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ynamic analysis of the activation
parameters for the simple hydrolysis of acetic
anhydride in the acetonitrile/water cosolvent
system†

F. L. Wiseman, *a D. W. Scott,b W. C. Cooper,c J. Tamine,d R. O'Connella

and N. Mitchellb

A detailed thermodynamic analysis of the activation parameters for the simple hydrolysis of acetic anhydride

in an acetonitrile/water cosolvent system is presented. The activation parameters are obtained using

regression analyses of the Eyring rate equation under iso-mole fraction and isodielectric conditions. The

iso-mole fraction Eyring plots are linear, indicating the activation enthalpy and entropy are both

temperature independent under these conditions. However, the isodielectric Eyring plots are non-linear,

and the analysis shows both the activation entropy and activation enthalpy are strongly temperature

dependent under isodielectric conditions. The thermodynamic analysis is complemented by linear

solvent energy analysis and computational studies of possible transition structures, the latter showing

that a concerted six-member ring structure with a single water molecule is the likely transition state.
Introduction

Over the past several decades researchers have conducted
extensive work quantifying solvent effects on chemical equi-
libria, spectroscopic data, and rate processes, and a thorough
discussion of this topic is found in Reichardt and Welton's
book.1 Perhaps the most widely-used analysis of solvent effects
on reaction rates has been multiparametric linear solvent
energy relationships (LSER), such as that of Grunwald and
Winstein,2,3 and Kamlet and Ta.4–7 The basis of LSER analyses
is the parameterization of solvent effects for a suitable reference
reaction using a wide range of solvent systems. Solvent effects
stem from bulk properties such as relative permittivity, dipole
moment, and refractive index, and specic solute–solvent
interactions such as polarizability and electron pair donor and
acceptor interactions. While the application of LSERs is
successful in some systems, it is not so much in others,
particularly when analyzing structurally dissimilar systems.1

The variable success of LSERs underscores its inherent empir-
ical nature.8 While this does not detract from the usefulness of
LSERs as mechanistic and predictive tools, a more
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fundamentally based quantitative analysis would serve
a powerful complement, and perhaps provide additional
information not otherwise tractable with LSER methods.

The most widely-used theory for analyzing reaction rates is
the Eyring rate equation, which has proven to be quite adept for
analyzing aqueous-phase reaction rate data.9,10 This celebrated
theory is based upon the premise of a quasi-equilibrium
between the reactant and transition states. The theory has its
limitations, particularly in the case of fast reactions, but
because of its inherent use of a thermodynamic construct in the
form of the activation parameters, it allows for a conventional
thermodynamic analysis. To the authors' knowledge an analysis
of this kind has not yet been presented in the literature.

Thermodynamic analyses entail analyzing a measurable
variable in response to a specied parameter space. A classic
example is the response of reaction enthalpies to changes in
temperature and pressure. Per the nature of Eyring theory,
measuring the response of the activation parameters for
a reaction requires that the temperature be part of that
parameter space. Any other measurable variable of interest then
requires studying the reaction over a suitable range for that
variable as well. For studying the effects of a cosolvent system,
which is the focus of this work, generating the usual iso-mole
fraction Eyring plots is required. But in addition, Eyring plots
must be generated in which at least one other measurable
solvent parameter is held constant. This type of analysis is
certainly not traditional, and requires a more extensive experi-
mental protocol. The benet of this complementary suite of
Eyring analyses is the contributions from the temperature, the
RSC Adv., 2017, 7, 28965–28978 | 28965
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mole fraction, and other solvent parameters of interest can be
individually analyzed in separate thermodynamic terms.

Because specic solute–solvent interactions cannot be
directly measured, bulk properties must instead be chosen in
the thermodynamic analysis. The property of choice in this
work is the relative permittivity, which oenmakes a signicant
contribution to condensed-phase reaction rates, and has
received much attention in the literature. Historical work
includes a systematic qualitative description by Hughes and
Ingold,11–14 and development of various quantitative expres-
sions relating reaction rate constants to the relative permit-
tivity.15–19 For the test reaction, the authors have chosen the
simple hydrolysis of acetic anhydride because it has been well
characterized,20–23 and has served as a benchmark reaction for
certain chemical engineering processes.24 Finally, the authors
have chosen the acetonitrile/water cosolvent system for this
work. This system is miscible, well characterized, and shows
a strong dependence of the relative permittivity on mole
fraction.

This work also includes an analysis of the rate data using the
LSER equation of Kamlet and Ta,4–7 and results of computa-
tional studies of selected transition states. Results of these
analyses provide information that complements the thermo-
dynamic analysis.

Theory
Thermodynamic treatment of the Eyring activation
parameters

Activation parameters depend upon any variable that affects the
energies and entropies of the reactant and transition states. The
number of such variables is rather extensive, and individually
tracking all of them is experimentally impossible. Among the
ones easier to track, and the ones used in this work, are the
temperature, cosolvent mole fraction, and relative permittivity.
As such, the analysis presented in this article allows the solution
relative permittivity to be separately quantied, which is
notable since distinguishing bulk medium effects from specic
interactive substrate-solvent effects is generally quite difficult.

The total differential for the activation enthalpy (DH‡) in
terms of the temperature (T), the cosolvent mole fraction (X),
and the relative permittivity (3) is:

dDH‡ ¼
�
vDH‡

vT

�
X ;3

dT þ
�
vDH‡

vX

�
3;T

dX þ
�
vDH‡

v3

�
X ;T

d3 (1)

X can be for either component; in this work X is the water
mole fraction. Eyring plots require variation in temperature;

hence
�
vDH‡

vT

�
X
and

�
vDH‡

vT

�
3

are key terms in the analysis.

From eqn (1) these terms are:�
vDH‡

vT

�
X

¼
�
vDH‡

vT

�
X ;3

þ
�
vDH‡

v3

�
X ;T

�
v3

vT

�
X

(2)

�
vDH‡

vT

�
3

¼
�
vDH‡

vT

�
X ;3

þ
�
vDH‡

vX

�
3;T

�
vX

vT

�
3

(3)
28966 | RSC Adv., 2017, 7, 28965–28978
Terms such as
�
vDH‡

vT

�
X ;3

, in which two independent vari-

ables are held constant, are hereaer called double constraint
differential terms. These terms cannot be directly measured in
any single cosolvent system because one independent variable
cannot change while the other two are constant. However, they
can be functionally related to measurable terms. The values for
these double constraint differential terms reveal useful infor-
mation about the structural and electrostatic nature of the
transition state.�

vDH‡

vT

�
X ;3

can be identied as the activation heat capacity

(DC‡
p) under conditions of constant pressure, mole fraction, and

relative permittivity. Eqn (2) and (3) therefore become:�
vDH‡

vT

�
X

¼ DC‡
p þ

�
vDH‡

v3

�
X ;T

�
v3

vT

�
X

(4)

�
vDH‡

vT

�
3

¼ DC‡
p þ

�
vDH‡

vX

�
3;T

�
vX

vT

�
3

(5)

Since
�
vDS
vT

�
X ;3

¼ DC‡
p

T
, the companion expressions for the

activation entropy are:�
vDS‡

vT

�
X

¼ DC‡
p

T
þ
�
vDS‡

v3

�
X ;T

�
v3

vT

�
X

(6)

�
vDS‡

vT

�
3

¼ DC‡
p

T
þ
�
vDS‡

vX

�
3;T

�
vX

vT

�
3

(7)

Iso-mole fraction Eyring plots are generally linear, in which

case
�
vDH‡

vT

�
X
and

�
vDS‡

vT

�
X
are zero. Under these conditions�

vDH‡

v3

�
X;T

and
�
vDS‡

v3

�
X ;T

are:

�
vDH‡

v3

�
X ;T

¼ �DC‡
p

�
vT

v3

�
X

(8)

�
vDS‡

v3

�
X ;T

¼ �DC‡
p

T

�
vT

v3

�
X

(9)

The differential expression for DG‡ ¼ DH‡ � TDS‡ under iso-
mole fraction and isothermal conditions is:�

vDG‡

v3

�
X ;T

¼
�
vDH‡

v3

�
X ;T

� T

�
vDS‡

v3

�
X ;T

(10)

Substituting the terms in eqn (8) and (9) into (10) yields:�
vDG‡

v3

�
X ;T

¼ �DC‡
p

�
vT

v3

�
X

þ T

"
DC‡

p

T

�
vT

v3

�
X

#
¼ 0 (11)
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This remarkable result stems from the linearity of the iso-
mole fraction Eyring plots, and is entirely general! A similar
analysis for linear isodielectric Eyring plots leads to�
vG‡

vX

�
3;T

¼ 0.

As will be shown, the isodielectric Eyring plots for the reac-
tion system studied in this work are not linear. Whether this is
a general trend remains to be determined, as isodielectric Eyr-
ing plots are not commonplace in the literature. One explana-

tion for this non-linearity is that either or both terms,
�
vDH‡

vT

�
3

and
�
vDS‡

vT

�
3

, is not zero. However, because of this ambiguity,

individual numeric values for these terms cannot be determined
from the isodielectric Eyring plots alone. Resolving this ambi-
guity requires these terms be related to measurable terms from
the linear iso-mole fraction plots. The key relationships required
for this analysis are derived in the following paragraphs.

Noting that
�
vDH‡

v3

�
T
¼

�
vDH‡

vX

�
T

�
vX
v3

�
T

and�
vDS‡

v3

�
T
¼

�
vDS‡

vX

�
T

�
vX
v3

�
T
, the expression for

�
vDG‡

v3

�
T
is:

�
vDG‡

v3

�
T

¼
��

vDH‡

vX

�
T

� T

�
vDS‡

vX

�
T

��
vX

v3

�
T

(12)

As will be shown, the plot of
�
vDG‡

v3

�
T

�
v3

vX

�
T
vs. T is linear,

hence the slope is �
�
vDS‡

vX

�
T
and the intercept is

�
vDH‡

vX

�
T
.

Treating the mole fraction as the independent variable in
eqn (1) leads to the following expression:�

vDH‡

vX

�
T

¼
�
vDH‡

vX

�
3;T

þ
�
vDH‡

v3

�
X ;T

�
v3

vX

�
T

(13)

Combining eqn (8) and (13) yields:�
vDH‡

vX

�
3;T

¼
�
vDH‡

vX

�
T

þ DC‡
p

�
vT

v3

�
X

�
v3

vX

�
T

(14)

Finally, combining eqn (5) and (14) yields:�
vDH‡

vT

�
3

¼ DC‡
p þ

��
vDH‡

vX

�
T

þ DC‡
p

�
vT

v3

�
X

�
v3

vX

�
T

��
vX

vT

�
3

�
vDH‡

vT

�
3

¼ DC‡
p þ

��
vDH‡

vX

�
T

� DC‡
p

�
vT

vX

�
3

��
vX

vT

�
3

�
vDH‡

vT

�
3

¼
�
vDH‡

vX

�
T

�
vX

vT

�
3

(15)
This journal is © The Royal Society of Chemistry 2017
Eqn (15) is true provided
�
vDH‡

vT

�
X
¼ 0. Since�

vDH‡

vT

�
3

¼
�
vDH‡

vX

�
3

�
vX
vT

�
3

, then it follows that�
vDH‡

vX

�
3

¼
�
vDH‡

vX

�
T

if
�
vDH‡

vT

�
X
¼ 0. The companion

expression for
�
vDS‡

vT

�
3

, which is true if
�
vDS‡

vT

�
X
¼ 0, is:

�
vDS‡

vT

�
3

¼
�
vDS‡

vX

�
T

�
vX

vT

�
3

(16)

Empirical relationships for the cosolvent terms

Expressions for
�
vT
v3

�
X
and

�
v3

vX

�
T
can be determined from

polynomial regression analyses of experimental data for the

cosolvent system. Expressions for
�
vX
vT

�
3

can then be calculated

using the chain rule, or by direct regression analysis of the data
using polynomials, as is done in this work. For the thermody-
namic analyses, regression polynomials are also required for
the rate constants in terms of X for each temperature. The
correlation coefficients for the polynomials in this work are
generally 0.999 or better, and the “experimentally equivalent”
errors in the polynomial ts are presumably comparable to the
actual experimental errors.

For acetonitrile/water mixtures, linear polynomials are
adequate for expressing 3 in terms of X and T, but a second-
order polynomial is better for expressing X in terms of T. The
general expressions where the a's, b's and c3 are the polynomial
tting parameters are:

3T ¼ aTX + bT (17)

3X ¼ aXT + bX (18)

X3 ¼ a3T
2 + b3T + c3 (19)

in which the subscript refers to the variable being held
constant. In thermodynamics, parameters appearing in equa-
tions for which a variable is held constant are generally
dependent upon that variable as well. This is the case here, and
it is found that aT and aX are well represented by linear func-
tions in T and X, respectively, i.e.:

aT ¼ a0TT + b0T (20)

aX ¼ a0XX + b0X (21)

Corresponding expressions for a3 and b3 are not shown here
since they are not necessary for the analysis. From these
expressions, the full series of partial derivatives relating 3, T,
and X is: �

v3

vX

�
T

¼ aT ¼ a
0
TT þ b

0
T (22)
RSC Adv., 2017, 7, 28965–28978 | 28967
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�
v3

vT

�
X

¼ aX ¼ a
0
XX þ b

0
X (23)

�
vX

vT

�
3

¼ 2a3T þ b3 (24)

General expressions for the thermodynamic activation terms

Using the polynomials from the previous subsection yields the
following general expressions for the double constraint differ-
ential terms: �

vDH‡

v3

�
X ;T

¼ � DC‡
p

a0XX þ b0X
(25)

�
vDS‡

v3

�
X ;T

¼ � DC‡
p

ða0XX þ b0X ÞT (26)

�
vDH‡

vX

�
3;T

¼
�
vDH‡

vX

�
T

þ DC‡
p

�
a
0
TT þ b

0
T

�
a0XX þ b0X

(27)

�
vDS‡

vX

�
3;T

¼
�
vDS‡

vX

�
T

þ DC‡
p

�
a
0
TT þ b

0
T

�
ða0XX þ b0X ÞT (28)

The expressions for
�
vDH‡

vT

�
3

and
�
vDS‡

vT

�
3

are:

�
vDH‡

vT

�
3

¼ ð2a3T þ b3Þ
�
vDH‡

vX

�
T

(29)

�
vDS‡

vT

�
3

¼ ð2a3T þ b3Þ
�
vDS‡

vX

�
T

(30)

Since the series of iso-mole fraction Eyring plots in this work

are linear,
�
vDH‡

vX

�
T

and
�
vDS‡

vX

�
T

are independent of T.

Therefore, the integrated expressions from eqn (29) and (30)
are:

DH‡ ¼ DH‡
r þ

�
a3
�
T2 � Tr

2
�þ b3ðT � TrÞ

	�vDH‡

vX

�
T

(31)

DS‡ ¼ DS‡
r þ

�
a3
�
T2 � Tr

2
�þ b3ðT � TrÞ

	�vDS‡

vX

�
T

(32)

in which Tr is a reference temperature and DH‡
r and DS‡r are the

values at Tr.
In addition to temperature-dependent activation parame-

ters, curvature in Eyring plots can be due to several other factors
as well. One is the reversible formation of an intermediate.
However, in this work this possibility can be summarily ruled
out since, as will be shown, the curvature in the isodielectric
plots is concave upward. The reversible formation of an inter-
mediate experimentally has been shown to cause a slight
downward curvature, and only at temperatures below�15 �C for
the simple hydrolysis of acetic anhydride.25,26 Another
28968 | RSC Adv., 2017, 7, 28965–28978
possibility is the effect of the activation heat capacity term.
However, it has been the authors' experience that for Eyring
plots exhibiting any noticeable curvature, DC‡

p must be unreal-
istically large to adequately account for the curvature. This work
is no exception, as regression values from the isodielectric plots
yield DC‡

p values on the order of 800 J K�1 mol�1! Another
possible explanation is the existence of more than one ther-
modynamically accessible transition state. The different tran-
sition states can either be different in structure with the same
molecularity, or have different molecularities. However,
computational studies, which are described later, strongly
suggest only one accessible transition state exists.

Empirical relationship between the observed rate constant
(kobs) and the cosolvent relative permittivity

Assuming a linear dependence of
�
vDG‡

v3

�
T
on 3 renders the

following expression:

dDG‡ ¼ (a + b3)d3 (33)

in which a and b are empirical parameters. Integrating eqn (33)
yields:

DG‡ ¼ DG‡
1 + (3 � 1)[a + 1/2b(3 + 1)] (34)

in which DG‡
1 is the activation free energy for 3 ¼ 1. Using the

Eyring equation, eqn (34) can be recast as:

ln kobs ¼ ln k1;obs � ð3� 1Þ½aþ 1=2bð3þ 1Þ�
RT

(35)

The Eyring model for this work

Results of computational studies, discussed in the computa-
tional section, clearly show that the transition state contains
only one water molecule. Therefore, the observed rate constant,
which is pseudo rst-order, is:

kobs ¼ k[H2O] (36)

in which k is the second-order Eyring rate constant. The Eyring
rate equation can therefore be cast as:

Y ¼ DS‡ � DH‡

T
(37)

in which Y is R

(
ln

hkobs
kBT

� ln
� ½H2O�
mol dm�3

�)
, where kB is

Boltzmann's constant and h is Planck's constant. Finally,
combining eqn (31), (32), and (37) yields the following expres-
sion that is used for the isodielectric Eyring plots generated in
this work:

Y ¼ DS‡
r �

DH‡
r

T
þ �

a3
�
T 2 � Tr

2
�þ b3ðT � TrÞ

	��vDS‡

vX

�
T

� 1

T

�
vDH‡

vX

�
T

�
(38)
This journal is © The Royal Society of Chemistry 2017
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Experimental

Acetic anhydride (Baker, A.C.S., reagent) and acetonitrile
(Fisher Scientic, A.C.S., certied) were used as received.
Reaction solutions were prepared solely with deionized water
and acetonitrile. Relative permittivity data for the acetonitrile/
water solutions was taken from ref. 33. Temperatures were
maintained at �0.01 �C using a water bath and a Thermo
Scientic Haake SC 100 water circulator. The water bath was
placed on a magnetic stirrer to allow the reaction solutions to
be continuously stirred. One drop of acetic anhydride was used
per �20 mL of solution. The pH technique was used25,26 for
acquiring the rate data. For most of the studies the reaction
time and the pH were monitored manually. The pH was
measured using an Accumet Model 15 pH meter set to read to
0.001 pH unit, and equipped with a Thermo Scientic Orion
Ross electrode. The electrode was periodically calibrated using
buffer solutions at pH 5.00 and 3.00. The initial pH for the
reaction solutions was between 4.0 and 5.0, and the pH ranged
from 0.15 to 0.4 pH unit during the course of the reactions.
The reactions were monitored at least 2.5 half lives, and each
data point was at least triplicate (generally more). Rate
constants were measured at 15.0, 20.0, 25.0, 30.0, 35.0, 40.0,
45.0, 50.0, and 55.0 �C for water mole fractions ranging from
0.790 to 1.000. The raw pH-time data was tted using non-
linear regression analysis with the standard non-buffer pH
rate expression.26 A typical pH rate curve is shown in Fig. 1.
Fieen to forty data points were taken for each trial, depend-
ing upon the half-life, and correlation coefficients ranged from
0.9999 for the faster reactions to 0.99999 or better for the
slower reactions.
Fig. 1 A typical plot of pH vs. time for the simple hydrolysis of acetic a
a water mole fraction of 0.8346. The non-linear regression analy

is,pH ¼ a� log
n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ b½1� ce�kt�
p

� 1
o
,25,26 where a, b, c, and k (the rat

0.02676 (�0.00004) min�1 and a correlation coefficient of 0.999997.

This journal is © The Royal Society of Chemistry 2017
Computational results

The quantum mechanical computations were conducted using
a Spartan Parallel Version27 on a 3.2 GHz dual quad-core MacPro
with an SSD drive and 24 GB physical RAM, which was run with
a MacOS 10.6.8 booted into the 64-bit kernel. Diligent geometry
searches located transition structures A to E as shown in
Table 1. These structures possessed a single imaginary
frequency.

Possible transition states were investigated in vacuo using
a variety of methods and basis sets. However, RB3LYP/6-31G*
was systematically used to more thoroughly investigate the
transition states. This combination of method and basis set
generally yields the smallest average deviation from experi-
mental values.28 For instance, the computational value of 63.1 kJ
mol�1 for the enthalpy of acetic anhydride hydrolysis obtained
with RB3LYP/6-31G* agrees quite well with the literature value
of 58.5 kJ mol�1. For this reason, only the computational results
from the RB3LYP/6-31G* analyses are shown in Table 1. None-
theless, other combinations of methods and basis sets consis-
tently show structure B to be have the lowest activation free
energy.

Optimizations were also conducted with the SM8 model29 in
water, dimethyl sulfoxide, and acetonitrile. Activation parame-
ters were calculated using the optimized reactant and transition
states for structures A to E. An upper bound for the activation
free energy for structure F was estimated based upon CCSD(T)/
cc-pVTZ and G3 energies for the acetyl cation and acetate anion.

Absolute values for the energies of the individual species vary
somewhat due to non-compliance with the hyperhomodesmotic
criteria.30 However, the activation parameters are calculated
from the energy difference between the reaction and transition
nhydride. This plot is for the acetonitrile/water system at 36.0 �C and
sis uses the non-buffer version of the pH rate equation, which

e constant) are the fitting parameters. The analysis result yields k ¼

RSC Adv., 2017, 7, 28965–28978 | 28969
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Table 1 Computational results for various transition states (TS) for simple acetic anhydride hydrolysis. See the text for a discussion of the
computational methods. The activation free energies are calculated for 25 �C. TS A convergence required use of the SM8 model in the
optimization

TS code TS structure
m/D
(aqueous) Products

DH‡/kJ
mol�1

DS‡/J
K�1 mol�1

DG‡/kJ
mol�1

A 14.4

CH3CO2
�

97.3 �142.3 139.7
CH3CO2H2

+

B 1.6 2CH3CO2H 39.9 �156.6 86.6

C 8.5 2CH3CO2H 108.6 �149.8 153.3

D 4.0

2CH3CO2H

19.8 �307.9 111.6

H2O

E 5.1

CH3CO2H

146.1 3.6 145.0
CH2CO

F —

CH3CO2
�

— — 191.4
CH3CO

+
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states, and are expected to have much smaller computational
errors.

These computational results clearly support a concerted,
one-water molecule transition state, which is contrary to
conventional thought that at least two water molecules are
structurally involved in the transition state.31,32 Computational
results suggest that the entropic cost is too great for the meager
energy payoff of adding additional water molecules in the
transition state.
Analysis results
Numeric expressions for the thermodynamic terms

Fig. 2 shows the kinetic rate constants plotted as �log(kobs) vs.
Xwater. The isothermal, isodielectric, and iso-mole fraction lines
are color coded. The rate constants along the iso-mole fraction
lines have been analyzed using eqn (37), and the plots are
shown in Fig. 3. The iso-mole fraction Eyring plots are all linear,

indicating that
�
vDH‡

vT

�
X
and

�
vDS‡

vT

�
X
are zero. Table 2 shows

the activation enthalpy and entropy from the regression anal-
yses, and the values for the activation free energies at 25 �C.

The experimental data for the acetonitrile/water system
presented in ref. 33 has been tted using eqn (17), and numeric
28970 | RSC Adv., 2017, 7, 28965–28978
results for the parameters are shown in Table 3. A linear t

using these values yields the following expression for
�
v3

vT

�
X
:

�
v3

vT

�
X

¼ ��0:371 K�1�Xwater þ 0:027 K�1 (39)

Using eqn (25), (26), and (39), the expressions for
�
vDH‡

v3

�
X ;T

and
�
vDS‡

v3

�
X ;T

are:�
vDH‡

v3

�
X ;T

¼ DC‡
p

ð0:371 K�1ÞXwater � 0:027 K�1 (40)

�
vDS‡

v3

�
X ;T

¼ DC‡
p

½ð0:371ÞXwater � 0:027�ðT=KÞ (41)

Eqn (40) and (41) apply in the ranges 0.790 # Xwater # 1.000
and 15.0 # T # 55.0 �C.

Fig. 4 shows a typical plot of ln(kobs) vs. 3. The non-linear
regression analysis uses eqn (35) with a ¼ 0. Table 4 shows

values for
�
v3

vX

�
T
and b, and the applicable relative permittivity
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Plots of �log(kobs) vs. Xwater for acetic anhydride hydrolysis in the acetonitrile/water cosolvent system. The solid red circles are the
observed rate constants in min�1. The red lines represent isotherms (from top to bottom: 15.0 �C, 20.0 �C, 25.0 �C, 30.0 �C, 35.0 �C, 40.0 �C,
45.0 �C, 50.0 �C, and 55.0 �C); the green lines represent isodielectric lines (from right to left: 68.33, 66.62, and 64.72); and the blue lines represent
iso-mole fraction lines (from right to left: 1.000, 0.970, 0.940, 0.910, 0.880, 0.850, and 0.825). All points are at least triplicate (generally more),
and the average percent error on the standard deviations is 1.7%.

Fig. 3 Iso-mole fraction Eyring plots and the regression analyses using eqn (37). The water mole fractions from top to bottom are: 1.000, 0.970,
0.940, 0.910, 0.880, 0.850, and 0.825. The points for mole fraction 1.000 are measured data; all other points are calculated from regression
polynomials. The correlation coefficients range from 0.9990 to 0.9999.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 28965–28978 | 28971
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Table 2 Activation parameters from the linear regression analyses
under iso-mole fraction conditions using eqn (37). Errors are shown in
parentheses. The activation free energies are calculated for 25.0 �C

Xwater DH‡/kJ mol�1 DS‡/J K�1 mol�1 DG‡/kJ mol�1

1.000 39.80 (�0.25) �193.9 (�0.8) 97.6 (�0.8)
0.970 38.39 (�0.39) �198.2 (�1.3) 97.5 (�1.4)
0.940 40.03 (�0.29) �199.1 (�0.9) 99.4 (�0.9)
0.910 39.80 (�0.33) �202.9 (�1.1) 100 (�1)
0.880 38.86 (�0.40) �208.5 (�1.3) 101 (�1)
0.850 38.66 (�0.61) �211.6 (�2.0) 102 (�2)
0.825 38.23 (�0.50) �211.5 (�1.6) 101 (�2)

Table 3 Values for

�
v3

vT

�
X
for the acetonitrile/water system at various

water mole fractions. The relative permittivity range is 53.08 to 80.16,

and the temperature range is 15.0 to 55.0 �C. The data used for the

analyses is from ref. 33

Xwater

�
v3

vT

�
X /K

�1

1.0000 �0.342
0.9535 �0.330
0.9012 �0.307
0.8420 �0.286
0.7740 �0.260

Table 4 Values for

�
v3

vX

�
T
, b (from the non-linear regression analysis

of eqn (35) with a¼ 0), and the applicable relative permittivity ranges at

various temperatures for acetic anhydride hydrolysis in the acetoni-

trile/water system. The data used to analyze the values for

�
v3

vX

�
T
is in

ref. 33

T/�C

�
v3

vX

�
T

�103 b/kJ mol�1
Relative permittivity
range

15.0 83.5 (�1.6) 5.01 (�0.07) 64.6–81.2
20.0 81.4 (�1.4) 5.34 (�0.07) 64.7–80.3
25.0 79.5 (�1.0) 5.82 (�0.08) 63.6–78.4
30.0 77.6 (�1.4) 6.39 (�0.04) 63.0–76.7
35.0 75.0 (�1.1) 6.85 (�0.09) 61.3–74.9
40.0 73.6 (�1.5) 7.28 (�0.10) 60.1–73.2
45.0 72.2 (�1.3) 7.65 (�0.11) 58.7–71.6
50.0 70.6 (�1.0) 8.03 (�0.09) 57.4–70.0
55.0 68.3 (�1.3) 8.73 (�0.08) 56.0–68.3
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range at each temperature. A linear t of
�
v3

vX

�
T
vs. T yields:

�
v3

vX

�
T

¼ 190� ð0:370ÞðT=KÞ (42)
Fig. 4 Plot of ln(kobs) vs. 3 for acetic anhydride hydrolysis in the acetonitril
generated using eqn (35) with a ¼ 0. The water mole fraction range for th
coefficient is 0.9999.

28972 | RSC Adv., 2017, 7, 28965–28978
Using eqn (27), (28), (39), and (42), the expressions for�
vDH‡

vX

�
3;T

and
�
vDS‡

vX

�
3;T

become:

�
vDH‡

vX

�
3;T

¼
�
vDH‡

vX

�
T

� DC‡
p½190� ð0:370ÞðT=KÞ�

ð0:371 K�1ÞXwater � 0:027 K�1

(43)

�
vDS‡

vX

�
3;T

¼
�
vDS‡

vX

�
T

� DC‡
p½190� ð0:370ÞðT=KÞ�

½ð0:371ÞXwater � 0:027�ðT=KÞ (44)
e/water cosolvent system at 30.0 �C. The non-linear regression curve is
e data presented here is 0.824 to 1.000, and the regression correlation

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Plots of b3
�
v3

vX

�
T
vs. T and the linear regression lines for the following relative permittivities: 64.72 (top curve), 66.62 (middle curve), and

68.33 (bottom curve). The errors bars are shown for the top curve only. The correlation coefficients are all 0.995.

Table 5 Regression values for

�
vDH‡

vX

�
T
and

�
vDS‡

vX

�
T
at the three

relative permittivities

3

�
vDH‡

vX

�
T
/kJ mol�1

�
vDS‡

vX

�
T
/J K�1 mol�1

64.72 55.3 (�3.3) 286 (�11)
66.62 57.0 (�3.3) 295 (�11)
68.33 58.4 (�3.3) 302 (�11)

Table 6 Values for a3 and b3 and the expressions for

�
vX
vT

�
3

at the

three relative permittivities. The temperature range is 15.0 to 55.0 �C,
and the water mole fraction range is 0.779 to 1.000. The data used for

the analyses is from regression polynomials

3 a3/K
�2 b3/K

�1

�
vX

vT

�
3

68.33 1.202 � 10�5 �0.003305 (2.404 � 10�5 K�2)T � 0.003305 K�1

66.62 1.179 � 10�5 �0.003269 (2.358 � 10�5 K�2)T � 0.003269 K�1

64.72 1.186 � 10�5 �0.003437 (2.372 � 10�5 K�2)T � 0.003437 K�1
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Eqn (43) and (44) apply in the ranges 0.790 # Xwater # 1.000
and 15.0 # T # 55.0 �C.

As evident in Fig. 2, the isodielectric lines span a rather wide
swath, so only a narrow relative permittivity range can be used.
Relative permittivity values of 68.33, 66.62, and 64.72 have been
chosen for the analysis.

The rate constants and water concentrations are calculated
from regression polynomials generated for each of these relative
permittivities. Fig. 5 shows the linear regression analyses of eqn
(12) using the data in Table 4 for the three relative permittiv-

ities, and Table 5 shows the regression values for
�
vDH‡

vX

�
T
and�

vDS‡

vX

�
T
. It is noted here that

�
vDG‡

v3

�
T
¼ b3 as indicated in

eqn (33).

Table 6 shows regression values for a3, b3, and
�
vX
vT

�
3

for the

three relative permittivities. Fig. 6 shows the isodielectric plots
and the non-linear regression analyses of eqn (38) for the three
relative permittivities. DH‡

r and DS‡r are the only adjustable
parameters in the analyses, and the regression coefficients are
independent of the value for Tr. Table 7 shows the activation
parameters from the regression analyses for the three relative
permittivities and Tr ¼ 15.0 and 55.0 �C.
Linear solvent energy relations

The Kamlet–Ta free energy relationship for solvent effects is:4–7

log
kx

k1
¼ sp*þ aaþ bb (45)

in which k1 is the rate constant at a water mole fraction of 1.000,
p* is the solvent polarity/polarizability parameter, a is the
This journal is © The Royal Society of Chemistry 2017
solvent hydrogen bond donating (HBD) parameter, b is the
hydrogen bond accepting (HBA) parameter, and s, a, and b are
the corresponding solvatochromic coefficients that quantify the
relative contributions from each of these solvatochromic
effects. These solvent parameters have been characterized for
the equilibria of quinolone antibacterials in acetonitrile/water
mixtures at 25 �C.34 Plots of these parameters vs. the water
mole fraction, along with the polynomial ts, are shown in

Fig. 7. The plot of log
kx
k1

vs. Xwater and the regression analysis
RSC Adv., 2017, 7, 28965–28978 | 28973
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Fig. 6 Isodielectric Eyring plots and non-linear regression analyses using eqn (38). The relative permittivities are: 68.33 (top curve), 66.62 (middle
curve), and 64.72 (bottom curve). The watermole fraction range is 0.790 to 1.000. All data points are calculated from regression polynomials. The
correlation coefficients are all 0.9999.

Table 7 Isodielectric activation parameters from the non-linear
regression analyses of eqn (38) for the three relative permittivities and
Tr ¼ 15.0 and 55.0 �C

3 Tr/�C DH‡
r/kJ mol�1 DS‡r/J K

�1 mol�1 DG‡
r/kJ mol�1

68.33 15.0 28.93 (�0.40) �246.2 (�1.3) 99.9 (�1.4)
55.0 38.01 (�0.40) �199.2 (�1.3) 103.4 (�1.4)

66.62 15.0 26.43 (�0.36) �256.5 (�1.2) 100.4 (�1.3)
55.0 35.53 (�0.36) �209.3 (�1.2) 104.2 (�1.3)

64.72 15.0 23.89 (�0.43) �266.7 (�1.4) 100.7 (�1.5)
55.0 32.94 (�0.43) �219.9 (�1.4) 105.1 (�1.5)
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using eqn (45) with these polynomial functions are shown in
Fig. 8. Regression analysis yields the following results for the
solvatochromic coefficients: s ¼ 7.19 (0.09), a ¼ �1.66 (0.07),
and b ¼ �10.93 (0.06). The correlation coefficient is 0.99998.
Discussion

Comparison of the computational data in Table 1 with the
thermodynamic data in Table 2 reveals excellent agreement for
the activation enthalpy for transition state B. None of the other
transition states are even close in agreement. However, the data
in Table 7 shows a temperature variability of the thermody-
namic parameters, making comparison with a single set of
theoretical values tenuous. The computational activation
entropy is low, but the analysis of the experimental data indi-
cates there is a signicant solvent effect upon the activation
entropy. As will be discussed, this effect likely represents
a close-range molecular interaction that is not captured by the
computational methods. Nonetheless, the close agreement of
the numeric values of the activation enthalpy, coupled with the
28974 | RSC Adv., 2017, 7, 28965–28978
low activation free energy for transition state B, argues strongly
against the other transitions states being viable options.

The data in Table 2 shows that the activation entropy for
simple acetic anhydride hydrolysis under iso-mole fraction
conditions contributes about 60% of the activation free energy
at 25 �C. The contribution from the activation entropy is notably
different for other reactions conducted in cosolvent systems,
such as the amine-catalyzed ring opening of azlactones,35–38 and
the hydrolyses of some metal complexes.39–41 The contribution
from the activation entropies for metal complex hydrolyses is
much lower than for simple acetic anhydride hydrolysis. Metal

complex hydrolyses exhibit non-zero values for
�
vDH‡

vX

�
T
and�

vDS‡

vX

�
T
, but values near zero for

�
vDG‡

vX

�
T
. The azlactone ring

opening reactions, on the other hand, have contributions from
the activation entropies that are higher than for simple acetic

anhydride hydrolysis. The values for
�
vDH‡

vX

�
T
,
�
vDS‡

vX

�
T
, and�

vDG‡

vX

�
T
are all non-zero for these reactions. The emerging

trend seems to be that reactions with larger contributions from
the activation entropy tend to exhibit non-zero values for�
vDG‡

vX

�
T
, whereas reactions with larger contributions from the

activation enthalpy tend to exhibit values for
�
vDG‡

vX

�
T
that are

close to zero.
Table 8 shows values for the double constraint differential

terms calculated for 25 �C, a water mole fraction of 0.901, and
a relative permittivity of 66.62 (These values are arbitrarily
chosen for the sake of discussion.). The value for DC‡

p used to
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Plot of log
kx
k1

vs. Xwater and the regression analysis using eqn (45).

Fig. 7 Plots of p* (top curve), a (middle curve), and b (bottom curve) vs. Xwater, and the corresponding polynomial fits. The data is for 25 �C, and is
from ref. 34.
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calculate these terms has been estimated from the following
expression:25

DC‡
p ¼ �3mR + C‡

p,vib �
P

Cp,vib + C‡
p,sol � Cp,sol (46)

In this equation, the rst right-hand-side term is the differ-
ence in the translational and rotational heat capacities between
This journal is © The Royal Society of Chemistry 2017
the transition and reactant states, m is the water molecularity,
C‡
p,vib is the transition-state vibrational heat capacity,

P
Cp,vib is

the sum of the reactant-state vibrational heat capacities, and
C‡
p,sol and Cp,sol are the heat capacity contributions from the

intermolecular interactions between the solvent shell and the
transition and reactant states, respectively. DC‡

p is approximately
�24.9 J K�1 mol�1 for m ¼ 1 if �3mR is the dominant term.
RSC Adv., 2017, 7, 28965–28978 | 28975
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Table 8 Values for the double constraint differential terms for acetic
anhydride hydrolysis in the acetonitrile/water system at 25 �C, a water
mole fraction of 0.901, and a relative permittivity of 66.62

Thermodynamic
term Value for the term

�
vDH‡

v3

�
X ;T

�81.1 J mol�1

�
vDS‡

v3

�
X ;T

�0.272 J K�1 mol�1

�
vDG‡

v3

�
X ;T

0

�
vDH‡

vX

�
3;T

63.5 kJ mol�1

�
vDS‡

vX

�
3;T

317 J K�1 mol�1

�
vDG‡

vX

�
3;T

�31.0 kJ mol�1
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The positive value for
�
vDH‡

vX

�
3;T

indicates that an increase

in the water mole fraction under isodielectric and isothermal
conditions energetically destabilizes the transition state. The

negative value for
�
vDH‡

v3

�
X;T

, on the other hand, indicates that

an increase in the relative permittivity under iso-mole fraction
and isothermal conditions energetically stabilizes the transition
state. Since an increase in the solvent relative permittivity
decreases the activation enthalpy if there is charge development

in the transition state,11–13 a negative value for
�
vDH‡

v3

�
X ;T

indicates charge development in the transition state. However,
the small numeric value for this term indicates either the charge
development is not very large, or the dipole moment of the
transition state is not large. This result is consistent with the
computational results, which indicate some degree of charge
development for all the transition states studied, and a rela-
tively small dipole moment for transition state B.

A signicant hydrogen bond accepting/donating (HBA/HBD)
interaction is expected to occur between the lone pairs on the
composite solvent structure and the non-transferring hydrogen
atom on the nucleophilic water molecule. The fact that�
vDH‡

vX

�
3;T

is positive implies this interaction is stronger in the

cosolvent mixture than in pure water. This is consistent with
solvent characterization studies that show the solution basicity
rises sharply when the acetonitrile mole fraction changes from
0.0 to 0.3 in aqueous solutions.42 Various spectroscopic data43–49

also reveal signicant solvent structural changes when aceto-

nitrile is added to water. The positive value for
�
vDS‡

vX

�
3;T

likely

indicates a tightening of the HBA/HBD solvent structure around
the transition state at higher acetonitrile mole fractions, which

is consistent with
�
vDH‡

vX

�
3;T

being positive. Not surprisingly,
28976 | RSC Adv., 2017, 7, 28965–28978
�
vDS‡

vX

�
3;T

dominates
�
vDH‡

vX

�
3;T
, making

�
vDG‡

vX

�
3;T

negative.

The overall effect is the transition state becomes thermody-
namically destabilized at higher acetonitrile mole fractions
under isothermal and isodielectric conditions.

The data analyzed using the Kamlet–Ta equation (eqn (45))
is for isothermal and variable mole fraction conditions, and
hence the isothermal differential terms in Table 5 can be
correlated with the LSER results. The differential terms for the
response to each solvatochromic parameter are derived from
eqn (45) as follows:

v log

�
kx

k1

�
vX

2
4

3
5

p*;a
¼ b

�
db

dX

�
(47)

v log

�
kx

k1

�
vX

2
4

3
5

p*;b
¼ a

�
da

dX

�
(48)

v log

�
kx

k1

�
vX

2
4

3
5

a;b
¼ s

�
dp*

dX

�
(49)

Fig. 7 shows that
db
dX

is negative. Since b is also negative;

v log

�
kx
k1

�
vX

2
4

3
5
p*;a

is positive, which implies that the HBA capa-

bility of the cosolvent system, which is stronger at higher
acetonitrile mole fractions, stabilizes the reactant state more
than the transition state. This is consistent with the thermo-
dynamic results, but as discussed in the previous paragraph,

this effect is largely entropic. Fig. 7 shows that
dp*
dX

is positive.

Since s is also positive;
v log

�
kx
k1

�
vX

2
4

3
5
a;b

is positive, which implies

that the effect of solvent polarity/polarizability is stronger at
higher water mole fractions. This is undoubtedly due to the
stabilizing effect of higher relative permittivity on the transition

state. Fig. 7 shows that
da
dX

is positive at water mole fractions

above �0.85, and approximately zero below 0.85. Therefore,

since a is negative;
v log

�
kx
k1

�
vX

2
4

3
5
p*;b

is also negative above 0.85.

This implies that the HBD capability of the cosolvent system,
which is stronger at higher water mole fractions, stabilizes the
reactant state more than the transition state. This is likely due
to the nucleophilic water molecule being more strongly
hydrogen bonded in the reactant state than in the transition
state.
Conclusion

The work presented in this article shows the type of information
tractable using a conventional thermodynamic analysis of the
This journal is © The Royal Society of Chemistry 2017
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activation parameters in the Eyring equation. Aside from the
shortcomings of applying the Eyring theory to faster solution-
phase reactions, the only limitation is the terms used in the
analysis must be measurable quantities such as temperature,
mole fraction, relative permittivity, dipole moment, and
refractive index. Specic solvent–solute interactions, while they
certainly affect reaction rates, are not directly measurable
quantities. However, as demonstrated in this work they can be
inferred through specic thermodynamic terms, such as those
shown in Table 8. Thermodynamics is an exact science, so
within the limitations of applying Eyring rate theory to solution
kinetics, the results presented in this work are exact. As such,
the thermodynamic analysis, although not so much a predictive
tool, nonetheless serves a valuable complement to empirical
techniques such as LSERs. The unique benet to the thermo-
dynamic analysis is the activation enthalpy and entropy can be
analyzed as separate terms, and under specic conditions. This
level of detail allows the inference of more structural details of
the transition state than is possible with LSERs or with a tradi-
tional interpretation of the Eyring plots.

To the authors' knowledge the approach presented in this
article is novel, and the hope is that more research will be
conducted in this area. Work is currently underway in the
authors' laboratories to study simple acetic anhydride hydro-
lysis in other cosolvent systems such as acetone/water,
tetrahydrofuran/water, dioxane/water, and alcohols/water. The
intent is to uncover a trend in the thermodynamic terms, and to
develop general structural inferences by expanding the data-
base. In addition, work is underway to incorporate appropriate
thermodynamic terms into the traditional expressions that
relate the rate constant to the relative permittivity. The intent
here is to better quantify the effects of relative permittivity, and
better explain why experimental data oen does not conform to
the functional forms of these longstanding expressions.
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