
A DILUTION EFFECT IN REACTIONS BETWEEN DIPOLAR 
MOLECULES IN SOLUTION1 

Abstract 
A stutly has bee11 111ntle of the variation of the r e a c ~ i o ~ ~  rate con-iLa~lt  ill^ 

increasing dilution ill the case of three reactions bet\\.een pairs oi tlil,olnr sub- 
stallces i r ~  cthanol ao lu t i o~~ .  The  reactions esnrninccl were chow I1ci\vec11 aniline 
ant1 2,i-tlinitrochlorot1e11zcnc, p-toluitline and 2,i-clini~rochlorol~c11ze11e. ancl 
p-tol~~icline and 2,-L-~linitrobron1oben2e11e. As the conce~iLratic.rr~> oi ~ l i c  re- 
actants in the l i r s ~  t\\-o cases are increased 50-fold, the I , i~nolcc~~lnr \-elocity 
cocficient clec~waacs Irl- npproxirnately L2YD in the case o i  the lirjt reaction, artd 
by 7% in  the case of the sccontl one. The  rates decrease shnrpl>. a; the ;olubility 
limits of the pro t l~~ccs  i r ~  ethanol are appronchctl, while the!. I1cco111c relatively 
const;~nt  as high tlill~tions are attained. 

Introduction 
In kinetics, the  name given to the variation in the constants of the .~ r r t~en i i i s  

equation, viz. k ,  A ,  and E as a function of a change in initial concentration of 
the reactants, is the 'dilution effect'. T h e  dilutio~i effect llas bee11 experimentally 
studied and 1heo1-ies lla\-e been developed for  ion-ion, ion-clipole, enz).nle, 
and chain reactions, a s  well a s  lor ~~nimolecular  decompositions ( 8 ) .  Apart 
fronl their possible signiticance in tlie interpretatiorl of reaction mechanism 
and  solvent effects, these dilution effects are of inkres t  b e c a ~ ~ s e  the!- may have 
t o  be taken into account in the cornparison of the rates of a reaction in different 
solvents. W e  are here concerned with the  dilution eftect in the case ot reactions 
between two dipolar substances. 

T h e  bimolecular velocitj- coefficient of reactions betn-eel1 alkl-l I~alicles and 
ions in hydroxplic solvents increases a s  the dilution is incl-eased, often tencling- 
t o  a l i m i t i ~ ~ g  value a t  high clilutions which is from t\vo to four times a s  great 
a s  the value found a t  a concerltration of one gram rnole per litel-. T l i ~ ~ s  I-Iecht 
and Conracl (6) found t h a t  tlie rate of the  reaction bet\\-ecn methyl ioclicle and 
s o d i ~ ~ n i  ethoxide in ethanol solution at 3G°C. nras cloublecl when llie dilution 
was increased from 2 t o  100 liters per mole. Acree and Iiobertson (1) inter- 
pretecl these phenomena in terms of the dual hypothesis and derived a relation 
of the  type 

k = k ,  + a ( k i  - k,,,) 
where k i  and k ,  are  the react~vit ies of the  ion and of the ~~nclissociatecl mole- 
cule, and a is the degree of ionization. Later workers, e.g. RIitchell (7) found 
t h a t  k,,, was negligible in man). reactions of this t j p e ,  and thus concl~tded tha t  
the  bimolecular velocity coefficient calculated on the basis of the corlcelltration 
of the  reactive ion rather than on the total concentration of base was inde- 
pendent of dilution. 

1 ~Lfan~cscript receited ,in oririnal for~rr ilzigust 14, 1.9.50, and,  as revised. rlpril 16, 1951. 
Co?ztribution from the Departlizent of Chemistry, Universiti Laval, Qudbec, Que'., with 

Ji?lancial assistnnce from the National Research Council of Canada. 
Holder of a Bzbrsary and a Studenlship under the National Research Cozulcil of Canndn. 
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BAIN AND OL'ELLET: DILCTIOIV EFFECT 647 

The observation of a tlilution effect in a dipole-dipole I-eactiorl cvllere a is 
assut~~ctl to I)c ~~cgligible appears to have been first matle b ~ .  Rheinlander (1 1) 
in 1923. Khci~~lander in measurirlg the rates ot' I-cac-~ior~s between several 
aromatic compo~~t~cls  of the type CsHa(NO2)QX 1vit.11 aniline and nlethj4aniline 
in ethanol, obscr\.cd i n  the case of 2,4-dii~itroI~romo1~011e11ze11e that \\.hen the 
concentration of the halide was kept constant and that of the base increased, 
the vnluc of rZ clin~ir~ished. W11e~1 that of the halide was increased the value of k 
also climinisllccl, although lnorc slowly. This same obser\~ation \\;as later con- 
firmed for analogot~s reactions by van Opstall (13j and [)>- Peacock and Singh 
(10). The latter ai~thors investigating the reaction I~et\veen several arorllatic 
amines and 2,4-dinitrocl110robe11ze11e in ethat~ol solution found that a decrease 
in \~elocit\- of 2050 and an irlcrease in the energy oi activation of a l l o ~ ~ t  500 cal. 
per mole was in certain cases found to attend a doubling of.the concentration. 
The clilution eitect thils measured by these authors \\.as examined over a small 
range of variation oi concentration and was incidental to a study of the effect 
of various functiorlal groups on the reaction rate. 

Tlie present n-orl; was initiated wit11 the view oi accurately determining- thc 
dilution effect in ~rcactio~ls oi the type exanli~leci bl. Peacock, nut1 over a \vide 
range ot concentratio~~s. Although the investigatio~~ co~llcl not be further ex- 
tencled, the results, in spite of their li~nited scope, are PI-esentecl as a contri- 
bution to the espcrimental data on the subject. 

Experimental 

Exanlining thc (rate of reaction between aniline ancl 2,4-di11it1-ochlorobenzene 
( I ) ,  p-toluitline and ( I ) ,  and fi-tol~lidine and 2,il-dinitrobro~~~obenzene (11) in 
ethanol solution over a concentratio11 range varying from 1 to 50 on a relative 
scale nccessitatecl the use of large volumes of ethanol a t  the low concentrations, 
in order to secure a signihcant accuracy in the cletermil~ation oi k. Commercial 
e t h a ~ ~ o l  n.as I-eflused for several 11ou1-s with silver nitrate and potassium hy- 
clroxitlc to re~lio\-e aldehycles. I n  orcler to remove the small arno~lnt of water 
present an azeotropic distillation with abo~r t  159.; benzene b!, vol~r111e was 
carriecl out. .-\fter distilling off the initial ternary azeotrope through a 30-plate 
bitbble-cal) column, the binary azeotrope benzene-ethanol was distilled off ~ ~ n t i l  
the i~ldes of refraction of a distillate sample equallecl 1.3595 for the sod i~~n l  D-line 
at 2S0C. The remaining solvent, approximately 50% by volume of the original 
mixture, had an index of refraction ? tD= 1.3595 a t  2S°C., which is tha t  of 
absolute ethanol a t  25°C. The binary azeotrope was then utilized in rcrnoving 
water from a fresh sample of commercial absolute alcohol. 

-4ccording to the data of Barbaud), (2), the purity of the solvent is estimated 
to be in excess of 99.6% ethanol, the principal irnpurity considered to be 
benzene. I t  is notable that both benzene and water, together and separately, 
raise the index of refractio~l of ethanol, the former linearly throughout the 
entire range of concentration, and the latter attaining a rnaxirnun~ n~ = 1.3629 
a t  close to 80% ethanol a t  25OC. 
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Merck's are-tanilide \\-as saponified with sodium Il!.tlroside, and the resulting 
aniline was steam-distilled, extracted tvith ether, and fractionally distilled, 
setting aside the first and last quarters. I t  was kept a t  all times in the dark, 
and coloration x a s  verl- slight. 

iMerck's p- tol~~idine \\-as crl-stallized from petroleum cther. The product 
melted sharply a t  43.G°C., and was kept also in tlie dark. Eastman I<odalc's 
2,4-dinitrochlorobenzene was decolorized with charcoal and subsequently 
crystallized from a methanol-ethanol solution. The product had a melting 
point of 50.S°C. Briclrnian's 2,4-dinitrobromobenze11e was crystallized from 
a methanol-ethanol solotion, the product melting a t  71.s0C. 

The reactions I\ ere carried out in ICimble volumetric flasks of 100, 250, and 
500 ml. capacity, suspended in a 110 liter constant-level water bath whose 
temperature n-as constant to O.Ol°C. The temperature of the bath was read 011 

a certified ther~no~iieter of the Bureau of Standards. The dilution effects were 
measured a t  33.0i°C. 

Solutions of I ,  11, and of p-toluidine were prcpared bj- weighing the reactants 
and dissolving in ethanol to the requirccl strength in a \7olunietric flask. Aniline 
solutions were approximately prepar-ed, and these were then volunietrically 
estimated by means ot' a titration with a sta~lclard solution of potassium bro- 
mate, by the method of Riedel (12). 

A reaction uras initiated b!. adding a determined volume of one reactant 
solution to a determined volume of the other, both already a t  the temperature 
of the water bath, and, as  quickly as possible, follo~vcd by the adjustment of 
the volume to tlie niark with ethanol. The flask \bas then well agitated. The 
timing was started after one half of the aniline or p-toluidine solution had been 
added to the soll~tion of the halide. Only one analysis \\as performed per experi- 
ment, since a t  high dilutions, there was relatively little product formed. Re- 
actions were performed in duplicate and lialtecl a t  fro111 10% (high concen- 
tration region) to 40% (low concentration region) completion. 

The  three reactions occurring are 

The above reactions are of the second order (10, l l ) ,  follo~ving the law 

dx - = k(a - ( b  - x). 
dl 

where x is the concentration in gm-ion per liter of the halide ions produced, 
a and b are the initial concentrations in mole per liter of the amine and the C
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dinitro1~alol)enzene respectively. According to Iihei~~lander ( 1 1 )  and Peacocli 
and Sing11 (lo) ,  these reactions proceed in t\vo steps. First one molecule of the 
amine attacks a molecule of the 2,4-clinitrohalobenzene forming 2,4-dinitro- 
diplien> lanlil~e or 2,kl ini t ro (4'-met11) I )  diphen! lamine plr~s the hydrogen 
halide. An additional n~olecule of the anline no\\- reacts \\ith the hj.drogen 
halide molecule formed a t  a rate far greater than in the first step. The late- 
determi~ling step is the first one. 

Analj-ses of the halide ions produced b j  the reaction \\rere performed b>- 
precipitating ~rlitli silver nitrate and weighing as silvel chloricle or bromicle. 
A reaction \\-as tern~inated by inverting the flask containing the reaction mix- 
ture into a beaker containing dilute silver nitrate solution and a dilute solution 
of nitric acid, both in slight excess. The flask \vas then rinsed thoroughly by 
\~ashing n ith water and benzene. I t  was verified that no detectable halide ions 
were procluced from the 2,4-dinitrohalobenzene in acicl aqueous medium. 

In the case of the reaction between aniline and I, the nlolarities of the aniline 
solutions were approxin~ately twice those of the solutions of I. In view of the 
precision sought an expanded version ol the follo\ving classical equation \vas 
usecl : 

where a ,  b, and .2: are defined as above, and t is the time measured in minutes. 

Expanding tlie logarithm term, 

a - 2b A = -  a - 2b 
where ancl B = -- . 

a - 2x a 
(4)l ( 5 )  

a 
If - = b f (5% of b ) ,  then accuracy in K to five significant figrlres is obtained 

2 
with the first two terms of the above expansion. There results 

a 
I n  the case \vhere - = b,  tlie above equation reduces to 

2 

Results 

The analytical data and the calculated values of the constant k for various 
initial concentrations of the reactants are given in Tables I ,  11, arid 111. I n  
Fig. 1, kt is plotted vs. t-in the case of the reaction bet-ween aniline and I, where 
the concentration of the former is initially 0.3218 M and that of the latter 
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T.4HLE I 
DILUTIOK EFFEC r 

R ~ . \ c r r o r  B E T W E E N  :\NILISF, AND ~ . - ~ - D I S ~ ~ ~ R ~ ~ C H ~ . O R O B E N Z I ~ N E  ( I )  
-. - -. - 

I 
.Aniline: I h g ~ l  F la i l  CI ions 1 ) il,le,I,j 
COIIC., C ~ I I C . .  weight, I volunlc. , coilc.. 

moie;l. ; nloie;l. 1 gm. I 1.1hole-1 ruin.? mi. , gm-ion/l. 

~p --- 

T A B L E  I I  
DILUTIOK EFFECT 

I<EAC.?I(IX BETWEEN p-TOLCIDINE ASI )  ~ . ~ - D I . \ ' I ~ ~ ~ ~ O C H L O R C ) B E X Z E N E  ( I )  
---- 

I , 
p-Toluiclinc I 1 . j Tin~e, I F CI iollj COIIC.. COIIC.. I ii (meail) X 1c2 weight. \ - o l u n ~ r .  I conc.. 

rnole/l. 111o1e;l. 1 "Iin. ml. gln-ionll. / I .~no le -~  rnin.? 

'TABLE I I I  
DILUTION EFFECT 

r<E:\C'r10N BET\\ 'EEN p-TOI.UIDINE AND ~ , ~ - u ~ ~ ~ ~ ~ R O B R O ~ I O B E N Z E N E  (11) 
---- 

c o n ~ . ,  k (mcani X lo2 
gm-ion,l. 1.111ole-~ 
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E A I S  A N D  OL'ELLET; DILL'TI0.V EFFECT 

0.1600 111. The linear curve LIP to 13C-A corl~pletior~ of the reaction ind~cates that 
the reaction follou~s the seconrl orcler law LIP to that region. The slope of the 
curve, k ,  is equal to 6.34 X lo-". ~rnolc-~ nlin.-l for this reaction. 

Discussion 

The dilr~tion effects in the ttlree reactions in\.cstigatccl are illustrated in Figs. 
2, 3 ,  and 4, where the values of k are plottecl against the concentrations of the 
dinitrohalobenzene. I t  is seen that k decreases with increasing concer~tratiar~. 
The decrease is 3.3% for a 3.-1-fold increase in col~centration in the case of the 
reaction p-toluidine-11; 6.67; for a 50-fold increase in concentration in the 
case of the reaction p-toluidine-I, and 1 ly0 for a 50-fold increase in concen- 
tration in the case of the reaction aniline-I. 

The values of k in the reactions with I lelrel off a t  low concentrations where 
the solution tends toward ideality; they decrease sharply a t  the higher concen- 
trations, where the saturation point of the 2,4-dinitrohalobenzene in ethanol 
is approached. However, the effects are so small that  the exact forms of the 
curves cannot be obtained. 

In principle, it is difficult to apply the second-order law in the presence of a 
dilution effect, since the rate constant or the activity coefficients ol the re- 
actants may be expected to vary during the course of- the reaction as the con- 
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I 

0 0.02 0.06 0.1 0.14 0.18 

CONC. 2,4-DINITROCHLOROBENZENE (hIOLE/LITER) 

FIG. 2. Dilzil.iorz effect in the reactinn bet?veen , / f - d i ~ ~ i l r o c h l o r o b c r ~ ~ c ~ ~ e  a d  i ~ t t i l i ? ~ ~  i ~ z  ctJla)~ol 
sollition nt 35.OTDC. 

0 0.04 0.08 0.12 0.16 

CONC. 2,4-DINITROCHLOROBENZENE (I\IIOLE/LITER) 

FIG. 3. Dilzilion effect i n  the reaction betwee~z 2,4-ditritrochlorobe~~zcne attd p-tolriidine ira 
etlmnol solution a t  55.0ToC. 
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B A I N  A X D  O U E L L E T :  DILCTION EFFECT 

FIG. 4. Dill~tiotr eJect i n  tlre rcnclron bc l i cec~~  2, {-dinitrolrrornobelsaeite n v d  p - lo l z i~d~r~a  in 
ethntrol sol~rlior~ n l  35.07OC. 

centrations of the reactants decrease. Houlever, if the dilution effects were 
caused by certain groups in the reacting molecules whose concentration in the 
n ~ e d i ~ ~ r n  remains constant because these groups are not clestroyed in the re- 
action, then k n,ould be affected I>>. the initial concentrations only and the 
second-order law would hold. In our reactions, the nitro groups c o ~ ~ l d  play such 
a role. In fact, the works of Rheinlanclcr (11) and Peacock and Singh (10) and 
some of our results ('ig. I) suggest that k remains essentiallj. constant d u r ~ n g  
a reaction of the type with which we are concerned. Owing to the poor solu- 
bility of the products, our esperiments a t  the higher concentrations, where a 
drift in the value of k n.oulcl be detectable, had to be stopped a t  about 12% 
conversion, and the seconcl-order law was taken as a sufficient approximation. 

-4 dilution effect of opposit-e sign to the one reported here has been found by 
Peacock and Sing11 (9) for the reaction between benz>.I chloride and aniline a t  
35" and 40°C. in ethanol. The). obser\retl a rise it1 the reaction rate of 29% a t  
35°C. and 187' a t  40°C. for a doubling of the concentration. I t  thus appears 
that the roles of the solvent ethanol in this type of reaction between an aryl 
amine and an aryl halide are dissin~ilar, being dependent upon whether the 
halogen atom is attached directl!- to the benzene nucleus, althougll activated 
by two nitro groups in o-, P-positions, or whether it is attached to the benzene 
nucleus through a rncthylene group. 

A theory of the dilution effects sho~rld take into account such constitutional 
factors together with the physical influence of dipole-dipole association, and 
the degrees of solvation of both the reactants and the activated complex. Tha t  
dipole-swarming can lead to either a positive or a negative dilution effect is 
shown by Hartrnann's theory (3, 4, 5) which has been applied to the reaction 
between pyridine and methyl iodide. For the reactions st~ldied in this work, 
it seems tlmt Hartmann's theory \vould predict a curvature opposite to that C
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shown in Figs. 2 ant1 3. Holvever, the L-er!. small variations of k in our case 
prcclude a il ~ ~ i t l ~ r l  application of I-iartinann's ecluations since even the sign 
of the effect they predict depencls rather cl-itically on certain constants s~rch as 
~nolecular radii u-hich are not \<no\\ 11 \\ ith ello~lgh precision. 
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On a 6tuclii. I'effet de la clilution sur la vitesse cle &action entre trois paires 
cle substances dipolaires en solution clans I'i.thanol, soient: entre I'aniline et le 
2,4-dinitrochlorobenz~~~e, la para-toluicline et le 2,4-~Iinitrochlorobe11~611e, la 
paratoluidine et  lc 2,4-~Iinitrobro1rlobcnz&ne. Dans les cle~rs premiers cas Lrne 
augmentation cle concentration C I ' L I ~  facteur- de 50 procluit une diminution de 
la constante d'environ 127; e t  respectivernent. Po~rr  la troisikme I-kactiorl, 
la corlcentration n'a pu Stre a~1glncnti.e clue cl'un facteur 3.4 5 cause cle la faible 
sol~rbiliti. clu 2,4-dinitrobro111011enzPne clarls 1'6thanol: i l  en est r6s~llti. Line 

climin~rtion cle 3% clans la constante cle vitesse. E n  gGn6ral les constantcs 
clttc:roissent rapidement 101-scl~r'on approclle la limite cle solubilit6 des rkactifs: 
par contl-e elks varient peu aus  grallcles clilutions. 
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