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ABSTRACT. Rates of solvblysis of benzyl chloride in ethanol-water mixtures have been measured
at 30 and 40°C under various pressures up to 1.6 kbar. The plots of ln % as a function of pressure are
fitted to a second order function in P, and values of 4V~ and 44T are ohtained from the results. Also
the values of various pseudo thermodynamic quantities were evaluated from the rate constants. The
relationships of the In & to @, or In C,, indicate that the reaction proceeds through Syl mechanism.
A comparison between the present and the previous results gives that the increasing order of |4Vy*|
and n-values are p~CI>p-H >p-CH; and p~CH>p-H>p-Cl, respectively. From these results, it
is believed substituent such as the p~CHj; group favors the Syl{1) character, while the p~Cl group
leads to the Sy1(2) character.

activation volume in the determination of reaction

INTRODUCTION

An examination of the pressure effect on the
kinetic rates can give a great deal of information
about the transition states of the reactions.
Moreover the utility of the activation volume as
a diagnostic tool for studing solvolytic reaction
mechanisms is well recognized recently. ™

Whaliley® has reviewed the significance of

mechanism, and has suggested that the volume
of activation, 4V*, is probably
rationalize in terms of reaction mechanism than

easier to

the other important parameters of activation,
4G*, 4H=, and 4S*. Hyne and his co-workers®
have also investigated the behavior of the activa-
tion volume and the temperature dependence of
the activation volume, (84V*/2T),.
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Laidler and Martin” have been concentrated
on the effect of the change in solvent composi-
tion on the activation volume for the solvolysis
of benzyl chloride in acetone-water mixture
(0. 1407 mole fraction of acetone) under high
pressure. The mechanisms are interpreted on
the view of Sy2(1) or Sxy2(2) solvolyses.
However, since the solvolysis in the present
work were carried out in ethanol-water mix-
tures, 2 direct comparison cannot be made with
the results in acetone-water mixtures,

In a previous report® we proposed a relation
between the activation volumes and the com-
pressibilities in various ethanol-water mixtures
on the basis of the electrostriction theory. Also,
we compared the rate constants of solvolysis
with the dielectric constants of aqueous ethanol
and the number of water molecule participated
in the transition state,

In this paper we investigated the solvolytic
behavior of p-substituted benzyl chlorides in
ethanol-water mixtures under various pressures.
In order to determine the reaction mechanism

of benzyl chloride various pseudo thermodynamic

quantities were calculated from the rate constants
and discussed in terms of solvent structure varia-
tion of initial state and transition state, because
these parameters are essential for getting
detailed information about the transition states
of the solvolysis reactions.

EXPERIMENTAL

Materials. Benzyl chloride(GR grade, Kanto,
Japan) used was purified by doubly-distilled
using a 100cm column packed with glass helics.
The purity of benzyl chloride was established
by a gas chromatographic analysis. Ethyl alcohol
(GR grade, Merck, Germany) was used without
further purification.

Water from an ion exchange column was
distilled over KMnOy and then twice in a pyrex
apparatus from which carbon dioxide was
excluded. The specific conductance of the dis-
tilled water was about 9X1077Q}%em™! at 25°C.

Apparatus and Kineties. The high pressure
apparatus described previously was used without
further modification®,

The high pressure vessel was maintained at

Table 1. Rate constants for the solvolysis of benzyl chloride at 30 and 40°C in aqueous ethanol at various

pressures
Temp Pressure kX 105(sec™!) formole fraction of ethanol

0 (bar) 0 0.10 0.20 0.20 0. 40
1 2.52 0. 865 0.236 0. 0876 0.0435
200 2.70 0.962 0.274 0.102 0. 0555
30 400 2.82 1.07 0. 311 0.122 0. 0621
800 3.31 1.32 0.402 0. 161 0.0777
1200 3.79 1.58 0.510 0. 204 0. 0963

1600 4,27 1.83 0.615 0.250 0.115
1 7.53 2.42 0.692 Q0. 270 0.151
200 8.08 2.70 0. 803 0.314 0.173
40 400 8.47 3.02 0.918 0.377 0.1
800 10.0 3.74 1.19 0. 497 0.244
1200 1.5 4.49 1.51 0.636 0. 305
1600 13.0 5.22 1.83 0.782 0. 363
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a constant temperature (30 and 40°C) by a
thermostat within0.02°C. The reactions were
followed by a conductometric method described
in previous investigations. _

The rates of solvolysis of benzyl chloride
were studied in ethanol-water mixtures at 30
and 40°C over the pressure range from 1 to
1600 bar. The solvent compositions used were
0, 0.10, 0.20, 0.30, and 0. 40 mole fraction of
ethanol, The concentration of the kinetic solu-
tion was 5.4X1079 mole-171. All rate constants
were determined by following the change in
conductivity of the reaction mixture due to HCI
formation as a function of time. The pseudo
first-order rate constants were determined by the
the least-squares

Guggenheim plots® using

method.

RESULTS

Rates; The first-order rate constants for the
solvolysis of benzyl chloride under various con-
pressure and solvent
composition are listed in Table 1. Each rate

ditions of temperature,

constant represents the average of two or more
experiments, The experimental error in the
determination of the rate constants was <29%.
In all cases, the rates of reaction increase with
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increasing temperature and pressure, and decrease
with increasing solvent composition.

Activation Parameters. The activation
volume, AV*, defined as difference in the partial
molal volumes between the transition and the
initial states, can be determind experimentally
from the rate data under pressure by means of
the following equation;

AV*=—~RT(0lnk{oP) ¢ L

In order to evaluate the volume of activation
it is necessary to ascertain the functional depen-
dence of In % upon pressure. The problem of
deriving and analytical expression for this
dependence has been discussed by various
workers.

Hyne et al®. have examined the relative merits
of various methods and concluded that the
{2) give the best

representation of the dependence of ln % upon

quadratic function of eq.

pressure for some organic reactions.

In k=a+bP+cP? (2

This method has been described in detail in a
previous paper®, Substituting eq. (2) into eq.
(1) we obtain the following equation for the
evaluation of the activation volume.

Table 2. Activation volume parameters for the solvolysis of benzyl chloride in aqueous ethanol at 30 and 40°C

Temp. Mole fraction —4V*(mi-mole™) anlﬁ;;(r!?s
(°C)  of ethanol A Ahf',:o) 200 400 800 1200 1600 mole-1)
0 8.65 8.60 8.55 8.46 8.37 8.27 0.23
0.10 14.9 14.2 13.4 11.9 10.4 8.9 37
30 0.20 18.7 17.8 16.9 15.1 13.4 11.6 4.44
0.30 22.0 20.6 19.3 16.6 13.9 11.2 6.77
0.40 16.3 15.6 14.9 13.6 12.2 10.9 3.4
0 9.37 9.29 9,21 9.05 8.9 874 0.39
0.10 15.9 15.1 14.2 12.6 11.0 9.42 4.03
40 0.20 19.7 18.7 17.8 15.9 14.0 12.1 4.74
0.30 22.8 21.4 20.1 17.4 14.7 12.0 6.74
0.40 17.2 16.5 15.8 14.3 12.9 11.4 s 64
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4VE=—RT(b+2cP) 3

The values of 4V* and 48* were determined
by b and ¢. The results are given in Tabdle 2.
Experimental plots of In 2 vs. P usually curve
towards the pressure axis with increasing pre-
ssure, t.e. the numerical value (the absolute
value) of 4V* falls as the pressure is raised.

The activation enthalpies(4H*) and entropies
(45%) used in this work are the same equation
that described in a previous paper. The
calculated values of 4H* and A4S* for the
solvolysis of benzyl chloride in ethanol-water
mixtures under various pressures at 30 and 40°C
are listed in Tabdle 3.

Correlations involving solvent effects; Using the
reaction A+ B—X*—products, the equation for
the rate constant,

_ (e s i)
In B=In ky+ kBT( e
D—1 , 0
D1 BT £

can be obtained.1® In this equation, D is the

Table 3. Dependence of 4H*(4S*) on pressure and

solvent composition

4H* kcal-mole™! (45* e.u)
l:bre; S) Mole fraction of ethanol
0 0.10 0.20 0.30 (.40
1 20,0 18.8 19.7 20.6 20.8
(13.5) (19.7) (19.4) (18.2) (18.8)
200 20.1 18.9 19.7 20.6 20.8
13.3) (19.3) (19.1) (18.0¢) (18.5)
400 20.1 19.0 19.8 20.7 20.9
{(13.0) (18.8) (18.4y (17.4) (18.1)
800 ° 20.2 19.0 19.9 20.7 21.9
(12.3) (18.1) (7.7) @17.0) (17.3)
1200 20.3 19.1 18.9 20.8 21.2
(11.7) (Q7.6) (17.3) (15.9) (16.4)
1600 20.4 19.2 20.0 20.9  21.1
(11.3) (17.0) (16.6) (15.3) (16.2)

*All entropies negative,
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Fig. 1. Plots of the first-order rate conetants as a
function of the solvent paramster Q,, for the solvolysis
of benzyl chloride under various pressuree : 30°C, :
40°C).

dielectric constant of the final solution formed,
and for dilute solutions D is effectively the
dielectric constant of the pure solvent or the
binary solvent. r and g are the radius of the
molecule and the dipole moment, respectively.
The first term on the right of the eq. (4) gives
the rate in a solvent D=1, and the last term
Provided the
nonelectrostatic terms are negligibly small, the
plot of In 2 vs. Q,=(D—-1}/(2D+1). should
give a straight line.!**3 The results are shown

is the nonelectrostatic term.

in Fig.1. Here, the dielectric constants of
ethanol-water mixture under various pressures
were taken from the lterature,1+~16

If the water molecules in the transition state
are related to the solvolysis reactions, the rates
would be taken as the following equation, i.e.
Rate=k,[ p~X-CeH,CHCl) (H:0)". Putting k=

£,(H,0)", we can write it as follows;

Ink=nln(H,O) +cost. =2 In Cy,+const,  (5)
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Fig.2. Plots of In & vs. In C, for thesolvolysis of
benzyl chloride in various mole fractions of ethanol-
water mixture.

n is frequently identified with the number of
water molecules that are needed to solvate the
transition state.1”2® The plots of In % versus In
C,, are shown in Fig.2.

DISCUSSION

All the activation volumes presented in Table
2 are negative. Negative values of 4V* in this
study correspond to increased electrostriction of
the kinetically important immediate solvent
environment around the more polar transition
state compared with the initial state. In other
words, these values represent that the contrac-
tion of the surrounding solvent due to the
appearance of the partial charges is greater than
the increase in volume caused by the lengthe-
ning of the C-Cl bond. Generally, 4V* has

been treated as the sum of the two terms:;®
AVQF:AV*inlr. +Av#solv. {6)

Where 4V=,,, is the changé in volume of the
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Fig. 3. Solvent dependence of JV* andd3* under
various pressures.

reacting molecules themselves, when they form
the transition state, and 4V, is the accom-
panying volume change due to interaction of the
surrounding solvent molecules with the newly-
formed transition state, The results in Table 2
clearly indicate the solvent dependence of the
activation volumes. Since the AV¥, term is
insensitive to the solvent change?, the different
behavior of JV* in the five solvents(G-0.40
mole fraction) may be thought to be a reflection
of differences in the electrostrictive effect.

|4V

decrease with increasing pressure as shown in

And the variation of with pressure
Table 2. This fact indicates that increased com-
pression of the reaction medium lessens the
difference between the partial molal volumes of
the transition and the initial state(4V*=V,—
V). Namely, we could know that the electros-
trictive effect decreases with increasing pressure.

Fig.3 shows a solvent dependence of activa-
in which

exhibit the

tion volume under varinus pressures,
the values of AV® and 45
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extremum behavior at about (.30 mole fraction
of ethanol. This implies that the electrostricted
solvent shell around the strongly dipolar transi-
tion state is harder than the solvent shell around
the initial state at this solvent composition?.
Also, in pure water{(0 mole fraction of ethanol)
Ap* is approximately zero. This phenomenon
indicates that the partial molal volumes of the
transition and the initial states responded simi-
larly to pressure, i.e. (8V,/aP)z= (3V;/0P)1.

And also, activation parameters in Table 2
and 3 are characterized by the large values of
AH* (18.8—21.1 kcal-mole™), —AV*,(8.65—
22.8mi-mole™!) and the small negative values of
—48%(11.3—-19.7 e.u). These values are ge-
neral characteristics of the Syl mechanism in
ethanol-water mixtures, %12

As shown in Fig. 1, the plots of Ink vs. Q.
show a good linearity relationship at high
dielectric constant and deviation from linearity
at low dielectric constant under various
pressures, because the monelectrostatic term in
ethanol-water mixtures of high dielectric con-
stant is smaller than that of low dielectric con-
stant. 1! Also, in Fig.1, deviation from linearity
in the 0.20~0.30 mole fraction of ethanol
indicates an alternation of mechanism and
solvent structure. In fact, Hilton and Jefferson®
have suggested that a deviation from the
linearity between In % and @, indicates a

change of mechanism in a solvolytic reaction in

binary solvent mixtures. But this conclusion is
doubtful in the more extensive graph is con-
sidered. Accordingly, as pointed out by Ki-
vinen®, the use of the relation between In &
and In Cy as a criterion of reaction mechanism
should be discussed. Kivinen proposed »<2 for
the Sp2 type of displacement reactions and n>>5
for the Syl type. In this study, we obtained the
n—values with 5.25~5.80 for 0.20~0.40 mole
fraction of ethanol and 6 or more value for @~
0.20 mole fraction of ethanol (see Table 4).
These values suggest that the solvolysis of benzy!
chloride in ethanol-water mixtures takes place
hy the Syl mechanism. And also, the n-value
which
indicates that the Syl character of the reaction

increases with increasing pressure,
increase with increasing pressure.

The activation volumes of these compounds
(#-Cl, 2~H, p—CHy) in (.10 mole fraction of
ethanol are given in Table 5. The order of the
increase of |4V*y| values with para substituents

is p~CI>p-H>pCH,.

In the case of the p~methylbenzyl chloride the
induction and resonance effect of the CH; group
will reduce the effective charge on the carbon
atoms, causing the charge to be smeared over
the arematic part of the molecule (delocaliza-
tion). No such effect occurs with the p-chloro-
benzyl chloride. There will
electrostriction of the solvent with the p-

thus be more

chlorobenzyl chloride. In general, the magnitude

Table 4. n-values obtained for the solvolysis of p-substituted benzyl chlorides under various pressures

-V e
substituent T(ec%)pu n-valu

1 bar 200 400 800 1200 1600

30 4.67 4.92 5,00 5.22 5.55 5.82

#cl 40 4.49 4.78 4.87 5.14 5.41 5.59
30 5.45 5.50 5.56 5.79 5.77 5. 80

#H 40 5,25 5.31 5.37 5.48 5.55 5.60
30 6.36 6.48 6.57 6.59 6.64 6.68

2-CHs 6.01 6.16 6.19 6.23 6.27 6.31
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Table 5. Activation parameters (4Vo* and 45%) for
the solvolysis of p-substituted benzyl chlorides in 0. 10

mole fraction of ethanol at 30°C

. 4Vy* 45*
Substituent (ml-mole1) (e-u)
#-Cl -17.6 --20.1
J-H —-14.9 --19.7
p-CHy —13.0 ~-15.0
L g leoo
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Fig.4. Plots of In k as a function of la C. for the
solvolvsis of benzyl chlorides under various pressures

of the electrostrictive term for solvolytic reaction
depends on the degree of charge dispersion in
the transition state; when the developed charge
is dispersed more extensively over the whole
molecule, the electrostrictive volume contraction
becomes less significant, and hence a less
negative value of 4V* appears™ %
Electrostriction is a phenomenon where a strong
electrostatic interaction exerts between the reac-
ting molecules and the surrounding solvent

molecules. Therefore, the degree of freedom of

Vol. 31, No.3, 1987

the solvent molecules is restricted resulting in
a decrease in the entropy of the system. In fact,
reactions which have large negative 4V,™ values
are known to be characterized by large negative
45% values (see Table 5).% Accordingly, one
can anticipate the presence of a rough propor-
tionality between 4V#; and A4S*.

From Table 4 and Fig. 4, one may notice
that the n-values are 4.49~6.69 and the order
of the increase of n-values with p-substituents
is p-CHz>p-H>p-Cl. Accordingly,
be interpreted in terms of greater Sy1(1)

this may

character in the p-CH; case and in terms of
greater Sy1(2) character in the p—Cl case.

From these results, at high pressure and water
-rich solvent mixture (less alcoholic composi-
tion), the binary solvent molecules merely
solvate the ions produced, without forming a
covalent bond, whereas, at low pressure and
water—poor solvent mixture(more alcoholic com-
position), the binary solvent molecules slightly
make a nucleophilic attack on the p-substituted
benzy! chlorides forming partially a covalent
bond.
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