aspect of polymer configuration, such a native structure
is unique with a high-density structure in water.”*® On the
other hand, the denatured form has a random coil form
with a low of nonpolar groups exposed in water, the so-
called hydrophobic random polymers. The isothermal
partial specific compressibilities (37)P of two kinds of
denatured proteins®**® are larger than those of native ones
(Table V). From the superior studies of the pressure
dependence of the partial specific volume (7g,) of polymers
in solution by Andersson,® we can get the following rule
of behavior of 0y, and By for three kinds of random coil
polymers in water: 0y, Sy for hydrophobic > for hydro-
philie > for ionic, as shown in Table V. The 87 values of
the denatured form correspond to those of the hydrophobic
random coil polymers. From these results we can estimate
that both (9,,)° and (87)P values are larger than those of

(59) Gekko, K.; Noguchi, H. J. Phys. Chem. 1979, 83, 2706.
(60) Andersson, G. R. Ark. Kemi. 1963, 20, 571,
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Figure 8. Schematic drawing of the pressure inactivation of «-CHT
at room temperature. The pressure inactivation goes along the solid
line.

native ones. From the properties of solvent water itself,
water molecules behave as a poor solvent for the hydro-
phobic polymers, and so are a good solvent for the hy-
drophilic polymers. The relationship of 87 between good
and poor solvents for random coil polymers is supported
by the fact that the 87 of polymers in poor solvents are
larger than those in good solvents.®>%2 As a result, we can
draw a scheme of the pressure inactivation of enzymes as
follows in Figure 6 from the data of a-chymotrypsinogen
instead of «-CHT. (i) The (3,,)," value of the denatured
form extrapolated to 1 atm is larger than the (5,,),~ value
of the native form. (ii) The pressure where the inactivation
begins corresponds to the pressure at the cross point of
both linear lines of (5,,),N vs. pressure and (5,,),° vs.
pressure, where (0g,),~ and (05p),° are expressed by eq 15.

(ﬁsp)p = (’-—)sp)l[l - (BT)IP] (15)

Conclusion

It was established as in the optical methods that the
kinetic method is a useful tool in studying reversible en-
zyme denaturation by heat or pressure. The volume
change of -72 to -99 ¢cm?®/mol accompanying the reversible
pressure inactivation of a-CHT obtained by the kinetic
method coincides at —5 to =100 cm®/mol for six proteins
already obtained by optical methods. The extent of these
volume changes corresponds to an exposure of 20-100
nonpolar aliphatic side chains of proteins at least on the
basis of the volume contraction of 1-2 ¢m?/mol per CH,
group accompanying the formation of the hydrophobic
hydration. These values were supported by hydrophobic
model processes containing the transfer of a simple solute
like methane in nonpolar solvent to pure water, dimeri-
zation of carboxylic acids, and aggregations like micelles.
The inversion phenomena of both the transfer and ag-
gregation processes against the pressure were explained
by the fact that the molar volumes and the isothermal
compressibilities of pure hydrophobic liquids or micelles
are larger than the corresponding partial molar volumes
of hydrophobic solutes in aqueous solutions. The pressure
inactivation of o-CHT was also explained by the differ-
ences of (0y,), and (BT)p between native and denatured
enzymes if we assume that denatured enzymes are like
hydrophobic random coiled polymers. The (Dsp)lN value

(61) Ikeda, H.; Takahashi, T.; Enomoto, T.; Masuda, Y. Nippon Ka-
gaku Kaishi 1976, 1125,

(62) Yukinari, T.; Ikeda, H.; Masuda, Y. Nippon Kagaku Kaishi 1978,
4786.

(63) Gekko, K.; Noguchi, H. Biopolymers 1971, 10, 1513.
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for the native enzyme at 1 atm is smaller than that for the
denatured one extrapolated from (d,,), values for the
denatured one at high pressure.

The mechanism of the inactivation of «-CHT is un-
derstood as follows. As (vsp) values are smaller than
(0sp),° values up to about 3 kbar the compact globular
structure of the active enzyme is not drastically influenced
by the compression. Above 3 kbar, where native enzyme
is denatured the order of the values of (0,), is reversed,
e, (0g),N > (D)0, as hydrophobic random coiled poly-

mers (denatured enzymes) are much more compressed
than globular structures. The above-described mechanism
of pressure inactivation of enzymes agrees with Kauz-
mann’s model in which protein is stabilized by the hy-
drophobic interaction among nonpolar side chains of
protein molecules in water even if we can never accept the
volume change of —20 cm®/mol accompanying the hydro-
phobic hydration per CHy group.

Registry No. «-CHT, 9004-07-3; PNPA, 830-03-5.

Dynamics of Nitrate and Carbonate Anions in Aqueous Solutions by Raman Fluctuation
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We have undertaken a Raman study between —10 and +80 °C of the rotational and vibrational relaxation of
the C-0 and N-O stretching fundamental of the anions of sodium carbonate and nitrate in 1 M aqueous solutions.
These planar anions of point group symmetry D;;, differ essentially only by their net electronic charge. We
find that end-over-end rotation (of the threefold symmetry axis) of the anions does not carry along tightly bound
water molecules and does not cause rupture of hydrogen bonds in the surrounding water layers. The correlation
time of this orientational motion is four times longer for the carbonate than for the nitrate anion, but has the
same activation energy for both. We propose that CO;?~ and Na* associate to form a dynamic 1:1 complex
of one unit net electronic charge and of a lifetime intermediate to the anionic rotational correlation time (1072
to 10711 8) and the average lifetime of a water cage configuration (>107!! s). From the vibrational relaxation
data, we compute a typical rate of fluctuation of molecular positions in such water—-anion cage of ~3 X 102

s

Introduction

Improvement in Raman techniques and in the numerical
evaluation of spectral data as well as the introduction of
useful theoretical models make it now possible to study
the dynamics of polyatomic ions in water solution by an-
alyzing their Raman profiles. The method involves nu-
merical Fourier transformation of the spectral frequency
data of a convenient vibrational fundamental of the sol-
vated anion into the time domain (“fluctuation
spectroscopy”). Thereby, direct information on the
mechanisms of anion-water interactions and on the tem-
poral structures of ionic solutions is obtained. No longer
is it necessary to extract this information, indirectly, from
the profile of the OH-valence motions of the solvent
water.1?

We report here our results on the orientational and
vibrational dynamics of the anions of sodium nitrate and
sodium carbonate in aqueous solutions. Whereas most
previous work® ! dealt with the concentration dependence
of these phenomena, we have examined their temperature
dependence, intentionally restricting this study to a fixed,
low salt concentration (1 M). In this way band profile
changes from increasing anion—cation interactions, such
as asymmetries or even splittings, are avoided or, at least,
do not introduce additional variables.!!

We have analyzed the totally symmetric C-O or N-O
stretching fundamental (»;), near 1050 cm™, of the re-
spective anion, separating the Raman profile into its an-

tPermanent address: Research & Engineering Staff, Ford Motor
Company, P.0. Box 2053, Department of Chemistry, Dearborn, MI
48121.

isotropic (rotational-vibrational) and isotropic (vibrational
relaxation) contributions by a standard VV-VH polari-
zation experiment.!?

The two planar anions NO3~ and CO,% essentially differ
solely by their electronic charge; our results, which we can
only explain by postulating a type of 1:1 dynamic anion—
cation association complex between carbonate and sodium
ions, are therefore of general interest.

Experimental Section

Solutions. Nay,CO43 and NaNOj; solutions (1 M) were
prepared by weighing. We estimate negligible equilibrium
concentrations of CO;H™. The solutions were filtered
(millipore filter) and placed, within 0.3-cm? fused silica
cells, into a Coderg cryostat at regulated temperatures
between ~10 and +80 °C.
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