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Measurements of the rates of hydrolysis of methyl, ethyl, propyl, and butyl acetates have been madec to 2
kbar in water catalyzed by dodecyl hydrogensulfate (DSA) micelle at 40 °C. The rate of hydrolysis decreases
with compression up to approximately 1 kbar and then increases above 1 kbar; methyl acetate differs in these

respects.
ion and ester molecules into the micellar phase.

The inversion phenomenon under pressure has been explained by the incorporation of both the H;O+
The observed value of the over all activation volume at 1 atm

AV*is —5.34+1 cm3/mol for methyl, 0.40#1 cm?/mol for ethyl, 9.7:41 cm?/mol for propyl, and 20-+1 cm?®/mol
for butyl acetate, respectively. From the activation volumes of HCl and DSA micellar catalysts, the volume
change accompanying the incorporation of the esters into the micellar phase AAVmiceoire, has been estimated to
be 4.0=#1 cm®/mol for methyl, 9.8+1 cm3/mol for ethyl, 18.741 cm?®/mol for propyl, and 27.921 cm3/mol for
butyl acetate, respectively. The values above have been explained in terms of the contribution to the hydro-
phobic interaction between the ester molecule and the micelle.

Recently, there have been a large number of publica-
tions dealing with the enzyme and enzyme-model
reactions as polymer and micellar effects;'=® the micel-
lar catalyzed reaction being one of the polymer effects.
The incorporation of substrates into the micellar phase
is brought about by secondary forces such as the elec-
trostatic and hydrophobic interactions between sub-
strates and micelles. The rate of hydrolysis of esters is
recognized to be markedly accelerated above the critical
micelle concentration (CMC) and is expected to be
retarded under pressure since the volume change ac-
companying each bond formation is positive. In a
previous study,® the rate of hydrolysis of alkyl acetates
catalyzed by sulfonated polystyrene (PSS) accompany-
ing the hydrophobic incorporation of esters into the
polymer domain was shown to be retarded by compres-
sion up to about 2 kbar.

It is well documented that hydrophobic interactions
participate in micelle formation® and a maximum
appears in the CMOC wvs. pressure plots at about 1
kbar.6-13) In the present study, we measured the rate
of the hydrolysis of methyl ethyl, propyl, and butyl
acetates by dodecyl hydrogensulfate micelle as an acid
catalyst up to 2 kbar. The reaction mechanism under
pressure is discussed from the activation volume AV*
for the micellar catalyzed reaction.

Experimental

Materials. Sodium dodecyl sulfate (SDS) was pre-
pared by the reaction of chlorosulfuric acid and 1-dodecanol,
which was fractionally distilled three times and analyzed
by gas chromatography. The reaction mixture was neu-
tralized with sodium hydroxide. The crude SDS was ex-
tracted three times with petroleum ether in a Soxhlet ap-
paratus for 50 h, and finally recrystallized from methanol.
The CMC value of 8.3x10-% mol/kg agrees with those of
Hamann® and Kaneshina et all® A DSA solution was
prepared from the SDS solution using an ion exchange resin
(Amberlite IR-120). The CMG value was 1.8 10~3 mol/kg
at atmospheric pressure and 40 °C. An ester was distilled
prior to use.

Apparatus and Procedures. The high pressure apparatus
for measuring the hydrolysis of the ester has been described
in detail elsewhere.¥ TUnder these experimetal conditions,

the rate of hydrolysis of DSA was negligibly smaller than
that of the alkyl acetates from the blank test for 3 h, which
was compared with the data of Kurz. Analysis of the
acetic acid formed was conducted by titration using 1/20
M NaOH solution. The rate constant k£, was obtained by
dividing the first-order rate constant by the concentration
of acid at atmospheric pressure and 40 °C.

Results

At atmospheric pressure, the catalytic effects of the
DSA micelle were greater than that of HCl as shown
in Fig. 1. The k, values for the HCI catalyst are
almost identical for all esters, however, those for the
micellar catalyst increase with increasing carbon num-
ber, i.e., the hydrophobicity of the esters. For example
the rates are 2.57, 4.31, 6.87, and 10.2x10-2M-1
min~! for methyl, ethyl, propyl, and butyl acetate at
40 °C, respectively. The accelerating effect is similar
to that previously reported for PSS catalysts.4)

Under high pressure, as shown in Fig. 2, the rates
showed a minima at approximately 1kbar, the ex-
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Fig. 1. Plots of k, vs. number of ester carbon atoms

for hydrolysis reactions catalyzed by HClI and DSA
micelle at 1 atm and 40 °C. Each ester, HCI, and
DSA catalysts concentrations are 2x 10-2 M, 2x 10-2
M, and 8.3x10-3 M.
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Fig. 2. Plots of logky/k; vs. pressures for hydrolysis
reactions catalyzed by DSA micelle at 40 °C. Each
ester and DSA catalyst concentrations are 2x 10-2
M and 8.3x 10-3 M.

TaBLE 1. OBSERVED ACTIVATION VOLUME (AV¥)
FOR ESTER HYDROLYSIS REACTIONS BY DSA
MICELLE AT 40 °C

CH;COO-R, AV*=1.0 cm3/mol

Catalyst
-CH, -CHy; -2-G;H, -n-CH,
HCl1 —9.3» —9.4v 9.0 —7.9%
DSA -5.3 0.40 9.7 20
a) Ref. 4.

ception being methyl acetate, and the pressure effects
were larger with longer esters. The inversion pheno-
mena corresponded to the appearance of the maximum

of the CMC of DSA at 1kbar®» The observed
activation volume AV* is defined by

(0In (ky/ky,)/OP)r = — AV*/RT, ¢))
where R is the gas constant and T the absolute temper-
ature. From the initial slope of the plot of log (k,/k,)
vs. pressure, the AV* values determined graphically
have been summarized in Table 1, and compared
with previous data for HCL% in addition to the data
of propyl acetate catalyzed by HCI

Discussion

The acid-catalyzed reaction of carboxylic esters in
water is generally accepted to occur by an A-2 mech-
anism,1516)

K +
H,0+ + RCOOR’ =— RCOOHR’ + H,0 @)
+ k
RCOOHR’ + H,0 —» R'OH -+ RCOOH, 3)
+ fast
RCOOH, + H,0 —» RCOOH + H,0* )

at dilute ester concentration. The rate is given by
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the equation:
(rate)mer = K-k Coger*Cryo™ ()

where C,,,.. and Ci,o" are the ester and H;O* con-
centrations. In the micelle catalyst, Cu,ot is not uni-
form throught out the solution but is higher near the
micellar anion and C,,,, is also concentrated in
the micellar region through hydrophobic interaction.
Assuming that K-k in Eq. 5 is approximately indepen-
dent of the electric field, the rate of acid hydrolysis

in the micelle is given by
(rate) micelle = K'k<Ges!.er 'CH30+>, (6)

where {(C,,,,. Cr,0*) are the concentrations of the
ester and Hy;O+ incorporated into the micellar phase.

A strong acid such as DSA is completely ionized
and the counterions are distributed closely to the
micellar anion by electrostatic interaction. The effect
of added salts on the CMC of SDS surfactants at high
pressure was reported by Kaneshina ¢t al.,'% where it
was suggested that the ratio of the number of count-
erions to surfactant in micelles decreases initially with
an increase in pressure and then slightly increases
with pressure zia a minimum at 1.5 kbar. This sug-
gests that compression at low pressure causes dis-
sociation of the counterions from the micelle and that
compression at higher pressure causes association of
the ions to the micelle. If this tendency is the same
as for the DSA micelle, the incorporation of the H;O*
ion into the micellar phase would show a minimum
at approximately 1 to 1.5kbar independent of the
carbon number of the ester.

The driving force of the incorporation of the ester
molecules into the micellar phase is expected to be
a hydrophobic from Fig. 1. That the rate catalyzed
by the DSA micelle increases with increasing carbon
number in the ester, indicates a great degree of incor-
poration of the longer alkyl chain esters into the micel-
lar phase. The methyl acetate, however, would be
poorly incorporated into the micelle since the rate
catalyzed by DSA is approximately the same as that
of the HCI catalyst. Therefore, the rate of methyl
acetate catalyzed by DSA micelle under pressure may
be expected to increase linearly independently of the
behaviour of the micelle under pressure in a similar
manner of HCl. The behaviour of the mixed micelle
of DSA and ester molecules would be similar to that
of the DSA micelle under pressure. From a study
of the pressure effect on the CMC of SDS and dodecyl-
trimethylammonium bromide (DTAB) in water—or-
ganic solvent mixtures,!”) the maximum in the CMC-
pressure plots gradually shifts to higher values as the
alcohol content of the solvent increases, and the effect
of l-butanol is larger than that of methanol. This
agrees with the minimum pressure on the rate of
hydrolysis for esters having longer alkyl chains under
pressure which increase (Fig. 2). Therefore, the in-
version phenomena in the rate of hydrolysis for esters
having long alkyl chain under pressure has been at-
tributed to the joint effects of the incorporation of
the HyO* ion and ester molecules into the micellar
phase under pressure in Eq. 6.

Table 2 shows the micellar effects on AV*, AAV ;o110



May, 1979]

TABLE 2. MICELLAR EFFECT ON AV* FOR ESTER
HYDROLYSIS COMPARED WITH PSS POLYMER
errecT AT 40 °C

CH,COO-R, AAVmiceno1.0 cm3/mol

Catalyst

-CH, -CGH; -n-CH, -2-CH,
DSA 4.0 9.8 18.7 27.9
PSS(100) 3.4 8.6 10.0
PSS(60) 6.6 12.5 15.5
a) Ref. 4.

compared with the PSS polymer effect. The increase
of AAV e With increase in the carbon number of
the esters needs consideration. The results correspond
to the order of the incorporation of the esters into
the micelle, and may be explained by the volume
increase accompanying rupture of the hydrophobic
hydration around the hydrocarbon part of the esters.
It has been reported that the volume change for the
formation of hydrophobic interaction is 1, 5, and
8 cm3/mol for methyl, ethyl, and propyl groups, res-
pectively.’® The value of 1—2 cm®/mol per methyl
group accompanying the breaking down of hydro-
phobic hydration is supported by Noguchi,!® Kane-
shina et al. .19 Corkill et al.,2® and Friedman et al.?V)
For butyl acetate the expected value accompanying
the hydrophobic incorporation of ester molecules into
the micelle is approximately half the AAV_ ...
suggesting additional contributions to AAV, ... ac-
companying a strong hydrophobic atmosphere e.g.,
the dehydration of H,O molecules from the carbonyl
oxygen atom of the esters for hydrophobic incorpora-
tion, which accompanies a positive volume change of
5 to 7cm®mol.22-%5) Also, the exclusion of water
molecules by strong hydrophobic atmosphere may
change the A-2 mechanism into an A-1 mechanism in
the t-butyl acetate system. Assuming such a deve-
lopment, the AV, in Eq. 1 becomes small and positive
or zero.?®) The AAV ;.11 for the butyl acetate system
is 20 cm3/mol, which is a reasonable value. Further
studies are necessary to confirm the A-1 mechanism
in the micelle.
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