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ABSTRACT

For reactions in solution, the readily available initial temperatures and heights of the DTA
peaks of experimental concentration series give a first insight into the prevailing reaction
mechanism.

The results for ten various systems studied show dramatic differences in the correlation of
maximum signal height, referred to the concentration of varied reactants vs. initial tempera-
ture. The different types of such a correlation are discussed both for isolated and overlapping
peaks, under inclusion of consecutive faster processes.

INTRODUCTION

Detailed evaluation and discussion of thermoanalytic signals of complex
reactions requires the assumption of a suitable model—which in an early
stage may be an elementary process [l]—and calculation of rates and
activation energies, needing a certain mathematical effort [2]. However, if the
signals are partially separated and not all reaction steps involved are of first
order, then preliminary kinetic information may be available from two
quantities to be obtained directly for each peak of a DTA curve or rate-re-
lated curve:

(1) maximum signal height (v, or 8,), referred to the reactant concentra-
tion considered (= v,,, or, for DTA, 6,,,);

(2) initial temperature T, referred to a small standard fraction of the
absolute maximum signal height, e.g., 0.5%.

If series of experiments are considered where one of the reactant starting
concentrations is varied, but the others are held constant {3-5], both quanti-

* Presented, in part, at the Joint Nordic-German Symposium on Thermal Analysis and
Calorimetry, 24-26 August 1983, Copenhagen, Denmark.
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ties must show characteristic trends which can be summarized in a diagram
T, (= abscissa) vs. 8., (or v.,) using the initial concentration of the varied
reactant (a,, by, c,...) as a parameter. The often striking differences of such
plots evolve from the fact that for a first-order process both values are
constant, but for bimolecular processes they are not; then the signal mea-
sured is shifted on the temperature axis, because the second reactant appears
to have a concentration-dependent rate coefficient. Thus, a negative shift of
the onset is observed, whereas the whole signal becomes somewhat narrower
[6], and, because of constant area, higher.

More complicated kinetic series for an isolated peak of a complex reaction
were presented and discussed recently [7,8]. In the present paper, the results
of various experiments are discussed under the inclusion of overlapping
peaks [2,4].

EXPERIMENTAL

DTA concentration series of ten different reacting systems [2] were
performed with our DTA solution equipment [9]; usually at a heating rate of
1.5 K min~'. The systems involve reactants available commercially or by
simple syntheses (Table 1).

In order to test a first-order process, aniline was diazotized, yielding
benzenediazoniumsulfate as a reactant.

For each series, the starting concentration of one of the reactants was
varied from experiment to experiment over a range of at least one order of
magnitude, often beginning near that range where the signal onset surpassed
the noise level, but ending before such high values occurred that a strong
thermal feedback causing too strong temperature inhomogeneities or even a
thermal explosion would have been expected [10]. The on-line evaluation
procedure described earlier [2,10] is based on subtraction of an extrapolated
baseline from the experimental DTA curve. The latter is exposed to a data
reduction from ~ 2000 to ~ 150 points and, subsequently, to a soft smooth-
ing algorithm of Sawitzky/Goley using a polynomial of 3rd order [11]. The
resulting parametric 7, /6, plots are summarized in Fig. 1. The particular
experiments were mostly performed selecting concentration values stepped
according to the 1-2-5-10 system. They are represented as points, and the
lowest and highest starting concentrations are given in Table 1. The Ti-scales
of the series in Fig. 1 were taken, using the same Tj-difference of 30 K in
order to compare the absolute ranges. The relative sensitivity limit was
chosen as 0.5% which is a realistic measure for the onset of the signal on
normal chart paper or on a terminal.

In non-isothermal reaction analysis [8], the dependences of some simply
measurable values on the reactant concentrations—and, even, on the heating
rate [12,13]—are better represented by the logarithm of the concentration (or
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Fig. 1. Experimental T, /8, plots for different example series. Scales: T yiaxy — Tomin, = 30
K; 6., = 0 corresponds to the T, axis. The systems studied are listed in Table 1. In crowded
regions, not all points due to experiments are presented; e.g., in the circles indicating the
converging points.

heating rate) than by the concentration itself; this is because for a bimolecu-
lar reaction the rate is given by the product of the varied reactant concentra-
tions, the A factor and a negative exponential term based on the reciprocal
temperature. For an advantageous discussion of the variations of the mea-
sured variables, a correspondence to a unique concentration ratio (1:10) is
desirable, and therefore the ratios 10g( 8, .x)/ 0 min))/108( Co( max)/ Cogmin,) and
(Tocmax) — Tomin))/108(Coimax)/ Cocminy) Were considered for the particular
series (the subscripts (max) and (min) refer to the highest and lowest values
selected for the series). But even these “damped” ratios, given in Table 1,
show extreme differences for the various series studied.

It should be mentioned that taking the peak temperatures or final temper-
atures often leads to similar temperature/height plots. This may offer
advantages if the estimation of the T values is difficult, as for an early start
of a reaction directly after a freezing point. On the other hand, this
observation confirms the expectation that the selected value of the sensitivity
limit x is not critical for the utility of the new diagram.

T, values are influenced by reaction heat, and the accuracy of the T,
values may suffer from an approach to the boiling point, causing an
uncertainty of the baseline [4].
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DISCUSSION

On a first view on Fig. 1, the very different T;/0,, plots imply basic
differences in the prevailing kinetics.

For simplification, in the following rather theoretical discussion, the more
complicated DTA curves may be replaced by the corresponding rate curves,
since the features of the correlation plots usually depend much more on the
type of kinetics than on the temperature dependence of heat-conduction
parameters [6,10]. The directions of the height shifts are influenced by the
method used since the indicative stoichiometric coefficients inside a reaction
scheme may show different values or even signs. Deviations must occur for
DTA in the case of strong thermal feedback, resulting in an additional
increase of @, and a strengthened negative temperature shift.

First-order reaction ( = type 1) [8,14]
The relative signal height is given by
v =—=L=constant (1)
since the specific temperature difference
E/R

Uy = (2)
o(lnk, +1nu, )

is independent of the concentration. On the other hand, the initial tempera-
ture is given by
E/R

Tozlnkw+lnum—lnx

(3)

where x represents the relative sensitivity limit (= 0.5%). Therefore, both
quantities remain constant, and the T; /v, plot is simply a point in the
T,/v. plane (Fig. 2).

For the benzenediazoniumsulfate system (series a/b in Table 1; ref. 15),
the standardized initial temperatures and heights of Table 1, plotted in Fig.
la, seem to correspond to a curve rather than to an exact point (cf. ref. 2).
However, a total of five points from experiments were concentrations
0.05 <a, < 0.4 M are located inside the circle shown.

Second-order reaction A + A — products ( = type 2) [6,8]

Here, the conditions become more complicated, because the initial tem-
perature is now reduced with increasing initial concentration (term In a,)

~ E/R
TO_lnkw+lnum—lnx+ln2+lnao (4)
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Fig. 2. Theoretical Ty /v,, plots for the fundamental one-step reactions with activation
parameters E =15 kcal mol™!, &k =10"2 min™' or 1 mol~! min~'. The numbers near the

presented points on the curve are the starting concentrations a, of species A, used for the
respective simulations.

whereas v, remains nearly constant. The result is a slightly inclined straight
line as in Fig. 2 going from right to left with increasing starting concentra-
tion.

Figure 1b is an experimental example for such a plot, although even in
that case (decomposition of benzenediazonium sulfate after its formation
from an equimolecular ratio of sodium nitrite and aniline at ice temperature)
a unimolecular course had been expected. We assume an incomplete forma-
tion of the diazonium salt, leading to excess reactant, such as nitrous acid,
which may undergo a bimolecular process with the diazonium salt.

Bimolecular reaction A + B — product(s) ( = type 3) [5]

Unlike type 2, the signal height now becomes dependent on two reactant
concentrations. As limiting cases, the constant signal height of a first-order
process ( = pseudo unimolecular reaction) or the value of zero must appear,
as 1s considered by the following empirical approximation for b, = constant,

const.
Vg = arctan a, (5)

m

The initial temperature becomes

E/R

Ik FInu_talna,tbinb —Inx (6)

where a,, (initial concentration), for the varied educt; b,, for the constant
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educt; a4, b are constants: g =0.75; b=0.19 for excess a, [6]). Then, the
parametric plot is for b, = constant

Amim b N NNNo1
v = COIISL. arctan U.Uuuos (7)
rel um kooexp(—E/TO)aS

This equation corresponds to a primarily vertical, descending curve as in Fig.
2 (increase of a,, from right to left) which evolves from a * pseudounimolecu-
lar” source point; for a, = b, the curve passes the equivalence point, for
a, > b, it turns abruptly left, and, finally, converges towards the T axis.

Bimolecular autocatalytic reaction A + B — 2 B ( + product(s)) ( = type 4)

Although non-elementary, this type of reaction [5] is observed in many
interesting processes, e.g., in oscillating reactions [1,2,4]. However, it is not
possible to derive a mathematical expression for the reaction rate as a
function of time. Thus, a series of model curves was generated by numerical
integration for different values of @, and the data of these theoretical curves
(activation parameters: E = 15 kcal mol ™!, log 4 = 10.5) were plotted as for
the experimental series.

From the diagrams a,/7T; and a,/v,,, the following empirical relationships
were obtained

log v,y =1 —rloga, (8)

T,=T,— slog a, (9)
/, r and s are constants, and one obtains for the plot

U, = Uce,B(Tn-TI-) (10)

re.

with 8 =r/s, v, = e'. The corresponding curve (Fig. 2) increases steeply with
advancing T, (negative temperature shift as for types 2 and 3).

Two or more processes

For complex reactions, the derivative of a physical quantity of measure-
ment can be represented by the contributions of elementary steps, which
may be observed by means of corresponding indication parameters, A, such
as heat of reaction, differences of extinction coefficients, etc. [2,7,8,16].

A common feature of types 2—4 is that for an increase of a,, a movement
from the right margin to the left occurs in Fig. 2. In complex, practical cases,
this negative temperature shift is preferred, but a minority of cases show no
such shift or a reverse one (Fig. 1a, e, i, m). Obviously, for an isolated peak,
the latter indicates an inhibition effect which may be caused by consumption
of reactant in a previous reaction step.

There are also examples for both directions of signal height shift: up or
down (or even constant). For a set of reactions, such a shift is not exclusively
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based on the kinetic scheme, but also on the fact that for DTA, endothermic
and exothermic processes, possessing positive or negative A, parameters, are
possible in one reaction mechanism. Analogous sign changes may occur in
spectroscopic measurements [7] (A; = change of extinction coefficient), con-
ductometry, etc., but not in normal TG. Hence, a vertical movement may be
distinguishable between types 1 and 2 or 3, but for complex reactions, the
direction of the v, shift is not necessarily a good criterion; it is advisable
instead to distinguish between either movement in any direction or invaria-
bility [3,4]. Thus, for competing processes of different order

A(orB)
product(s) (1) < A - product(s) (2)

which represent building blocks for a complicated mechanism, there must be
a stop of the v, shift both for sufficiently low or high a, values, because
independently of the signs and values of the A, parameters, an asymptotic
elementary behaviour due to types 1 or 2 has to prevail.

In many examples of concentration series both T and 8, remain constant
over a certain period but not necessarily at the limits of the whole concentra-
tion interval (cf. 1b, 1d, 1f and 1h in Fig. 1); such stationary points indicate
first-order steps in branchings, so that possibly more than two processes
have to be considered [2,3,13].

On the other hand, the often observed invariability of only one of the two
values can be deduced from the above elementary cases. An approximately
constant relative height refers to a second-order behaviour, whereas a
constant T, suggests that a bimolecular reaction with a deficiency of the
reactant varied is rate-determining.

A corresponding plot type, often observed, is a rectangular one (e.g., Fig.
le-g) which signals a change of rate control usually caused by an incipient
excess of the reactant varied (cf. bimolecular reaction in Fig. 2).

Isolated and overlapped peaks

For an isolated peak, a general discussion of the phenomena for equal A,’s
has been performed earlier {2,7,8,16]. For an increase of component B, an
exclusively vertical movement is observed, e.g., for the T;,/v,, point of the
second peak of mechanisms such as

T +B +B1
A —>C—->Dor A - C- D(b,varied; A,, A, positive)

(upwards) (downwards)

or, in a certain range, even for the single peak of the simplest both
competitive and consecutive scheme

A — B 53 C (cf. scheme P,, in Table 2)
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In general, the onset temperature shifts must depend on the type of
combination of competing reactions which is directly responsible for the
isolated peak (= temporary reactions) whereas the height shift depends. in
addition, on the previous reactions ( = kinetic history) [2.4.7.8].

When considering such overlapped peaks where the temporary reactions
become fast compared to the previous reactions, then the situation is
changed: indeed, the height shift remains dependent on both previous and
temporary reactions, representing a kind of weighted mean of the indication
parameters, A,, and the kinetic contribution of the participating steps.
However, the initial temperature 7;, of the merged peak is no longer related
to the originally “temporary” reactions; T, now depends exclusively on the
initiating step of the previous reactions, i.e., the latter becomes rate-de-
termining at the onset.

Therefore, only part of the information on the subsequent fast reactions
will be retained in the signal height shift, which involves kinetics as well as
method-dependent weight parameters, A,. However, the interpretation of
such overlapped peaks is rather complicated compared to isolated peaks, and
Table 2 may be seen as an attempt to present the type of kinetics to be
deduced from the behaviour of the signal.

AG= 1.580 A =0.Z0E-0f Q@ =-0.00E+DQ) R =0.02E+0Q|S =0.B0E+0Q
S-SEP—BP 02:52:41 Zdit: 0.0900+0d Max.Hoehe:
MECH. FILE: PPS

SB1=0.00E+20

K. 1: | A = @ | ; 1500 {2.09 9. 100E+

. 2 |aa = R | .% t1e.09. |0.00 2.150E 2

. 3 | =8 |7 14.00 13.00 .180E

R 4: |20 = Bl ;i 10.00 |1:30 9.200E+

™i1,2:| 155,17 0.00 AREA: |0.3075 S:  P.06S.393.000

H-BREITEN: 45.376  [0.000 SIGNALHOEHEN:  ©.01e32  ©.002

FREAT: 0|0000 TAR,,E{Z: Q.20 | .00  oloa 223733 §M:0.00204
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Initial-H:@.00271, 2J3 Brutto:2.e491/ 7.3 DTE}O. 12E+00

13 140 158 1he 170 120

Fig. 3. Simulated rate curve for the four-step mechanism in the text (computer printout).
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Theoretical example

The following mechanism, a sequence of two mixed-order branchings, was
chosen as a test object for the interpretation

(R A—-Q E =15 kcal mol ™}
(R ) A+A->R E =10 kcal mol !
(R3) Q- S(fast) E =14 kcal mol ™'
(R4) Q+ Q- T (fast) E=10kcal mol™'

In a preliminary study, we omitted reactions (R3) and (R4), and assumed
the A-factors k_, = 10> min ', k__, = 10'° I mol ~' min~" and the indication
(weight) parameters A; =10, A, =15. Then, the generation of the signal
curves by numerical integration (cf. Fig. 3) reveals one peak only. The
T,/ v..-plot (Fig. 4) shows a source point (first order) for small a,’s ( < 0.005)
and a limiting straight line (second order) for large a,’s (> 0.1; cf. Fig. 2).

AG. 1456401, 1S5E+01
QJ202E+01 Files:PP5@
L PERIOD 1
Very small ag Q4500E-04
%EiE“O@ (R1) + (R3)
SCHEME 0500603
A s o0 25 »p /
S
2 4 /
a\? o\ o fleoe-02
R S /
2. gboc-02
/
{i’
PERIOD 2  97300-a2
(R1) + ( é’a/e
PERIOD 4 ‘:} -02
Very large a, A.,/ Y -~
(R2) + (R4) e QRE-02 ro, \
PERIOD 3 ﬁw% ol ,,\r\’ /
§ROE+OL (o) + (r3) opfseE-o1 AN T
o aakanr g ] gcenl - -+ Reactions 1 and 2 only
bt T
Q1171E+29 2.1
Q. 146E+03 2-SEP-83 15:55:24 TA (KOA) 0.227E403

Fig. 4. Theoretical T, /v,, plots for the mechanism in the text (cf. Fig. 3) both for presence
and absence of reactions (R3) and (R4) (computer printout; cf. Table 3). The concentrations
corresponding to the respective points are identical in both branches.
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Now we complete the mechanism by adding reactions (R3) and (R4) and
select as the respective data k_; =10 min~', A\, =18, k_, = 10" | mol !
min~! and A, = 24, which means that these processes are fast compared to
(R1) and (R2) at unit concentrations of species A and Q (Table 3). Figure 3
shows an example of a computer printout of a theoretical rate curve.

Evaluation of many such theoretical curves of the concentration series
(1072 <a, <30 M) gives a T,/v,,-plot distinctly different from the plot of
the pre-study (Fig. 4): although we have again a source point and, later, a
convergence line, the respective signal heights are increased by a factor of
~ 4 because of the additional weight parameters A, and A ,. Further, there is
a decrease of the (positive) slope beginning for a, = 0.003, which obviously
signals the interference of the fast second-order reaction (R4) during the
remaining influence of reaction (R3) (see Table 3). However, on a further
increase of the initial concentration (0.02 < a, < 0.2), a second, intermediate
straight line signals the newly increasing dominance of reaction (R3), whilst
reaction (R2) suppresses the unimolecular reaction (R1) completely. Finally,

. 1456+91 . 155E+01
85E-02 Files:PFS SCHEME :

/"1™ PERIOD 2
0.002" to, )

o I

Me  o.o0s  nf.l (R + (RO 1 3
.483E-02 A > Q. > b
64 +X2 +\‘N4
R s
0.001
0.01
PERIOD 1 \\
(R1) + (R3)
0.0007 3\*0-015
il \f_ 0.1

- 0.07 0.05
—_ __d,+____|______
BT D e —se—

up to 50 &% 0.03 PERIOD 3 (R2)+(R3) 0.04
]

\/ PERIOD 4

(R2) + (R4)

©

Q0OE+08

Q.002E+00 2-SEP-83 16:93:35 SK (KOA) 9.233E+01

Fig. 5. Mechanistic initial diagram (computer printout of the series of Fig. 4). Abscissa: shape
index; ordinate: reaction type index referred to first order of the adapted initial reaction.
Supplementary numbers: cf. Fig. 2.
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the plot differs from this line, signalling a remaining participation of
reaction (R4), again dominating over reaction (R3).

Hence, the plot features reflect the transfer of signal control from one
reaction pair to the other, but the special indications of the finally increasing
dominance of the fast reaction (R4) are rather poor because of the suppres-
sion of the kinetic flux in reaction (R1). In practical experiments, such
indications may be often concealed in error limits.

In contrast, the mechanistic S/M-diagram should be much better able to
reveal the intermediate control of the kinetics by the particular fast steps, as
is evident from Fig. 5.

CONCLUSIONS

Compared to the diagnostic value of the mechanistic indices, an interpre-
tation of relative signal height and initial temperature shifts should be less
effective [1,3], partially because the correlation of the signal height to the
reactant concentration involves method-depending parameters which restrict
the purely kinetic view. However, the small effort necessary for gaining these
primary data often compensates for this deficiency, especially for isolated
signals as in ref. 4, if the error limits are kept small by projecting a sufficient
size of the series. For each rate-determining or even signal-influencing step
in the mechanism, at least 3-5 experiments with different initial concentra-
tions should be taken into consideration.

If fast steps are involved, additional information on non-rate-determining
steps may be obtained (cf. reaction (R4) of the theoretical model); then the
intrusion of the A; parameters may even be advantageous [8], because the
diagram separates two points of view, presenting pure kinetic relationships
[5] in the horizontal, but method-dependent kinetic relationships in the
vertical direction. Additional comparative computer simulations may be very
helpful in subsequent investigations related to this field.

On the basis of these concepts, we intend to discuss some special reactions
in detail.
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