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Linearization and direct fitting to the Eyring equation both give
the entropy of activation with the same reliability as that of the
enthalpy of activation.

The Eyring equation’ is generally used in mechanistic re-

search to interpret the temperature dependence of second-
order rate constants. The most common form of the equation

18:
ks T AGY\ kT AHY ast
"—““""P(‘ ) R W S WY

h RT |k

where & is the second-order rate constant, ky is Boltzmann's
constant, & is Planck’s constant, R is the gas constant, T'is the
absolute temperature, AG is the free energy of activation, AH*
is the enthalpy of activation, and AS* is the entropy of
activation. There is a widespread view in the communily of
chemical kineticists concerning the Eyring equation: “The
value of the entropy of activation is wnreliable because it is
caleuiated by extrapolation to infinite temperature.”

This siatement is usually based on a linearized form of
eqn (1)

]nﬁz—A—m-i-A—'ﬂ-an—B (2)
T RT R fr

Thus In{k/T) is plotted vs. 1/T, AH is obtained from the slope
and AS* from the intercept. The intercept is where 17 = 0 or
T = co, hence AS* involves an extrapolation to infinite
temperature and is consequently unreliable—so the anecdotal
argument goes.

The problem with this line of reasoning is that once AH and
k are known at a particular temperature, AS* can be obtained
by simple rearrangement of eqn (1). How is it possible to
compute an inherently unreliable result from reliably known

parameters?
In fact, a different linearized form of eqn (1) is:
k ke astY  amt
TX]H—T——TX(IHT-FT)—T (3)

One thus plots T x In{i/T) vs. T, and can obtain AS* from the
slope and AH from the intercept. It could even be argued that
AH* is an extrapolation to T = 0 K and is uareliable! This
example emphasizes that using slopes and intercepts is a
visually attractive interpretation of the {wo parameters, but
may lead to biased conclusions regarding reliability.

+ Electronic supplementary information (ESI) available: List of ralc
constants and activation parameters. See hitp://www.rsc.org/suppdata/
nj/b5/b501687h/.
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Fig. 1 Eyring plots according to eqn (1)-(3).

Statistical analysis of the Eyring equation (see ESIT) clearly
confirms that the standard errors of AH* and AS? correlate
{T, is the centre of the temperature range used):

o(ast) = ——a(aE) )
Tav
It follows that in most solution phase studies o(ASH =
o(AHH x 0.003 K™'. This correlation has been mentioned
efsewhere. ™’

It is generally advisable to use the original form of any non-
linear equation in least-squares analysis with appropriate
weighting.” However, the Eyring equation is more forgiving.
It is usually possible to calculate the same activation para-
meters and standard errors using all three methods. This is
demonstrated here (see ESTT) by the rate constants of the acid-
catalyzed disproportionation of dithionate ion® (these data
were used to create the graphs in Fig. | for illustration). The
underlying reason for this agreement between the three methods

New . Chem., 2005, 29, 759-760




and for the correlation between the standard errors of AH* and
ASHis that the temperature range of rate constants is usually only
a small fraction (10-20%) of the actual absolute temperature.

In conclusion, ambiguity in the mechanistic interpretation of
AS? can only arise from its limited diagnostic value, but not
from the fack of numerical precision.

The Hungarian Research Fund is acknowledged for finan-
cial support under grant number OTKA T042755.
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Original data for the example used in the main text

Chemical reaction:  H + 8,065 = H20 SO, + HSO4~

Values of rate constants;

T (°C) T(K) M
50.0 323.2 9.54%1077
55.0 3282 1.91x107°
60.0 333.2 3.76x107
65.0 338.2 7.33x107
70.0 343.2 1.38x107°
75.0 348.2 2.56%107°
80.0 353.2 4.71x107°
85.0 358.2 8.43x107°
90.0 363.2 1.47x10™

Parameters calculated by least squares fitting:

Equation AHY (kI mol™) A48t (Jmol K™
Eq. (1), no weighing 118.80 £ 0.41 72+1.1
Eq. (1), proportional weighing 120.27 £ 0.16 1133+ 0.46
Eq. (2) 120.27 £ 0.15 11.33+£ 045
Eq. (3) 120.25 £ 0.16 11.29+0.46

Proportional weighing: the weight used for the experimental value of k at each temperature is 1/,
Proportional weighing for the untransformed equation is necessary because the values of the second-
order rate constant & span more than 2 orders of magnitude. this type of weighing assumes that the

relative errors of the rate constants determined are independent of temperature,

When equation 2 or 3 is used, proportional weighing does not make a difference because the

transformed values, In(4/T) and 7' x In (&/T) span a narrow range of values on the y axis.
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Mathemathical derivation of equation (4)

Rate constants ki, k2, ks, ... are measured at temperatures 7y, T», T3, ... for Eyring analysis. The least
squares method (see e.g. the web site kttp://mathworld. wolfram.com/LeasiSquaresFitting. html) gives
the following values for the values and standard errors of enthalpy and entropy of activation,
respectively:

AHF = Rx 2% o(aH) = Rx—S

2
AS:‘::ny—AHIXX—RX]nk—B O'(AS:t)ERXSX .1+X_
h n s,

where the following quantities are used:

X=—3 —
ngn n!=1 i
2
2t
Sy=—|=—- w =2 | X | In==-y
X HE(T, ] Y n;T; i

n k. k: o
s:\/z:(ln?’——ln’_;_—m)z

i=t i i
Dividing the standard errors of the activation entropy and activation enthalpy:

¥
O(AS?) _ Sx 4,2
ofAH*) Y n

In this formula, s, << » x x°, therefore the following simplification can be used:
¥ n
o) [ oL, 1$ 1 _ae
O'(ﬂHi) n nl=1.r|| Tav av _-Z I

Upon rearrangement, Eq. (4} is obtained

o(AS¥) = Tio(AHi )

av
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Summary

*«  AH? reflects bond strength differences within or between reactants. In general, the

farger the value of AH%, the slower the reaction.

* Anincrease of 5.7 ki/mol (or 1.36 kcal/mol) in AHt corresponds to a factor of 10 in
rate constant at ambient temperature.

if the reaction occurs with a value of AH' much less than the dissociation energy of a
particular group in the molecule, you can generally conclude that the bond to this group
has not been broken during the activation process.

*  AS*includes contributions from requirements imposed by the orientation and steric
bulk of the reactants and by their solvation.

(a) A unimolecuiar reaction may have AST near zero owing to the lack of orientational
factor (loss of internal degrees of freedom in the transition state).

{(b) If the activation process involves dissociation, e.g., bond breaking within a single
species, a large and positive value of ASt s likely.

(c} The contribution of As? includes the negative value resulting from bringing two
separate reactants each with 1 mol/dm? conc. ~ -11 J-mol™*/k.

(d) The more negative the value of AS*, the lower the reaction rate, decreasing by a
factor of 10 for a decrease of -19 J-mol'l/k (19x300K=5.7 K} in ASt,



