
Vidal, R o u x ,  Rossi / Sustained Belousoc-Zhabotin.vky Oscillations 1241 

(15) A. McKillop, B. P. Swann, and E. C. Taylor, J. Am. Chem. Soc., 93, 4919 (19) H. Falk, K. Grubmayr, E. Haslinger, T. Schlederer, and K. Thirring, Monarsh. 
11971). Chem.. 109. 1451 (1978). 

(16) i. S .  Dennis, J. K .  M. Sanders. and J .  C. Waterton, J. Chem. Soc., Chem. 

(17) E. Haslinger, Monatsh. Chem., 109, 523 (1978). 
(18) H. Falk, E. Haslinger, and T. Schlederer, Monatsh. Chem., in press. 

(20) W. S. Sheld;ick, J. 'Chem. SOC.. Perkin Trans. 2. 1457 (1976). 
(21) F. James and M. Roos, Comput. Phys. Commun.. 10,343-367 (1975). 
(22) Equation 12 in ref 9 contains a computation error: all correlation times given 

there are too long. The correct expression is eq 7 in this paper. 

Commun.. 1049, (1976). 

Quantitative Measurement of Intermediate Species 
in Sustained Belousov-Zhabotinsky Oscillations 

C.  Vidal,* J.  C.  ROUX, and A. Rossi 
Contribution f rom the Centre de Recherche Paul Pascal, Doniaine Unirersitaire, 
33405 Talence CBdex, France. Keceiced July I I I979 

Abstract: Sustained Belousov- Zhabotinsky oscillations have been performed in an open continuous-fed reactor, controlled by 
a computer. A procedure of repeated storagc and accumulation of the signal given by any kind of detector allows the identifica- 
tion of several intermediate specics and their concentration measurement with a good accurac). By means of spectrophotoniet- 
ric as \+ell :is potentiometric techniques we have so obtained the concentration time dependence of Ce3+, CeJ+. Br?. Br-. bro- 
niomalonic compounds (BrMA),  0 2 ,  and CO2. These species cannot account for the overall light absorption in the L V  range 
(280-320 nm). so that a t  least another one, which we could not identify, is involved. A detailed analysis of our experimental 
results points out for a general agreement with the mechanism already proposed by Field. Koros. and Noyes. 

Whereas the oscillatory behavior of the Belousov-Zhabo- 
tinsky (BZ) reaction has been studied under various conditions, 
the oscillating species yet identified experimentally in this 
system are  few. Furthermore, very little is known about the 
phase differences in the temporal oscillations of these species. 
Nevertheless, Field, Koros, and Noyes (FKN) proposed some 
years ago' a kinetic model accounting for the temporal and 
spatial patterns of the BZ reaction. Even if this mechanism 
appears to be rather successful and its basic assumptions 
probably valid, no general examination has ever been carried 
out, owing to the lack of reliable and detailed experimental 
results. The aim of our work is just such an examination, which 
i n  the first place presupposes the collection of a wide set of 
experimental data. 

I.  Experimental Section 

1 .  Apparatus. A n  experimcntal devicc. allowing the study of any 
oscillating reaction in  such a way that quantitative and reliable i n -  
formation should bccoine available, has been dcvclopcd in  our labo- 
rator). Since ful l  dctails appear in  previous Gapers,' let us recall only 
briefly its basic features. 

In a continuous-flou stirred tank rciictor. fed with reagent solutions 
at  a conslant rate. thc chemical oscillations can be madc highly re- 
producible. Figure I hhows, for inyt;incc. the high stability of the pcriod 
rcachcd in  ii tlpical experiment on thc G% reaction. Our apparatus. 
dcsigned to take advantage of this fact. can thus increase as desired 
the signal to noise ratio of an! signal originating i n  the chemical os- 
cillating slsteni. In short. after each o\cillation. the signal given by 
t h e  detector (qcctrophotonicter. ion-specific electrode, therniocouplc. 
etc.) is stored and accuinulalcd on ~i minicomputer (Digital LSI 1 I ) .  
Thc  storage and accumulation procedure is stopped uhen the accu- 
mulated signal is no longer noisy. \+hich is checked on a video terminal. 
Thcn the data are transferred to another computer (Digital VAX 
I 1/780) and rccorded on its iii;iss nicnior). so that they are availnblc 
for subsequent numericiil :inal!i\. Each record. SO0 points long. covers 
onc and a quarter pcriod. 

2. Experiments.  Trio different experiments have been carried out 
on thc BZ rcaction \ \ i t h  this devicc. The main difference between thcni 
lies in  the catalyst chosen. Cc3+ i n  the first case and Mn'+ i n  the 
second, for reasons \+ hich \ \ i l l  bccomc clciir later. The reactor volunic 
is 28 cmi and mixing i \  ensured by ii glass stirrer rotating a t  a constant 
specd of 600 rpiii. Othcr cxpcrinicntal constraints are as given i n  Tablc 
I .  

All figures in this paper. cvccpting Figures 6 and 7. refcr to the 
cc r i  u n i  ex per i ni cn t . 

3. Results.  When the detector in  use is a spectrophotometer (Cary 
16), the optical density of the reacting medium can be stored at several 
wavelengths by repeating the procedure described in section I I ,  These 
different temporal oscillations put together form a matrix, the rep- 
resentation of which is given in Figure 2. We did not t r y  to record the 
optical density beyond 570 nm because the amplitude of its varia- 
tion--as well as  its absolute value--is too low.  On the other hand, 
below 280 nm the optical density becomes too high ( > 2 )  and is no 
longer measurable. It is quite obvious i n  Figure 2 that crossing betueen 
the stored temporal oscillations and ii plane perpendicular to the time 
axis provides the absorption spectruni of the reacting medium at any 
given time. A n  example is displaled i n  Figure 3. where circles stand 
for the measured optical densit). 

In  principle the analysis of such ;I spectrum aIlo\vs one to determine 
\+hich species are responsible for the light absorption and to compute 
the corresponding concentrations. Nevertheless one has to make sonic 
assumptions before any calculation can be donc. We have divided the 
field of wavelengths into t\+o parts, assuming that above 320 nm only 
Ce3+,  Ce4+,  Brz, HBrO. HBr02,  and BrOi radical' are-or might 
be-encountered. The overall concentration of cerium ions is. of 
course. time independent. its absolutc valuc being equal t o  thc Ce3+ 
inlet concentration. On a first glance a t  Figure 3, one sees that Ce4+ 
is the main absorbing species in this "i.i.~ih/e" region. It is unlikel! that 
HBrO' or HBrO could be detected when cerium is used 
a high concentration of thcsc species would be necessary. because of 
the great difference between their molar extinction coefficient and 
the Ce4+ one. However. cerium ions cannot account by themselves 
for the overall optical density a n d  at least another species is required. 
I n  a first step we tried to fit our results with the set Ce'+ t Cc4+ and 
BrOz-, since the discovery of this radical in the BZ reaction has been 
recently r e p ~ r t e d . ~  Unfortunately this attempt failed, least-squares 
fitting even leading sometimes to negative values of the BrOz. con- 
centration. On the contrary, when the set Ce3+ + Ce4+. Brz is taken. 
the fit looks much better. I t  can still be improved if three independent 
components are  used: Ce'+ + Ce4+, Brz, BrOz-. However, the same 
is also achieved with the set Ce3+ + Ce4+. Brz. continuous absorption 
at  a low level (never more than 0.03 in optical density). In other words, 
the improvement is insensitive to the shape of the third component 
spectrum. Hence our results indicate that bromine is an intermediate 
species in the BZ reaction. whereas they do not allow one to draw any 
conclusion about the BrO2- radical. 

What  happens. now, in  the U V  region. i.e.. between 280 and 320 
nm? The contribution of Ce3+, Ce4+. and Brz to the optical density 
is easily computed, since the concentrations of these three species are 
provided by the previous fit. The experimental light absorption being 
higher, some other species have to be taken into account. I n  the range 
of wavelengths under examination bromate and malonic acid are not 
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Figure 1 .  Typical period distribution histogram. 

OD! 2 

3 

Figure 2. Temporal oscillations of the optical density at different wave- 
lengths. 

Table I 

Ce eXDt Mn exvt 
~~ ~ 

mean temp T ,  ‘C 40 54.5 
mean residence I680 480 

concn of inlet CHz(COOH)2:  0.08 CHz(COOH)2: 0.017 
time 7,  s 

species after KBr03: 0.036 KBr03:  0.023 

before any Ce2(S04)3: 0.000 25 MnS04:  0.001 2 
reaction, 
mol L-l 

mixing and H2S04: 1.5 H2S04: 1.5 

Figure 3. Absorption spectrum computed (full line) from the five involved 
species, compared wi th  experimental values (circles) at time t = 5.1 s. 

U I  , I ,  I I ,  I 

0 10 20 30 T (3; 
Figure 4. Temporal (about one and a quarter period) oscillations in con- 
centration of measured species. One vertical unit represents (mol L-I): 
BrMA, 5 X Br2, I X Br-, 2.5 X Ce3+, 5 X Ce4’, 
1 X 0 2 ,  X, and redox potential arbitrary. 

significantly absorbent. One’s first guess would be that bromomalo- 
natc (BrMA) is involved and we have therefore measured the ab- 
sorption spectrum of this The shape of this spectrum is quite 
different from the remaining optical densit), once absorption by Ce3+, 
Cc“, and Brl has been subtracted: a fifth species is required at least. 
U’c could not idcntifq this “unknoHw” species. named X.  although 
its absorption spectrum obtained by trial and error seems to look like 
thc curve of Figure 6. Assuming the presence of X and BrMA, a 
least-squares fit between 280 and 320 nm gives us the concentration 
of these tu’o species. Figure 3 shows a s  an example the correlation 
bctx’een the cxperimcntal (circles) and computed (full line) optical 
densities. together ui th  thc contribution of the five species (dotted 
line\). The same numerical analysis of the absorption spectrum, re- 
pcatcd ;it each oscillation. provides thc time variations of these con- 
ccntrations displaycd on Figure 4. Thc following are also plotted: ( I )  
the redox potcntinl measured between a Pt and a Hg/Hg?S04 refer- 
encc electrode; ( 2 )  thc bromide concentration deterniined by a bro- 
mide-ion specific electrode (Philips IS 550);  (3)  the concentration of 
dissolved oxygen given b) an 0 2  polarographic cathode (Radiometer 
E 5 140) after correction for its response time. 

Using a C 0 2  cathode (Radiometer E 5037-0) it can be easily as- 
certained that there is no oscillation in  the concentration of dissolved 
carbon dioxide, the solution always being saturated. 

We have shown e l ~ e w h e r e * ~ f ’ ~  how the chemical reaction contri- 
bution to the concentration changes inside the reactor can be obtained 
by a very simple calculation. One has to take into account the f lux  
through the reactor on one hand, and to compute the first derivative 
of the concentration vs. time curves on the other; then the overall 
chemical reaction rate for each species is merely given by the related 
balance equation. Such a derivation applied to the curves of Figure 
4, followed by a correction for the f lux  term, leads to the result dis- 
played in Figure 5 .  Each reaction rate can be either positiveor negative 
depending upon which prevails between production and consumption 
steps of the involved species. Let us emphasize that these curves plotted 
on Figure 5 are now a salient feature of the chemical reaction it- 
self. 

I n  the second experiment ( M n  expt) we took Mn2+ as  the  catalyst 
in  order ( I ) to confirm the occurrence of the unknown species X and 
(2 )  to set up a new attempt at identifying and measuring possiblc 
absorption due to HBrO2 and/or HBrO. Manganese is very suitable 
for this last purpose because i t  does not yield any species with high 
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Figure 5. Overall chemical reaction rates.'? One vertical un i t  represents 
(mol L-' s - l ) :  BrMA, I X I O - ? :  Br-. I X IO-? Br?. 5 X Ce4+. 5 
X IO-'. 0 2  and X arbitrary. 

extinction coefficient in the range 300-350 nm. The analysis of ex- 
perimental spectra between 280 and 700 nni  in  a manner closely re- 
lated to the one previously described points to the fact that four species 
are  involved: Mn3+, Br?. BrMA, and unknown X (same spectrum as 
before). Moreover, in this case too, HBrO2 and HBrO as well as BrO2. 
do not bring any measurable contribution to the light absorption. I f  
we take an optical density of 0.05 as  the upper limit to escape notice, 
it follows from all our results that the concentrations of these three 
species never exceed 1 X (HBrO),  and 2 X 

The temporal oscillations in  Mn3+,  Br2. BrMA, and X concentra- 
tions are plotted in Figure 7 together with those of Br- and Cor  de- 
termined in the same way as above. KO oscillation in dissolved oxygen 
could be detected, because its conccntration a l ~ a y s  remains very close 
to zero. 

Up to this point the conclusions which can be drawn froni these t h o  
experiments are  ( I )  some evidence for a n  unknown species X ab- 
sorbing in  the CV region (Figure 6); (2) an upper limit of HBr02,  
HBrO, and BrOz. Concentration lying between 2 X 
M. 
11. Interpretation 

In 1972 Field, Koros, and Noyes' proposed a mecha- 
nism-and later on the "Oregonator" modelktaking into 
account the experimental observations available a t  that time, 
i.e., the oscillations in Br- and Ce4+ concentrations. However, 
these oscillations, performed in closed reactors, were not sus- 
tained and the accuracy of the measurements was not very 
high. Our work brings a lot of quantitative experimental facts 
and thus allows us to check the grounds of the FKN mecha- 
nism on a wide basis. 

For this purpose we will discuss mainly Figures 4 and 5,  
where five vertical lines (D, A, B, C, D) have been plotted di- 
viding the temporal oscillation into four parts. As a matter of 
fact we must try to identify the essential features of the four 
steps distinguished by FKN. Lastly the labeling of chemical 
reactions will be the same as i n  the original FKN paper. 

Step 1. When the bromide concentration is high enough, 

(HBrOz), 6 X 
mol L-I (BrOy).  

and 

Figure 6. As\umec cibsorption spectrum of the unkno\rn species X 

1 5  

1 0  

0: 

0 
5 l o  T ( s )  

Figure 7. Temporal (about one and ;I quarter period) oscillations in  con- 
centration of niea:ured species during the Mn?+-catalkxd reaction. One 
vertical u n i t  repre,ents (mol L-I):  BrMA. 5 X Brr .  Z X Br-. 
2 X IO-'; Mn'+. 5 X X.  arbitrary. CO1: right scale in  I O - ?  mol  
L-1. 

bromate is reduced by a two-electron process: 

2H+ $. Br03- + Br- - HBr02 + HBrO (R3) 

H+ + HBrOz + Br- - 2HBrO (R2)  

During this step Br- is slowly consumed as i n  the AB part 
of the oscillation. 

Step 2. I f  the bromide concentration becomes too low (line 
B), reaction R2  no longer competes with reaction R5, and the 
system switches to a one-electron process: 

H+ + Br03- + HBrOz - 2Br02. + HzO (R5) 
followed by 

(R6) BrOz- + Ce3+ + H +  - HBrO2 + Ce4+ 

The concentration of H BrOl grows autocatalytically, in- 
creasing the rate of Br- consumption by the reaction R2; 
hence, the bromide concentration drops with increased speed, 
while the Ce4+ concentration rises. This is closely observed in 
the BC range of the curves. 

Step 3. The Ce4+ ions produced by (R6) react with bromi- 
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nated organic species: 

4Ce4+ + BrCH(CO0H).  + 2H2O 
(RIO) 

Bromide is released and its concentration begins to increase, 
but rather slowly because the autocatalytic process remains 
active. This happens between lines C and D. 

Step 4. When the autocatalysis vanishes, bromide ions are  
only consunied in the slow process (R2-R3) and still produced 
by ( R  10). Therefore their overall rate of production increases, 
while the concentration of Ce4+ falls since the source (R6) is 
now switched off. This step takes place between D and A, until 
the rate of  (R  10) slows down so that a new cycle may begin. 

I t  is not really surprising to find a good agreement between 
the FKN mechanism and our results on temporal oscillations 
of Br- and Ce4+ concentrations. Of course it will be more in- 
teresting to see how this model is able to account for the other 
species measured. 

According to the FKN mechanism bromomalonic acid 
(BrMA) is produced in two ways, either 

( R I )  

(R8)  

- 4Ce3+ + Br- + HCOOH + 2CO. + 5 1 P  

H+ + Br- + HBrO ---* Br. + H 2 0  

Brz + CH?(COOH)2 - BrCH(COOH)2 + H+ + Br- 

or 

CH2(COOH)-, + HBrO - BrCH(COOH)2 + H.0 (R'I)  

I n  fact this last reaction has been suggested because the 
occurrence of bromine as  an intermediate species was not 
clearly e~tabl ished.~. '  However, Geiseler' has shown that, 
between 440 and 540 nm, Ce4+ ions alone cannot account for 
the overall light absorption. He tentatively attributed the re- 
maining absorption to bromine. The sink term of BrMA is 
reaction R10, which implies first the radical o x i d a t i ~ n ~ . ~  of 
malonic acid: 

Ce4+ + CH2(COOH)2 - CH(COOH)2 + Ce3+ + H +  
( R R l )  

followed by 

C H ( C O O H ) l +  BrCH(COOH)2 
---* B r C ( C O O H ) l +  CH2(COOH)l  (RR2)  

and by 

B r C ( C O O H ) l +  H 2 0  - Br- + H+ + C O H ( C O 0 H ) .  
(RR3)  

Our results are in qualitativc agreement with this assump- 
tion, I n  the AB part of the oscillation the sink and source terms 
balance each other: there is little or no production of BrMA. 
Beyond line B the increase in thc rate of (R2)  is assumcd to 
induce a parallel growth i n  the rate of (R1)  and/or (R'I). This 
may explain the small rise observed in the B r V A  concentra- 
tion. B u t  soon the Ce4+ conccntration reaches a level where 
the reaction R R I  prevails. involving the observed fall in 
[BrMA].  There is no longer a rapid decrease in [Br-J but 
rathcr a slow increase (reaction RR3). the autocatalytic con- 
suniption of Br- ions being still active, as already outlined. 

Does thc autocatalytic process stop at  time D as prcdicted 
by the FKN mcchanism? Once more, ou r  results seem to be 
in favor of such a statement. As a matter of fact the rapid in-  
crcasc i n  [ Br-] beyond line C may originate either from can- 
ccllation of the sink term or from an increase in the source one. 
NOM.. [Ce"] and [BrMA] remaining roughly constant, no 
drastic change is to be expected in the source term of Br- ions, 
closely related to the rate of reaction R I O .  Therefore we must 
conclude that there is a lowering in the rate of bromide-con- 
suming reactions. This will  indeed be thc casc if [HBrOJ is 

also decreasing, so that the autocatalytic production of this 
species will finally stop. Later on, when [Ce"] begins to de- 
crease, the reaction R R  l slows down and so does the overall 
reaction R 10, allowing [BrMA] to rise. 

The autocatalytic process switches on and off for two dif- 
ferent values of [Br-] (see Figure 4: [ R r - l ~  > [ B r - l ~ ) .  This 
result was first pointed out by Field, Koros, and Koyes.Ia who, 
i n  their original paper, attributed it to the higher Ce4+ con- 
centration at  point D than a t  point B. 

I n  a recent paper' we confirmed the occurrence of sequence 
(RRI  -RR3), giving some experimental evidence that the Ce4+ 
oxidation of malonic acid is followed by an oxygen consump- 
tion, according to 

o2 + CH(COOH)? - O O H C ( C O O H ) ~  

The direct proof is shown in Figures 4 and 5, where oxygen 
appears to be consunied when the reactions R R I  - R R 3  take 
place, i.e., during the BCD phase of the oscillation. Further- 
more, our results show unambiguously that part of the visible 
absorption is due to bromine. 

The bromine concentration remains, of course, very low, 
even at  its maximum. which indicates that the (R8)  reaction 
is much faster than its equivalent in  iodine chemistry.y We 
must also point out that our finding of Br, as an intermediate 
species supports the recent work of Edelson, Noyes, and 
Field,'" who, modifying slightly the FKN mechanism, assume 
the rate of reaction R'I to be zero. The observed increase in 
bromine concentration during the autocatalytic process (B-D) 
may be explained if  the rate-determining step of sequence 
(RI -R8) is (R8), which implies a "high" enough concentration 
of HBrO. And precisely. this condition can only be fulfilled 
when the autocatalytic production of HBr02 induces a sudden 
rise in [ H BrO]. 

We have already mentioned that the medium always re- 
mains saturated by CO? during the course of the cerium-cat- 
alyzed reaction. This means that the rate of carbon dioxidc 
producing reactions is high enough to keep thc solution satu- 
rated at  atmospheric pressure. while physical release to the 
atmosphere is fast enough to prevent supersaturation. On thc 
contrary, [ C o r ]  appears to be time dependent in  the nianga- 
nese-catalyzed experiment. Figure 7 showis that temporal os- 
cillations i n  CO? and BrMA concentrations are closely related; 
in  other words, no time lag is observed between the production 
of BrMA and of CO,. Accordingly the lifetime of intermediate 
species leading from BrMA to CO2 is short, a result which is 
i n  agreement with recent computational work.'" Since thc 
unknown species X and BrMA oscillate in opposite phase, the 
first cannot belong to this set of intermediate species. Let us 
add, lastly, that the absorption spectrum of bromoacetic acid. 
a well-known degradation product of malonic acid, has nothing 
to do with those of X .  Hence the identity of X would still seem 
to remain unknown. 

In conclusion. one has to state that there is a full qualitative 
agreement between the main features of the BZ reaction pre- 
dicted by the FKN mechanism and our own experimental 
observations. However, two important questions remain to be 
answered, (i) What chemical species oscillates in  opposite 
phase with BrMA as the unknown X does? (ii) How far can 
the Field, Koros. and Noyes mechanism account for these 
experimental results in  a quantitative manner? 

Acknowledgment. The authors are indebted to S. Sanchez 
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work. 
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production during the DB part of the oscillation might be meaningless. 
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Abstract: The potential energies of charge-dipole, charge-induced dipole, and dipole-dipole interactions in sets of substituted 
acetic acids, benzoic acids, phenols, and pyridines were calculated from the classical equations for these interactions and  then  
correlated with the enthalpy changes for the gas-phase dissociations (or proton affinities) of these compounds. The correlation 
coefficients for the least-squares f i t  of AHo with the charge-dipole potential energy in the conjugate base (acid) were greater 
than 0.95 for most of the series. Moreover, the relative magnitudes of the potential energies agreed well with the  relative mag- 
nitudes of the enthalpy changes. Addition of the charge-induced dipole energy to the charge-dipole energy improved the corre- 
lations in sets wi th  low-polarity, polarizable substituents. Hence, the electrostatic field effect can be used to quantitatively cor- 
relate the effect of substituents on gas-phase acidities and basicities. Moreover, for systems containing polar substituents, the 
predominant field effect, indeed probably the  predominant substituent effect, is the charge-dipole interaction in the conjugate 
ion 

The relative gas-phase acidity and basicity data collected 
over the past decade have been analyzed or correlated with the 
polarizability (charge-induced dipole field) effect,Ia molecular 
orbital theory,Ib the proton potential model,Ic the electrostatic 
potential surrounding a base,Id core-ionization energies,Ie and 
a variety of other molecular and atomic parameters such as 
electronegativity, hybridization, bond energies, and electron 
affinities.lf Although the charge-induced dipole field effect 
is widely invoked, especially in qualitative explanations of the 
relative acidities or basicities of alkyl homologues,'a%2 only a 
few attempts have been made to employ simple classical 
electrostatic interactions in quantitative correlations. Aue, 
Webb, and Bowers showed that the charge-induced dipole 
interaction could account for the difference in proton affinities 
in a series of four primary alkyl amine^,^ while Kollman and 
Kenyon used the charge-charge interaction to successfully 
predict the second proton affinities of a series of  diamine^.^ 

We present here an attempt to evaluate the electrostatic field 
effects of substituents on the gas-phase dissociation ( I )  and 
protonation (2) reaction: 

X-A-H - X-A- + H +  ( 1 )  

X-B + H +  - X-B-H+ (2) 

The  most important electrostatic interactions between the 
substituents and the reaction site are the charge-dipole and 
charge-induced dipole interactions in the conjugate ions of ( I )  
and (2) and the dipole-dipole interaction in the free acid of ( 1 )  
and the base of ( 2 ) .  These field effects will be most likely to 
control the relative extents of ( I )  and (2)  when (a) the sub- 
stituent effects on the A-H and B-H bond energies are minor; 
that is, when the A or B moieties of a given series of acids or 
bases moderate the influence of X on the A-H or B-H bond 
energies; (b) inductive, resonance, and steric substituent effects 
are  small or parallel the field effects; (c) substituent-induced 
changes in ASo are small. 
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For the series of compounds studied here the substituent- 
induced changes in ASo are  likely to be negligible5,h and 
therefore the correlation of these field effects with the exper- 
imentally determined enthalpies of dissociation and proton 
affinities should permit an evaluation of the hypothesis that 
field effects control (in the predictive sense) the relative aci- 
dities or basicities within a given series. These correlations 
should also provide information on the relative importance of 
the charge-dipole, charge-induced dipole, and dipole-dipole 
interactions. 

The four systems studied include a set ( I )  of 9 substituted 
acetic acids, a set (11) of 19 substituted benzoic acids, a set ( I l l )  
of 13 phenols, and a set ( I V )  of I O  substituted pyridines. For 
the acids, the charge-dipole and charge-induced dipole po- 
tential energies were calculated for the interaction of the 
substituents with the negative charge of the conjugate ion, and 
the dipole-dipole energy was calculated for the interaction of 
the substituent with the reaction site (COOH for sets I and 11, 
OH for I l l ) .  For the pyridines, the charge-dipole and 
charge-induced dipole energies were determined for the sub- 
stituted pyridinium ion and the interaction of the substituents 
with the dipole due to the heteroatom was calculated for the 
substituted base. 

The calculations of these field effects were performed with 
the classical equations for these effects: 

-qp cos H -+CY v, = v, = 4 
tr2 2cr 

charge-dipole charge-induced 
dipole 

dipole-dipole 
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