
STUDY OF BIMOLECLELAR Rf3CTIONS IN SOLUTION BY NON-ISO- 
THERMAL ME-I-HODS’ 

The undistorlcd progrccss of bimokcuhr procesz5 in solukn can bc studied by 

DTA expcrimcnfs Tollowcd by the csfimafian of shape indcs and half-widfh and the 
irfcrcncc of these quantitie la the corrruponding nfc curvy 

Empirical rclafionships arc prcscnfcd which WC d&\-cd by digital computer 
application and which allow calcuhfion of the above wrrcctcd valuer for rcxfions 

with or without cquimokcular ratia of rhc rcaclanfs_ The application is illuswatcd by 

fhc cwluafion of DTA curves of wnc rcductian, osidatisn and Dicls-Adler rcxtisns. 
Additional romputcr-gcncrafcd DT=\ curves based on the cwluafcd acfiwfisn dafa 
and rcacfion cnfhalpics confirm fhc rc.wlfs_ 

The si&fiinaz of fhc order in non-&thermal ruction Gncfia, refixrcd to 
time, is dkusxd_ 

Undoubfably, a simpk method of controlling the “undisforfcd” progrm of 
bimokcular reactions in slufion wwld uvc many unsuecrssful prcparafivc cxpcri- 
mcnfs in chemical s);nthc& Thus. for any rcxfion, if is of _rrc;rt infcrcsf to C;now fhc 
m-f cfficicnf rjfio of the reactants or fhc most suifablc reaction fcmpcrafurc- 

For fhcsc reasons, u-c have considcrcd usin_e non-kothcrmal mcrhodr ~pccially 

IlTA’_ Startin_r with a tirsf-order reaction a[ a constant hrrfing MW. wz hat-c shown 
that rhc shape index and the activation data e_fracfcd from a UTA cur-x can be wed 
fa cakulafc two paramcfcn which define the type of reaction on u-hich the corccz- 
pondins non-isofhcrmal rapt curve is baucd. viz fhc corrcetcd shape index and the 
reaction type index_ Hou-ewr. for scond-ordcr rmcfions the rclafionships prexnfcd 
arc non applicabk- 



Ihe aims af this plapcr an: to derive adquatc cxprcssians far bimokcubr 
reactions based on KocKs apprasimatc kincfic thcwy3 and ta test them by t hc WC of 
\w-i<HIs exampks ef reactions in solution- 

Cotidcrin_r the QTA curw of a first-order reaction in stirred solution’. 
half-width and shape in&s may be transkmzd to ideal liinetic con&tio& i-c. rate 
curve instead of DTA curw inuoluin~ maximum tcmpcrature SGzrcncc 0, --, 0. 
by the ux af the empirical formulae 

and 

which yicids the approximation 

U(f) = 
R?-= E ---- - = - --= --L .----l-- - --- 

m E R m [In I;, - In &r)]2 

whtrrR= ,s earutant, E = acti*xtion fnwgy (U/mokj. k, = frequency factor 

(min’ ’ err Imal’ ’ min’ 1 )- To mpnm u(f) by the ItaIr-\\-idth in the car ofa fint-urdcr 
xwztion, @I9 has to be taken at the maximum on the f3fc euwc2_ 

A -E a 3 products 

it was dcnitird and confkmcd’ that 
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When wz cansidcr a bimolecular reaction of the type 

A + B 3 product(s) (= AB-type) 

k_ must dlrpcnd on the initial concentrations of’ both rcxtants. Tkn, one may 
assume that an cxprusion analogous to cqn. (5) for k(r) in cqn. (3) is valid, i-c. 

whcrc d = condanl. 
For Ihc csfimatian of d, u. and h. the half-width and the thcorctical reaction type 

index may be used; the latter is dcfincd a~ 

whcrc k,/k L rcprcsentr the ratio of the rati-” constants at the first and second half-width 
point of the curve For the lint limitin ,r czlsc the pscudo-unimolccuhr firsl-ordcr 
rcxtion (brgc accss of rczactanl). M, = 0.020 kJ;molc K, while for the second 
limitin case the wrrand-order rcxtion, M2 = 0.013 kJ[molc K is valid. The Iattcr 
thcorctical value allows us to 61 cqn. (6) by cwluatins ~hcorcticai Vi’h cwws of the 
AB-t)-pc @cc Sect. V). 

The pwamchx u, dcfincd by cqn. (3) for rhc rate constant k(t). could bc 
dcnated as “specific time” since, for unit hcaring rate, rw. and unit raw constant, this 
va!uc generally is the fraction Ijln (k&k,) of the half-width of the rate CUT\%, i-c. 
hj2.5 for a first-urdcr and h,03.5 for a second-order reaction ([A$, is assumed to tx 
unity). 

Using the di#al computer PDP IO s)Brcrn in diiilhcim:‘Ruhr)4 (Digital Equipment 
Corp.. Mass., US.&). se dcvclopcd two diffcrcnt kinds of program. 

In order to simulate ~hcoretical DTA or rate curws. WC usd F0RTRAX IV 
programs based on rcpcatcd intc_gation of the kinetic dilkrcntial equations including 
the dcrivatixcs up to order 4 in a Taylor c..pnsion. Two to ten products r&ted by 
any reaction may be assumed: control of the accuracy wts pcrformcd by csamining 
the conuancy of the sum of all concentrations after ew-y step and. if nccusary, 
reducing the instantaneous value of the fimc intcrual. The rcsultingcurwxsxs projcctcd 
on a BEC VT 55 terminal with copier; in addition. all impartant curve data wzrc 
rccalkd in alphanumerical mode. 

By various rqxtitivc roulincs, cqxrimcntal curve can bc liucd rapidly by a 
&an,- of the prevailing activation data (dircetly or by only keying rhc width of Ihc 
cutx) and&v rhc a-tight of any step- 

A second family of pro:gams =rvezd for c\4uation and S\‘;IS based on the 
folla#ing kinetic equation’. 



AC&x input of up ta 100 pints of the curve. the inifbl conccntrarions of the 
resetants and 3 parjmetcrs whizh describe the ttmpcraturc4zpcndcnt cell constant 

artd hat capacity (nre;tI~ by soh-cnt key numbmL the rate constants xc cakulatcd 
fix equidistant time inrcwals Using the kast square method for fitting In L- PL l/T 
by a straii@t Iinc, fimr scfs of C;inctic data (artiwtion cncr~. fi-cqucncy Tactor. 
comlation ccsf&&nf. ~pccilii time and spxifi~ tcmpaaturcj wm c&u&~~ for the 
initial par~ (zS~-~ of the cunr) and the to~ai curw as well as an asumcd unimolccular 
etr a bimokeular initiating reaction, rrspcctivuzly Hcncq the camputcr pcrformcd a 
daubk intcrprrtation. lxsd cithcr on the initial data or on IIIC owxdi data- The 
initia1 order was sckctaxi by the cxpcrimcntcrr onBy the orders I ~unimokcubr 
inducing step1 or 2 (bimokcular inducing step) were posibk- Wrong sclaztion could 
bc comxtcd after study of the results In the case of the owxa!l order. the program 
toot that order which conrspondcd to the best correlation eocflicicnt and then 
prazntcd the most prcrbabty basic type of mechanism_ 

The path which UT used for finding empirical ezrprrvions for Sal and be, 
from both eqxximcnhl quantities uas aaio~ous to the Grst-ordcr case WC ~cncratcd 
theoretica@ BTA curirs for unit initial concentration. heatins rate 1.5, the cell 
constants 0-05. O_O% 0_12, O-14, O-18, 025. O-50 min’ ’ (= const_) and the 20 test 
mcfions rncntioncd in rcfI. Z u-hi& corrapndcd to II, ~~IUCF bctwecn O-46 (reaction 

I) and 3333 (mdion 20)_ The study of the hafT_widths obtained in this way shows 

Ehal. using? the expression for no tcmpcntum ficdback, 
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TABLE I 

(rhoush nor for rhc analogous first-order equation): 

O-415 

O-233 
O-7M 
Q-i62 
O-315 
O-HI 
OA6l 
Q-595 
0.526 
OA?S 

a63J 
0.576 
O-446 
0.545 
OAS7 

ifthc influcncc of ~hc tcmpcraturc dilkrcncc signal becomes nolicablc. h may 
bc rcpruented by lbe ezqwtion 

Table 1 gins an idea af the deviations obscwcd which incrcar when Iqr k, is not in 
the urual nnF of 5-10. 

Similar rtsul[s are abtaincd for the shape index, In she absence of additional 
hcatin= by the reaction, the idcal shape index is 

S 
(llc)= 

wz = (y&=$==; s = SC 

whcrc b, is only a function of II (Table 2)_ 

b, = O-0375 - 0_00138 u 

(13) 



14 
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b2 ws found co be constant for any particukr reaction and there wrs no rcmarliabk 
inffucnce of the cell constant. c_ inv&in_c other reactions, h, could be ~nc=lly 
formukted as proportional to the inverse square root of II (Iabk 3) 

(169 

incorporating 6, = 0.071_ This relationship shows satisfactory agreement when II 
~-afues 2 I and c 16 arc considcrcd- 

For all of the approximate formulae, the deviations for large N values arc not 
rriow hncc, then, the infhscnce of the correction is gcntraIIy small, - 

The comctiw fixmubc based on thcsc empirical cqu@xrs are @am by 

and 

S 
S (Ifc)2 

r2 = I + @GI&%)=z~ 
_ _.__. T_ . 

(uc,r (0.0375 - 0_0013?5 ff)U 
(189 

They are slid for unit concentration and for not too strong heatin efkcts (0, c 10 
K) and. similarly to the fint-ordcr expression, dcpcnd only on the specific time, zr, 
cell constant, c, and maximum temperature difirencc. S,- The limiting uses arc 
con&tent with these cquationr If c or N is incr&, Ir,, and S,, approach the 
cxpcrimcnta1 values h and S. rcqxcti~zrIy; in the opposite cast, 7i ti z tends sowrds the 
half-width of the simple heat-decay curw- Howxcr, for II -, 0 or c 4 0, the shape 
index disappears- 

Far the study of bimokcular reactions, the initial concentrations of the reactants 
must be invobzd in the correction process- If we have diffcrcnt concentrations for 
both reactants (= AI3 case), the most obvious way would be to calculate that u value 
which obeys cqn_ (7) for the wcond-wder case i-c which yields M = O-013 kJ/molc_ 

Howcuer~ in contrast to the lint- or second-order car, a thcorctical mathematical 
derivation of an equation such as eqn, (6) seems impossible, Thus, rate model curves 
using difkrent initial concentrations of the reactants and varied activation data were 
gcncratcd and cwluatcd by the computer in order to estimate the approximate values 
of d. u. and Q in eqn- (69- 

The results of thcsc computations applied to reactions 6,9, and I7 (rcf- 2) are 
not very different so that general validity of the constants 4 a, and b can bc assumed 

(Tabk a)- Conscqucntly. In g(f) in cqn- (3) is obtained from [A&,. [B Jo and rr, 

using eqn, (19) 

-In E(r) = In u,,, -5 O-19 In [A& + O-75 In [BJo - O-14 099 



(Bcudo-unimokcu!ar pr- w = 1; bimakcular prs w= = O)_ 
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Then, half&width and shape index of the concrponding rate curves arc obtained 
by the cquations 

h sAB = h,, IS- + h,, (1 - H-) (3 

s x+wu = s bl ‘= f s,= (1 - 1r) 

The corresponding reaction type indcs is calculated from u2 and htAB_ 

(3 

We ha\% canfirmed that ZQrs and MA, may bc rccakulatcd to the ratio 1; 1 of the 
reactants by the use of eqns. (7) and (20) 

s,: = &H.s (1 += w) (3) 

since the shape index of a first-order rate cun-c (U-56 5 0.02) is nearly half of the 
drav ink of a sccond-ordcr curve and since .%I, = (1.5 2 0-I) M, (Table 43; cfI. 
rcf_ 6)_ 

If WC compare a reactant of unit concentration which formally undergoes a 
n-order reaction, there is Chc fi9lowin~ pwral dcpmdcnaz of the rcacfion type index 
on Ihe reaction order, N (rCr, 7) 

(4 the exprcsian (23) for the shape index in rcf- 2]- Conscqucntly, for complex 
rcactiww or cvcn $mpk bimokcujar tsjctions as discussed here two diffcrcnr “rcac- 
tion ordcrrs” are to be eqwwd (oblaincd from cithcr S or M)- In the USC of an 
aazuraw ?zkmcnlarbf’ process of an)- order n, ho~-~izr_ ~hc co&eient 

I = 23.9 M (1 + 2s) (28) 

obtained from cqn- (27) is nearly unity when $I has the dimension kJjmole K, 

Usins heat& rates of OS-3 Kjmin, the relationships presented uwe proven to 
be _gz~crally valid.. Though the correction formulae (6). (17~(20), (22). (3) and 
(25~(28) arc empirical, they can X~T as a satisfactory means for characterizing 
bimokculsr reactions kincticallyF The fact that the results arc approsimatc dots not 
restrict the accuracy of the Linctic results at all six rhc activaGon patamctcn were 
obtained by the w of the accurate crxpresions, (8) or (9)_ 

HOWWX~ the xcuracy of unique activation parameters may be nonscwical if 
the reaction is complex, i-cc if the reaction consists of several parallel or consecutive 



TABLE 4 
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CZ 

i 
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11-13 cowx DTA curw~ of the reduction reactions of difkrcnt ozonid-like cpidioxydi- 
hydrofuranfs with triphcnylphosphanc” (4 El 2 -330 kJ,“moJc), Nos_ IS, 16 arc 
spcciaf DTrIs-Alder reactions, No, 16 is induced with tBV light’ ’ (dff ;2 -60 kJf 
mofc), and Nas. I7 and I$ arc due to a thermal oxidation procoess which Iuds to 
hydropcroJridcs’ ’ (Ml = -400 kl/mok)- These bimolccuhr reactions show initia1 
tcmpcraturcs between I76 and 265 K and Al values which agree ~-cl/ with :hc thcorcti- 
eal \~JlIU (128 & 0-S instead of 13.0 x IO’ a kJjmolc EC)_ The extrapolated shape 
indicts Se2 again show stronger wriationr (S,, = O-92 &= O-19 instead of I-15) 
which presumably signals a certain complexity of the proccsscs as is also indicated by 
the considerabbe deviations of I from unity_ 

These rcwlts arc ccmfirmcd by the comparison of the formal reaction orders ni 
and nzr dctcrmincd from Sk2 (or S,& and from di, rcspcctivcly, As Fig- 1 dcmon- 
stntq these values arc often difkrcnt from each others only in such cases whcrc an 
approximate second-order rcaetion (NOEL 3, 7. IQ, IS) or Jzcudo-unimolccular 
reaction (Nos & 6,9, IO, 18) may be 35sumcd arc the orders in rou@ agreement Gth 
czch other (complex conditions cxeeptcd)_ 

For additional confirmation of the activation data obtained, thcorcticat DTA 



curves urns generated by using the synthetic compu~cr progam in order to reproduce 
the qpcrimcntal curws Qn ~hc VT 53 graphic renninal, both curws wwe prowed 
and vikually compared_ Figures L and 3 g&-c IWO cxampks of T;lblc 6; rhc same 
artivanisn cncrgics as those ob1aincd by the analytical pro-m wxc wed, and 

frcq@J=cY f&ctor and enthalpy MXC varied until the best coincidence WIS rcaekd_ 
In experiment Nos- Ii and 11, tu-o asumcd concurrent reactions of di(rcrenl order 
njsubEd a bcttcr tic than only one ruction- 

The half-uidth and shjpc index of the DTA wrw of a urcond-order rcxfion 
are similar& related Co the kinclic 6313, la the liinctic cell constant and IO the maximum 
tcmpcraturc diffkrcncc SE Car a fwst-arder rcacGon_ The influence of the L;inctie 
pannnctcn; may be pr&rcntially d&bed by one quantityw the spccilic lime II_ 
From #he involvement of the product rrc in the frjclional algebraic ~~~prcssions [17) 
and (:I81 for /l*, and Sk,, it can bc concluded that kr dccrcasin$ M or r, the 
liiwtik information obtained is restricted in &-our oTinkmation on the heat decay 
b&&our_ In ,-I. the liinctic: information is also dccrczed with the prqm of 
~hc reaction; howcvcr_ the conditions for the IGnetic evaluation in the last pa-f of the 
DTA curve are not as unfavourabk as for a first-ardcr reaction; thcrcfwz. more than 
SST< of the lstal cut\nc can usually be evaluated for II u;slua; be~waxn 4 and S (6 7)_ 

On tbc other band, it mus bc tedious to sfarch for ccrampks of bimolccuhr 
xrond-urdcr reactions which accurjrcly obey the “Mcmcntary reaction” criteria of 
non-isothermal recfion kin&s since Ik5e permit 3n even rmallcr range of rcackms 
than does the order concept in isdwxmal liinctics_ Anathcr rcason is sun+ ttre law 
of mass action which states that the 1: I do & most unfavounbk for the rapid 
adt;ancement of a bim&cufar reaction, Thus side reactions may gain swngth. 
~-krcas mtibk wcps ma? onI_v bccomc cikctiw for endothermic or wx~kiy 
rrxolkrmic rc&ions 

Turning to bimokukr rcaclions with non-stoichionw[ric reactants_ the 
cxpcrimcnIs m-cal a certain simihrity to the forma! wordcr readion invoking only 
one reaclanl and folfow~ng thtz rate law 

Hcnc~ tbc I coeff&nt cannel be e_sx~ly unity for all of such bimolecular 
mcrien plots cwz iT there arc ne distortions_ Thcrcfore the estnpolatcd values 
St2 and Mr are more suitabk quantities for SndicaCnS the prarnce of disfortions 
rlwn the I value The btccr is more adapted IO an “order-of-nzactian- diagnosis 
if3 wry :geat cstxs of one of the rksclanu or only one reactant was used; in these 



USC&f= I means that the rcactian can bc described by the rr-ordcr law7 cqn_ (291, 
which is USUA also in the licld oTsolid slate kincliu thouph only part ofthc rate laws 
wcuting Ihwc arc cowrcd by this cquorion * I- Ia. 

Under such hctcro@r conditions, 11~ 11 C~U& arc usually less than unity 
whcrcas the majority of our bimokcubr cyxximcnts in solution lud :o orders n, and 
zrz bct\wen O-92 and 2-J (No_ S expected)_ Although thrrc is a general tendency to 
decrctsinp N Gth incrcasins cBJ,,: [A) ,, ratio. iI is obvious lhaf in many rspcrimcnts 
slriting devialions of N, and n, Corn each arhcr can only bc csplaincd by rhc compks 
chancrcr of the rcacfions studied- 

This uicw is swcn$hcncd by urlicr prcpanrivc results- indeed, the unswbk 
tzpidiosyiihydrofunn in reaction C tends 10 isomerizc IQ pseudo-malcic aldchydc 
acid so rhrrr only TOTi rnakic dialdchydc was feund after the rcduaion * ‘_ Similarly_ 
the reduction of the 2-hydroxy dcriuatiw of :his cpidioxidc (reaction E) may be 
xcom~nied by a rupture of the side chain yicldin~ formic acid ’ ‘_ Finally* the wry 
rrxtivc photoadduct from bcnzxnc and butadicnc adds butadicnc yielding -%:a 
OF the Dicls-Ndcr-rypc addcc! ap;rrt from a Z I Z adduex oblaincd by homodimcrin- 

lion and other kinds of 2: 1 sdducti (rcxtion H)’ r_ 
in conclusion. the mcchanisGc coordinates S and Al. when corrccwd for rate 

curves and, in the cast of bimokcular reactions_ to an I : I ratio of the reactants, 
rcprcscnt fundamcnral quantities in non-isothermal reaction kincrici; at lincarlp 
increasing tcm~raturcs. since Ihey allow classification of all reactions in principk, 
For ractions in solution. all cxpcrimcnts can bc rrssigncd to h-c basic groups, 
nnrrxly (I) first-order rcxtions (unimokcuhr or pseudo-unimolccular); (2) sccond- 
order rcacfions [bimokcular, [A Jo = [S J,,)r (3) bimolecular reactions with non- 
stc&zhi~mctric initial ratio of the rcaciantssr (4) rompkti reactions following the rate 
hw of N order [cqn, (29); II # I, II $ 21.: (3) other compkx reactions_ 

C&r preliminary cspcricncc with 62 dilTizrcnt rcaaions, partially wi!h varied 
solvcn[r is rhal the majority of the DTA cur-x-~ obaincd belong to the last group, 
WC !xavc tiribcd wa)s to cbssi~y such compkx rcxtions starting from the actiwtion 
data of Ihe initiating ret&on t ’ whilst in this publicrjtion the owxtll data was ustldr 
the accuracy o~orcrall data is bcttcr and the absoluuz frequency Factor ofthc initistins 
reaction can only bc c;r?cuklcd when the cnlhalpy of tbc initialing rcaaion is csactly 

known. H~wxcr_ the apprcnl ffcqucncy factor dctcrmincd from rhc simplifkd 
Borch~rdMXuWs equation al thr starf of the curve or even the owali data could 
abs bc used \\lrcn the model diagrams for the basic complex types of reaction 8 6 wcrc 
rccakubrcd by rhc computer, 

Thus, we inrcnd to increase our knowkds on handlins of compkx ructions 
and to test the utility of the new concepts by using a rcprcscntativc material on 
rcxtians in solution also szcmming from olhcr invcstigaton. 

Our special :hanks arc dcvotcd to Dr? Wcimann and Mr_ Boll of the computer 
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