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Kinetics of Sy1 Reactions in Binary Liquid Mixtures near the Critical Point of Solution
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We have measured the rates of thd Bydrolysis reactions of 2-chloro-2-methylbutane in isobutyric aeid

water and 2-bromo-2-methylpropane in trietylamihewater near their respective consolute points. In the
former mixture, two phases coexigelowthe critical solution temperature, while in the latter, two phases
coexistabove the critical solution temperature. Because each hydrolysis reaction produced a strong electrolyte
among its products, we could follow the progress of the reaction by making measurements of the conductance.
To interpret these measurements properly, however, we had to take into account the following phenomena:
(1) the effect of the composition on the critical temperature, (2) the effect of the tidjgigid-phase transition

when it occurred during the course of the run, and (3) the competition between the effects of temperature and
the effects of concentration on the response of the conductance probe. With these phenomena accounted for,
however, we found in the case of both reactions that the specific rate of hydrolysis slowed at temperatures
above the critical solution temperature and accelerated at temperatures below it. From the point of view of
thermodynamics, the causative factor in slowing down is the derivative of the reaction Gibbs free energy
with respect to the extent of reaction, which goes to zero at the critical point. In contrast, speeding up has no
ready theoretical explanation. The experimental results imply, neverthelesspéeating up is not confined

to the two-phase side of the phase diagram.

I. Introduction reported an apparent slowing down in the rate near the consolute
point. In a separate experiment in which they exploited gas

The consolute point is an extremum in the temperature vs chromatography to follow the progress of the reaction, they
mole fraction ph iagram of nstant pr re, binary liqui . )
ole fraction phase diagram of a constant pressure, binary quOlreported an enhanced rate in the Diefdder addition of

mixture where the homogeneous solution first begins to separateiSO rene to maleic anhvdride near the UCST of two solvent
into two immiscible layers. The extreme value of the temperature a'rr)s hexaner n'trobeyn ene and hexané nitroethane
along the boundary separating the two immiscible liquids is paurs, hex ' z xar Iroe ’

I, - . . Subsequently, Becker and collaborafasstudied the trifluoro-
called the critical solution temperaturg,. A binary mixture

havi liauidliquid-oh boundary that i d acetic acid-catalyzed reaction of acetic anhydritte 1,2-
having a fiquia-iiquid-phase boundary that 1S concave down - o, e giol to form the 1,2-ester of ethanediol and acetic acid.
is said to have an upper critical solution temperature (UCST),

while a mixture having a liquigliquid-phase boundary that is Following the reaction by calorimetry, Becker et al. reported

concave up is said to have a lower critical solution temperature that near the consolute point, there was a decrease in the rate
(LCST) P P of heat evolution, which they associated with the slowing down

. .. in the rate of reaction of the solvent pair.
Often, one or both of the components of a binary liquid Usi ductivi f th f .
mixture with a consolute point is an acid, a base, or a sing conductivity as a measure of the extent of reaction,

nucleophile. Upon introduction of a reactant or a catalyst, a we hgve recently ob_served.slowmg down 'f?,th? net rates of
chemical reaction can be initiated. This permits liquid mixtures five different hydrolysis reactions near the equilibrium consolute

to be used to study the effect of a critical point on the net rate POINts of three water-based binary liquid mixtufe$.The
of reactiont—5 reactants and their respective binary solvents were 2-chloro-2-

The relationship between the net rate of reaction and the Methylbutane tertamyl chioride) in isobutyric acid- water

Gibbs free energy can be derived most easily by considering a(UCST). 2-chloro-2-methylpropaneteft-butyl chloride) in
reversible elementary reaction written in the form isobutyric acid+ water, 2-bromo-2-methylpropante(t-butyl
bromide) in triethylaminet water (LCST), 3-chloro-3-meth-

v1(1) + v,(2) — v4(3) + v,(4) (1) ylpentane in 2-butoxyethandt water (LCST), and 4-methyl-
benzyl bromide in 2-butoxyethandt water. These reactions
in which reactantd and2 are converted into producgand4. have the common feature that they all proceed by thé S
The respective stoichiometric coefficients akevs, vs, andv,. mechanisn®. We regard the slowing down that we have
We let ¢i(0) be the initial concentration of speciés The observed in the net rates of these reactions, to be a reflection
concentrationg;(t), at a later timet, is ci(t) = ¢(0) £ vi&(t), of the Principle of Uniersality that is assumed to govern all

where& = £(t) is the extent of reaction (or reaction progress critical phenomené:®

variable), and the upper sign applies to products while the lower In the theory of critical phenomena, an analogy is drawn

sign applies to reactants. between thdiquid—liquid phase boundary of a mixture in the
Using conductivity to follow the extent of reaction, Snyder region of its consolute point and thiguid—evapor coexistence

and Eckert examined the disappearance of ethyl iodide on the curve of a pure fluid in the vicinity of its critical poirftOn the

one phase side of the LCST of triethylamire water and basis of this analogy, pure liquids and liquid mixtures are said
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to be in the sameniversality class’~° Certain of the thermo- case of a homogeneous reaction that takes place in a mixture
dynamic derivatives for a pure fluid go to zero at the liqguid  that contains no more than one inert component. A component
vapor critical point. ThePrinciple of Uniersality asserts that  is considered to be inert if its mass fraction in the reaction
the critical behavior of the thermodynamic derivatives for a pure mixture at equilibrium has a constant value independent of
fluid can be used to predict the critical behavior of the analogous temperature and presstr&hen PAG/9E)e vanishes, the net
thermodynamic derivatives of any other system in the same rate of reaction is expected to be substantially reduced. This
universality clas€® In the case of the rate of a chemical phenomenon is calledritical slowing-downt®1
reaction, the appropriate thermodynamic derivativedisQ/ Third, because thequilibrium value of the critical solution
d&)e, Where AG is the Gibbs free energy difference between temperatureT., depends on concentration, it is plausible that
products and reactants, and the subscript “e” stands for chemicakhe instantaneousvalue of the critical solution temperature
equilibrium%1tIn mixtures supporting a chemical reactidn,  during the course of the reaction has a value that depends on
serves as the order parameter that distinguishes one thermog(t) 12 This raises the possibility that any in situ probe used to
dynamic state of the fluid from another. In our experiments, determine concentration can have a response that reflects the
we have encountered four critical phenomena that depend ontime dependence of the difference between the thermostat
the value ofé. temperature and the instantaneous critical temperature. This
First, the equilibrium value of, which we callg,, determines  response of the probe may be separate from its response to
the concentrations of the products and amyt $eactant that  concentration. Devices for the measurement of conductvity
remains at the end of the reaction. These equilibrium concentra-and optical densifif are cases in point. Such probes need to be
tions in combination usually cause a noticeable shift in the calibrated in critical mixtures having a steady, known composi-
critical temperature. As a consequence, it becomes necessaryion in order to make sure that they maintain a response that is
to draw a distinction between the critical solution temperature, proportional to concentration as the thermostat temperature nears
Te, of a binary mixture and the equilibrium critical solution the equilibrium critical temperaturdy.

temperature],, of a multicomponent reaction mixture in which Fourth, when the thermostat temperature happens to lie
the binary system plays the role of the solvéritWe have betweenT? and T, a liquid—liquid phase transition will occur
observed experimentally that in the mixture asi(t) advance$:!2 The elapsed timet, after
the start of a run when the phase separation appears, is revealed
T.=T.+ac @) by a change in slope oféddt as function oft. Because of this

change in slope, ang vs t data collected before the phase

wherea is an empirical coefficient, which has a different value - ggnaration occurs will fail to extrapolate to the equilibrium value
for each mixture, and is the initial molar concentration of the of the extent of reactionZe. As equilibrium is the reference

S\l reactant? Although Te is a function of &, it can be point!®11 for application of the Griffiths-Wheeler ruleg, we

connected to thenitial concentration of the reactantas in €q 2, 5y ignored in a given kinetic run any data collected prior to
because of the stoichiometric relation that links reactant and the occurrence of the phase transition. According to eq 2,

products, and because all of the reactions, which we have StUdiednowever, if we keem small, it is possible to restrict the range
so far, go essentially to completion. In cases where the presencey thermostat temperatures over which a phase transition will
of the reactant and its reaction products at equilibramhances occur during the course of a reactish.
the mutual solubility of the original solvent pair, an UCST is
lowered & < 0) while an LCST is raiseda(> 0). On the other
hand, when the presence of reactant and prodobibits the
mutual solubility of the original pair, the effect on the phase
diagram is to raise an UCST and to lower a LCS¥

Second, the extent of reactiaf,has a time dependence that
is governed by a rate law involving an apparent rate constant
which is sensitive to the difference between the thermostat
temperatureT, and the equilibrium critical solution temperature,
T..375 At time t = 0, when the mixture contains only reactant
and solvent, we take the value éfto be zero. As the time
advances&(t) increases and approachigsasymptotically. The
time derivative, §/dt, equals the net rate of the forward reaction
over its reverse. From the point of view of nonequilibrium
thermodynamics, the generalized force driving the net rate is
the instantaneous Gibbs free energy differed®,separating
the product from the reactansSufficiently close to chemical
equilibrium, AG can be expanded in a Taylor series

Since our earliest reporés, we have discovered that by
measuring the conductivity ofstrongly stirredreaction mixture
with a Hanna Instruments, Inc. model HI 9032 conductivity
meter, the precision of the determination of the rate of gh S
reaction in the critical region can be improv&dlhis observa-
tion has led us to repeat our measurements of the rate of
hydrolysis of 2-chloro-2-methylbutane in isobutyric agidvater
(UCST), which was the first reaction examined by us to show
the effects of the critical poirt.Our most recent experiment
with this mixture, which we analyze below, included 33 new
measurements of the reaction rate in the critical region as well
as a new determination of the equilibrium critical temperatére.
These new measurements revealed reactionstateéng-down
at temperatures in the one-phase region afig@ndspeeding-
up at temperatures in the two-phase region belw

In contrast to reaction rate slowing-down, which can be given
a thermodynamic interpretatidi¥;’>speeding-up currently has
no certain explanation. This difficulty has led us to pose the

AG(E) = AG(E) + (0AGI3E) (& — &) (3) following question: Does speeding-up, which we have observed
in the rate of hydrolysis of 2-chloro-2-methylbutane in isobutyric
BecauseAG(&) = 0, the rate law for ararbitrary reaction acid + water (UCST) afT less than {; occur because of the
sufficiently close to equilibriuris first order in& — &, and the ~ relationship between the two temperatures or simply because
rate constant is proportional to the thermodynamic derivative, the mixture consists of two phases?

(0AGI3E)e*>15When the thermostat temperatufe lies close To answer this question, we report herein the results of new
to the equilibrium critical solution temperaturi, the Griffiths— measurements of the rate of hydrolysis of 2-bromo-2-methyl-
Wheeler ruleg,which are the thermodynamic expression of the propane at the consolute point of triethylaminavater, where
Principle of Uniersality, govern the behavior ofdAG/3&)e. by contrast because there is an LCST, the two liquid phases

These rules predict that this derivative should go to zero in the coexist whenT is greater than T. In section Il below, we
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describe the application of the Griffith&Vheelef rules that
govern the critical behavior of thermodynamic derivatives. In
section Ill, we provide the details of our experiments. As an
extension of our previous work, we address special attention to
the response of the conductivity probe to the instantaneous
critical temperature. In section 1V, we discuss our experimental
observations and draw our conclusions.

Il. Theory

If the reaction in eq 1 is elementary, then the net rate of
reaction, d/dt, is given by

(4)

whereg (i = 1, 2,3,4) are the instantaneous thermodynamic
activities of the reacting speciggjs the activity coefficient of
the transition state, and and«'" are the rate coefficients in
the case of a dilute ideal solution for reaction in the forward
and reverse directions, respectivéhy:1” At chemical equilib-
rium, di/dt = 0, and the activities assume their equilibrium
values a®. Setting the right-hand side of eq 4 to zero, we obtain

ag)"(a,)" '
= M =expAG/RT) =%,  (5)
CORCYE K
whereR is the gas law constanif, is the absolute temperature,
and we have introduced the usual relatidiG® = — RT(InK),

between the equilibrium constar, and the standard Gibbs
free energy differenc\G°, separating products from reactants.
Away from equilibrium, the instantaneous Gibbs free energy
difference,AG, is

%' &'

&'

We next factor out the first term on the right-hand side of eq
4 to obtain

AG=AG°+ RTIn

(6)

ae_waray] apay
& L= ™)
t 2 K all a22
Using egs 5 and 6, the right-hand of eq 7 becomes
K'a;t &
& =220 expGIRT) ®)

Note that whenAG < 0, the reaction is thermodynamically
permitted, @/dt is positive, and the net reaction is in the forward
direction, while whemAG > 0, the reaction is thermodynami-
cally forbidden, &/dt is negative, and the net reaction is in the
reverse direction. The factor
r'=«'ay* azly. 9)

that multiplies the bracket in eq 8 is the rate of reaction in the
forward direction.

The forward rate depends implicitly upah and can be
expanded in a Taylor series abdat

(@) =rE + (5 )(s &) (10)

in analogy with eq 3. For a reaction which is kinetically first
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order in the forward direction, we set = 1 andv, = 0, and
substitute eqs 3, 9, and 10 into eq 8. After noting tN&t(&e)
= 0 and collecting terms of first order i§ ¢ &), eq 8 becomes

d_ _1._

Pt (R (11)
where

1 r'(EJpAG

=R A ) (12)
and

NN
r'(5e V(E) (13)

For the case of aeversiblereaction in which the kinetics are
first order in both directions, the coefficients of terms of order
(& — &9)? and higher are zero in ideal solution where the activity
coefficients are unity and independentioEquation 11 is then

an exact expression for the net rate of reaction. Equation 11
also serves as an approximate rate expressionfbré&actions
which are als@ssentially irreersible® Since the reaction rate

in the reverse direction is small in the case of an essentially
irreversible reaction;’ (5¢) must also be small in order to make
the forward and reverse rates equal at equilibrium.

The Griffiths—Wheeler ruleg, which govern the universal
behavior of the thermodynamic derivatives near critical points,
can be used to study the critical properties of the specific rate,
1/r. According to Griffiths and Wheeler, the analysis should
begin with a separation of the thermodynamic variables into
two classesfields and densities.A field is variable which at
equilibrium has the same value in each coexisting phase. In
liquid mixtures, the relevant fields are the temperature, the
pressure and the chemical potential of each chemical component.
A densityis any variable that has different values in coexisting
phases. Examples include entropy, enthalpy, and concentration
variables such as mole fractions or mass fractions. ThGsis
a field, because it is a linear combination of chemical potentials,
while & is a density, because it is a concentration.

In the space of variables that includes only fields, the phase
diagrams of pure fluids and binary liquid mixtures become
analogous. Basing their arguments on this and other analogies
involving phase transitions, Griffiths and Wheéleoncluded
that, if the fixed variables in an experiment consisted of fields
and no more than one density, then the derivative of a field
with respect to a density, such a@&\G/0E)e, should go to zero
as the power law|T — T¢|X, asT approached.. The general
order of magnitude of the exponerf,depends on whether the
number of densities held fixed is zero or one. In the case where
no densities are held fixed, the valuexois expected to be of
order unity, and the derivative is said to go to zero “strondly.”
When one density is fixed, the value of x is expected to be of
the order ofl/o, and the derivative is said to go to zero
“weakly.”” In both cases, the exact valueflepends on the
direction of approach to the critical point. When two or more
densities are fixed, the value of the derivative is nonspecific.
Because chemical reactions conserve mass, it is helpful to
choose the mass fractions as the concentration variables when
enumerating the densities. The principle of conservation of mass
then makes it easy to determine which, if any, of the mass
fractions are held fixed during the course of a reactidm.a
liquid-phase experiment, a density variable is considered to have
a fixed value if that value is a constant independent of
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TABLE 1: Solvents and Reactants

solvent wt(%),T2(°C) type reactant reactant/solvent volumes a (°C/M) Tc (°C)
isobutyric acid+ water 38.8, 26.129 UCST 2-chloro-2-methylbutane UZA 25 mL 380 26.28
triethylamine+ water 32.27,17.93 LCST 2-bromo-2 methylpropane 450 mL —-8.77 17.9

aThe first column lists the components of the solvent mixture. The second column lists the consolute composition in terms of the weight percent
of the nonaqueous component and gives the critical solution temper@furef, the mixture before addition of the reactant. The third column
indicates whethefy is an upper critical solution temperature (UCST) or a lower critical solution temperature (LCST). The fourth column identifies
the reactant. The fifth column lists the volumes of reactant and solvent, respectively, employed to make up the reaction mixture. The sixth column
gives the value of the constar, in eq 2, while the last column lists the value of the critical solution temperaiyr@t reaction equilibrium.

temperature and pressure. For practical purposes, this assertionould be followed by measuring the electrical conductance using

implies that in a liquid mixture consisting of a binary solvent, a Hanna Instruments model HI 9032 microcomputer controlled

reactants, products, and catalysts, which are participating in aconductivity meter. We found this device to be more convenient

homogeneous chemical reaction, there can be no more than onéor recording data and also to have superior accuracy than the

component that is inert in the sense of not being included in Radiometer CDM 83 meter, which we have used previoti$ly.

any chemical equilibrium. We now describe the experimental details that were peculiar to

If one of the reactants or products is ionic, the progress of each of the reactions studied.

the reaction with time can be followed by measuring the (1) Hydrolysis of 2-Chloro-2-methylbutane in Isobutyric

conductance. The instantaneous value of the conductance, L, isAcid + Water. This reaction mixture, whose properties are

given by summarized in the first line of Table 1, consisted of 7uT5of
2-chloro-2-methylbutane added to 125 mL of isobutyric acid

L=L°+ (L~ L°)(E/E) (14) + water at its critical composition. The overall stoichiometry

of the reaction is

whereL? is the initial value, andL® is the value at equilibriur.

Equation 14 is the basic expression for the conductance of C,H¢(CH,),CCl + HOH — C,H4(CH,),COH+ HCI (17)

reacting mixtures.

For the initial condition; = 0 att = 0, the integral of eq 11 Because the reaction mechanism jgl Sthe time dependence

1S of L satisfied eq 16. The apparent first-order rate constant for
£=E(1— exp(-t/)) (15) this irreversible reaction is 4/ The software of the Hanna meter
recorded the differencé, — L°, hence, eq 16 was fitted to the
If we substitute this into eq 14, we obtain data from each run with® — L° and 1t taken as adjustable
parameters?
L=L°+ (Le — |_°)(1 — exp(-t/7)) (16) The critical temperature of our solvent mixture of isobutyric

) ) acid + water wasTg = 26.129°C. The equilibration of the
Equation 16 can be used to follow the course of gh @action 2-chloro-2-methylbutane in this mixture decreased the mutual
that involves a strong electrolyte as a product. solubility of isobutyric acic+ water and increased the critical

In the Experimental Section below, we explain how the above temperature td, = 26.28°C. In a few of our kinetic runs, the

theory applies to the rates of each of thel Seactions that we  thermostat temperature was bracketed by the two critical
describe. In both cases, the progress of the reaction WasfoIIoweqemperatures a3% < T < T.. In such case, the mixture
’ c . )

by the conductance method. crossed from the one-phase region into the two-phase region
during the course of the run. As is illustrated in Figure 1, the
occurrence of this phase transition could be detected by its effect
All reactants and organic solvents were purchased from on the curvature of a plot of the time dependence ef L°. 12
Aldrich and used as received. Water was once distilled from a In the figure, the phase separation makes its appearance
glass system. Table 1 summarizes the composition and theapproximately 6 min into the run. In all such cases, we used
consolute point properties of the reaction mixtures. Column 2 only theL — L° data collectedafter to the appearance of the
of that table lists the critical composition and critical temper- phase transition to determine the value af because only these
ature, T.°, for the binary mixtures, isobutyric aci¢t wateri8 data converged at long times to the actual equilibrium conduc-
and triethylamine+ water!® In accord with eq 2, the critical ~ tance valuel®.
temperature determined after addition of a small amount of the  When a reaction mixture, which had reached chemical
reactant and the establishment of chemical equilibrium was a equilibrium, was subsequently warmed (or cooled) through the
linear function of the reactant concentratfot?.'3The appropri- suspected critical region, direct measurements of the residual
ate value of the slopeg, is listed in column 6 of the table.  conductancel.®, displayed a sharp minimum as a function of
Because the same concentration of reactant was used to starff. Opalescence could be observed in the liquid at this
each run, however, the value ©f listed in column 7 for each  conductivity minimum, which demonstrated that the temperature
mixture at reaction equilibrium was a constant. In the case of of the minimum coincided witf.. This minimum has its origin,
each mixture, since the reaction went essentially to completion, we believe, in the conductivity critical slowing down phenom-
the difference betwee> and T, was due largely to the  enon that has been reported in binary mixt#&3.This effect
presence of the products. can be amplified by the addition of small amounts of strong
The thermostat bath, temperature controller, the reaction cell, electrolyte?° If given sufficient time, a meniscus could be seen
and the temperature measuring equipment were as previouslyto form in the center of the cell. The position of the meniscus
described 5 The reaction mixtures were well mixed with a in the center indicated that the volumes of the coexisting liquid
magnetically driven stirring bar. Because a strong electrolyte phases were equal and sufficed as a third means of establishing
was among the reaction products, the progress of the reactionT.. The volumes of the coexisting liquid phases further served

lll. Experimental Section
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Time (min) Figure 2. Conductance of 38.8 wt % isobutyric acid water with

added molar concentrations of hydrochloric acid. The Celsius temper-
ature of the mixture i3. The minimum in each curve, which occurs at
the critical solution temperature is due to the conductivity slowing down
effect. The dashed line at the left of the figure represents an isotherm

to demonstrate that the reaction products were so dilute as tobelow the UCST of the mixture. Intersections of this isotherm with

have no measurable effect on the critical composifighof the conductance V§ curves correspond to conductance values in the
the mixture well-stirred two-phase mixture. The isotherm on the right corresponds

- . to a temperature which is above the UCST for low values of the HCI
When.leas. (?Iose enQUQh (@, th? pOS§IbIIIty existed that concentration and below the UCST for high values of the HCI
conductivity critical slowing down might distort the concentra- concentration.

tion response of our probe during the course of a kinetics run.
We studied this effect by measuring the temperature dependence 70 1
of the conductance of a series of critical mixtures of isobutyric ]
acid + water containing increasing concentrations of hydro-
chloric acid!? The results of these measurements are sum-
marized in Figure 2. At each HCI concentration in the figure, 1
the conductance passed through a minimum as a function of 50 -
temperature. The minimum we identified with the critical

temperature, which itself increased with additions of HCI. The
vertical dashed line on th&ft in the figure represents an

isotherm. To use this figure to understand the effect of
conductivity slowing down during the course of a kinetics run,
we imagine the temperature of the thermostat fixed at the 30 1
temperature of this isotherm. As the hydrolysis run proceeds, |
the concentration of HCI increases with time. Following the

progress of the reaction, the conductance measurements will
pass along the isotherm from bottom to top in the figure. Each 1
successive intersection of the isotherm with a conductance vs 104
T curve represents a separate measurement of the conductance
during the course of the run. To be useful as a measure of the

Figure 1. Conductancel. — L° is a function of time,t, for the
hydrolysis of 2-chloro-2-methylbutane in 38.8 wt % isobutyric a¢id
water in a case Wher'é‘c’ <T<T.

60

40

(L-L) (nS)

20

extent of reaction, the conductance values measured at these 0 — ——
intersections should remain proportional to the HCI concentra- 0 1 2 3 4 5 6
tion. Figure 3 demonstrates that the required linear relationship HCI (107 M)

does exist. Indeed, we have noted that in well stirred mixtures,
conductance measurements remain proportional to concentratiorfigure 3. Conductance as a function of HCI concentration along the
along isotherms on either side of the critical temperature. left-hand isotherm in Figure 2.

We point out that Figure 2 can also be used to illustrate the first to the right of the critical minimum and then to the left.
mechanism behind the change in slope shown by the curve inBetween, a phase transition occurs, which affects the rate of
Figure 1. The vertical dashed line on thight in Figure 2 hydrolysis, as is illustrated by the change in slope in Figure 1.
represents an isotherm at a temperature that is initially above In Table 2, we have summarized our measurements of the
Te. As the kinetics run passes along this isotherm from bottom relaxation rate, ¥/ as a function of the Celsius temperature for
to top, the intersections with the conductancd esirves occur the reaction in eq 17. Figure 4 is an Arrhenius plot of the
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TABLE 2: Specific Relaxation Rate, 1f, vs Temperature for The constant term on the right in eq 18 had a standard deviation
the Hydrolysis of 2-Chloro-2-methylbutane in Isobutyric of + 1.2, while the activation energy had a standard deviation
Acid + Water? of 3109 J/mol. Being fitted to 12 points above the critical
temp (C) /7 (min™) temp (C) 1fr (min™?) region, eq 18 forms the “background” against which the size
2519 0.02264 26.35 0.0256 of the critical effect can be judged. Upon comparing the 33
25.35 0.02392 26.36 0.02593 measured values of In(d)/in the critical region of the figure
25.42 0.02355 26.41 0.02546 with this line, it is apparent that the specific rate of reaction
gg'gg 8-82222 32'2? 8'82%2 slows dowrin the one-phase region aboVgandspeeds ujn
25.62 0.02516 26.52 0.02701 the two-phase region belot. _ _
25.65 0.02499 26.53 0.02827 The slowing downeffect can be given a thermodynamic
25.74 0.02518 26.58 0.02743 interpretation. In the @ hydrolysis of an alkylhalide, RX, the
25.75 0.02492 26.58 0.02714 first step in the mechanism involves the ionization of RX to
25.81 0.02558 26.59 0.02811 form the carbocation, R and the halide ion, X6 This rate-
gg:g? 8:83226 gg:gg 8‘_3%2% controlling step is followed by the rapid reaction between the
25.87 0.02662 26.65 0.02817 carbocation and water to form the alcohol, ROH, and the strong
25.90 0.02625 26.68 0.02831 acid, HX. We have shown that the relaxation rate for @i S
25.91 0.02758 26.75 0.02885 reaction is given by egs 11 and 12 witli&e) being interpreted
25.92 0.02756 26.86 0.02945 as the rate of formation of the carbocation at equilibritiAs
26.00 0.02736 26.93 0.02958 explained in the theory section above, the behavior of the
26.00 0.02803 27.13 0.03103 L
26.01 0.02762 27.08 0.03181 derivative, QAG/9&)e gsT approache?c, _depend_s on the nature
26.08 0.02811 27.41 0.03202 of the thermodynamic variables held fixed during the course of
26.10 0.02846 27.56 0.03342 the reactior£®=27 For a reaction in a thermostat open to the
26.12 0.02862 27.76 0.03386 atmosphere, two of these are presumably the temperakure,
gg-% 8-82223 3;?2 8-822% and the pressure, P. As composition variables describing the
26.19 0.02854 5831 0.03686 reaction, we take the mass fractiong;a, WrowH, Wrcl, WROH,
26.26 0.02748 28.50 0.03762 andwyc where HA is isobutyric acid, RCl is 2-chloro-2-methyl-
26.26 0.02662 28.66 0.03929 butane, and ROH is the corresponding alcohol. If we can assume
26.30 0.02679 28.84 0.04005 that isobutyric acid is inert, themya, T, andP are held fixed.
26.33 0.02609 29.02 0.04162 Because of the chemical reaction connecting them, the mass
aThe equilibrium critical temperature wds = 26.28°C. fractions of RCIl, HOH, ROH, and HCI depend anP, and,
possibly, alsovya. With one composition variableyya, held
-3.14 fixed, (0AG/9&)e should go to zero “weakly.”
On the other hand, isobutyric acid is known to react with
3.2 alcohols in acid solution to form este¥sThis side reaction
would introduce the mass fraction of the ester as a new
composition variable and would at equilibrium make both this
=331 variable and the mass fraction of isobutyric acid a function of
T andP. In such case, no composition variable would be held
~ 344 fixed. The derivative {AG/9&)e would then go to zero “strongly,”
g and we should expect “slowing-down” in the rate of hydrolysis
= 354 asT— Te.
= The combination of “slowing-down” and “speeding-up”
£ disposed symmetrically abotit, as shown in Figure 4, would
-3.61 seem to be inconsistent with a temperature dependence of the
form |T — T¢/X. Nonetheless, we believe that we have observed
-3.74 “slowing-down” as otherwise predicted, at least for T.
(2) Hydrolysis of 2-Bromo-2-methylpropane in Triethyl-
38 amine + Water. Since, as reported above, we have observed
’ “speeding-up” in the rate of hydrolysis of 2-chloro-2-methyl-
butane in isobutyric acidt water (UCST) in the two-phase
, region, wherel < T, we searched for a reaction mixture which
UT (10°K™) might be used to ascertain whether this effect could be
Figure 4. Arrhenius plot of the specific rate, 4/for hydrolysis of demonstrated wheh > T.. Any Sy1 reaction in a binary solvent

7.75uL of 2-chloro-2-methylbutane in 125 mL of isobutyric acid with a LCST (a single phase below and two phases above
water at the consolute composition. The thermostat temperature isT.) could presumably serve as an adequate test. We selected
T and the equilibrium critical solution temperatureTis 2-bromo-2-methylpropane, which we found to react at a
convenient rate in triethylamine water (LCST). The overall
stoichiometry of this hydrolysis reaction is

In(1/r) = 42.2— 114045RT (18) (CHy),CBr + H,0— (CHy),COH+ HBr  (19)

which was computed by fitting data obtained in the one-phase In contrast to 2-chloro-2-methylbutane in isobutyric aeid
region of the mixture at temperatures far ab@veThe units water, where the value df; was determined by eq 2 with >

of 7 are min, R is the universal gas constants the absolute 0, the value ofa in the case of 2-bromo-2-methylpropane in
temperature, while the units of the coefficient oRT/are J/mol. triethylamine+ water had the opposite sign.

temperature dependence of.1The straight line is given by
the equation
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TABLE 3: Specific Relaxation Rate, 1, vs Temperature for .2.25 -

the Hydrolysis of 2-Bromo-2-methylpropane in Triethyamine

+ Watera

temp €C) 1/ (min?) temp €C) 1/ (min~t)
17.68 0.04244 18.17 0.04897 -2.50 4
17.73 0.04327 18.20 0.04757
17.77 0.04465 18.21 0.04858
17.83 0.04388 18.23 0.05017 —~
17.90 0.04195 18.27 0.05275 = -2.75
17.92 0.03854 18.31 0.05166 k=
17.94 0.03758 18.32 0.05375 = .
17.96 0.04107 18.39 0.05481 = T.=179'
17.97 0.03924 18.59 0.05896 E :
17.98 0.04001 18.62 0.06152 -3.00 1 . :
18.00 0.04326 18.71 0.06293 N
18.02 0.04144 18.84 0.06757 " +++*
18.05 0.04334 18.91 0.06945 [ \f\ !
18.06 0.04376 18.99 0.07214 3.25 - %J \
18.07 0.04453 19.02 0.07448 ’ : \
18.10 0.04517 19.13 0.07698
18.11 0.04801 19.21 0.08021
18.14 0.04718
-3.50 v .

@ The equilibrium critical temperature wds = 17.90°C.

The reaction mixture, whose properties are summarized in
Table 1, consisted of L of 2-bromo-2-methylpropane
dissolved in 150 mL of triethylaming- water at its critical

T T T T
3.420 3.426 3.432 3.438

T A0° K™

Figure 5. Arrhenius plot of the specific rate, d/for hydrolysis of
7.0 uL of 2-bromo-2-methylpropane in 150 mL of triethylamire

composition. Observing all the precautions discussed abovewater at the consolute composition. The thermostat temperatdre is
concerning the response of the probe to phase transitions andind the equilibrium critical solution temperatureTis

the effect of conductivity “slowing down,” we followed the

progress of this first-order reaction using the conductance however, the kinetics of their mutual Menschutkin reaction
method. The conductance measurements were fitted to eq 16should be pseudo first order in the concentration of 2-bromo-
in order to determine the value of 71/ Also using the 2-methylpropane. Consequently, since both solvent components
conductance method, the critical temperature of the reactioncombine with the reactant via first order kinetics, the overall
mixture at chemical equilibrium was found to he= 17.9°C. kinetics should also be first order. Since there are no chemically
The effect of the dissolution of the reaction products was to inert substances in the mixture, the rules of Griffiths and
decrease the miscibility of isobutyric acitl water and lower Wheelef predict that the net rates of both the hydrolysis and
the critical solution temperature. Because the mixture was so Menschutkin reactions should decrease near the critical point.
dilute in 2-bromo-2-methylpropane, the value efwas only This is consistent with what we report in Figure 5 for at least
slightly lower than the critical temperaturg,’° = 17.93°C, of forT> T

the binary mixture. Again, the meniscus appeared in the center
of the cell.

Table 3 lists the measurements ofr Vs the Celsius
temperature for the reaction in eq 19. In Figure 5, we show an
Arrhenius plot of the temperature dependence of The two-
phase region correspondsTa T, while the one-phase region
corresponds td < Te. The straight line is given by the equation

IV. Discussion and Conclusions

The experiments described above illustrate the role of the
extent of reaction, in specifying the critical properties of reacting
mixtures. The determination §fnecessarily rests on a chemical
or physical measurement of the concentration of some one
species that takes part in the reaction. In the case of a chemically
reacting mixture near its critical point, an in situ measuring
device may, as we have pointed out, suffer a response to the
critical temperature that is separate from its response to the
concentration of the reacting species. A case in point was
analyzed by Morriso® He has criticized the use of optical
density measurements to detect the position of equilibrium in
Te. In this regard, the temperature dependencemislthe same  the dimerization of N@ to form N,O, at the liquid-vapor
as that seen in the hydrolysis of 2-chloro-2-methylbutane  critical point of carbon dioxidé? Morrison concluded that most
water, which has an UCST. This observation thus suggests thatof the decrease in transmitted light intensity observed when
in critical mixtures, reaction rate “slowing-down” occurs when was neai. in these experiments was due not to the formation

In(1/r) = 130— 321477RT (20)
The units ofr are min. The constant term on the right in eq 20
has a standard deviation &—3.2, while the activation energy
has a standard deviation #7865 J/mol. The data in the figure
show “slowing-down” forT > T. and “speeding up” foil <

T > T, while “speeding-up” occurs wheh < T, regardless
of the number of phases coexisting.

Before enumerating the fixed densities and analyzing this
experiment according to the Griffith&heeler ruleg,we should

of colored NQ but rather to the critical opalescence in the fluid.

In another case, the time dependence of the critical temperature
was used to follow the rate of recombination of photodissociated
chlorine atoms in supercritical £1° In subsequent work, Gregér

first note that triethylamine is not inert with respect to 2-bromo- showed that the use of thermal conductivity as a measure of
2-methylpropane. The two can combine by way of a Mens- concentration in this experiment suffered from a critical slowing
chutkin reactioh to form the quatenary ammonium bromide. down response near the liquistapor critical point that was
Since the concentration of triethylamine is in vast excess over independent of the extent of reaction. She concluded that the
the concentration of 2-bromo-2-methylpropane in our mixture, critical effects observed in her measurements of the atomic
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recombination rate were due to the slowing-down of the connecting the two components, their conclusions appear to be
conductivity as opposed to the slowing-down of the recombina- general, so we apply them to our multicomponent reacting
tion rate. mixture.

The competition between the response of a probe toT. In analyzing our experimgnts from the point of view of Milner
per se and its separate response to concentration need not alwayad Martin3* we shall confine our attention to the case where
invalidate the use of in situ probes in chemical reaction studies, there are no inert components. This is the criterion for “strong”
however. In addition to our own work described above, we cite Slowing-down. According to Milner and Martin, the values
the measurements of dielectric constant that were used to@SSumed by the two decay constants fall into two regimes of
determine the position of equilibrium in the dimerization of NO ~ Pehavior depending upon the wavelength of the normal mode.
at the UCST of perfluoromethylcyclohexare carbon tetra- Reglme | consists of normal modeg of long wa\(elength. In this
chloride32 The dielectric constant depends on the number r€9ime, the wo decay constants (in our notation) are propor-
average molecular polarizability. As in the case of our conduc- onal to (T/69ac and GAG/35)s, respectively. SincaGis a
tance measurements, the response of this probe remainedi€!d: While the entropy, S, and the extent of reactignare
proportional to concentration even as the differere; T, dengltles, both Qf these derivative should go to zerd asT,.
changed. Rgglme_ Il consists of normal modes of sho_rt wavelength. In

We believe, nevertheless, that where possible, the simples this regime, the decay constants are proportionabfdy(oc)r

t - L
. ; " .>rand @T/9S)¢, respectively. Both of these derivatives should go

way to cope with competing critical effects may be to avoid to ze‘?o ai)-ﬁ_, Tp y g
the use of in situ probes, altogether. In the case of sufficiently 1,5 in both \(;\./avelength regimes, the theory of inhomoge-

slgw reagtions, where only one phase is preseqt in the reaction,qous kinetics as proposed by Milner and Ma#ipredicts a
m|xtur_e, itis fe_a5|ble to extract r_epre_se_ntatlve aliquots from the slowing-down in the net rate of reaction when the mixture
well-stirred fluid nearTe. By rapid dilution or a temperature  csnains no inert components. In this respect, the predictions
change, the reac_t|on can be s_t(_)pped in _the aliquot and theqf homogeneous kineti®&1011.3%nd inhomogeneous kinetiés
mixture can be shﬁed toa noncrltlcal COﬂdI'[IOI‘l., where standard 56 the same. Nevertheless, we have observed both slowing
methods of analytical chemistry can be reliably performed yown and speeding-up in the reaction rates in the critical region
without concern for competing effects. for the mixtures, 2-chloro-2-methylbutane in isobutyric a¢id
We now return to the question posed in the Introduction and water, 2-bromo-2-methylpropane in triethylamiavater, both
give its answer:Does speeding-up depend on the coexistence of which contain no inert components. Speeding-up has also
of two phases?n the basis of our experiments, which are been reported in the case of ethyl iodide in triethylamine
limited to §1 reactions, the answer would seem to be no, water, another reaction mixture that contains no inert compo-
because speeding-up was observed in the two-phase region imentst There has been a report of the experimental observation
the case of the hydrolysis of 2-chloro-2-methylbutane in of speeding-up in the rate of dielectric relaxation in the
isobutyric acidt water, while it was observed in the one-phase nonreacting mixture, ethanet dodecane near its consolute
region in the case of the hydrolysis of 2-bromo-2-methylpropane point3’ This is in contrast to measurements of diffusfotfand
in triethylamine+ water. Newtonian viscous flo#? in nonreacting mixtures which exhibit
The analysis of critical slowing down, which we have ©nly slowing down. In addition, there have been reports of
presented in the theory section, assumes that the kinetics aré@lculation$#*predicting an enhancement in the rate of thermal
homogeneou$51011.33The net rate of a first-order reaction in relaxation in pure fluids near the liquidrapor cr|t|qa_l point.
such case is determined by the first derivative of the Gibbs free Nevertheless, the contrast between the theory of critical slowing-
energy with respect t4. down and the experimental observation of speeding-up still

The assumption of homogeneous kinetk® has been remains one of the central puzzles in understanding the kinetics

challenged by Milner and Marti# Their ideas have been of chemical reactions at the critical point of solution.
reviewed by Greet® Milner and Martin have stressed that spatial Acknowledgment. This research was supported by the Air
variations in composition near the critical point link sound Force Research Laboratory under a grant from the Air Force
propagation, thermal diffusion, and concentration diffusion to Office of Scientific Research and by the Naval Research
the rate of chemical reaction. They represent this coupling using Laboratory under a grant from the Office of Naval Research.
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