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Determination of the reaction acceleration effect
at an elevated hydrostatic pressure
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A method was proposed for the calculation of changes in the rate (kP/kP=0) and equilibrium
constants (KP/KP=0) for chemical reactions under high hydrostatic pressure (10—20 kbar). The
calculation based on the activation and reaction volume data makes it possible to select optimum
conditions for slow and equilibrium chemical processes.
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The occurrence of chemical reactions depends on inter�
nal and external factors. The influence of high hydrostatic
pressure can be attributed to external physical factors.
Catalysis and elevated temperature substantially help slow
irreversible reactions to occur, whereas slow equilibrium
reactions can usually be carried out only under conditions
of high hydrostatic pressure. An increase in the rate and
equilibrium constants for processes occurring with a volume
decrease are favorably combined only under high pressure
conditions.1—6

The dependences of the equilibrium (K)7 and rate (k)8,9

constants of the process on the external pressure (P) are
described by the following equations:

∂lnK/∂P = –ΔV/(RT), (1)

∂lnk/∂P = –ΔV≠/(RT), (2)

where ΔV and ΔV≠ are the reaction and activation vol�
umes, respectively; and Р is the excessive hydrostatic pres�
sure. There are numerous examples for the successful oc�
currence of the reactions at an elevated (10—20 kbar)
pressure only, whereas the occurrence of these reactions
are often impossible under normal conditions.1—6 In the
most cases, the experimental dependences of the rate or
equilibrium constants on the pressure are determined in
the range below 2—3 kbar, and these dependences are
reliably described by the following polynomials:

ln(kP/kP=0) = aP + bP2, (3)

ln(KP/KP=0) = сP + dP2. (4)
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Table 1. Influence of the hydrostatic pressure (P/kbar) on the rate or equilibrium constants (KP/KP=0)
of the reactions at different volume changes (ΔV/cm3 mol–1)

P/kbar KP/KP=0

ΔV = –20 ΔV = –25 ΔV = –30 ΔV = –35 ΔV = –40

a* b** a* b** a* b** a* b** a* b**

0 1 1 1 1 1 1 1 1 1 1
1 2.0 2.2 2.4 2.7 2.9 3.4 3.4 4.1 4.1 5.0
5 011 57 021 157 038 430 70 1180 0128 3250
10 038 3.2•103 096 2.4•104 238 1.8•105 592 1.3•106 1470 1.0•107

15 088 1.8•105 268 3.7•106 820 7.6•107 2510 1.6•109 7680 3.2•1010

20 163 1.0•107 584 5.8•108 2090 3.2•1010 7470 1.8•1012 26700 1•1014

Note. T = 25 °C.
* Calculated by Eq. (7).
** Calculated by Eq. (8).

The activation (ΔV≠) and reaction (ΔV) volumes under
normal pressure can be determined with high accuracy
from Eqs. (3) and (4)

a = –ΔV≠/(RT), (5)

c = –ΔV/(RT). (6)

Since coefficients b and d are always negative for
bimolecular reactions, it is impossible to predict the ratio of
constants in the range of higher pressures from Eqs (3)
and (4), since they assume a false maximum at the pres�
sures Р = –a/(2b) and –c/(2d). To plan conditions for
conducting reactions under elevated pressure, it is impor�
tant to know at what pressure the desirable icrease in the
rate (kP/kP=0) and equilibrium (KP/KP=0) constants can
be achieved. Methods for the calculation of changes in
these constants in the range of high pressures are lacking
in the literature. We have recentfly shown10 that the loga�
rithmic equation

ln(kP/kP=0) = Cln[(B + P)/B] (7)

makes it possible to reliably describe the change in the rate
and equilibrium constants in the whole experimental pres�
sure range and to determine the activation volume at
atmospheric pressure: C/B = –ΔV≠/(RT). The value of C/B
from Eq. (7) very closely corresponds to а in Eq. (5).

More than five thousands of activation and reaction
volumes at atmospheric pressure are known.3—5 However,
these data do not allow one to calculate the change in the
rate and equilibrium constants in the high�pressure range
of interest. If accepting that ΔV≠ is independent of pres�
sure when using the equation

ln(kP/kP=0) = –ΔV≠P/(RT), (8)

then the calculated values of kP/kP=0 significantly exceed
the experimental values.

The linear relationship between the angular coefficients
of the tangents under normal pressure, (∂lnK/∂P)P=0, and

secants, ln(KP=1000/KP=0)/1000, in a range of excessive
pressures of 0—1000 bar (r = 0.9951, n = 34) has recently
been found11 by an analysis of the dependence ln(KP/KP=0)
vs P for a series of reactions

(∂lnK/∂P)P=0 = (1.15±0.03)[ln(KP=1000/KP=0)/1000]. (9)

The following relationship is obtained from Eq. (7):

(∂lnK/∂P)P=0 = –ΔVP=0/(RT) = C/B. (10)

Therefore, numerous data on the activation or reac�
tion volumes (ΔVP=0) at atmospheric pressure3—5 make
it possible to determine C/B (Eq. (10)), which is equal
to (∂lnK/∂P)P=0. The value ln(KP=1000/KP=0) =
= Cln[(B + 1000)/B] can be calculated from Eq. (9). After
this, coefficients B and C can be determined (see Eq. (7))
and the change in the rate and/or equilibrium constants of
the chemical process under elevated hydrostatic pressure
P can be calculated. The ratios of the rate and equilibrium
constants under the pressure to 20 kbar calculated using
Eq. (7) are presented in Table 1.

It follows from Table 1 that, if assuming that ΔVP=0 is
constant and pressure�independent (Fig. 1, curve 1), the

Fig. 1. Calculated dependences of ln(kP/kP=0) on the pressure (P):
1, by Eq. (8); 2, by Eq. (7); and 3, by Eq. (3).
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Table 2. Influence of the high hydrostatic pressure on the ionization constants of ammonium hydroxide12

and the rate constant of the Menshutkin reaction13

Reaction kP/kP=0

Experiment Eq. (7) Eq. (8)

NH4OH  NH4
+ + OH– 520 400±210 1.8•106

P = 0—12 kbar, T = 318 К, ΔVP=0 = –31.9±1 cm3 mol–1

PhN(Me)2 + MeI → PhN+(Me)3 + I– 270 470±290 1.7•107

P = 0—15 kbar, T = 298 К, ΔV≠
P=0 = –27.5±1 cm3 mol–1

PhN(Me)2 + EtBr → PhN+(Me)2Et + Br– 480 2380±2010 1.3•109

P = 0—15 kbar, T = 298 К, ΔV≠
P=0 = –34.6±4 cm3 mol–1

PhN(Me)2 + EtI → PhN+(Me)2Et + I– 420 570±250 2.8•107

P = 0—15 kbar, T = 298 К, ΔV≠
P=0 = –28.3±1 cm3 mol–1

calculated KP/KP=0 value in the range of high pressures
(Eq. (8)) is overestimated over experiment by 5—10 orders
of magnitude! The parabola equation (3) or (4) allows one
to calculate (∂lnK/∂P)P=0 and ΔVP=0 under normal pres�
sure but cannot predict the value of KP/KP=0 in the range
of high pressures (see Fig. 1, curve 3).

Only several literature data on the change in the rate
and equilibrium constants were found in the pressure range
to 15 kbar. The obtained Eqs (9) and (10) make it possible
to calculate coefficients С and В in Eq. (7) on the basis of
the reaction (ΔVP=0) or activation (ΔV≠

P=0) volumes under
atmospheric pressure. The experimental data on the
change in the equilibrium constant for the ionization of
ammonium hydroxide at P = 12 kbar12 and the data on the
change in the rate constants for some Menshutkin reac�
tions at P = 15 kbar13 are compared with the values calcu�
lated by Eqs (7) and (8) in Table 2.

Evidently, the trajectory of changing ln(kP/kP=0) pre�
dicted by Eq. (7) in the range of high pressures (see Fig. 1,
curve 2) is highly sensitive to the accuracy of Eq. (9) (±3%)
and that of determination of ΔVP=0. As can be seen from
Table 2, the method proposed (Eqs (7), (9), and (10))
makes it possible to predict the values of kP/kP=0 and
KP/KP=0 in the range of high pressures with an accuracy of
±50%. It should be mentioned that this is the single
method so far for the estimation of kP/kP=0 and KP/KP=0,
which is based on the available data on the volume of the
process under normal pressure. This allows one to plan
conditions of chemical reactions at high (10—20 kbar)
hydrostatic pressure.
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