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ABSTRACT

The undistortcd progress of bimolecular processes in solution can be studicd by
DTA experiments followed by the estimation of shape index and half-width and the
reference of these quantitics to the corresponding rate curves.

Empirical rclationships arc prescented which we derived by digital computer
application and which allow calculation of the above corrected values for reactions
with or withoul cquimolecular ratio of the reactants. The application is illustrated by
the evaluation of DTA curves of some reduction. oxidation and Dicls-Adler reactions.
Additional computcr-gencrated DTA curves based on the evaluated activation data
and rcaction enthalpics confirm the results.

The significance of the order in non-isothermal reaction kincetics, referred to
time, is discussod.

L INTRODLUCTION

Undoubtably. a simple methad of controlling the “"undistorted™ progress of
bimolecular reactions in selution would save many unsuccessful preparative experi-
ments in chemical synthesis. Thus, for any reaction. it is of great interest to know the
most cfficient ratio of the reactants or the most suitable reaction temperature.

For these reasons, we have considered usinz non-isothermal methods. especially
DTA'. Starting with a first-order reaction at a constant heating rate. we have shown?
that the shape index and the activation data extracted from a DTA curve can be used
to calkculate two parameters which define the type of reaction on which the corres-
ponding non-isothcrmal rate curve is based. viz. the corrected shape index a2nd the
rcaction type index. However, for scond-order reactions the relationships presented
are not applicable.

* Presented. in part. at the ESTA-I Conforence. Salford. U.K.. Scpi- 1976 and the GEFTA Mccting,
Clausthal, BR.D.. Sept. 1977



The aims of this paper arc to denive adequate cxpressions for bimolecular
rcactions based on Koch's approximate kinctic theory? and to test thcm by thc usc of
various examples of reactions in solution.

1II. BASIC THEORY

Considering the DTA curve of a first-order reaction in stirred solution®,
half-width and shape indcx may be transferred to ideal Kinctic conditions, i.c. ralc
cunve instcad of DTA curve involving maximum temperature diiference? @, — O,

by the use of the empirical formulac

n + [k — (min2i)]) [a; + a5 In(uc)] lO i 2r)

Pes = I + {a,/[(u + as)uc]} M
and
S. = . s @

[(ut).' " bJ [l + (bs + b,uc)] (9 ﬁu)
where ' = expenimental hallfbwadth, £, = halfwwidth of the corresponding rate
curve, 5 = cxperimental shape index, S, , = shape index of the corresponding rate
curve, m = heating rate (K/min). ¢ = cell constant (min~*). ©,_, = maximum tem-
perature difference. a,. a.. a;. ag. b,. bi. bs. b, = constants given in ref. 2.
The paramecter u(= u_) is obtaincd by thc substitution

J’ L()dr = u(r) k()
[+ ]

which yiclds the approximation
RT? E .
M= M E T Rmimk, — inE0F &

where R = gas constant, E = activation cnergy (kJ/mole). &, = frequency factor

(min~ " or Imol™ ' min~"). To cxpress u(r) by the half-width in the casc of a first-order
reaction. £(r) has to be taken at the maximum on the rate curve>.

E(l’)=km=x=-'-m= ====l==-=—-=-=.=ls- @)

7 u(tm) "
For a sccond-order reaction
A -+~ A - products
it was derived and confirmed? that

] K (Arst order) 5)
ZIA]o Uy - 2["—]9

ki®) =
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When we consider a bimolecular reaction of the type
A -+ B — produci(s) (= AB-typc)

k., must depend on the initial concentrations of both reactants. Then, onc may
assumc that an cxpression analogous to egn. (3) for k() in cgn. (3) is valid, i.c.

- 1
KN = = - 6
0= d AT (8 ©
where d = constant.
For thec estimation of d. @. and A. the half-width and the theoretical reaction type
index may be uscd: the Jatter is defined as

A= Rmu__ _ R 7)

doge) .y (log o) In (kaiky)
where & ,/k represents the ratio of the rate constants at the first and sccond half-width
point of the curve. For the first limiting casc. the pscudo-unimolecular first-order
reaction (large cxcess of rcactant). M, = 0.020 kJ/molc K, while for thc sccond
limiting case. the second-order reaction. M. = 0.013 kJ/mole K is valid. The latter
theoretical value allows us 1o fit cgn. (6) by cvaluating theorctical DTA curves of the
AB-typc (scc Sect. V).

The paramcicr i, defined by cqn. (3) for the rate constant k(r). could be
denoted as ““specific time™ since, for unit heating rate, m. and unit rate constant, this
value generally is the fraction I/In (k./k,) of the haif-width of the rate curve, ic.
hi2.25 for a first-order and /3.5 for a sccond-order reaction ([A ], is assumed to be
unity).

Hl. COMPUTER APPLICATION

Using the digital computer PDP 10 system in Miilheim/Ruhr)* (Digital Equipment
Comp.. Mass., U.S.A.), we devcloped two different kinds of program.

In order to simulate theoretical DTA or rate curves, we used FORTRAN IV
programs bascd on repeated integration of the kinctic differential equations including
the derivatives up to order 4 in a Taylor expansion. Two to ten products related by
any reaction may be assumed: control of the accuracy was performed by examining
the constancy of the sum of all concentrations after every step and. if necessary,
reducing the instantancous value of the time interval. The resulting curve was projecicd
on a DEC VT 35 tcrminal with copicr; in addition, all important curve data were
recallked in alphanumencal mode.

By various rcpetitive routines, experimental curves can be fitted rapidly by a
change of the prevailing activation data (directly or by only varying the width of the
curve) and/ar the weight of any step.

A sccond family of prosrams served for evaluation and was based on the
following kinetic cquation®.
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reactants and 3 parameters which descnibe the temperaturc-dependent cell constant

and haat mn:nnh.- (m"ﬂ‘ I-n: solvent & I.-v numberx), the rate constants are calculat
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for cquidistant timc mlcmls, Using lhc kcast squarc mcthod for fitting In & vs_ 1/T
by a straicht linc, four =cts of kinctic data (aclivation cncrey, freauency factor,
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corrclation coefficient. speaific ime and specfic tiemperature) were calculated for the
initial partt (253%2 of the curve) and the total curve as well as an assumed unimolecular
or a bimolecular initiating reaction. respectively. Hence, the computer performed a
double intcrpretation. based cither on the mitial data or on the overall data. The
initial order was selected by the expenmenter: only the orders | (unimolecular
inducing step) or 2 (bimolecular inducing step) were possible. Wrong selection could
be conrected after study of the results. In the case of the overall order, the program
took that order which cormcsponded to the best corrclation cocflicient and then

presenicd the most probably basic type of mechanism.

IV, CORRECTION OF HALFWIDTH AND SHAPE INDEN FOR A SECOND-ORDER REACTION

The path which we used for finding empirical expressions for S;,,, and i1,
from both expenmental quantities was analogous to the first-order case. We generated
theoretical DTA curves for unit initial concentration, hcating rate 1.5, the «cll
constants 0.03. 0.03. 0.12. 0.14, 0.18. 0.25. 0.50 min~! (= const.) and the 20 test
rcactions mentioned in ref. 2 which corresponded to #,, values between 0.46 (reaction
1) and 3333 (rcaction 20). The study of the half-widths obtainced in this way shows
that. using the expression for no temperature feedback,

; ™, @10)
B o Tt T
hie (uc)' T f(u) ‘

* This. however. is not an obligatory condition for the validity of eqns. (3) and (9).



TABLE ]

PTA HALF-WINTH IR A SECONIFORDER REACTION (TEMPLRATURE-FELDRACK INCLUDID)

Reuction log &, Hoz 194(23 - njas Dexiation from

ANo. mcan safuc
(Tul

2 12 0ss 0415 - 19

3 15 1.63 0233 —33€
3 20 228 0.754 =527

6 15 35 0.762 - 454

7 12 396 0415 —~19.10

9 20 57s 0.590 - 149
10 1$ 577 0463 -~ 9.6
12 7 5035 0595 =159
13 4 1005 0.326 - 24
i4 2 11.08 0478 — 68
15 4 14.20 0.630 <226
16 10 13.10 0.576 =122
17 12 1790 0336 =132
19 5 25.2 0.535 1 |
20 6 33.33 0457 - 52

Avcrage 0314 :- 0.038 (s:andard crror)

e T m o+ v Tmmem= = e — R et ~ - Temmmmes e wne e e e et e —

f(z) is practically constant (though not for the analogous first-order cquation):
(i) = 0.19 - 0.01.

If the influence of the temperature difference signal becomes noticable, 1 may
be represented by the expression

ay O, [h —(mic)In2) + h

h, .= ->*- S S 11
- 1 +0.19(ue)™ ! an
where g, was found to be

0.7
Sl % (12)

Table | gives an ideca of the deviations obscerved which incrcase when log 4 . is not in
the usual range of 53-13.

Similar results are obtained for the shape index. In the absence of additional
hcating by the rcaction, the idcal shape index is

Ser = =S =5, (13)

where b, is only a function of # (Table 2).
b, = 0.0375 — 0.00138 u (13)
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TABLE 2

SHAPE INDEX, FOR A SECOND-OEDER REACTION (NO TEMPERATURE FEEDRACK)

- - me T s —mrEE m—— o s = ] = e

Reoction @ by w IR Reaction & by = IOF

No. Campater  Exm. (19} No- Computcr  Eqn. (14)
| § 0436 3.33 369 11} 621 345 2
2 055 306 363 12 505 25 270
3 1.38 2350 3.57 13 10.05 2 p L
4 2237 2S5 3435 13 1108 138 231)
3 2436 341 343 15 1421 205 190
'3 353 250 323 16 1790 o 143
F 396 308 23 17 1791 267 143
b 4 579 23! 3.00 18 17.91 120 1.42
10 577 236 300 19 2327 1-10 0.2

20 3333 267 —~0.58

(Mcan value: by == 0.0232 = 0.018)

TABLE 3 )

FEEDBACK PARAMETER 52 FOR THE CORRECTION OF THE SHAPE INDEX

Revction o 5. b: I computerj

No. Computer Eqm. (16) b: icqn. (16)]
[ ] 046 0043 = 0035 Q.105 429
2 0S3 0023 = 0011 0076 316
3 1338 0114 = 0013 0060 183
4 227 0050 = 0004 0047 1.70
5 246 007 = 0008 0.015 1.76
6 3ss Q013 = 0015 0036 1-19
7 396 0042 = 0017 0036 1.17
9 bW 0033 = 0901 0.029 )13

10 57 0028 = 0.004 0.031 0950

1} 621 0032 = 0005 0.029 1.10

2 8§03 0027 = 0005 Q02> 108

13 1005 0028 = 0.002 oo 27

| E 1108 0019 = 0009 0.021 091

15 1421 0032 = 0017 0019 1.68

16 17.90 0010 = 0.003 0017 0359

17 | F A 4] 0033 = 0063 0017 488

18 179} 0015 = 0008 0017 0s8s

18 23 0021 A 0033 Q015 1430

20 3333 0007 = 0.003 0012 0.33

In order to consider heat feedback, we tested the simplificd relationship analogous to
eqn. (35) in ref. 2

Sez=(1+5:0,S, (15)
by calculation of b, using different u, ¢. and O, valucs and S, ; = 1.15. The value of
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b, was found to be constant for any particular rcaction and there was no remarkable
influcnce of the cell constant, . Involving other reactions, b, could be generally
formulated as proportional to the inverse square root of u# (Table 3)

hy = (16)

incorporating by = 0.071. This rclationship shows satisfactory agreement when o
valucs > | and < 16 arc considered.

For all of the approximate formulac, the deviations for large # values are not
scrious oince, then, the influcnce of the correction is generally small. -

The coscection formulac based on these empirical cquations arc given by

[h - (m,{’c) ln 23 £ [0 7;(2.:» + m)] o) + h . .

h_. |
== l+019(uc) i1 an
and

2
Sazm ot . (18)

1+ 0071/ 1) O (uc) + (0.0375 — 0.00138 u)u

They are valid for unit concentration and for not too strong heating effects (O, < 10
K) and. similarly to the first-order expression, depend only on the specific time, «,
cell constant, ¢, and maximum temperature difference. @,,. The limiting cases are
consistent with these cquations. If ¢ or i 15 increased. I, » and S . approach the
cxperimental valucs /7 and S. respectively: in the oppositc casc, /1, ; tcnds towards the
half-width of the simple heat-decay curve. However, for # — 0 or ¢ — 0, the shape
indcx disappears.

V. NOX-EQUIMOLECULAR RAYIO OF THE REACTANTS

For the study of bimolecular rcactions, the initial concentrations of the reactants
must be involved in the correction process. If we have different concentrations for
both reactants (= AB casc), the most abvious way would be to calculate that # value
which obeys eqn. (7) for the sccond-order case, i.c. which yiclds Af = 0.013 kJ/mole.
However, in contrast to the first- or sccond-order case, a theorctical mathematical
derivation of an equation such as cqn. (6) scems impossible. Thus, rate model curves
using different initial concentrations of the reactants and varied activation data were
ecncrated and evaluated by the computer in order to estimate the approximate values
of d. a. and b in eqn. (6).

The results of these computations applied to reactions 6, 9, and 17 (ref. 2) are
not very different so that general validity of the constants d, a, and b can be assumed
(Table 4). Conscquently, In £(r) in eqn. (3) is obizined from [A],. [B]o and u,,
using eqn. (19).

—Ink() =nu, +-019In [A], = 075 In [B], — 0.14 (19)
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TABLE 4
LOGARITHN OF THE RATIO OF HALF-WIDTH RATE CONSTANTS
k= R A N . B, -
Ia 2= = S5 Gk, < Inom + 0750 (Al = 01610 (Bl — O.14F
|

for throe bimolocular reactions (Nos- 6. 2 and 17 in ncf. 2)

fedla

e e — =

e

Bl

Jdim

o 15 - 20 30 50 =
| 3237 - 003> 2962 = 0015 2750 - 0031 2363 = 003} 2436 235
03 3.202 = 0030 2567 - O025F 2716 — 0029 2416 = 0020 2267 225
0l 328 = 0057 2930 5 002 2736 :: 003} 2428 = 0031 2329 223
0.01 3233 = 0033 2937 = 0023 24392 5 0013 2439 - 0014 2367 2233
Mcan
vahees 3232 = 0020 299 = 0033 270 - 0016 23459 = 0070 2350 = 007 225
Exprossion
bebo™ 3232 3200 3.160 3050 3117 305

® = 08 In(l — In g) ic nearly independent of g = [Blx A} [cf. cqn. (26)):
3335 = 0031

Therefore, an experimental DTA cunve can be tested by cstimation of the
appropnaie u(r) for eqn. (7) by performing the following calculations.

(1) Activation crerzy and frequency factor from the temperature dependence
of the rate constants obtained from eqn. (7).

(2) u, by using eqn. (3) and k(1) = I/n, in a rapidly converging iteration.

(3) In k(1) from cqn. (19).

() u» (sccond-order) from eqn. (3) by insertion of In £(n)

The operations (2)-(4) had akso been accomplished with the model curves
wsing assumed activation data. In order 1o now usc cqn. (7) as a critcrion, the half-
width has to be cornected with adequate superpositions of eqns. (1) and (17) or, for
the shapc index, of cqns. (2) and (18). We stated that linear superpositions will
suffice; a suitable weight factor is

g — 1+ 16 ,
w=In 7506 (20)
when

J— [8]0 A 2§

(Pscudo-unimolecular process, w = I; bimolecular process, w = 0).
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Then, half-width and shape index of the corresponding rate curves are obtained
by the equations

hoag =l yw i1, (1 —w) (22)
Seap = Sy w -+ S (1 — w) '(33)
The corresponding reaction type index is calculated from w; and /-

Al = . Rmus (29

(loge)* I, zp
We have confirmed that 5,43 and M,y may be recalculated to the ratio 1: 1 of the
reaciants by the use of eqns. (7) and (20)

Sex =S, ap(l 5 w) (25)

32 —w

;": = &"A.wx?;’—

(26)
since the shape index of a first-order rate curve (0.36 = 0.02) is nearly half of the
shape index of a sccond-order curve and since M, = (1.5 % 0.1) M, (Table 4; cf.
ref. 6).

If we compare a reactant of unit concentration which formally undergoes a
n-order reaction, there is the following seneral dependence of the reaction type index
on the rcactior order, n# (ref. 7)
ar = RUn 107 _ 2135 x 107 @n

225 n%* 1+28§

[<f. the expression (23) for the shape index in ref. 2]. Conscquently, for complex
rcactions o7 cven simple bimolecular reactions as discussed here two different ““reac-
tion orders™ are 1o be expecied (obtained from cither § or 3f). In the case of an
accuratc “clementary”™ process of any order 2, however, the coefficient

I=239M(Q0 = 25) (28)

obtained from eqn. (27) is ncarly unity when M has the dimension kJfmole K.

VI, ENAMPLES

Using heating rates of 0.5--3 K/min, the relationships presented were proven to
be gencrally valid. Though the correction formulae (6). (17)-(20), (22). (23) and
(23)-(28) arc empirical, they can serve as a satisfactory means for characterizing
bimolecular reactions Kinctically. The fact that the results arc approximate does not
restrict the accuracy of the Kinctic results at all since the activation parameters were
obtained by the use of the accurate expressions, (8) or (9).

However, the accuracy of unique activation parameters may be nonsensical if
the reaction is complex, i.c. if the reaction consists of several parallel or consecutive
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TABLE S

OVERALL KENETIC DATA OF INELS-ALDE R REACTIONS OF CYCLOPENTAINENE WITH frams-C¥ CLOOCTENONE-2
IN METHYLOYCLOMEXANE { = RZACTION A, No& [<6) AND WITH €VCLOOCTAIMENE-{]_5) IN TOLUVENE
{ = REACTION B Nos. 7-10)

Xo- fA’s B e E bk, o Sear Se: M M ]

tmolkf (molkt (KJ:  (min}  {(mEn} { = PR €= IP)
dm) dn)  molkc}
i 10 010 456 58 76 033 16.7 032
2 10 030 19 79 36 036 120 19.5 1443 099
3 050 0.50 b1 | 116 53 0s6 16.7 1.09
4 .30 o 377 23 T3 093 1.01 133 127 087
5 030 100 423 79 7.7 1.10 1.50 161 151 1.29
6 022 108 493 9.7 2 0.50 on 17.7 129 052
Avxcerzge valies 475 = 248 121 - 021 144 = 093 = 005
07
¥ 020 020 495 5.6 29 1.20 126 1.02
3 010 030 368 62 19 032 0.73 159 126 0383
9 IS 1.00 393 b %3 3s 0.67 1.2 17.7 131 099
10 o1s 100 313 58 9. 062 13 190 141 1.02
Average 4 =33 73+ 08 107 - 0.1) 15.1 - 097 - 003
03
Sccond-order (1hcory) 113 13.0 1.00

—— g omemmEc -G WE = e i—  -mmew —— - — B e -

——m— = —_——

m = 1.5 K/min: mahykadohesanc: ¢ = 013 - 007 exp (— 10535 T): toluene: ¢ == 0.17 &+ 36 cxp
(= 2030(T) kf- vqn- (91}
* Siandand crroes.

steps. Henee, the values of the mechanistic coordinates M and S represent a clue for
the justification and signification of cxperimental kinctic data. From our expeniments
involving very diffcrent types of reactions in solution. it must be concluded that these
coordinates are extremely sensitive (o side reactions caused. for cxample, by contami-
nations.

Tablc 3 prosents the results for two typical Dicls-Alder reactions of cycla-
octiane derivatives starting at 190-200 K*. Though the corrclation cocflicicnts for a
straizht linc approach of In &k vs. /7 arc between 0.950 and 0.998, the shape indices
show considerable variations. cven before the correction. which arc not only bascd on
the non-stoichiometric ratio of the rcactants. The reaction type indices M, show
minor variations, cspecially for the cyvlooctadicns reaction. The mean valucs of
S and M5 ncarly agree with the theorctical values for an clementary sccond-order
reaction, whereas the 7 cocflicients [eqn. (28)] show considerable deviations from
unity in most of the AB cascs.

For small concentrations of cyclooctenone and a stoichiometric amount of
cydlopentadicne, there is only a very poor agreement of S, M. and I with the theoreti-
c=l valucs siznalling distortions in the progress of the reaction.

Table 6 summanzes results obtained from other reactions. Experiment Nos.
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(kcal/molc). Below, Arrhenius plots The best (weighied) overall straight line is demonstraicd.-
Limiting valucs of log & and of 1000/7 arc typed out.
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Fig- 3. Original computer sheet. experiment No. 15, Above. comparison of curves. Vertical fincs.
oxperimental curves; continvous linc, sheorcrical curve; dara. £ (kaalimolke), log £ (L, fmin), 1H
(kal'mok). Below. Arrhenius plots. The bost (ncighted) overall straight line is demonstrated-
Limiting valucs of log & and of 1000:T arc 1yped out.

11-14 cover DTA curves of the reduction reactions of different ozonid-like epidioxydi-
hydrofuranes with triphenylphosphane? (44 =~ —330 ki/molc), Nos. 15, 16 arc
special Diels-Alder reactions, No. 16 is induced with UY light'! (dH = —60 kJ/
mole). and Nos. 17 and I8 arc due to a thermal oxidation process which Icads to
hydroperoxides'? (4H =~ —400 kJ/molc). These bimolecular reactions show initial
temperatures between 176 and 265 K and A7 values which agree well with the theorceti-
cal values (12.8 = 0.24 instcad of 13.0 < 107 * kJ¥/mole K). The extrapolated shape
indices S, . again show stronger vanations (S,.. = 092 = 0.19 instead of 1.15)
which presumably signals a certain complexity of the processes as is also indicated by
the considerable deviations of J from unity.

These results are confirmed by the comparison of the formal rcaction orders a1,
and n,, determined from S, > (or S, .x) and from M, respectively. As Fig. 1 demon-
strates, these values are ofien different from cach other: only in such cases where an
approximate second-order reaction (Nos. 3, 7, 14, 15) or pscudo-unimolecular
reaction (Nos. 2, 6, 9, 10, 18) may be assumed are the orders in rough agreement with
cach ether (complex conditions excepted).

For additional confirmation of the activation data obtained, theorctical DTA
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The half-width and shape e index of the DTA enrve of a second-arder

caction

are similarly related to the hncuc data. to the kinctic ccll constant and to the maximum
temperature difference as for a first-order reaction. The influence of the kinetic
parameters may be preferentially described by one quantity, the specific time n.
From the involvement of the product uc in the fractional algebraic expressions (17)
and (18) for h,_,, and Sy ;. it can be concluded that for decreasing # or c, the
Kinctic information obiained is restricted in favour of information on the heat decay
behaviour. In general, the kinetic information is also decreased with the progress of
the rcaction: however. the conditions for the kinctic evaluation in the last part of the
DTA curve are 5ot as unfavourable as for a first-order reaction; thercfore. more than
8572 of the total curve can usuzlly be evaluated for 1 values between -4 and 8 (ref 7).

On the other hand. it must be tedious to search for examples of bimolecular
second-order reactions which accurately obey the “clementary reaction™ critenia of
non-isothermal reaction kinetics. since these permit an even smaller range of rcactions
than does the order concept in isothcrmal kinctics. Another reason s surcly the law
of mass action which states that the I: | ratio is most unfavourable for the rapid
advancement of a bimolecular reaction. Thus. side reactions may gain strength,
whercas reversible steps may only become effective for endothermic or weakly
exothermic reactions.

Turning to bimolecular rcactions with non-stoichiometrnic reactants, the
cxpeniments reveal a certain similanty to the formal r-order reaction involving only
one reactant and following the rate law

d[f‘-\'l b o-SE=srate (29)

a‘_' = Ky € [ ( )

with fraciional # vaiues beiween | and 2. However, ihe iwo pariicuiar reaciion orders
m (xvia 8) and #, (via I) in genceral differ from cach other because the rate laws

wa-Fuila Koo o POy emr smmoc = i S

Uhlltl. WiiC 107 3 !lu‘- 'WI“BI FCactIon IIIC’ ISR uc luﬂ.—llllkdl
Hence, the 1 cocfiicient cannat be exactly unity for all of such bimolecular

sranee wmlage s thacs care noa dictavtivanes Tharcefivra tha sctraruanlatad walansc
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S.» and A, arc more suitable quantitics for indicating the prescence of distortions

abam I‘.‘ ' \-—-In.- T'n- l-ll.s- -c AT -n.l-nn el 20 Aan "arder Al nsactian™ dinanncic
ABsapuw L1 BEBUSE W '—'“U ANF KASE SIS T T A AR AV v"l:l'v-‘.e
if 2 very great excess of one of the reactants or only one reactant was uscd; in these
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cascs, / = | mcans that the reaction can be described by the n-order law, egn. (29).
which is usual also in the ficld of solid state kinctics though only part of the rate laws
occurring there are covered by this cquation**- =,

Undecr such hetcrogenic conditions, the # values are uvsuvally less than unity
whereas the majority of our bimolecular expenments in solution Iead to orders 71, and
7> between 092 and 2.4 (No. § expected). Although there is a general tendency 1o
decreasing 7 with increasing [BJo: [A ] ratio. it is obvious that in many experiments
striking deviations of 7, and n, from cach othcr can only be explained by the complex
character of the rcactions studicd.

This view is strengthened by carlier preparative results. Indeed. the unstable
epidioxydihydrofuran in rcaction C tends to isomerize to pscudo-malcic aldchydce
acid so that only 707;, malcic dialdchydc was found after the reduction!*. Similarly.
the reduction of the 2-hydroxy denvative of ihis epidioxide (reaction E) may be
accompanied by a rupture of the side chain viclding formic acid’*. Finally. the very
reactive photoadduct from benzene and butadiene adds butadicne yiclding ~ 867,
of the Dicls-Alder-1ype adduct apart from a 2: 2 adduct obtained by homodimeniza-
tion and other kinds of 2: 2 adducts (reaction H)'".

In conclusion. the mechanistic coordinates S and Af. when corrected for ralc
curves and. in the case of bimolecular reactions. to an 1: 1 ratio of the reactants.
rcpresent fundamental quantitics in non-isothermal rcaction kinctics at lincarly
increasing temperatures, since they allow classification of all rcactions in principle.
For rcactions in solution. all experiments can be assigned to five basic groups.
namcly (1) first-order reactions (unimolecular or pscudo-unimolecular); (2) second-
order rcactions (bimolecular, [A]a = [B]o): (3) bimolecular rcactions with non-
stoichiometric imitial ratio of the reactants: (4) complex reactions following the rate
law of  order [eqn. (29): # # 1. »n £ 2]: (5) other complex reactions.

Qur prchminary experience with 62 different reactions, partially with varicd
solvents. is that the majority of the DTA curves obtained belong to the last group.
We have described ways to classify such complex reactions starting from the activation
data of the initiating reaction®™ whilst in this publication the overall data was used:
the accuracy of overall data is better and the absolute frequency factor of the initiating
reaction can only be calculated when the enthalpy of the initiating reaction is exactly
known. Howcever, the apparent frequency factor determined from the simplificd
Borchardi-Daniels cquation at the start of the curve or even the overali data could
alkso be used when the model diagrams for the basic complex types of reaction® were
recalculated by the computer.

Thus, we intend to incrcasc our knowledge on handling of complex reactions
and to test the utility of the new concepts by using a representative material on
rcactions in solution also stemming from other investigators.
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