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ABSTRACT 

In a recent report [l], a mathematical expression was developed for the concurrent 
evaluation of two rate constants in two consecutive first-order reactions. When this expres- 
sion was implemented using a computer program, the values of the rate constants obtained 
agreed favorably with theoretically assumed and reported experimental values. 

In the present paper, the preceding expression will be implemented utilizing spreadsheet 
analysis. To this end, the computer program used to implement the above expression has 
been modified and adapted for spreadsheet use. The resulting macro has then been utilized to 
analyze both theoretical and experimental data. The calculated values of rate constants 
obtained have been compared with theoreticaliy assumed and reported experimental values. 

INTRODUCTION 

Recently, an expression was developed for the concurrent estimation of 
two rate constants for two consecutive first-order reactions [I]. Subse- 
quently, a computer algorithm was developed to implement this expression; 
BASICA (IBM) was employed for the testing of the experimental data 
involved. Values of the rate constants obtained agreed favorably with 
theoretically assumed and reported experimental values. 

In the present paper, the preceding reaction type will be used and the 
preceding algo~thm will now be modified and adapted for the spreadsheet 
analysis of theoretical and experimental data in order to evaluate concur- 
rently the two rate constants. Their calculated values will be compared with 
theoretically assumed and reported experimental values. It may also be 
mentioned here that the spreadsheet utilized was Lotus l-2-3, Release 2.2. 

SOME T~~ORETI~A~ ASPECTS 

A symbolic representation of two consecutive irreversible first-order reac- 
tions follows: 

A-%B -k gas (Ia) 

I++c + gas (Ib) 
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In the preceding expressions, A, B and C denote starting material, inter- 
mediate product and final product, respectively, while k, and k, denote the 
rate constants for the two steps, as shown. The utili~tion of TG should 
allow the estimation of the extent of the reactions depicted in eqns. (la) and 
(lb), based on the amount of gas liberated. 

In order to estimate k, and k, concurrently, the following mathematical 
expression was derived: 

ln{b - k,(l - d],,,‘[~ - k,(l - d]} = k,(t - to) (2) 
where p = dcu/dt, (Y is the degree of conversion and the subscript 0 refers to 
an initial set of data values. It can readily be seen from eqn. (2) that if we 
make the left-hand side of eqn. (2) equal to Y then 

Y=A,X-lA, 13) 

where 

A,=k,, X=t-it, and A,==0 

By using eqn. (?), we can now employ the concept of a spreadsheet macro 
based on a computer algorithm previously devised and modified [l-3]. 
Values of k, and k, will be deter~ned by means of an iteration procedure 
wherein a minimum value of A, will be obtained for the conditions em- 
ployed. 

APPLICATIONS OF THE METHOD 

The procedure was initially tested using two sets of theoretical data. In 
the first case, values of k, = 0.0444 and k, = 0.00123 were assumed in 
deriving data. In Table 1, values of a, reaction rate (arbitrary units) and 
reaction time (arbitrary units) are displayed in the range A5-Cll. The initial 
set of data values used (subscript 0) is shown in columns Al-Cl. At the 
bottom of Table 1 there is a listing of the various range names employed. 
Furthermore, in Table 2 the cell contents of the worksheet in Table 1 are 
listed, so that although the macro in Table 1 is not visible in its entirety the 
complete macro may be gleaned from a perusal of Table 2. It may be noted 
here that the run time for this and subsequent worksheets mentioned varies 
between about 15 s and 20 s (with windowsoff and utilizing a 386-20 
computer). Initial values of tmp and k, were 1 X 1O-5 and 0, respectively, 
for all the runs made, The final results obtained can be viewed in row A29 in 
Table 1. These calculated values are virtually identical with the assumed 
values for k, and k,. 

It should also be mentioned here that the algorithm employed, eqns. (2) 
and (3), did not act as a well-behaved function. Thus, as the values of k, 
were incremented and began to exceed the most likely final value of k,, the 
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TABLE 1 

Worksheet to determine k, and k2 from theoretical data [l] 

R 3 C il E F 6 H f 
I 0*5065 1,54&03 70 0.0009369 
2 ~:~SI~flE~~~I5:~~~f:5--E15LfllSff--Sfill~:::~~~~: 

3 Alpha Rate Tine k2 X Y X1X MY 
4 FlfllLTI==l::El=lf=iIffrZ-in-D-ll-i-IEl==::====::~=::= 

5 0.5395 8,137E-04 100 0.0012301 30 2.47E-04 1.33230 900 1.775014 

b 0.5602 6.062E-04 130 60 b.52E-05 2.66526 36bO 7.103606 
7 5,5772 5.372E-04 160 90 1.71E-OS 4.00323 8100 16.02583 

8 0.5928 5.054E”04 190 120 4.50E-06 5.33962 14400 28.51152 

9 0.6076 4.838E-04 220 I50 l.lOE-Ob 6.74648 22500 45.51493 

10 0.6488 4&W-04 310 240 3.19E-08 10.28914 57600 105.8664 
11 0.6615 4,lb4E-04 340 276 4.3&09 12.27332 72900 150.6344 
12 =li=T====TE==-ZI=ii====:==::::=::==::=:==========:========:=========~== 

13 ToMs-----1 960 42.64934 180000 355.4318 
14 :==:I:T:==e=iLCI=i-:-1*:1--Ir-1-:11-=2-1===:==:==~ 

15 X4Y T#p ki Rarro fntrpt Intcptf 
16 =::iL==iii=8=f=l=iE==:==:===========:====::==~:==:===~:====:==~=::~==== 

17 39.9&i! lE-10 0.04 (let intcpt1,1001 (==\a 0.0018 0.001872 

18 159.91 igoto~xkz~~let xkZ,+xk2+ <t-=\d klb k2b 
19 360.29 (if 4intcpt}O}~braoch \d) ==i=II-_ZliX=P::; 

20 640.75 loop ihow}(goto)xkZ’{let xkl,+xkZ-trp0.0444 0.001230 

21 lOU.9 (if eiserrltintcpt)=l)(branch loop) 

22 24b9.3 {if eabslrintcptJieabs(tintcptl))ilet intcptl,int 

23 3313.7 Iif ~int~pt~o~~br~n~h IPOP] 
24 :Pr==li: ~goto}ttp’(let trp,ttrp/101 

25 7996.0 [if +tsp<lE-9l(branch done11 

26 (branch \d} 

27 doo~l(goto~fin~l~{b~p 3)RUN IS DVER! [wait @owf~time 

28 

29 Final values kl h k?: 0.0444 0.00123 

DONE! 

FIML 

IRTCPT 

INTCPTI 

Kl 

KlB 

K2B 

LOOP 

LDW 

SY 

SYX 

SXY 

SY 

Range Naee Table 

027 

A29 

H17 

I17 

Cl? 

H2O 

fZO 

D20 

024 

El3 

H13 

825 

Slf 

SYY 
THF 
x 
XKI 
XKZ 
xx 
XY 
Y 
YY 
\n 
\D 

113 
Em 
ES, .Ell 

Cl7 

DS 

X5..Hll 

817. .R23 

Fi5.m 

15..111 

017 

DlE 

cells for the intercept and kl displayed su1 “ERR’ message. The macro 
statements D20 and D21 were therefore used. Upon encountering the error 
message, there occurs a branching to “loop” whereby the value of k, is 
decreased until the “ERR” message disappears (at this point the now 
positive value of k, should be very close to the most probable value). 
Furthermore, there may now occur an exchange of values between intcpt 
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TABLE 2 

Cell contents of worksheet in Table 1 

Al: iY71 0.5065 
81: 153) v.lQl 0.001544 
Cl: ul51 70 
Fl: rYlo1 ~Ri-tXKZt~i-Al) 
112: [YYI \= 
32: IF71 rilio! \= 
cz: M51 \= 
D2: [MO] \= 
E2: [iI \= 
FZ: [WI01 \- 
62: [W9l \= 
HZ: [ii71 \= 
12: \= 
R3: [W71 *Alpha 
83: IN151 *Rate 
C3: [it51 ‘Tile 
03: lHlQf “It2 
E3: [U41 *x 
63: [HP] “Y 
H3: WI “XtX 
13: WY 
A4: In71 \= 
84: [YlQ1 \= 
c4: IYSf \= 
D4: MlOl \= 
E4: [Will \= 
F4: [Ml61 \= 
G4: IN91 \= 
H4: tY71 \= 
14: \= 
AS: fit71 0.5395 
85: (531 rs101 o~aQoEl37 
c5: rw51 100 
B5: IUlO] 0.00123012 
ES: rW41 +CS-Et1 
F5: (SZ! tft101 +e$*txKzt(i-~s~ 

65: (FSl IY91 eLN[4FtlIF21 
H5: [Y71 +E%E5 
15: +!Ta5 
A6: [ii71 0.5602 
86: w IWIOI 0~~006062 
E6: [it51 130 
E6: [HI] +aJ-I&l 
Fb: (82) [WlOl +eb-SXKZtil-A61 
66: fFS1 WI eLNltFt~/F6~ 
Hb: [N71 +EbtEb 
IQ: +66tS6 
R7: [Y71 0.5772 
87: [Sfj [wl o.~oS372 
c7: WI 160 
E7: WI +CFtCtf 
F7: [S2f [Xl01 tB7-SXKZt[~-~7~ 
67: (FS) [N91 t!LN[tFtl/F7) 
H7: [N71 +E?lE7 
17: ww 
RB: El471 0.5928 

88: IS31 tlllbl 0~0005054 
C8: fY51 190 
Ee: fY41 +ce-mi 
F5: I521 [Ml01 +BG-tXKZtll-A81 
68: IF51 rW91 CLNltFClIFe~ 
HE: [N71 +EBtER 
18: +fmEa 
BP: IN71 0.6076 
~9: [cm rm o.oQo493e 
c9: [U51 220 
EP: (It41 tc9-tct1 
F9: (521 111101 +B9-tXXZtll-1i99) 
69: (F5) [W91 BLNtSFtlIFPl 
HP: fY71 +E9tE9 
19: a9169 

RN: [Y?J O.b40B 
810: 153) [WlOl 0,00043205 
Cltl: [ii51 310 
ElO: [W41 +uo-tct1 
FlO: I%') [ii101 +e10-tXK2:11-MO1 
610: IF5) fW91 IlNltFtIIFiO1 
H10: [it71 +ElQtElO 
110: +6lQtGiQ 
All: rw71 Q.5615 
811: IS31 fWlO1 Q.OQO4164 
Cli: iY51 340 
Eil: [WI +CII-tCt1 
Fll: (SZ) [#IO] +elf-tXRZ:il-AI11 
6:l: (F5) rY91 ~LNOFtlIFl11 
Hll: WI tElltEll 
ill: tGllt611 
A12: fU7j \= 
812: [YlQI \= 
i12: [YJl \= 
012: [UlOl \= 
E12: [W41 \= 
F12: [YlOl \= 
612: w91 \= 
HiZ: [WI \= 
!i2: \= 
R13: [Wll 'Tatalfi-----> 
E13: rw41 RsunIx~ 
613: 1~91 eGuntY) 
H13: [WI esunlxx, 
113: ISURIYY! 
R14: Iit71 \= 
814: [YlOl i= 
Ei4: I#51 \= 
IIll: [WlOl \= 
E14: [If41 \= 
F14: [It101 \= 
614: [Y9I \= 
H14: [H73 \r- 
114: t= 
Am Ill71 *XtY 
815: [WlOl “lrp 
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TABLE 2 (continued) 

Cell contents of worksheet in Table 7 

Cl% [I451 *kl 
D15: [YlOf “I(acr0 
km: fY71 ‘Intcpt 
s15: ‘Intcptl 
Alb: [MYI \= 
Bib: WlOl t- 
Cl&: MS1 \= 
DlC: IN101 \= 
Elb: IW41 \= 
m: WI \= 
616: tw1 \= 
HU: fY71 \= 
116: \= 
A17: [Y71 +E5&65 
817: IS01 [W191 1,0000000E-10 
~17: tn51 (eRoWs(x)tsxY-sxtsY~i(CROWSIYltSXX-(SXtn~) 
017: Ml01 ‘{let ifltt~tl,lOO} 
617: [Y91 *<==\a 
Hl7: [IIS] (SY/CROUS(tll-tKltfSXleROWS(W)I 

117: 0.0018725353 
AiS: tY71 tE6166 
DlE: [YlOJ ‘fgata)wk2”iIet xk2,+xk?+tepl‘ 
618: [Y9I Y==\d 
HlE: I#71 “kit! 
118: “k2b 
A19: IH71 tE7t67 

D19: [Ill01 ‘{if tintc~t)Ol(branch \dl 
H19: 
119: 
AZO: 
czo: 
u20: 
HZO: 
120: 
A21: 
021: 
AZ: 
022: 
R23: 
D23: 
124: 
524: 
625: 
112% 
D2b: 
C27: 
027: 
A29: 
D29: 
F29: 

[W7$ \= 
\= 
M71 tESt68 
rw5j ‘loop 
IkIlO] ‘(hoeef(ootolrkZ5~tet xkZ,+xkl-tap>’ 
[@‘I] D~Ok44127il 
D.00123~12 
[!#?I s9tfr9 

[WI01 ‘(if Sirerritintcpt)=lf(branrh loop) 
[#‘I] tEfOt610 
Ml01 ‘{if Sabsitintcpt)~Sabe(tintcpti~}[Iet intcpti,intcpt)(let kZb,txkZ~{let klb,txkl) 
fY7f mlt611 

UtlOl ‘(if tiotcAt{O)~braech loop} 
[Ul \= 
[WI01 ‘{qoto)trp’~let trp,+tep/lDl 
in71 @S6HlX~) 
[WlOJ ‘lif ttaF(IE-9}~branch doneI 
Ml01 ‘(branch \d) 
ZY5l ‘done1 
[YIO] ‘~qoto)finaI’(beep 3)RUN IS OVER! {wait Snon~Stiee(0,0,5))Iercape) 
[H?j ‘Final values kl I k2; 
(F4) [It!01 +KiB 
IFS) [WI01 +K2B 

and intcptl, k,, and X/C, and k,, and nk, (cf. Table 2, D22). Tmp is then 
decreased in value by a factor of 10 and the iteration is either restarted or 
final values are displayed, depending on the value of tmp (the run is 
concluded when the value of tmp is less than 1 X 10m9). 
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TABLE 3 

Abbreviated worksheet to determine k, and k, from theoretical data [l] 

0.344 3.6OOE-03 60 0.0018596 
:=IPI::=i=tlSfLIIIElIrrlll-r-fl-I-DrfEli:=======:====~:=:=:==:= 

Alpha Rate TM k2 W Y x41 w 
f=-=if-_-==:i==:i====:===:====:====:==::=====:=:======:====~:=:====:==::= 

0.442 2.70E-03 90 0.0026529 30 l.?:E-03 0.42183 900 0.177933 
0.568 1.55E-03 150 90 4*04E-04 1.52691 8100 2.331447 
6.612 1,24E-03 180 120 2.1X-04 2.17790 I4400 4.743253 
0.679 l.OOE-03 240 180 1.48E-04 2.52819 32400 6.391729 
0.73c 7.xX-04 300 240 3.7X-06 6.21757 57600 38.65815 
0.789 5,EOE-04 390 330 ?.OZE-05 4.52692 108900 20.43875 
0.821 4.75E-04 450 390 1.2X-07 9.60622 152100 92.27994 
0.847 4.08E-04 510 450 ?.iOE-66 6.78555 202500 46.04371 
L^i=T=_I===:==JE;:========~==::===~:===:=====:==~:========::===::=====::=~ 

YtY 
:===:i==I==iLI=i.=i===:====================:=======:=:=======:=:=:::==:=: 
* L.654 
iX.42 
26!.:4 
455.07 Final ialues kl B k2=======! 0.0185 P.00265 
1492.2 
!431.9 

3746.4 
X53.4 
i-===r== 

fob%. 

In the second case, where theoretical values were again used to test the 
spreadsheet macro, values qf k, = 0.016 7 and k, = 0.002 65 were assumed. 
Contrary to the first case a plot of ty vs. t was now constructed using the 

TABLE 4 

Abbreviated worksheet to determine k, and k, from expe~mental data [4] 

0.432 3.390E-03 9n 0.0~19719 
Z=i=i==-:iil::i;i=~==::===:===:===::==:::==::==:=:=~=::===::=====::::=~:= 

alpha Rate Time k2 X Y xtx YIY 
?iST==SI=Si=i=D=III=iLZ--ILDI--Zt-D-5--======:::==:=========::===:===:: 

0.518 2,?5E-03'120 0.002496t 30 1.05E-03 0.63344 906 0,401242 
0.621 i.;?E-03 BP 90 3.74E-04 1.66311 8100 2.765937 
0.492 'I.OOE-84 249 150 !.3IE-04 2.71130 22500 7.351168 
0.739 h.BE-114 300 210 3.39~~05 4.06396 44100 16.51577 
=-==T=tl-;ifiSEL1===:=================:==:================================ 

XfY 
S=i=T======TI=Eli=:L=============:===::==:===:===~:====:===:====:===:== 

19.003 
149.61 
406.69 Final va:uee kl k kZ======> 1.134 0.150 
853.43 
==:===z 

1429.e 
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theoretically derived values, in order to determine values of the slope (p) at 
various times (rather than use theoretical values). The values obtained are 
displayed in the worksheet in Table 3 (abbreviated to avoid repetition of the 
macro already described) under and above the heading “Rate”. The nine 
data triads used afforded values of k, = 0.0185 and k, = 0.00265 (a com- 
puter program used with this data [I] gave values for k, and k, of 0.017 4 
and 0.00265, respectively). It may also be noted here that many values of cy 
and t are necessary in order to obtain the required accurate slopes. The 
experimental data to be utilized next had relatively few such values. 

The spreadsheet macro was finally tested using experimental data previ- 
ously reported [4]. The data obtained in this report were for the hydrolysis 
of 2,7-dicy~onaphthalene. From a smooth plot of these experimental data, 
values were obtained as depicted in the worksheet in Table 4 (abbreviated to 
avoid repetition of the macro already described). Units are in terms of 
minutes. Final values, in terms of hours, were k, = 1.13 and k2 = 0.150. 
When the same data were analyzed using a computer program [l], these 
k-values were 1.12 and 0.150, respectively. 
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