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Approximation of Experimental Rate-temperature Data

by two Different Extended Arrhenius Equations

SVANTE WOLD

Department of Organic Chemistry, Umed University, S-901 87 Umed, Sweden

The performance of two different extensions of the Arrhenius
equation has been tested on 70 series of rate-temperature data taken
from the literature.

One of the equations which frequently has been used for estima-
tion of activation parameters assumes a temperature independent
heat capacity of activation ( Acp*)

The other equation, recently proposed, gives a temperature depen-
dent heat capacity of activation.

No significant difference has been found in the accuracy of fit of
the two equations to the data.

Recently, in connection with the development of the Varytemp method,!?
a fast routine method to determine activation parameters from one kineti¢
experiment, a new equation for the description of the temperature dependence
of rate constants was proposed. This equation predicts a temperature depen-
dence of the heat capacity of activation.

The main reason for adoption of the new equation in the Varytemp method
was that the conventional equation was shown to be numerically unstable
in the temperature intervals used in the method.

The two equations were tested on a limited amount of experimental data.
The preliminary results indicated that the new equation fitted the data as
well or better than the conventional equation. However, no rigorous statistical
tests on the performance of the two equations were made.?

In this investigation the goodness of fit of the two equations to all relevant
literature data easily available has been compared. The test data consisted
of 40 series of measurements on first order hydrolysis reactions in water car-
ried out mainly by Robertson and co-workers, and 30 series of first order
solvolysis data where the solvent used was aqueous ethanol or aqueous acetone.

The results have been subjected to various straight forward statlstlcal
tests to find any difference in the goodness of fit of the two equations.
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THEORY

Equations. The equation commonly used to describe the temperature
dependence of rate constants (k) is the Arrhenius equation

In k=4 +B(1/T—1/Ty)+e¢, (1)

The natural logarithm is denoted by In. 4 and B are adjustable parameters
specific for the reaction in question. The temperature 7' is measured in degrees
Kelvin and ¢, symbolizes a random error in In k due to various causes. T,
is the reference temperature around which the parameters A and B are valid
in an interval usually defined by the lowest and highest temperatures 7',
and Ty.

The need for an extension of eqn. 1 was early pointed out (for reviews
on the development of extended Arrhenius equations see Refs. 3—5), and
Robertson and Hyne %7 suggested the use of the three parameter equation

In k=A+B(1/T—1/Ty)+C In (T|T,)+e, @)

when the Arrhenius equation was insufficient to describe the data. This equa-
tion can be derived from the transition state theory 810

In k=In(kT/h)— AH*|RT + 4S+|R (3)

(k is Bolzmann’s constant, h is Planck’s constant, AH¥+ is the enthalpy of
activation, 4S8+ is the entropy of activation, and R is the gas constant) as-
suming that the heat capacity of activation

04+
A% =

is constant (for derivation, see for example Ref. 3 or 6 and 7). Fitting eqn. 2
to empirical data, one can derive the following estimates for the activation
parameters at the temperature 7'

AH*= —R[B+(I1-C)T] (4)
A8*=R[A + BT —1/T;)+C In(T|T,)—In(kT/h)] + AH*/T (5)
de;*=R(C-1) (6)

Eqn. 2 cannot be used directly on data with small temperature intervals
since the third term then becomes almost linearly dependent on the first
two terms. This can be overcome by a suitable orthogonalization procedure
as shown by Clarke and Glew,!! or by substitution of the third term by one
which is not as covariant with the first two. The latter approach led to the
proposal of the equation

In k=A+B(Q1/T—1/Ty)+C(1/T—1/To)+e, ™

for the description of rate-temperature data in the Varytemp .2 method.
This equation has the desirable numerical stability and preliminary tests
indicated that it fitted experimental data as well or better than did eqn. 2.

Eqn. 7, interpreted in view of the transition state theory, gives a constant
derivative d4H+*/d(1/T) which seems as reasonable as the constant Ac,*
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obtained from eqn. 2. The estimates for the activation parameters at the
temperature 7' using eqn. 7 become

AH*= —R[B+2C(1/T—1/Ty)+T] (8)
A8+ =R[A— B|Ty+C(1/Ts*~1/T? —In(kT/h) — 1] 9)
de,*=R[2 C|T? — 1] (10)

It should be noted that eqns. 2 and 7 can be further extended to include
a fourth term, D(T'—T,) and D(1/T —1/T,)3, respectively.®:”>2 This makes
eqn. 2 even more numerically unstable but does not affect eqn. 7. The expres-
sions for the activation parameters must then, of course, include the fourth
parameter D. However, in only a few of the cases tested in this investigation
(Nos. 11, 23, and 25 in Tables 1 and 2) has the degree of fit been significantly
increased by inclusion of the fourth terms. Hence, this investigation will be
confined to testing eqns. 2 and 7 using only three terms.

Thus, the difference between the two equations tested is the form of the
third term. Eqn. 7 gives a temperature dependent Ac,* with the derivative

340 #|0T = — 4RC|T3~ — 240,*|T (11)

If T is around 300°K and Ac,* is of the usual order — 50 cal/deg-mole, this
quantity is of the order 0.3 cal?degz-mole. With the hitherto largest estimated
dc,* (by eqn. 7) of 96 cal/deg-mole the derivative is 0.64 cal/deg?-mole at
T =300°K (27°C). These values are well consistent with the limits estimated
by Ives and Marsden 2 (0.5 cal/deg?-mole) but somewhat large compared to
the limits set by Fox and Kohnstam 2 (0.2 cal/deg?-mole). Were the latter
authors correct, this would probably show up as a significantly better fit of
eqn. 2 than of eqn. 7 to experimental data.

The importance of discrimination between eqns. 2 and 7 is understood if
it is noted that the dc,* values estimated by eqn. 2 are independent of the
temperature interval used in the experiment; the Ac,* values obtained from
experiments with different 7, values can thus be compared directly. The
adoption of eqn. 7 makes it necessary to compare the values of 4c,* at the
same temperature. Thus the difference in the 4c,* values estimated f)y eqn. 7
at 280°K and 360°K is about 60 9, based on the smaller value (at 360°K).

Since 4c,* values invariably are used for comparison with other Ac,*
values, it is important to know whether it is necessary for the values to be
normalised to the same temperature.

The Ac,* values estimated at the middle temperature of the interval,
T,, differ very little as estimated from eqn. 2 or eqn. 7 (or probably from any
other three parameter equation). This makes it possible to compute the values
at any desired temperature, 7', by simply applying the temperature dependence
thought to best represent the actual situation to these values estimated at
To. Thus if we think that dc,* is a function of temperature as 1/7', we get
the values at the temperature T' as Ac, 7, ¥(T'/T).

Statistical tests. (The treatment below is statistically simple and can be
understood with the help of any standard textbook in staistics, e.g. Ref. 14).

A general measure of the goodness of fit of an equation to data is

8(e) = V(Zisiz'wl)/(N—P) (12)
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the so called standard deviation of &. The square of this property, s?, is called
the estimated variance of ¢ and is an equally good measure of the fit. The
summation in eqn. 12 is made over all points to which the equation in ques-
tion is fitted. IV is the number of these points and P is the number of param-
eters in the equation. The function w, is a weighing function incorporated to
compensate if ¢ has different expected variance in different regions of the
experimental interval. In this investigation the value of 1 has been used for
o, throughout the calculations since the errors in In & are in general of con-
stant -variance. (This was also confirmed by the results.)

In general an equation which is much better than another one will give a
smaller s(¢). However, in this case the differences are small since most of
the variation in In k is described by the first two terms which are equal in the
two equations. Thus, s(¢) will not invariably be smaller for one equation than
for the other, and great care must be taken in the total analysis of the results
of all calculations so that relevant measures of fit are compared and analyzed.

In this investigation the different series of measurement concern different
reactions and are measured in different temperature intervals which are of
different lengths. Also, there is a variation in the accuracy of measurement
between the different series.

The expected difference (from the statistical point of view) between the
fit of the two equations increases with the temperature interval and with
Ac,* (as this is a measure of the deviation from eqn. 1). The dependence on
the errors of measurement comes in, not in the size of the difference in fit, but
in the variance of this difference. Thus for very inaccurate measurements,
possible differences in fit are obscured by fluctuations in the fit due to the
random errors. However, it is in principle always possible, regardless of the
size of the errors, to discriminate between two equations given a sufficient
number of test cases.

In order to (at least partly) correct for these variations in the expected
difference of fit in the test material, the variance of this difference (hereafter
the difference in variances of ¢ estimated by the two equations) has been esti-
mated for every data series. The corresponding standard deviation, hereafter
called d,,, in thus a measure of the sharpness or reliability of the difference
in fit. Consequently in the total analysis, the measure

By = (82 —8,%)/d;ss (13)

has been used as a measure of the difference in performance of the two equa-
tions on an experimental data series. d,, has been estimated by a Monte
Carlo type of method. (See experimental part.) In eqn. 13 the subscripts
I and II symbolize the use of eqns. 7 and 2, respectively; this notation will be
used hereafter.

However, R,, is not corrected for variation due to different size of Ac,*
and temperature interval. Because of the expected difference in fit increases
with the increase of these factors, the natural thing to do would be to divide
R,, by the expected difference E(s?—s,%) =E,,. However, it may also be
argued that larger weight should be given to series with large F,, since in
those cases the difference should have the least chance to be an artefact. Thus
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R, should be multiplied by E,, to give a relevant and suitable measure of
difference in performance.

In this investigation it has been found that the conclusions based on the
analyses of R,,, R,,/E,,, and R,,E,, are the same. Since R,, is a compromise
between the various arguments, the emphasis will be placed on the analysis
of this parameter.

The following statistical tests have been made on the various measures
of difference.

F tests. These tests give a probability that one variance is equal to or
greater than the other. The quantities

Fi=282282 (14)
and Fy=(28d12)/(Zsp?/d}0) (15)

with the summations made over all series considered, will thus give a prob-
ability that one model is better than the other. ¥ value larger than one will
indicate that eqn. 2 is better; F values smaller than one will indicate that
eqn. 7 is better.

Significance tests on mean values. As further tests on the performance of
eqn. 2 and eqn. 7, the mean values (m) of the different measures R,,, R,,/E,,
and R,,R,, have been computed for the series 1—40, 41—70, and 1-70.
Confidence intervals for these mean values have been computed in the usual
way by the formula

Gogs=2 s/VN (16)

which gives the 95 %, confidence interval for the mean value (m is the estimate

of u)
m—-G<u<m+G (17)

The use of formula 16 is allowed in this case since even distributions hav-
ing large deviations from the normal distribution give this confidence interval
if the number of observations is large. In this case there are 70 observations
in the estimates of mean values and variances, this number should be well
sufficient for robust estimates, especially since the deviations from normal
distributions of the different measures is not large (see below in Table 5).

Data. The test data consist of 70 series of measurements on first order
solvolysis reactions. In 40 cases (1 —40) the solvent used was water, in 30 cases
(41 —170) it was aqueous acetone or ethanol. All data have been taken from
the literature. The relevant references are given together with the results in
Tables 1—4.

The data have been analyzed in two groups separately (1 —40 and 41— 70)
and also together in order not to make erroneous conclusions due to possible
variations between reactions in pure water and reactions in aqueous solvents.

Most of the rate constants have been determined with great accuracy,
however, an estimated s(¢) smaller than 1.5 x 1073 (corresponds to a standard
deviation of 0.15 9, in the rate constants) is probably due to overfitting of the
corresponding equation and should be looked upon with some suspicion.
This is concluded from the measurements of Robertson and co-workers (1 —40)
who have probably made the most accurate rate determinations possible today;
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8(e) estimated from these data is usually larger than 1.5 x 1073, In these data
(1 —40) there are also more observations in each series (ten or more) than in
the data 41 —70 (five or six points per series) which make conclusions based
on results from the first group more reliable than those based on the series
41-170.

Since all data come from solvolysis reactions in aqueous solvents, the
conclusions of this investigation are valid only for such reactions.

RESULTS

Activation parameters. The activation parameters 4H¥, 48%, and dc,+
estimated by fitting of the two equations 2 and 7 to a series of measurements
do not differ at the middle point (7'y) of the interval. Also in the end points
of the interval, the estimated values of AH+ and 48+ are not significantly
different as estimated by the two equations. However, the Ac,* values
estimated by the two equations are often significantly different well inside
the experimental temperature interval. Therefore only the 4c,* values are
tabulated (Ta,bles 1—4) for the different data series. Since Ac n* (estimated
by eqn. 2) is constant with temperature, only one column is needed for this
quantity, whereas Ac,* (estimated by eqn. 7 at 25°C) is tabulated for com-
parison (Ac‘,{'= Acm* at T';). Tabulated errors are estimated double stand-
ard deviations.

It can be seen that the Ac,* values at 25°C often give another picture
than do the dc,;+ values. Thus the Ac,* values for allylchloride and allyl-
bromide are different as estimated by eqn. 2 but equal as estimated by eqn. 7.
The same behaviour of the 4c,* values within a series of reactions with similar
substrates is seen in the series of methanesulfonates (31— 34, 37 in Table 2)
where the Ac,¥+ values are equal at 25°C but the Ac prrT values are signifi-
cantly different. In no reaction series has the reverse situation occurred;
thus eqn. 7 often predicts less variation of 4c,* (at one temperature) than
does eqn. 2.

Statistical tests on goodness of fit. Various statistical quantities have been
tabulated in Tables 1—4 together with the dc,+ values. s/(¢) and s;(e) are
the estimated standard deviations of the residuals, the squares of these quan-
tities are the corresponding variances. The estimated variance of s;* and s;;®
(d,2) is also tabulated as well as the derived quantities from s, s;;%, d,5, and
E; (the expected difference between s;? and s;,?). Histograms of the distribu-
tion of R,, (defined in eqn. 13) for the series 1—40, 41—70, and 1—70 are
shown in Fig. 1. It can be seen that the three distributions have mean values
slightly larger than zero (see Table 5) indicating that eqn. 2 fits the data
better than eqn. 7. However, the estimated mean values of R,, are not signifi-
cantly different from zero, as the confidence intervals of the means all include
zero well within the limits. The same is the case for the means of the other
quantities R,y/E,3 and R,3-E,, as can be seen in Table 6. To estimate the
deviation from normal distribution of the distributions of R,,, x* tests have
been made. These show (Table 5) that the deviations are significant, but not
very large. This shows that its is permissible to estimate the confidence inter-
vals in the way done here.

Acta Chem. Scand. 24 (1970) No. 7



2327

EXTENDED ARRHENIUS EQUATIONS

03¢ 8T —1 wng
13 | 0920"— 9380 go'e 39'e 6 FeL |6 F €L | oF o1 81 ez uor eyerfinqostowrorg-» | 8
61 oL £8900° ¥3°% 9¢'3 9 F19 (9 F 09| o¥ 8 o1 93 zoygerdyjemtddoad
-T-1Aqgeur-g-or0[qD-g | LI
03 LIg — 2610 gL'e L9°¢ e1Fos8 |g1F ¢8| ¢¥ 03 11 0g euedozdoworqiq-3‘s | 91
03 | $¥LO'— | 933000 80’1 LO'T ¥ F6 |v F 26| 9¢ o1 el gg [|ouedozdowoiq-g-o10yp-g | QI
03 | L810°— 88L0° (11352 63'¥ piFeL [P1F €8 | ¢g L3 g1 12 euedozdoroyor-z‘z | %I
61 911’ 29200° 181 £8'1 e T3l [0sF 96 | 31 0 8 g epuo[go [Ajuweg-7 | €I
8T 574 %0100° 98'1 88’1 6 Fes |8 F 9L | o3 I 03 o1 epuoge  [Ang-s | 31
91 69'T— a0 1€°¢ oLy ¢ Fsg |¢ F 89| oL 4 121 0g epipot 13
o1 883 80T £ 2 og'y ¢ Fee |9 F 89 | oL ez 131 0¢ epruzolq o1
91 G06° 8L¥00" ¥6'1 60'3 ¢ Fsg (¥ F 18| o001 0g 144 oL epuiopyo [Adoadosy | ¢
LI aL'g— | 00300’ oLt 62’1 g Fep [o1FLop | 99 a1 It o¥ epuoiyo  [Azueg | 8
LT | 8390 19°2| OL'L oL'L 1tFoy |g1F e | oL oz 6 0g eprpot L
L £9'¢ £3900° 63'3 08'3 g Foo |¢ F 99| 99 a1 el 12 epruroxq 9
LT 916'— | 8€500° 08'3 e1'g ¢ Fev |¢ F 19| g8 cg 31 09 eplIo[y “nv | ¢
91 996'— | 19900 80'3 88°1 L Fepr (6 F 99 | 06 09 6 oL eprwoiq  [AQF | ¥
g1 306" 93¢0’ £v'e 99°¢ ¥ Fog |9 F .| oor 0g 41 gL eprpot S
a1 9g'T— | L8€0" ar'y oL'e ¢ For |¢ F 62| oor og eI oL epruxoxq 3
g1 613 L1T ar'g [l L Feév [01F 99 | o001 09 o1 gL opuofyo  [AYje| | 1
soporg | H [OTXeEP (<01 X (oFTs 01 X ()T | TP — Mmmwmvl ONE | ) | N |0 punodmoy ‘ON

31p/(; s —;Ts) =5y "suonpuos [Byuswutzodxe
oy Iepun (8)g8 JO SOUBLIBA POJBUISO 51 ;°'P *(€— N)/:2< A SUOHEIAGD pIBpue}s pojnduwoo=(3)s ‘[BAIejur [Bjucuriedxe oyj ul syutod jo Jequunu
oYy §1 N "[eAlejul [ejuennredxe oYy ul ‘eangeiedwe; ¢seydiy oyj st N,f, pur ‘omgsredwies gsemol oys st ', ‘[8AIequl [Byuctuliedxe eys ur emjeled
-wreg e[ppiwt oys st %z *Aleanjoedsea ‘g pue 2, ‘sube 03 aeyex IT pum T sjdurosqng ‘I938M UI sopI[eY JO sISA[0IPAY J0F senjeA %«uv pomdwo) ‘1 3190,



SVANTE WOLD

2328

147 07 —61 wng
L3 98L° qLg0° 00'% 61°% 9 Fev | 9 Fgp o¥ g g1 a5 oyeyns [Ayserq | OF
L3 331 90800 LG £6°3 v T9v | ¢ Foy [552 g P1 <4 ojeymSs [Ayjewii | 6¢

61 00%" 31000 66°0 00’1 91FL 3 T6 06 c¥ Bl oL ol WINFUOJ[Ns
-[Aygeuntp-(A3ng-2 | 8¢

91 019" — | 36%000° Tl 60°1 ¢ Fgg | ¢ Fee cg g el 03 ojeuoyns
ousygewr [Adoadosy Le
91 g99"— c0%°0 5% 4 484 L Fzw | 9 Fov oy 0 e1 03 -oN-d [Adoadosy | 9g

33 L3 510 c0'¢g 11'e ¢ F1v | ¢ Fee gg 0 g1 03 038UOIMS
-ouezueq [Adoxdosy [«
93 L9 31900 98'2 '3 ¢ F9z | ¥ T¥¢ 06 oF 01 oL Amg | g
93 19g— 3910 16'2 $€°G ¢1F8s | e1F¥E 06 03 a1 03 Adoag | gg
93 661 gge” S0°¥ Le'g ¢ Fge | ¢ Fse 08 o1 8 0s Kyd | 3¢
93 9L'e 6£10° 99'G 6€°¢ ¢ FLe | g FLe 09 0 gl 08  [ejBuojmseuByjew [AYIOl | T€
ag 838" — 0" £z'¢ 96°3 ¥ Fse | ¢ Fee 08 0¢ 8 08 OI-119-9F°% 1AL | 08¢
4 ove 1€%0° 18°3 £€6'2 v F8e | ¢ F&b 08 0g 6 0g OIN-TP-$°Z 1AyIeIN | 63
9% | 66€0° £610° PLG qL'g ¥ F1v | ¢ Fe¥ 08 0¢ 6 09 OW-TP-F°¢ 14Uzl | 83
¥3 180" — 1€3° 89°L [<: piFae | qIF¥e ag ST o1 gg onru-w [AYje | LG
4 I 8390° 69°¢ gL'e 1¥03 | g1¥ae ¢} a3 11 o¥ omu-d [Ayje| | 93
¥3 60°'T gal’ 1e¢ 10'% ¥ Fee | ¢ Fse g9 g1 o1 o¥ -ig-d [Aysel | <&
¥3 L¥ — 681’ 68°F 8% 11Fee | e1F9¥ oL ag 01 0g -0°IN-4 [AYel | ¥&
€3 [ 4 peg L8'9 19'8 ¢'gFog | ¢ Fee 08 0 L1 0¥ -oW-d 14U | €3
91 0% — eqr 99°¢9 e g Fov | ¥ Fop QL 01l el o7 -oW-d Ay | 3%
44 8L8 — 0830° 69°3 L9°G 3 F1e | ¢ Foe 08 03 L 0g Kdoag | 13
44 68%" S1L00° 8¢°3 992 g F¥¢ | 3 FLe gL o1 31 o¥ g | 03
44 90°¢— | 19%00 9¥°'2 391 g F¥e | ¢ FLe oL o1 I ov oyBuUOjUsoUezUSq [AY3e| | 61
dopong | [mOTX P 0T X (@) 01 X (3)T8 | 4105 — hmwwl L |0z | N | 0% punoduop oN

*1 ©[qBJ, UI S owIes oy} oI8 s[oqUIAG "I1698M Ul SpUnoduioo SNOSUB[[EOSIUI PUB S04BUONS JO SISA[OIPAH ‘¢ 2199,




2329

EXTENDED ARRHENIUS EQUATIONS

67 08 —I¥% wng
6z |¥010° 098¢ ¥o¥ 0% | 08F¥3 | 067FL3 99 et L o % 08 fo-ud | og
08¢ | €38 —|183000°0 1L6° L68°0 ¥ Fi1g | ¥ Fog 0g g 9 02 % 08 (*p) 1Ong-? | 6%
0¢ | 29% —| 98200°0 0%l 181 9 Fre | 9 Fae 0 g 9 03 % 09 ongs | sy
63 ¥3'1 98¢0 Ly ¥9°Q 8 FeL | orFoL (14 0 g 03 % 09 0o U | Ly
63 12°'¢ | 801070 39’1 e € F8g | 9 F¥9 09 03 g 1} 7 % 09 IOHOUd | 9
83 | gLz — 8'88 €81 oLl | €3F¥e | 95 TI¥ 08 474 i1 08 |IE030| « « o
83 | 89%'—| 6990 96°'¢ 6v'g g Fez | ¢ FL3 08 ez ¥ 0¢ |WgsT0ol ¢ « 44
8% | 08%' 9°¢1 L0t Tl | ¥1FeE | 91FLE 08 414 ¥ 0S5 |W0800| ¢ « {57
83 | L9 — 9'9L €91 g'er | 03F¥e | €zFo¥ 08 Q3 ¥ 0g |(Wov00| « « (G2
8% | 033 — 181 Pl 9°81 stFzr | ozFog 08 eg 14 0g 0 | epuoyo [dzueg | T¥
HOMH
ooy | TH | w0TXEP 0T X (3)108 01 X ()8 | $790p — Mw%wvi O | @z | N | () [Bfnt] punodmog | -ox
S[OI

*1 o[qB], Ul s owrBs oY} oIe sjoquIAQ ‘Jousyle snoenbe ur suorjoBar sISA[0A[OS "¢ 2[QD [




SVANTE WOLD

2330

201 0L —I wng
1€ €83 209" ¥3°9 89°L LFo¥ 8FLE o¥ ori—| ¢ a1 I0HO-Yd1d | oL
1 | ve9'— 74N Ly'g eI'g 9F1e 9Fog oy 0 [ 03 eprwoxq 69
£ 09'3 LLEOO' oLl (11§ pFae gFLe oL 0g ] 09 08 epuoryo [AIng-7 | 89
31 %93 0060000° | 08%°0 909°0 1F93 1F3¥ o¥1 08 9 (1143 e383008-jAucyd
-oxtu-d-[Aueyg L9
1€ | o098 LIF0 8Ll %23 pFie gFeg ag a1 ] ag g 99
1€ | 606" — Q1700 03’1 $36°0 gFov g Fag g6 a¥ g oL DHD-Ud
“Ip-oaIN-d | Q9
ge | Lsg L6L’ o¥'g L9°9 9Fse 9Fae o¥ ol—| ¢ o1 DHOUd-P | %9
e | 099 8¥£00° 6¢'1 eg'1 eF33 aF83 g8 a¥ g a9 epraroaq €9
1€ | goL'— | $€1000° | 3LLO LIL'O gF12 eFI1¢ a1t aL g a6 opuo[yo [Azueg | 39
18 | 196 — $990° oL'g 9¢°¢ LFo¥ 9F6e 0¥ 0 g 03 epruroiq 19
1€ 991 LL6000" | 68L0 Lo'1 zFse gFo¥ gg a1 ] a8 oL epuopyo [A3ng-2 | 09
6z | 909 193 L0’ 4 9T 9TFey 12 0 g 03 ‘0o-ud | 69
63 9T 1 — 631" $6°¢ L' gFoe 9Fog 08 08 9 g9 'DHOUd | 89
44 98T — 1030 89'3 L'g aFop yFeg o¥ 0 g 03 ‘HO-Ud N4 | LS
28 091 L9900 1 99°1 39z ¢Foz ov 0 g 03 0HDUd
. “p-0IIN-4 | 99
1 | qLe 6£200° 81 9¥'1 eF¥2 yF82 oL 0g g 0g eprwoaq [Azueg | 9g
44 7€ |6990000° | 9¥T°0 8¥9°0 ¢ Fee 1Fog 09 03 g o¥ epuo[yo [Amg-2 | F¢
1€ 90'T— | 88900 961 i oF L3 9Tge 06 09 g oL fmg | g9
18 | L63 13900° oLt Lt yFes 9T 63 06 0g g oL [Adoxg | 3¢
18 | 8¥%¢ 8%30° LI 681 9FI1g 9F1e 06 09 g oL 09 eprwoxq [AysH | 19
Qoue 9U0900
aogorg| T [s0T X TP 0T X (8)Tel01 X (3)'s | £ 0P — %@%wvl QL | ©'E | N | 0F oy | Punodmop | coN

*1 o[qe], uI £8 owres oyj odv sjoquAg "ouojeos snoonbe ur suUo0BeI SISA[0A[OS ‘F 99V




EXTENDED ARRHENIUS EQUATIONS

Fig. 1. Distributions of R,y=(s;*—sy1?)/d .
for the series 1—40, 41—70, and 1—70.

The F tests give the same results (Table 7). Eqn. 2 seems to be slightly
better but the difference is far from significant.

The fact that the statistical tests give the same results for the measures
s —sy? Ry Rio/E s, and R, E,, shows that the estimation of and tests on
the latter three quantities were somewhat superfluous. This might have been
predicted in advance, it is quite improbable that different measures give dif-
ferent test results when the number of test cases is as large as 70.

However, since the possibility always exists that different measures give
different test results, the present author feels that the tests on the quantities

Table 5. Mean, values and confidence intervals for R,3=(8;*—s,;*)/d ,.

1—40 41—-170 1-170
U=73(s;—sy?)/d;s 3.53 11.1 14.6
Mean 0.088 0.370 0.209
Standard dev. 1.63 1.30 1.50
¢/V'N 90 and 95 % 0.26, 0.31 0.30, 0.36 0.20, 0.24
Confidence interval —0.33...0.50 —0.02...0.76 —0.09...0.51
(90 %)
x* for normal dist. 17.21 8.36 13.44
22X 95 11.07 9.49 12.59
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Qa= (87" —sp") E (31" —811%)/d s

Table 6. Mean values and standard deviations for Q,=(s;*—sy?)/[d,; E(s;?—s?)] and

1—-40 41-170 1-170
Sum @, +1.01x10® —6.37x 107 +3.69 x 107
mean ¢, +2.52x10° —2.12x 10° +5.28 x 10°
8(Q,) 1.60 x 107 1.62 x 107 1.61 x 107
Sum Q, +2.16 X107 +1.12x10°® +3.27x10°°
mean @, +6.37x 1077 +3.73x 1077 +4.67x1077
8(Q5) +3.56 <10~ 1.32x 10°* 2.82x10°°
Table 7. F-tests.
1—40 41-70 1-170
> 8 5.97x 10~ 2.72x 107 3.32x 10
> 8 5.64x10™* 2.756 x 1072 3.31x10°3
F 1.059 0.989 1.003
S spifdgs 277 110 387
> srfdis 274 98.5 372
F 1.011 1.117 1.040
Degrees of
feedom 354 61 415
Fx95 1.22 1.50 1.16

based on R,, have added further security to the conclusions that the two equa-
tions perform equally well on the experimental data.

It is thus concluded that the two equations 2 and 7 fit the data equally
v;;‘el] lzla,nd the small difference found in this investigation can well be the result
of chance.

DISCUSSION

The two investigated equations fit experimental data equally well. Some
results indicate that eqn. 7 is slightly better (e.g. the smaller variation within
a series of reactions with similar substrates), whereas other results (the slightly
better fit of eqn. 2) indicate that eqn. 2 should be preferred. The arguments
are, however, far from conclusive. More accurate rate data are obviously needed
to make a distinction possible between the two equations.

Since the two equations give different temperature dependence for dc,*
the situation is somewhat unsatisfactory and one cannot at this stage recom-
mend the use of either of these two equations. However, it can be concluded
that until an equation is found which is superior to the two equations investi-
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gated here, 4c,* values estimated from experiments with differing temperature
intervals must be compared with great caution. At present, the best thing
to do is probably to take the weighted mean values of 4c,;* and Ac,,+ at a
reference temperature (e.g. 25°C) and make the comparisons with these values.

It is the hope of the present author that further investigations (currently
under way) of the temperature dependence of rate constants will provide
an equation which is better suited for the description of rate-temperature
data than the eqations investigated here.

EXPERIMENTAL

Computer program. The computer program described in Ref. 2 has been refined.
The regression analyses on eqns. 2 and 7 have been performed as described previously.?

The estimation of the variance of s;? and s;;* made necessary the use of a random
number generator for generation of synthetic errors of measurement. The random genera-
tor used was the sequence

U; 4,=T;(2"*+-3)+1 (modulo 2%)

which generates rectangularly distributed pseudo random numbers.?? The tested auto-
correlation of the random numbers is less than 0.1 9,.
To obtain a normally distributed pseudo random number one computes

n+12

j=n

which makes Dy have an almost normal distribution (accuracy > 99 9%) with a variance
of 1, mean 0, range 6.

Monte Carlo estimation of d,;. This was made in the following way for each reaction
series 1—70.

a) Eqn. 2 (subscript IT) and eqn. 7 (subscript I) were fitted to the data series giving
estimates of the parameters Ay, By, Cyy, sy, 4y, By, Cp and s, respectively.

b) Using the set A;, By, C; and the experimental 7’-values T',—Ty, 100 different
synthetic series of data were generated according to eqn. 7, with ¢ being D, 's; and Dy
generated as described above.

Fitting these 100 different series to eqn. 2 and eqn. 7 give 100 different s, and s’/
values, respectively, (the primes indicate that these variances are different from s;?
and sg?).

c)ISimilzu-ly s'1* and 82 are computed for 100 different series generated by the
parameters estimated by eqn. 2.

d) For the four series of 2, the means (m) and variances (d?) were computed, and
d,, was taken as the square root of the mean of these four variances.

E ,,, the estimated difference in fit of the two equations (were one of the equations
true) is taken as the difference of the means (m) as estimated by eqn. 7 and eqn. 2.
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