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It has been shown that cyolohexene distributed at 25° 

between carbon tetrachloride and dilute aqueous solutions 

is less soluble in aqueous solutions of alkali salts, 

hydrochloric acid, and sulfuric acid than in water, but is 

more soluble in aqueous solutions of perchloric acid and 

nitric acid. Analysis of the data relative to general 

salting effects indicates that if aqueous proton.olefin com­

plexes exist, they are present only in very low concentration. 

A new procedure, stripping analysis, has been employed 
0 0 to determine the solubility of benzene at 10 · and 25, and 

of carbon tetrachloride and oyclohexane at 25° in water and 

in aqueous solutions of strong acids, alkali salts, and silver 

nitrate. Ea.oh of the organic liquids is somewhat more soluble 

in 3 ! perchlorie acid than in water, and benzene is much 

more soluble in 1 M silver nitrate than in water. Qualitative -
data on the change of' solubility ,vi th tempera.ture have been 

obtained by the cloudiness method. The combined solubility 

data, together with related data for cyclohexene, are discussed 

in terms of the salting and complexing faetors involved. 

Equilibrium constants and heats of complex formation have 

been calculated for the coBrdination of silver ion with benzene. 

The nature of ionic complexes involving carbon-carbon 

multiple bonds is discussed, and an enium nomenclature is 

proposed for such complexes because of their distinctive 

character. The terms 11 enium 11 and "onium11 are compared. 
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THE DtSTRlBUTlO'.N or OYOLOHElENE B:tfflU OARBON U'ffiAOHLOIUDE 

AN:O 4QUEOUS SOtUftONB er A(U:ilS AWD· SALfS 



THE DISTRIBUTION or CYCLOHEXENE. BETWEEN CARBO~ TE'l'RAOHLORIDE 

AND AQUEOUS SOLUTIONS OF AOIPH A.ND SALTS 

lMTRODUO''fl Olf 

J)1roton•ole1f,ip Oqm121e.1li-8i· lt hae often b:een assumed that the 

initial step in oe:rta.in rea,itions of ole:t'ins in aqueous 

acid solutions le the addition of a pJ>crton to an .olefin 

molecule . Presumably this step involves the ~aetion of a 

byd.ron1wa ten w1 th an ol.ef1n meleQule., the pl"llduets beii1g a 

molecule of water and a proton•olef(n eomple.x 1on.. Gene2ral 

dt.seutsions of this J-;eactton mechanism ba,ve been ,give.ti 

(1. 2, 3) . Tht data obtained fro.m ktnet1o atuelies of the 

hyd:1:att.on of olefins_ (4,, .S) and tb-e polymeriiZation of indole 

(6; l) have been cited as evidence for the extstenee Gf 

pi--oton.olefin eomplexes . 

Acoording to Wll1tmo:re (7, a). the intermediate complex 

is a poa1tive i<>n which ta :fo~med by the addition ot a. proton 

to the ext:ra electron pair of the double bo:nd, leaving one 

carbon atom with only six electrons. The eomplex that 

Whitmore describes is a ca.1:bonium ion, and it would probably 
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be very unsta.ble. Since one of its carbon a toms ha s only a 

sextet of electrons, a carbonium ion genera lly undergoes some 

further rea ction so r ap i dly that it can not be present in 

any appreciable concentra tion. It ha .s been shown, however, 

tha. t complexes which have a moderate stability in aqueous 

solution may be formed by the rea ction of ole fins with 

silver ion (9 , 10) and with mercuric i on (11). Since the 

compl exes may exist in solution in modera te concentration , 

and since they show no a,ppreciable tendency to undergo 

rearrangement , it seems unlikely tha t they a re simple ca r­

bonium ions. It has been sugges ted that these complexes 

have a resona ting s tructure (9 , 12) and tha t they a re sta­

bilized by the resona nce energy. The proto:n, like s ilver 

ion and mercuric ion, ha s a strong tendency to form 

co8rdina tion compounds . For example, . it can form "ITery stable 

complexes with water and with ammonia . There is some 

p oss ibility, then, tha.t a stable complex may be formed by the 

co8rdina. tion of a proton with an olefin. 'rhe object of the 

following inves tigat i on was to determine whether or not 

proton-olefin complexes of appr eciable stability can exi s t 

in a.queous solution. 

Method.. The study was made by means of the distribution 

method, which had been used previously t o s tudy the silver 

ion and mercuric ion complexes. 'fhe olefin, cyclohexene, 

was distributed between carbon tetra chloride and an aqueous 
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a cid solution, and the concentra. tion of olefin in each pha.se 

was determined by a bromination method. Since an olefin in 

acid solution may be quant itat ively bromina ted, it is evident 

that the anal ys is measures the total concentration .of olefin , 

compl exed and uncomplexed . The distribution constant, :l, is 

defined as the ratio of the total concentrat ion of olefin in 

the carbon tetrachloride phase to the tota l concentration of 

olefin in the aqueous phase. If the aqueous phase is pure 

water, the distribution constant is d.esi e-na ted as~· 

In t he following discuss ion, when a compa r ison is made of 

the concentra tions of cyclohexene in the aqueous phases of 

various experiments , 1 t is asm.1med t hat 'tt1e concentrat ions of 

cyclohexene in the organic phases of these experiments are 

equal. In the actual experiments, of course , the concentrat ions 

of cyclohe xene in the organic phases"di f' fered from each other 

somewhat (rarely over 15%); and the data were analyzed by 

comparing the various distribution constants , which involved 

both the organ~c a,nd the aqueous phases . However , the disoue-­

sion is simpl ified by a s suming equal concentr a tions of cyclo­

hexene in the organic phases, since attention may then be 

focused on the aqueous phases , wn ich are t he sites of the 

postulated complexes . 

If a moderately stable complex ion were formed by the 

addition of a proton to cyclohexene in aqueous a.cid solutions , 

a hi gher (tota l) concentra tion of the distributed cyclohexene 
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would be present in an aqueous phase conta ining .a s trong 1n­

orga.nic acid than in a pu:r.e water a queous phase . This assump­

tion is made because a proton- olefin complex ion is polar in 

character , and it would dissolve in aqueous solutions to a 

much grea.ter extent than a pure olefin molecule . If , on the 

other ha.rid , cyclohexene does not form a proton complex, it 

would ordinarily be expected to have less tendency to dissolve 

in an aqueous acid solution than in pure water , owing to the 

salting- out of the nonpolar cyclohexene molecules by the ions 

of the 8,Cid . 

Salting- out Effects . It was found, in preliminary distribution 

experiments , that the aqueous phase concent:ra.tion of cyclohex­

ene is less in a dilute sulfuric acid solution than it is in 

pure water . 'l'his gave immedia te evidence that proton- cyclo­

hexene complexes of moderate stability do not exist in aqueous 

solution . It did not, however, exclude the possibility that 

a complex of very low stability may exist . A moderate 

salting- out eff'ect may out~reigh a very sma,11 complexing effect. 

In this case , the concentration of cyclohexene in acid solu­

tion i!'J'Ould be less than in water . It may be reasoned that 

the salting-in effec t of the hydrogen ion, caus ed by complex 

formation, may be exceeded by the salting- out effect of the 

bisulfate ion . 

In order to investigate the possibility that a very low 

concentration of complex was present, it was necessary to 
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ascerta in the magnitude of the salting-out effect . The 

salting-out effect was studied by dist r i but ing the cyolo­

hexene bet reen ca rbon tetrachloride and aqueous salt solut ions . 

For each experiment in which the aqueous phase was an a cid 

solution , a corre spond i ng exper i ment was run in which the 

aqueous phase wa.s a solution of a, sodium or potassium salt o:f 

the same acid . Since the acid and the salt contained the 

same anion, the da t a es sentia lly repre sented a compa.rison of 

the effect of the hydrogen ion with the e ffect of t he alkali 

cation . It is generally acc~p ted tha t sodium and potass i um 

ions have a normal salt i ng-out ac tion . Conseq1:1ently, it was 

assumed t hat these alkali ca tions would serve as a s t andard 

of reference for deciding whether the hydrogen ion merely 

fitted into the normal pa t t ern of ca tion salting ac~ion , or 

whether it did indeed have a signiffca.nt amount of complexing 

action . 

Ex:oerimenta l Problems . The experimenta l pr<?ced.ures previously 

used were unsa tisfactory for obtaining data of sufficient 

a ccuracy for the follo iti:ng investigation . On the bas is of 

the earlier procedures, a value of 3610 ± 10 (13) was reported 

for ~; and conflicting values, 4305 ± 43 (9 ) and 4760 ± 20 

(13 ) , were reported for the d i s tribution ratio of cyclohexene 

between carbon tetrachloride and 1 M. potassium nitrate . In 

the follo Jing work , the va lues ob ta i ned for wa ter (Kw,) and 

1 M. potassium nitrate were 38 . 4 x 102 ± 0 . 4 x 102 and 
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2 51 x 10, re spectively . 

It seems probable tha t the va lues now reported a. re higher 

than the va lues previous ly reported primarily because the new 

procedures a re more successful in elimina ting t he errors 

caused by the presence of peroxide . It will be shown l a t er 

tha t the presence of' a very small amount of cyclohe xene 

peroxide may cause a l a r ge error in the value of the d i s tri­

bution constant . To prevent the format ion of peroxide, it 

was neces sary to completely exclude oxygen from t he distri­

bution sys tem; and thi s proved to be the mos t difficult 

exper i menta l problem encountered . The development of peroxide­

free procedure s involved a, long series of procedura l modi f i ­

ca, tions . 

After prelimina r y experiments i nd ica ted tha t d ilute (up 

to 3 MJ sulfuric acid solutions had ·a salting- out effect on 

cyclohexene , it was cons i dered advisable to run experiments 

a t higher sul furic a cid concentra t i ons . If a co&rdina. tion 

fa ctor exists, and if a t high acid concentra tions this fa ctor 

increases more r ap i dly than the sa lting-out f actor, its 

exi s tence may be detected by such exper i ments . Bef ore these 

studies could be made , it was neces sary to modi f y t he analy­

tical procedure, in or der to elimina te the interference caused 

by high concentra tions of acids . A modified procedure wh i ch 

gave f a irly precise results was devel oped . It was a dilution 

method in which the a cid concentra tion was reduced prior to 



the iodometric determiqation of the e xcess bromine . 

The concentrations of cyclohexene in the aqueous phase 

were extremely low, roughly 0.0001 l · Variations in the 

analytical procedure which a.re ordina rily permiss ible because 

they do not cause appreciable errors in the measur ement of 

moderately low concentra tions may give rise to l a r ge percentage 

errors in the measurement of extremely low concentrations. 

It wa s therefore nece s sary to determine accura,tely the effect 

of and then to control the various :faotori:3 which give rise to 

errors in the a.nalysis . 

The extreme dilution of the aqueous pha se also made it 

essential tha t the distr i bution components separ a te i nto t wo 

homogeneous layers. Since the concentra tion of cyclohexene 

in the organic phase was 1 ~ , the presence oi a small amount 

of thi s pha se in the aqueous pha se would produce a l a r ge error 

in the value of K. At the high acid and salt concent r e,tions , 

the difference between the density of the aqueous phase and 

that of the organic phase was rela tively small . If the se 

solutions had been stirred in the usual way, the organic phase 

would ha ve been very finely dispersed in the a queous phase , 

and the process of settling would have been very slo•,v . Long 

periods of se t tling are unsa titda~to:ry because there are 

non- settling factors which cause a slow change in 'the aqueous 

phase oyclohexene concentra tion. A s i gni f icant i mprovement in 

dis t ribution technique was made by introducing the use of an 
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upflow type of stirrer a s a means of obta ining r ap id settling 

despite adverse conditions. 

MA TERI.A.LS 

In general, the inorganic chemica ls were of reagent or 

C.P. grade. The potas sium iodide, however~ was of USP grade . 

The bromate-bromide stock solutions (1:10 mole ratio) were 

made up accurately from reagent grade potas sium bromate, dried 

at 150°, or were standardized with a potassium bromate solution 

of known concentration by comparing both solutions with one of 

the sodium thiosulfate solutions. The standard 1 ! sodium 

hydroxide solution, carbonate-free; was periodically checked 

a.gainst al! hydrochloric acid solution which had been 

standardized with sodium carbonate. The standard silver nitra te 

solution was made up by weight. 

Cyclohexene for the distribution experiments with water, 

potassium nitrate; sulfuric acid , and sodium bisulfate was 

prepared by dehydration of purified cyclohexanol with sulfuric 

acid, followed by distillation from sodium; b.p. 79.5-81.0° 

(uncor.). For later experiments, cyclohexene was prepared 

from the Eastman Kodak Company best grade material by refluxing 

with sodium wire for twenty hours and then fractionating. The 

major part of the distillate, b.p. 81.5-82.5° (unoor.), was 

collected. The cyolohexene was stored under nitrogen, and 

samples of cyclohexene were withdrawn by nitrogen displacement. 
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Carbon tetrachloride was prepa .. red from technical rna terial by 

saturating it with chlorine, exposing the solut ion to sunl i ght 

for several hours , washing with sod.iu.m hydroxide solution, 

drying with calcium chloride, distilling, and collecting the 

major part of the distillatet b.p. 75.8-76.0° (uncor.). 

The carbon tetrachloride, acetic acid, a nd potassium 

iodide were individually tested under conditions simila r to 

those used in the ana lys is, and were found to have very s mall 

or negligible blank values. All of the acids and salts used 

in the distribution measurements gave very small blank values. 

In the case of nitric acid; interfering oxides of nitrogen 

were removed by boiling in the normal cour s e of the distri• 

bution procedure. 

ANALYSIS 

Introduction. The concentrations of cyclohexene in the aqueous 

and organic phases were determined by specific procedures 

based on a bromina tion. method described previously (14) . The 

amount of cyclohexene in the sample ivas oalcula ted from the 

volume of standard broma te.bromide solution, the compari son 

r a tio of bromate-bromide to thiosulfa te a s determined in the 

blank, and the volume of thiosulf'ate solution required to 

back-titra te the excess bromate-bromide solution during a.n 

analys i s . All burets. volumetric pi pets, and 3-way stopcock 

p ipets (15) were calibrated. The analysis flasks were shaken 
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by clamping them to the vibrating arm of a Boerner shaker. 

Data obtained in the analysis of known solutions of cyclohexene 

in carbon tetrachloride indicated that the shaking must be 

vigorous if low results are to be avoided. 

Detailed procedures for the analysis of the aqueous and 

orga.nic l ayers, and for the corresponding blanks, are given 

in the following pages. Many pos s ible changes in the analytical 

procedure (Ta,bles I and II) were investigated before. the final 

procedures were determined. The procedures for the analysis 

and for the corresponding blank are as similar as poss ible. 

This parallel trea tment is particularly important in the 

analysis of the aqueous phase, since large percentage errors 

may be caused by small variations in such factors as the purity 

of the materials and the techni que of titration. The procedure 

for analysis of the aqueous l ayer was used for aqueous samples 

in which the acid or salt concentration wa.s 1 M. or less. 

Samples containing a higher concentration of electrolyte were 

analyzed by the dilution method (page 18). 

Procedure for Analysis of ,the Agueous l.iaver .. An amount of 

0.005 N bromate-bromide solution, 25 ml. or less and calcula ted - • • 

to be roughly a 50% excess, is pi petted into a 300-ml. standard-

tapered conical flask. It is washed down with water until the 

total volume is 26 ml. A stopcock-stopper lubricated with 

mineral oil is inserted in t he neck of the fla sk, which is then 

wrapped in a black clo~h and evacuated with a wa. ter aspirator. 



Mex't, 5 ml . oi.' 3M. sulfuric ac i d i s added , and the f l ask is 

a l lowed to stand f o1~ five to fifteen minutes . Then 95 ml. of 

sample plus 15 ml. of wash water are added from a 3-way stop­

cock pi pet. The fla sk i s then shaken vigorously for five min­

u t es, 10 ml . of a. freshly prepared 20% pota.ss ium iodide 

solution i s added, and the shaking is continued for thirty 

seconds. The vacuum i .s broken. a.nd the stopcock-stopper is 

removed a fter washing it f ree of iodine. The bla.ck cloth is 

rernoved, and the contents of t he flask , wh ile swi rled gently, 

a.re rapidly titrated with 0.015 'N sodium thiosul fate solution. -
Just be fore the end- po int, 1.5 ml. of 1% starch ~elut ion i s 

added. 

Procedure for Bl anks Perta ining to the Analysis of the Aaueous. 

15. 00 ml. of 0.005 N bromate-bromide solution is -
pipetted into a 300- ml. standard.tapered conical flask and is 

washed dotm with 11 ml. of water. The subsequent procedure is 

exactly like that used f or the anal ysis of the aqueous l ayer 

except tha t 110 ml. of water i s added ins tead of 110 ml. of 

sample plus wash water. 

~:~fec,t,. .. o! . V~ria~ ions in th~•oce.dure for Bl anks l'e,,r t a i n ing to 
• th,e. Analysis of .. the Aqueous taxei;-.. The da~a presented in 

Table I indicate that only a very small or a negligible change 

in ·the va lue of the blank results from a vartat ion of: (a ) 

4 to 6 ml. i n the volume of sul fur ic acid; (b) 0.3 to 135 

minutes i n t he i nterva.l of time between the a ddition of 
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Table X 

Effect of Variations in the l?:roo.edure fo~ Blanks 
Pel'ta.ining to the Analysi-s of -the A(lUeous Layei-

Sulfuric Standing Shaking Shake 
a.etd. time time KI II 
(ml.) (min.) (min.) (ml.) (sec.) 

5 5 3 8 20 

$ 8 3 e 30 

5 15 3 8 20 

a 5 3 20 110 

5 5 3 10 30 

i 0 .3 3 10 3G 

5 30 3 1.0 10 

i 135 s 10 30 

4 ,$ 3 10 io 

s 5 3 10 30 

5 15 3 10 30 

!l 10 0 5 ao 
5 10 0 5 ao 
5 10 0 s 20 

5 lO 0 5 20 

·: Hot d.3,rkeneo. (py black cloth). . . _ . . .. . 

SOdtum 
tldoau1fa.te 

b11.) 

5.21. 5.21, 
s .11, 1.1a, 
s.10 

5.1, 

5.22, 5.19 

s.1e 
s;.20 

s.22 

,.21 

$.19 

5.21 

s.sa 
$.19 .. 

a.11! a.l3'b 

5.21• 

1.oa4 

, ,e 5.20 

e Not da:,i:ened. Add•d 2~-a d~ops mtne.lMl.1: oil .• 
. Da.:i:ltened.. Added . 5 d.rops of ntinera.1 oil. . 4 Not dalJkened . Added 10 drops of min~2-a1 oil and gently 
. $fl!'led (dtU"ing acid standing pe:riod) .. 
e Darkened~ Addeo. l.O di-ops of mineral 011 and e••tly 

:sw1r1ed. 
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sulfuric acid and the addition of the sample; (c) 8 to 20 ml. 

in the volume of potassium iodide solution; or (d) 20 to 120 

seconds in the time of shaking after the addition o:f' potassium 

iodide solution. Theda.ta also indicate that, in the presence 

of light, ~m excessive amount of mineral oil lubricant appre .... 

ciably decreases the volume of thiosulfate solution required 

for the ti tra ti.on. Mineral oil wa.s substituted for Lubriseal 

after it was lea,rned from other experiments that Lub:riseal 

reduces significant amounts of bromine, even in the absence 

of light . 

Prooed,ure for Analysi$ o:f ,tbe ,Org~ntc Lavel'- An a.mount of 

0.11 bromate-bromide solution, 25 ml . or less and calculated 

to be a.bout a. 10 to 15%, excess, is pipetted into a 250-ml. 

st~.ndard-tapered con.ioa.1 fla,sk.. It is washed down with water 

until the total vol1.une is 26 ml. A Btopoock-stoppe:r lub:rica ted 

with mineral oil is in~erted in the neclc of the flrolt which is 

then wrapped in a. black cloth and evacuated with a, water 

aspirator . Next, 5 ml. of 3M, sulfuric acid is added, and the 

flask is a.llowed to stand for five to ten minutes . Then 10 ml. 

o:f' glacial acetic acid is added, followed by the addition from 

a :3-we,y stopcock pipe t of l ml. of sample plus 3 ml . of wash 

carbon tetrachloride. The flask is then shaken vigorously 

:for five minutes, 15 ml. of a freshly prepared 20%, potassium 

iodide solution is added, and the shaking is continued for 

thirty seconds. The vacuum is broken, and the stopcock-stopper 
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is removeo. after i,vashing i "'Ci free of iodine. The blaclc cloth 

is :removed> and the contents of the flask, while swi r led 

gently, are r apidly titrated with 0.05 E sodium thiosulfa te 

solution. Just before the end-point , i ml. of 1% starch 

solution is added . 

ProQ~~.µre :t:or Blan.ks P~1·t.Q,_ining to . t1}S:,. ~:q_alxs_i] of . t he .organic, 

!t_~XJ3l: • 10.00 ml. of 0.1 ! bromate-bromide solution is pi pet ted 

into a. 250-rol. s'tand.ard.-tapered conical flask a nd is washed 

clown with 16 ml. of water . The subsequent procedure is 

exactly like that used for the analysis of the organic layer 

except that 4 ml. of carbon tetrachloride is added instead of 

4 ml . of sample plus wash carbon tetrachloride. 

Ifffeot of Ya.:r.iations in the Proceq,w:e :for Blaµks Pertaining to 

the Ana.lvsis, of' the Organic L~yer, . The data presented in 

Table II indicate that only a. very small or a negligible 

change in the va.lue of the bla.nk :results f:rom e~ varia tion of: 

(a) 5 to 7 ml. in the volume of sulfuric acid; (b) 10 to 20 

ml. in the volume of acetic acid; (c) 5 to 15 ml . in the 

volume o:f potassium iodide solut ion ; or (d) 5 to 30 seconds in 

the time of bhaking after the addition of potassium iodide 

solution. The data also indicate tha.t> even in the absence 

of light, 1011g periods of sta,nding subsequent to aoidLfication 

or excessive amounts of mineral oil appreciably decrease the 

volume o-f thiosulfate solution required for the titration. 

!,ocura.cx.!.PLJ?.re.9i~~PP...· In the a,nalysis of a known 0 .1 ~ 

solution of eyclohexene in carbon tetrachloride, the a.mount of 
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fable II 

Efftet 0f Varia. t1cms in. the Procedure ;fo:r Blanks 
P$:ttatn1ng to the Analy$1s of t.he Qrga.n1o Layer 

St$:nd:11lg time 
afte:r acidified 

(min.) 

o.s 
30 

s 

§ 

5 

5 

0 . 5 

20 

90 

100 

200 

15 

Aeetts 
aetd 
(ml.) 

20 

20 

10 

10 

10 

lO 

10 

10 

10 

10 

10 

10 

Tlme shake!Q 
a.ftet KX a,ddn . 

(mtn.} 

so 
20 .. 
30 

3t'! 

30 

5 

30 

30 

30 

:10 

30 

30 

Sodi\Un 
th i .tl)aul fa ta 

(ml.) 

20.sa 
20 .. 8? 
20 .85 

20 .. 01 

20.ao 

20.99 
20.00 

a 
20.t.n. 

20.a91> 

20.90 

20 .. 91 

20.98 

~0 .1$ 

20.86 

20.74 

20~80e 

"' ~ Usu 7 ml . of ~ulf'ur1c acid (instead of 5 ml,) .. 

b tleed 5 :ml " of KI solution (instead o-t 15 ml .). 

,~ Added 10 drops ef mineral oil, a.1 sta:rt ot experiment. 
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cyclohexene :found was 98'% of the theoretical amount . In 

·thirteen determinations of the concentration of an approxi• 

mately 1 M, solution of cyclohexene in carbon tetrachloride, 

the relative average deviation of a result was 0.5%. It 

seems likely that the error in the va lue taken as the volume 

of the 1-ml. sample was sufficient to account for most of the 

devia tion. 

Owing to the extremely low aqueous pha se cyclohexene 

concentrations, the preci s ion of the aqueous pha se analysis 

was not very high . In the experiments performed, the maximum 

and the minimum concentrations of oyclohexene \Vere 0.0004 M, 

and 0.00004 M.• ,At these concentrations, the amounts of 

cyclohexene in the 95-ml. samples were equivalent to 5 ml . 

and to 0.5 ml., respectively, of the 0.015 ! thiosulfate 

solution. In an analysis, the amount of cyclohexene in the 

sample is proportional to the net volume o:f thiosulfa.te 

solution, which is the difference between the volume of thio­

sulfate required to titrate the original amount of broma te­

bromide solution and the volume used in the back-titration. 

The average deviation o:f' a measurement of the net volume of 

thiosulfate solution was about 0.02 ml . Accordingly, the 

relative average deviation of a measurement of the net volume, 

and hence of a measurement of the concentration of cyclohexene, 

was about 0.4% at the highest concentration and 4% at the 

lowest concentration. 
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Interference b:£ Acids and Sal.ts. High electrolyte concentra­

tions may interfere with the analysis by promoting the 

decomposition of thiosulfate solut ion, by increasing the :rate 

of oxidation of iodide ion, and by obscur i ng the starch-iodine 

end. .. point . The decompos ition of thiosulfate solutions is 

accelerated by high acidity (16). This effect may be dimini­

shed by gently swirling the titrated solution, so that the 

thiosulfate may react with the iodine before decomposit ion 

sets in. If decomposition does occur, the solution may become 

noticeably cloudy as a result of sulfur formation. Since 

sulfurous acid is one of the deoomposi tion prod:ucts, the 

usual effect of decomposition is that less thiosulfate solution 

ts required for the ti.tration . If the titrated solution is 

effectively stirred, the extent of thiosulfate decomposition 

is not appreciable at acidities below 3 !• The oxidation of 

iodide ion by dissolved or atmospheric oxygen is also accele­

rated by high acidity (16), and it is dif:n.cul t to ob tain 

accurate results if the acidity is grea ter than 2-3 !· 

An at tempt was ma.de to overcome the adverse effects of 

high acidity by means of a neutralization procedure. Strongly 

aoid samples were t aken for analysis, and the acid solutions 

were neutralized prior to the addition of potassium iodide. 

The following substances were tried as neutralizing agents: 

sodium acetate, sodium phosphate, sodium sulfa, te, sodiu.m 

hydroxide , and bora x. In all of these experiments, the 
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end-point was unsat isfactory. Results of additional experi­

ments indicated that high electrolyte eoncentra tions interfere 

with the starch-iodine end-point, and that salts and acids 

of the same concentration have roughly the same effect. 

lccordingly, neutralization of an acid solution does not 

elimina te the problem of' end- point interference. For uni­

univaJ.ent electrolytes, t he upper limit for good end-points 

is abou.t 1 l · At higher conoentre.tions , two difficult ies 

a re encountered: the end- point color change is gradual, with 

i ntermediate violet, red, and pi nk shades ; a.nd the r ate of 

sta,:rch-iodine d.ecolorizat:i.on. is low. O., i ng to the l ack of 

sha.rpness, it is difficult to get an a ccurate end.-.-point; a.nd 

since the decoloriza tion i s s low, it is easy to overrun the 

end .... point. 

P.,i,.l\Uion Method. The procedure which was fina lly adopted as 

the most satisfaoto:r.y way of avoiding the adverse effects of 

acids and salts vm.s the dilution me thod. 1.1his involves the 

follo1 ing changes in the procedure for analysis of the aqueous 

layer : 

A large analysis fla sk is used. After the sa.mple has 

been shaken for five minutes during bromina tion t water 

i.s a,dded to reduce the electrolyte concentration to 

1 M. or less. An increased amount of pota.ssium iodj,de 

solution is then added, in order to mai ntain the 

usua l concentra tion of iodide ion. 3 ml. of 1% starch 
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solution is used in the titration. 

For the distribution experiment involving 8 M, sulfuric acid, 

a 1-lite:r round-bottomed flask was used for the analysis, and 

the amounts of dilution wate:r and po tas s ium iodide solution 

were 550 ml . and 50 ml. 1 :respectively. For the distribution 

experiments in which the concentration of acid o:r salt was 

1 to 3M.~ a 500-ml. conica l flask was used, and the amount s 

of' dilution va ter and potass ium iodide solutton • ere usua lly 

200 ml. and 25 ml., respectively. 

By means of the dilutton method, it vms poss i ble to 

obtain rea sonably a ccurate dat~, in the distr ibut ion experi-

ment :i.nvolvi.ng 8 ! sulfuric a c i d. The me thod t s not, however , 

a perfect solution to the problem of interference by electro­

lytes, since the end-point becomes lees sharp as the dilution 

increases. In the 8 M, sulfuric e.cid " expe:riment,, the uncertainty 

in loca ting the end- point amounted to about ±0.08 ml. of 

thiosu.lfate solution. This experiment was e:x:cepttonal,, however. 

tn other analyses ustng the dilution method, the original 

a cid or sa.1 t concentrat ion was 1 to 3 !L and in these analyses 

the end-points were f a irly sharp. Due care ,,e.s taken to 

compare the analyses with blanks run under very simi.l ar 

conditions . 

Acid a,nd Salt . Oonqentra t:i.ons. In general, the aque ous phase 

electrolyte conoentra. t t on v.ras determined. by ana.lysis of a 

sample of conven tent slze t aken from the a.t1_u.eous l ayer . 



- 20 -

Samples containing an acid or sodium bisulfate were analyzed 

by titrating wi th standard 1 ! sodium hydroxide solution . 

The potassium chloride samples were analyzed by titrat i ng wi th 

standard silver nitrate solution in the pre sence of fluo:re-s­

cein indica tor. The sodium perchlorate samples were analyzed 

by evaporating the s olution in a weighed dish and drying the 

residue at 115° . A correction was applied to the weight of 

the .residue for moisture retained a t this temperature. The 

salt concentrat ion in the 1 ! pot assium nitra te experiment 

was obtained from t he concentrat i on of the original solution, 

which was made up by weight . An allowance was ma.de for t he 

slight increase in concentrat ion wh ich occurs in the 

distribution-boiling procedure. 

DISTRI BUTION PROCEDURES 

P~el~minary Experiments. Several var i a tions in apparatus 

and procedure i111ere employed in the preliminary distribution 

experiments . Solutions for the organic phase were prepared 

either by distilling cyolohexene into carbon tetra.chloride 

in the distribution flask or by diluting a known weight of 

oyclohexene with carbon tetrachloride in an ordinaxy volu­

metric flask or a displacement volume tric fla.sk (Appendix). 

From the observations made and t he data collected in these 

preliminary experiments, it became a.pparent tha t it woul d be 

necessary to devise more elabora te procedures in order to 
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avoid contamina tion by oxygen. The data obt ained in the 

prelimina ry exper i ments will be discussed i n the section 

dea ling with t he effect of peroxide. 

Procedure :erior to Stirring. In t he :remaining distribution 

experimente. special pr ecautions were t a.ken to exclude oxygen. 

The experiments were carried out by a number of procedures, 

which a re interrela ted as shown in the :following chart: 

Distillation of Cyclohexene 
into Carbon Tetrachloride 

/~ 
Agueous Phase Distrib'uti.on-

•rransfer • • boiling 
- I 
--- I --~ \JI 4- -

Dilution-restirring \ . . =JI .. 
' / - - -

Direct 
Distilla tion --

Distribution cons t ants may be obta ined by four main procedures 

(underlined). 'The same method is used to prepare the cyclo­

hexene-ca rbon tetra chloride solution for ttvo of t hese 

procedures {solid arrows). After a distribution constant has 

been obta ined by any one of the four main procedures, an 

additional distribution cons t ant may be obta ined by dilution­

restirring of the residua l solution (dotted arrows). The 

four main procedures differ from one another prior to t he time 

that stirring is begun; but all of the subsequent s teps -

stirring, settling, sampling , and analysis - a re the same in 

each procedure. 
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In the aqueous phase transfer procedure, the aqueous 

phase is deoxygenated before it is transferred to the 

distribution flask , whereas in the distribution-boiling 

procedure the aqueous phase is deoxygenated by boiling it in 

the distribution flask. In both of these procedures, the 

cyclohexene--carbon tetrachloride solution is prepared outside 

the distr ibution flask. In the direct distillation procedure, 

however, the cyclohexene is distilled directly into the 

dist:ribution flask, which contains the carbon tetrachloride. 

The distilling apparatus used in the aqueous phase 

transfer and distribution-boiling procedures fits into the 

side neck of the dis t~ibution fla sk (figure 1). The distil­

ling flask of this apparatus contains cyclohexene a.nd sodium 

wire, and the remaining space in the system is filled with 

nitrogen. The cyclohexene is distilled into carbon tetra­

chloride contained in. the receiver :flask . By means of nitrogen 

pressuxe, the solution may be forced throi:igh a transfer arm, 

E1 into the distribution flask, D, o:r may be forced up through 

the sampling tube, F, for analysis. If it is carefully pre­

pared, the solution may be kept fairly free from peroxide for 

a few days, and portions of the solut ion may be used in 

successive runs. 

The aqueous phase transfer procedure was 'the first pro­

cedure to be developed which practically eliminated the 

peroxide complication . It is a very lengthy procedure. however, 

and it was difficult to arrange a continuous period of time 
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B 

Figure 1. Distribution-boiling Apparatus 

A. To mercury seal 
B. Nitrogen inlet, or outlet to atmosphere 

(via three-way stopcock) 
o. Upflow stirrer 
D. Distribution flask 
E. Transfer arm 
F. Sa.mpling tube (with ty"gon tip) 
G. 11 T11 stopcock 
H. Receiver tube 
I. Mercury sintered-glass valve 
J. Distilling head stopcock 
K. Cyclohexene distilling flask 



.... 24 

suffic i ent to make a run. It was ·then t h.at the shorter 

distribution- boiling nrocedure was conce ived. It wcu.~ shown 

in a d.ete r rn ina. t ion of' ~ that t his pr ocedure gives essent i a lly 

the same res ults e,,s the a.aueous phase transf e:r procedure. 

The dis t ribution-boiling procedure was then used to determine 

the dis t ribution co:nsta11t~ a t the ini ti.a l e lectrolyt;e concen­

tra tion, in the early exper i ments wi th acid a nd. sa.lt solutions. 

In the :remaining ex-periments, the distribution constant at the 

initial electrolyte concentra tion was determined by t he d irect 

dis tillation pr ocedure~ This procedure, the l as t to be deve­

loped, is even shorter than t he distribution-boiling procedure , 

and it too was virtually free from error due to peroxide 

forma tion. Detailed procedures are given later (p . 26 ff.). 

After a distribution experiment has been completed, the 

dilut ion-reBtirring procedure may be "a.pplied. By diluting the 

:residual aqueous layer with oxygen- free water a,nd . restirring, 

the determina tion of distribution constants a t a series of 

concentra tions of the same electrolyte may be grea tly acce l e­

r a ted. By observing the rate of the end-po int c,)lor return, 

it wa.s found tha:t dilution-rest irring may be a,pplied to one 

cyclohexene-carbon tetre,chloride solut ion as many a t. th:ree 

times without serious peroxide effect. 

Stirring, j3et;tli ng , a nd Sanmline: . •rhe distribution ~nas ca rried 

out in a 500- ml . standard- tapered three- necked f l ask having a 

mercury-sea led s t irrer in the center neck ( figure 1). The 
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f l as; waG kept in a t hermosta t a t 25.0± 0.1°. The mercury 

seal was of the con,rent i onal t y:pe except tha. t a stainles s 

steel t ube was he1d with in the inner gl ass tube by means of 

a rubber connection. Thts arrangement provided a metal bearing 

f.o:r the glass st irrer, and was designed t o prevent the formation 

o f gl ass du.st wh ich might interfere with settling . rrhe inner 

gl as s tube of t he seal wa,s fused to a stand.ard .... ta.pered ma.le 

joint which fitted into the center neck of the d istribution 

flask. The me:rcuxy sea l stopcock, wh ich w·as sealed to t he 

gl as s just above t he male joint, led iria R 3-v-~-ay stopcock ta 

the a t mosphere (as a pressure r elease) or to the nitrogen 

sys·tem . Traces of oxygen were removed from the nitrogen by 

pass ing it through t wo wash bottles conta ining alkaline 

pyrogallol solution . For preliminar y flushing operat i ons,. 

however, nitrogen was t aken directly • from the nitrogen cylinder . 

The s tirrer 1ivas of t;he upflow type described by Pat terson 

(17) . When the stir:re:r. was :rota ted, the organic phase was 

dr awn up inside the hollm1 shaft and spr a,yed out through the 

jets in small drops . The jets were pl aced a lit tle below the 

aqueous surface, so t hat t he a. t mosphere in the dist:ributj,on 

:fl ask would not be drawn into the i ssuing stream of dropl~ ts 

by vortex act ion. The jet tips were turned slightly upward 

to throw t he droplet into the upper regions of the aqueous 

phase. The tota l effect was to fill t he ent ire aqueous pha,se 

with a mas s of s•,virling dropl ets , a,nd inti:ma te contact be t ween 
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the t wo phases was thereby obta ined. 

After the solution had been stirred foI· one-half hour or 

less, it was allowed to stand while the droplets of the organic 

pha se gradually se t tled out of the aqueous phase. Samples of 

each phase were t aken a fter varying periods of settling . The 

effect of variations in the length of t i me allowed for st i rring 

and settling will be discussed in later sections . 

Sampling of the distribution layers was accomplished by 

means of a 3-way stopcock pipet, the s t em of vvhich was fitted 

into a one-hole rubber stopper. To obta in a sample, a slow 

stream of nitrogen was admitted through the mercury seal stop­

cock . The glass stopper was then withdrawn from the side neck, 

and the pipet v.ras ins erted until the rubber stopper made tight 

contact with the joint. After the nitrogen pressure had forced 

up enough liquid to fill the pi pe t, it was gently withdrawn and 

replaced by the glass stopper . The stopper was allowed to re­

main loose for a period of time during which nitrogen continued 

to flush the vapor space. When the organic pha.se was sampled, 

the aqueous phase was prevented from entering the pipet by 

mainta ining a slight nitrogen pressure in the pipet as it was 

lowered through the aqueous layer. 

Procedure . for Distillation of Ciclohexene into Ca.rbon Tetra­

chloride (Figure 1). A pipet conta ining the desired volume 

of carbon tetrachloride is inserted i n the tygon tip of the 

sampling tube, F. The 11 T11 stopcock, G, is opened to the 
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sampling tube and the receiver tube, H, the s topcock. of the 

mercury sintered- glass valve, I, is opened, and the carbon 

tetrachloride is run into the receiver flask . Just before the 

last drop of carbon tetrachloride drains from the pipet, the 

"T" - stopcock is rotated to connect the receiver tube with the 

transfer arm, E, which has been previously flushed with nitrogen, 

a.nd nitrogen entering at the transfer a.rm is bubbled through 

the carbon tetrachlor i de for several minutes. 

The 11 T11 stopcock is closed, and the carbon tetrachloride 

is gently refluxed for fifteen minutes . During the ref'lux 

period, a slow stream of nitro ~en is passed in from the distil­

ling head stopcock, J, and out through the mercury valve . The 

carbon tetra chloride is cooled 1,vhile the stream of nitrogen is 

cor1 t inued, so t hat the mercury will not be drawn into the 

system . The distilling head stopcock "is closed , and the cyclo­

hexene is distilled into the receiveT flask until a count of 

the drops of distillate indicates that a cyclohexene-carbon 

tetrachloride solution of approximately the desired concentra tion 

has been obtained. 

Aqueous Phase Transfer Procedure (Figure 2). The transfer 

flask, A, i s initia.lly absent from the apparatus . The di stri­

bution f l ask , D, ie flushed with a few liters of nitrogen, over 

a period of not less than one hour . The nitrogen i s admitted 

through the nitrogen inlet, G, and is released to the atmosphere 

via the "T" stopcock (beyond H) except for occasional brief 
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Figure a. Aqueoue Phase Transfer Appa.r tus 

A. Transfer flask D. Distribution flask 
B. Transfer flask short arm E. Upfiow stirrer 
O. Transfer flask long arm F. To mercury seal 
G. N1tro~en iplet. or outlet to atmosphere (via 3- y etopcook) 
H. To "T• stopoook of d1et1111ng setup (as in figure l.) 
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intervals when it is :released through the stopoock of the 

tranzfe:r fla sk lo:ng a:r.m , C. Meanwhile, about 700 ml. of w::--1. ter 

is distilled under nitrogen in a separate distilla tion setu.p 

i n wh ich the transfer flask is 'the receiver. The 11 r.r11 stopcock 

i~ closed, and the transfer flask long a rm stopcock i s opened . 

The transfer flask is removed from the wa t er distillation 

setup and quickly placed on the dis tribution setup . For a few 

minut~s therHafter, n t trogen i s bubbled through the 1,fa te:r and 

released t hr ough the transfer flask short arm, B . 

The t:ra,ns fer fla sk long a r m stopcock i s closed, and the 

short arm is atta.ched to a wa. ter asp irator. The wa ter in the 

transfer flask is warmed slightly and allowed to boil a t 

reduced pressure for twenty minutes . 'fhe 11 T11 stopcool< is 

opened. meamvhile , so t hat nitrogen continues to flush the 

distribution flask. 'l1he "T" stop cock . is then rota ted to 

connect the distribution flask with t he receiver flask conta in--, 

ing cyclohexene-oarbon tetrachloride solution (see figure 1) . 

Nitrogen is admitted through t he distilling head s topcock 

(J, fi gure 1), a pressure release im provided via the mercury 

seal ~topcock, and about 20 ml. of the cyclohexene-ca rbon 

tetrachlor ide solution is forced over into the distribution 

flask . 

Nitrogen pressure is applied a t the transfer flask short 

arm, B, the s topcock of the long a:rm , C, is opened, the mercuxy 

seal s topcock is closed, and about 415 ml . of wa ter i s forced 
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over in·to the di s t :r i'outlcm :fla~'.lk . Wh i le the wa te:r i s flowing , 

the -transfer a r m of t h t1; cyclohexene d :!. s tilla tion setup is 

gently withdrawn from ·the distribution f l a sk > a,nd a gl a s m 

~toppe:r is in~erted loosely in the s ide neck. When enough 

water ha,s been transferred, ·the transfer flask long arm stop­

C(;Ck i s clot3ed . Nitrogen is passed i:n from the mercury s eal 

stopcock while the transfer f lask setup h1 with.drawn fr-om the 

Bide neck and quickl y Tepl a ced by a glass s t opper, inserted 

loosely. The va,po:r apace in the dis tri but ion fla sk is flushed 

with ni trogen fox several minutes, the glass stoppe:rs a.re 

tightened 1 'the mercury s eal sto p cock is closed, and stirring 

i s begun .. 

Distribu·tio:n-boiling Pro0edure, (Figure 1) . About 415 ml . of 

the a queous solution is placed. in the distribution fla.sk , D; 

and the HTn stopcock, G, is o ened to the distribution .flask 

e,nd t he atmosphexe. The !!!lolution is boiled for a few minutes , 

and at the same time it i s stirred to prevent bumping . Mean ... 

while , the vapor space above the solution is flushed with 

nitrogen entering a t the nitrogen inlet, B. The open side 

neck is then closed with .a, cork fi ttecl ,vi th a the:rmometer whi ch 

dips into the solution . The 11 TH stopcock is closed, and 

hea ting i!!!l discontinued. The solution, while be ing s tirred, 

is cooled with an ice-bath until the tempera ture 1~ 25° . 

t>ux-ing the cooling, sufficient nitrogen is a dmitted to keep 

the pressure in the flaf:'!!k a little above atmospheric pl"essure. 
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Th£.; preei;sure ts i ndi cated by the dif fe:r.-ence in the levels of 

mercury in the outer and inner sectionm of the seal. The 

ice-~ba th i s replaced by a 25° thermos t .at , and the f l ctsk is 

opened to the a troosphe:te via t he mercury~ sf:;?..l £ topcock. 

A sl:tght nitrogen pressure is built up in the cyclohexene 

d.1.st i llation a pparatus by passing nitrogen in through ·the 

dis-tilling head gtopcock , J • a.nd out through the mercury 

s inte:red- g1ass val "e , 1 . 'rhe tygon tip of the sampling tube, 

F' , is closed by means of a. screw olamp . 'I'he mercury valve 

s topcock i s closed, and 't;he 11 'l'" stop cock is rota ted to connec t 

the :receiver tube, H, t'ii th ·the tra.ns fe:r arm , E . Af ter about 

20 ml . of cyclohexene- oa rbon tetra.chloride solution has been 

forct3d o .rex into the d :i. 0 t ribution flask , 1,he 0 T11 stopcock iii 

rota. ted to connec t the transfer a :rm i,5. th t he s ampling tube . 

Nitrog-en i s pa.ssecl in through the mercury sea.l stopcock , and 

'the clamp on the tygon tip of the sa,mpling tube i s unscrelved. 

A:.ft€r the vapo:r space in the distribution :flasl;: ha~ b©en 

flushed wi th nitrogen for severa l minutes , the mercu.xy seal 

and 11 T11 stopcock~ are closed, and stirring i s begun .. 

Direct Distillation Procedur e . A gla■s s topper i s i nserted 

in one c,f the side necks of t he d.intribu·tion flask . A one-hole 

stop .er fitted with a glas s tube tha t extend~ to the bottom 

o f the flask is p laced i rt the other r1 ide neck . '?h:roughout 

the sub sequent ope:ra tionfJ, the vapor spac e i s flushed with a 

8"!:; :rea,111 of nitrogen adrnitted at the seal stopcock (B, fig. 1 ) . . 
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J;.:fter the empty d i (5t:ribution flask has been fluehed with a few 

l:t ters of ni tror~en 1 the stcp:)er wt th the gl ass tube is :removed, 

and 25 ml. of carbon t;etrachlori de is pour ed i.nto the f'l~~sk. 

The glass 8topper is removed , the stirrer is started 1 and the 

carbon tetrachloride is gently boiled . After a f.ew minutes f 

a. cork which has t , slit :in 1tg side ir, inse:eted in one of the 

0ide necks . 'I'he male joint of i;he condenser which i~ attached 

to the cyclohe xene d:i.st:1.lling flask , K, is insert.ed in the other 

side neck . 'l'he d:i.rr1til1ation of oyclohexene i£'l star ted, and 

boiling and stir:ri ng of the carbon t@t:r.achlo:ride is discontinued. 

'l'he dist;illation :ls continued until a count of the drops of 

distillate indicates that the distribution f l ask contains a 

cy-olohexeine- earbon tetrachloride solution of approximately t he 

de.:, i:i."ed concent:r.8.ti.on . The condenser is removed. from th(~ side 

neck, and a gl ass stopper is inserted loosely. The slit cork 

is repla.eed by a f1..mnel 1 and about 415 ml . of t he aqueoug / 

solution, prev i ous ly boiled and cooled w1de:r ni t:rogen , is 

poured in through the funnel . ·rhis ie then repla.ced by a 

gl as$ 1rtoppe:r; :lnse:rted loose:ly. A:f te1· the vapor space in the 

distribution flask has been flushed with nitrogen for sever-al 

mir1utes 1 the glass stoppers are tightened , t he me:rcu.ry sea,l 

stopcock is closed, and stirring is begtm. 

fJi l1}.~Gion-l'eGti:r1·,:tng P:rocedu:r.e . 'I'he distribution flask oon ta ins 

the residue from the p:revious distribution experiment. Aqu.eoue 

s nmpl e s and ad.di tlorw.-1 portions of the aqueoue layer -r;ere 



previously withdr awn until the re sj_dua l a queous volurne was 

such tha t a convenient electrolyte concentration woul d be 

obtained by dilution. Nitrogen is passed in from t he mercu:r.y 

seal s topcock, and the gl ass s topper in the s i de neck of the 

distribution flask is repl aced by a funnel . Wa ter; previous ly 

boiled and cool ed under n itrogen, is added t h:eough the funnel 

until the surface of the l iquid is a little above the stirrer 

jets. •rhe :funnel is then rep l a ced by the gl ass stopper, 

inserted loosely. After the vapor space has been flushed with 

nitrogen for several minutes, the gl a ss stopper is tightened , 

the mercury sea l stopcock is closed, and stirring i s begun. 

DISTRIBU'.1'.'ION PROBLEMS 

Re l a tive Preci s ion o:f Hi gh and I.iow K Values. Since [ is 

inversely proportiona l to the aqueous phase cyolohexene concen .... 

trat ion, a.nd s ince the concentrat ion of cyclohexene i n the 

orga.nic phase was relatively consta,nt, an increase in the value 

of K indicated a decrease in t he aque ous cyclohexene concentra­

tion. Since a decrease in the aqueous phase concentrat i on was 

a ccompanied by a corresponding decrease in the precision of the 

analysis of this phase , the reliability of high K values was 

generally less than t hat of low K values . 

Common Errors. Some of the common so urces of error tha t increas e 

the value of [are : (a ) failure to satura te the aqueous phas e 

with cyclohexene during the st irring period; (h) los s of cyclo­

hexene from the a queous phase by chemica l r ea ction during the 
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settling period; and (c) evaporation of cyclohe xene i r_1t o the 

vapor spa ce tha.t has been desa tura ted during samplinp; . Errors 

t hat decrease the value of l commonly a.rise from: (a ) i ncomplete 

settling- out of the organic pha se; (b) presence of per oxide in 

the organic layer prior to stirring; and (c) format ion of 

peroxide during the stirring per iod. 

The Effect of Peroxide . 'rhe ma jor experimenta l dif' :f icul ty in 

obtaining accurate distribution constants is tha, t of avoiding 

peroxide formation . To a ccomplish this , it is necessary to 

deoxygenate the distribution materials , combine them in the 

distribution flask under oxygen- free conditions, and theil ca rry 

out the subsequent operations of stirr ing, settling, and 

sampling without reentry of oxygen . Since nitrogen has a proxi­

ma tely the same density as the oxygen tha t it displ a ces, the 

remova l of oxygen i s a difficult process ; and since the gases 

a re i nvi s ible , it is not known until the stability of the 

end- point is observed whether or not the process ha.s been 

successful . I:f there ha s been apprec iable peroxide format ion, 

it is difficult to determine the oint in the process where 

the oxygen wa. s not removed , or was allowed to reenter . It was 

necessary to discard the results of a few experiments performed 

by the final procedures, because the rapidly drifting end- point 

indica ted that oxygen was admitted b y some unknow11 error in 

the manipula tions . 

Cyclohexene at room t emperature can react quite readily 

with atmospheric oxygen (18) . 'fhe reaction is es sentially, if 
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not exclusively, a li quid phase reaction (19). It was f'o xmerly 

thought tha t a cyolohexene peroxi de, in which oxygen is a tta.ched 

to the double bond, was f ormed. It vi.ras l a te r shown (20) tha t 

the rea.ction product is a cyclohexenyl hydroperoxide, in which 

the OOH group i s adja cent to the double bond . One mole of the 

product absorbs one mole of bromine; mor~over, the hydroperoxide 

g.roup may act a s an oxidizing a gent {21). 'l'he simpler desig­

nation " peroxtde 11 is used t hroughout thi s pa,per to denote the 

hydroperoxide . 

In distribution experiments, the ueroxi de and the cyclo­

hexene of the organic l ayer dissolve into the aqueous l ayer 

a lmost independently , a nd since both peroxi de and cyclohe xene 

react with bromine during the a nalysis, the ca lcula ted l va lue 

is l ow ~ 'l'he peroxide, by virtue of its more pola r cha r a cter, 

d issolves in the aqueous l a yer to a. t ·least t wo hundred times 

a s grea t an extent as the cyclohe xene (22). Consequently , a 

very sma.11 a.moun t of peroxide has a l a r ge effect on the va lue 

of the distribution constant . 

The bromina ted peroxide slowly oxidizes the iod i de ion , 

and the pre s ence of peroxi de i s revea led by t he end-point 

dri.ft, i . e ., - - the gradual reappearance of t he blue starch-

iodine color. As the peroxide concentration decrea ses, the 

rate of i-od ide oxida tion due to this factor eventua.lly becomes 

so low that it is difficult to distinguish it f rom the r a te of 

iodide oxida tion due to non-pe:roxide factors, a rate which 
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varies emp irically with such factors a,s a.cidi ty, oxygen contact; 

a nd lighting conditions,. An a ccurate anal:rsis cannot be readily 

obta ined by allowing the titrated solution to stand until 

essentially a ll of the brontine which was reduced by the peroxide 

is regenerated as iodin~ because the reaction is obscured by the 

presence of iodine due to non-pe r oxide factors ,. 

To obtain quantitative dat a on the magnitude of t he error 

due to peroxide, the solutions iftrere rapidly ti tra.ted to the 

end ... point , and ·w-ere then allowed to stand for one hour, under 

uniform lighting condi·tions. The an10unt of color that developed 

duxing this period was determined by again t i t ra. ting to the 

end-point·. The data thus obtained were compared with the data 

obtained from the corresponding blanks . In general , the com­

parison indicated that a trace of peroxide was present in the 

sample·. I ·t is there fore likely that ;- most of the l values are 

very slightly low. It is not likely, however, that the error 

in any case is large eno11fsh to affect the general conclusions 

based on comparison of the K values. 

'11he data of the preliminary ex-pe:riments shown in Table 

III were obta ined during the development of peroxide-free 

procedures . The drifti11g end-points indicatecl that moderate 

a.mounts of peroxide viere present in a ll of the e xperiments. 

The marked efi'ect of peroxide is illustrated by the Kw values. 
2 These were all far below 38.4 x 10, the value found by 

peroxide-free procedures. 
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St irring and. SettlinP:• Since ·the organic phase cyclohexene 

concentration wa.s from three thousand to thirty thousand. times 

as grea.t as the aqueous phase concentration, it v'li-as essential 

that the o:rgarlio pha,se should settle complQtely out of the 

a.queoua phase . Since cyclohexene solution12: usu.ally undergo 

slow reactions wh ich affect the value of!., it was a leo 

important to avoid long per iods of settling and stirring . 

For meeting a.11 of these :requirements, the upflow type of' 

stirrer was espec:l.ally suitable . The size of the ;jet tips 

of the stirrer was such that the organic droplets were small 

enough to sa tura.te the aq1..1eous phase in a short period of 

ti.me, yet l arge enough to settle out r apidly. 

_The ad.vantn.ges of this type of stirring v, ere greates t 

at the highest electrolyte concentrations. The increase in 

the density a.nd viscosity of the aqueous phase caused by the 

addition of an electrolyte opposes rapid settling. Neverthe­

less, even when the aqueous pha. se i.m s 8 M, su.lfurtc acid, 1,,vi th • 

a specif ic gravity (l.44:) very close to the specific gravity 

(about 1.51) of the carbon tetrachloride l a.ye:r> the aqueous 

layer was clear after less than one hour of settling . In 

stirring some of the solutionc of high electrolyte concent:ra.­

tion, the organic phase was so thoroughly dispersed in JGhe 

aqueous. phase that only t wenty minutes was a llowed for stirr i ng , 

i nstead of the usual one-half hou..r. 

It seems li~ely tha t the changes in concentra tion of the 
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oyclohexene in the aqueous l aye.r 1,vhi ch occur during the 

settling period are due t o some or a l l of the f ollowi ng 

proces ses : (a. ) settling.out of the or gani c phase ; (b) evap­

ora tion of cyclohexene i nto the vapor phase ; (c) d i ffus i on 

of cyclohe:xene f l"ora the organ ic phase in t o t he aqueous phase; 

(d) peroxide f ormation ; and (e ) hydrat i on , addit i on of ac i d 

to t he double bond, and pol yme riza ti on . In most of t he 

di s tribution ex eriments , a sampl e of the aqueous phase was 

t aken a t some part icula. r time of set tling, and one or more 

s a mples ',r:e r e t a.ken aft e r cer ta i n dd :i. tiona l pe:r tods of settl i ng . 

The d,,:1, t a thu s obtained ind,i cate tha.t i f the pre scribed p roce­

dure s a re f ollowed. there i s an :l.n. i tia l per i od of one hour or 

les s in which the or gan ic phase se t tles out fa. irly r apidl y, 

and tha t the conoent1'ati on of cyclohexene i n t he aqueous phase 

changes slowly therea fter. 

In gener a l , a fte r the i ni tial settl i ng- out per i od , the 

change i n concentration in any half-hour i nte1·val was no 

grea. ter t han t he usua l variat i on i n t he result s of duplicate 

anal ys es . Since cyclohexanol :1ould not reac t 1/ith b:romi ne 

during t he analys is (11), t he rate of hydra t ion in these 

s olutions is probably low or negligible . It wa ... s neire:rtheless 

i muor-ta.n t t ha t the ca lcula tion o:f K values be based on sartr:::>les 
.t. - .£,; 

taken a.s s oon as poss ible after the i nitial s e ttling- ou"c 

period, s i nce s l ow changes l u concent r a t i on may in time give 

ri se t o l ar re errors i n t hese va lues . Dur ing l ong ,eriods of 
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settling i n aqueous acid solutions , there was a decrease of 

1 to 31, per hour in the value of the cyclohexene concentrat ion 

calculated from the analytical data . 

Effect on Value of Kw of Varia tions in Stirring Time, Settling 

Ti me, and ~~aunt of Peroxid~. A number of deductions may be 

made from Table IV, wh ich gives the va lues of Klv obtained in 

experiments with varia tions in stirring time and set t ling 

time, and with small or inconsiderable amounts of peroxide. 

(a ) The t wo runs (1 and 3) with t he shortest stirring 

time, ten minutes, were the only experiments i n wh ich t he~ 

values decreased with an i ncrease in settling time . 1rh ie 

suggests t hat ten minutes of stirring was insuff'ic:lent to 

saturate t he aqueous l ayer with cyclohexene, and that the 

cyclohexene gradually diffus ed into thi s l ayer during the 

settling period. 

(b) The :ru.n (2) with the shortest se ttling time , fifteen 

minutes, was the only exper i ment in which there was a. substan­

tial increase in K a fter an additional half- hour of settling . 
"""'JlJ' 

This suggests that the organic phase was still settling out at 

a modera te rate after a fifteen minute settling per iod. 

(c) In the experiments with a thirty minute stirring 

time, the effect of per oxide is evident . 'fhe highes t values 

of K were obta i ned in the runs (5 and 7) in which the amount ....,.,, 

of pero xide was lea.s t. On the bas i s of these t wo :runs, made 

by different but apparently equally :rel i able procedures , the 
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2 2 best va lue for ~ is 38.4 x 10 • ± 0.4 x 10 . 

(d) I n the e}:periments with a thirty mi nut e s tirr i ng 

time, lit t le or no change in t he value of~ occurred f or a t 

least one hour a fte r the initia l one-half hour settl ing period. 

In conj unction with the r e s t of the da ta, this sugges ts t hat 

thi r ty minute s of stirring -wa,s suff icient to equilibra te t he 

t wo phas es, tha t the proces s of settling-out itl18, S essentia lly 

completed i n the initia l t h irty minutes , and t hat ot her possible 

proces ses which a lte:r the oyclohexene concentra tion did not 

occur to any appreciable extent for a t l east one hour therea fte r . 

DI STB.I1:1UTI01J DA'fA 

IJ'he da t a obta. i ned i n the di s t r i bution experimen t s with 

a cid and sa lt s olutions a re given in Ta bles V and VI. The 

concen trat ion of cyclohexene in the organ j.c phas e d id not 

change appreciably in severa l hours. The va lue of t he con­

centra tion t alien f or ·the calculation of K was an a vera ge of 

t he e xperimenta l v~lues with sma.ller weight given to va lues 

obta i ned a fter the fi r st f ew hours of settling . 

The aqueous phe,se cyclohexene concentrat ion was subject 

to modera te change in the course of a f ew hour s of settling. 

The concentr a tion value used t o oalcula te !, was genera.lly the 

knotttl or extrapola ted va l ue at 3/4 hour set t ling time. This 

choice of time was compatibl e with t he t abula t ed. data, which 

i ndica ted t ha t 3/4 hour was sufficient for compl ete settling 
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Table V 

Distribution at as0 of Oyclohexene between Carbon 
Tetrachloride and Aqueous Acid Solutions 

Organi·C phase Aqueeus phase 

Aoid 
Set.- o6H10 oono.n. Set- GaHio oonen. 
tling • • va.lu., tling • value 

¢e,nen, tlme obs. :fo:r l time obs . fol· I{ 
)I hr . l I h:r . :u X io -.. -

Sulfuric aeid 
a 2.96 2.2 o . 958 0 . 951 0.8 1. 11 1.11 

24 . 5 0 . 954 1.a 1.1s 
24 . 0 0.86 

2 . sea. 3. 5 0 .970 Q. 96'1 o.s 1 .12 1 .12 
4 . 0 o . 959 1.5 1.08 
4.2 0 .971 5.0 1 .04 

1 
•·· b 

.09 6 . 0 O. i68 0.9SG 1 .. 0 1 . 73 1.73 
6 .. 8 0 . 964 a.o 1 . 84 

3.0 1 . 64 
4.G 1 .49 

2 . 408 2. 5 0 . 970 o.9,o 0.8 1. 29 1 . 29 
1 . 2 1 . 30 

l . 40b 2. 0 0.905 o .. eas o.e 1 . 59 1. 59 
so.o 0 .. 994 1.2 1.eo 
21.0 0 .985 22.8 1 .29 

e.zeb a.o Q. 997 0 . 992 o.s 2.aa 2.87 
2.2 (),.995 1.0 2 . 26 

18. 8 0. 985 20 .. 5 1 . 11 

a.o'!/1 1. 8 1.05? 1 .058 1.0 0.$2 0 . 53 
7 .8 1.oso i .a ().49 

7.0 o.as 
11 . 0 0.69 

:x 
I. 2 10• 

86 . 2 

86 . 4 

5$ . 9 

75.2 

82 . 0 

43 . 7 

803 

a. De 4:lst:rtbuti~n-beili.ng procedure was used .. 
b 'fh1s experiment was perfoi-med by dilution.-restin'i'ing of tbe 

expettment preceding it in the table . 
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table v (conttmaed) 

Distribution at zs0 otCye.i,ehexen~ between Oa:rbon 
Tetl'-aehloride and Aqueous Acid Solutton.e 

OrganS..c pha.$e Aqueous ph&$e 
$$t..,. 03Il10 eonon. Set.- Oa!110 eoncn. 

Acid tling value tl1ng value 
conen. time obs •. fo:r K time obs . fgl K -M. h:J! . M I hi-. l X 

1l![ll!llll' -
Hydroehlor1o a.oid 

3 .048. o.s 1.34() 1 . 242 o.s 3 .. 05 3.05 
1.3 l.344 1 . 8 3.05 

1.73» 1.5 1.230 1.230 0 . 5 2.ea 2.66 
1.a a.s, 

0 ?6-
. •• . ', 0.3 1 .250 l .244 0 .. 5 3 .$5 8 .$6 

1 . s 1 .. 23? 1.0 2.11 
21,S 1,2$1 20.0 a.22 
22 .0 1.251 

:s . 02& o.s 0 .875 0.816 o.s 1.,.5 1.95 
1.s 0,871 2.0 1.se 

l..97'b o.s 0.884 0.884 0.8 'I • .,: 6 
""' .- l.7$ 

l~O 1 .. 7$ 

o.aob 0. 3 0.87? 0.877 0. 5 1 .18 l.79 
1.0 1 .80 

o . 34l> 1.5 0 . 885 o.eas 0,5 2.03 2.oa 
1 .o 2.01 

" fhe ·41reet diettlla.tion prooedu:rte was ,uu~d. 

It 2 · • · · 
lt ro· 

40.7 

43.2 

43.$ 

44,8 

50. 2 

4,$.0 

43.8 

I> 1h18 e~eriment was perfo,nned by dilu:bion•x-esttrt-1ng of the 
e,cperimellt preceding it tn the table. 
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Table V (continued) 

n1st:ribut1on at. 856 ~f Cyelohexene bet.ween Qa.i-bou 
'tetracblol."i.de and Aqueous Ao1d Solutions 

Acld 
eonene: 

l 

3 a .oo 
2.21 b 

1 .1,3b 

a.oea 

1.79'b 

. b 
().58 

0.8 o.s,e 
.. . . . \ ... , •· •. 

0 .3 1.010 

4.0 0.936 

1~5 o.9-40 

1.5 o.B*-9 
17.0 0.945 

Perehlo~Sd aotd 

().:879 1.2 3.58 

0.994 1.9 3.05 

1.010 o.s 2 .. 76 
1 •. 2 2.12 

N1t:r1c ee1ct 

0.935 o.a 3.43 
8.5 3.3§ 

o.940 0.5 a.as 
1.0 a.e1 

().94$ 0.5 a.s~ 
1.0 2.55 

l5.5 1.21 

.a The ctire-et dist1llat:t.on -ocedure ,,as used. 

3.68 

3.05 

2.,s 

3.43 

2.83 

a.ss 

a?.3 

:;a.a 
36.8 

27.3 

33.2 

37.4 

b This experiment wa.s perfoll'med by d11ution-rest1r-ring of the 
eXJ)e,..iment p:reeecUng 11 1n. the tablt .. 
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Table VI 

Distribution at as0 of Cyclohexene between Oa'l"be>n 
Tetrachloride and A~ueous Salt Solutions 

2. 52a 

2.os0 

1 .,53& 

o. e1'b 

1. 0 l.060 1 , 060 
1e.o 1.000 

1 . 5 l . 0$8 1 . 058 

15.0 1 .087 1.os1 
11. 5 1 ,066 

a.s 1.oae 1 . 084 
3.2 1.os1 

1.s 1, .oee 1.oaa 
2. a 1 .068 

o.e. 
1. e 
5-5 

0.3 
o .• 7 

0~1 
1.0 

o.s 
1.0 

o.a 
l .5 
0. 5 
t .·o 

o.s10 o.s,o aa3 
0 .4$& 
0.370 

l . 285 l . 265 t3'3.i 
1 . 255 

C) ., 535 0 . :5:30 200 
0. 52a 

0.6'75 0 . 670 159 
Q. 6$5 

0 .. 950 0.9$0 114 
0.945 

l .810 1.105 so.a 
t .aoo 

a The distributio~b$iling procedtll'e was used . 

b this experiment was performed by dllution-reeti:rring oi 
the experiment preceding 1t in the table . 
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Distribution at .21<:> •t CyelQhexene betwetll Carbon 
'letra.eh101:ide and Aqueous Salt Solutions 

. . a 
0 3· .. 1.011 1 .011 (,-6 0.7V$ 0.,,5 1.02 •. 

2 .,,,. o.z 1..014 1.014 0 ~-6 0.931 0.931 

1.,:;'b 0.3 1.00$ l,.009 0.8 1.18 1.18 
1. 2 1.0:io 1 .5 l.~16 

0.87 'b 0.3 1.01s 1.01s 0.,5 . l .73 1.12 o.e 1.12 

. a. 2.90 )..5 1.070 1 .. 0,0 Q. 8 l, .oa 1.09 
2 .0 1 . iaa 

b 1.73 • 1.a 1.066 1.ose 0 . 5 l .. 5f l.59 
l"'O 1.59 

111 

10t 

85.S 

59.0 

98 

a, .. 1. 

2 .0 1.194 1.194 
2.i 1.194 

0 .5 
1.0 
1.2 

2.36 s.is 10.e 
2.34 
2. 35 

• The di,1:eot dis1111a:tion procedutte ft$ uaed • 

._ th.ls tlq)e:rtment was pe:rfcl'med by d1lutton•rftstil':r1ng ot 
the experiment p:reeed.ing it 1n the table. 

0. The distribution•boiling p:roeedure was U$tt1·. 
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'but not for appreciable change by othe:r processe s . Although 

it . was sho,r,,'11 i n experiments with K that 1/2 hour settling 
..,.N 

time was adequate 1 3/ 4 hour was allowed in the e xperimen·ts 

wi •th ac i d and sa l t solutions because se ttling wa. s s lower in 

these solutions than in water. 

The tabulated K_ values and log I< values ; excep t for the 
10-

8 ! sulfuric acid experiment, have been plotted in Fi gures 3 

and 4 as a function of the electrolyte concentrat ion. '11he 
".:> 

curves for [ all meet the r-a xis at approximately 38 . 4 x 10.!J , 

the experimental value of K . Since _K is plotted so that it - w 
increases as the curve descends, points below the value of 

K, i.e .. nwnerically higher, indicate a salting-out of 
~ - - ,, 

cyclohexene in the aqueous phase and vice versa . The data 

for perchloric and nitric a cids correspond so well that a 

single curve satisfies the values for . both acids . The two 

curves for hydrochloric acid represent the data obta ined in 

two series of experiments. In the upper curve, the organic 

phase cyclohexene concentration was about 1. 24 M,; in the lower 

it was about 0.88 M.• 

DI SCUSSION OF RESUL'fS 

It is seen from Figure 3 that the aqueous phase cyclo­

hexene concentrat ion is in every case gree,ter in the acid 

solution than 1n the equimolar solution of the corresponding 

a l kali salt. Moreover, the order of anions for increas ing 
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Figure 3. Plot of Distribution Constant 
against Aqueous Electrolyte Concentration 
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Figure 4. Plot of the Logarithm of the 
Distribution Constant against Aqueous 
~lectrolyte Concentration 
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aqueous cyclohexene concentrat ion - viz., bisulfate ; chloride ; 

perchlora te or nitrate - is essentially the same for the salt 

curves a.s for the acid curves. These facts sugges t the pos­

sibility that the concentrat ion of cyclohexene in the aqueous 

phase is determined by independent addit ive eff ects of the 

cation and anion. 

rrhe relative position and general shape of the curves 

are compat ible wi th the interpretation tha t a t low electrolyte 

concentrat i ons the curves reflect primarily a salting action 

on the aqueous cyclohexene by the individua l i ons of the 

electrolyt e . A particula r ion has nearly the same re l ative 

salt ing a ction on different nonpol ar solute s (33, 24 ). In 

general, the l a r ger t he i on and the smaller its cha r ge , the 

smaller is the salting-out effect or t he grea ter i s the 

sa.1 ting-in effect ( 23 , 25). The sa,l ting ac t i on o f hydrogen 

ion is equivalent to ·tha t of a l arge univalent cat ion such as 

rubidium ion (26). Other investigations have shown tha t the 

salting-out a ction of the pertinent ca tions i s in the order : 

sodium)potassium ) hydrogen ; for the anions , the sa lting-out 

order is : chloride> nitrate ) perchlora te (27, 26 ). The 

salting action of bisulfa te ion has apparently not been investi­

gated previously {28, 24). The a.nalys is of the da t a for sodlum 

bisulfate and sul fur ic acid is somewhat complica ted by the 

presence of diva lent sulfate ion f r om the s econdary ioniza tion, 

which increa ses with dilution and is greater in sodium bisulfate 
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solution than in sulfuric acid, where the sulfa te ion concen­

tration is reduced by the hydrogen ion from the prima ry 

ionization . 

In or der to examine the da ta for evidence of a complexing 

effect in addit i on to the salting effect , reference is made to 

the logarithmic curves of Figur e 4 . Normally, there is a 

linear relationship between the logarithm of the solubility 

of the nonelectrolyte and the concentration of the electrolyte 

(26, 24) . This rela tionship holds quite \VeJ.l for the salt 

curves up to 1 ! , but small deviations from linea rity become 

apparent a t higher concentra tions . The salt curves may be 

consi dered to represent the normal salting pa,ttern , and they 

thereby provide a standard of reference for deciding whether 

a complexing factor is involved in the acid curves . Since 

complexing would increa se the total ~-queous concentra tion of 

olefin., and since the concentration of compl ex would increa se 

with increas ing acidity , the presence of a complexing factor 

would be indi ca ted in the acid curves by a gradually i ncreasing 

upward displacement from -the line of initial sl ope . 

In cases where the appropriate da.ta a re available, the 

effects of the positive and nega tive ions of the electrolyte 

are approximately additive in dilute solution . Thus , the sum 

of the values of the i nitial slopes of the sodium bisulfate 

and perchloric acid curves is roughl y equal to the corresponding 

su.-n for the sodium pe:rchlora te and sulfuric a cid curves . 1:his 
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additivity is in accordance (26 ) with the interpreta tion tha t 

the curves are primarily a manifesta tion of salt ing effects . 

At hi~hex concentra tions, the curves for sulfuric, perchloric, 

and nitric acids show sl i ghtly grea ter upward displ acement 

from the line of initia l slope than the curve s for sodium 

bisulfate and sodium perchlora te . V'Jhile these s light differ­

ences in curva ture suggest the possibility tha t 'there is a 

smal l complexing factor, the effect is so small tha t it may 

readily be the result of undetermined solubility fa ctors or 

ex-perimental difficulties in determi ning t he distribution 

constant a t high electrolyte concentrations . There is no 

theoretical bas is for an exa.ctly linea r rela tionship in these 

concentra ted solutions ( 24 ), and the only conclusi on that can 

be dra:wn is tha.t the pre sence of complexes is unlikely unless 

their concentration i e very low . 

The basis for the t wo curves obtained with hydrochloric 

acid is not evident, but it may be rel ated to the fact that 

the concentrat i on of cyclohexene in carbon tetrachloride was 

almost 5071' grea ter in the upper curve. For these curves, the 

devia tion f rom l inea rity is pronounced, and the up turn of the 

curves at higher electrolyte concentrat ion is considerably 

grea ter than in the case of potass ium chloride. The presence 

of a minimum i n the hydrochloric acid curves definitely sug­

gests the poss ibility that the curves a re the ne t re sul t of a 

compl exi ng effect superimposed. on a salting- out effect'" 
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However, the da t a. a s a whole suppor t the inte rpre t a tion tha t 

the mi n i mu..'11 is 8.t lea st partia lly due to a specific effec t not 

involving pr oton compl exes, s ince the devia tion from linea rity 

in the curves for hydrochloric acid is much grea ter than in 

the curves for the other a.cids , which should be able to form 

such comple xes just a s readily . In the case of sulf'u:rio acid, 

moreover, a compa.:rable minimum was not apparent, s ince the 

aqueous cyclohexene concentrat ion \"JaS much les s in 8 M. sulfuric 

a cid than in 3 M sulfuric a cid . -
E: xampl es of salting-in of a, nonpola r liquid a re i.nfre­

quently encountered and not well unde r s tood {29 ). It may 

therefore be felt by some :readers ·that the grea ter solubility 

of cyclohexene in pe rohloric and nitric acids tha,n in water 

is i n itself evidence fo r complex for mation involving the 

double bond , becaus e there is in this . case no other reasonable 

'bas i s fo r a salting-in effect . Such a view seems untenable 

because the results of a l a ter i nves tiga tion (Part II of this 

thesis ) i ndica te t hat cyclohexa.ne, which is similar to cyc1o­

hexene but has no double bond, is a lso more soluble in 3M. 

perchlorio acid than in water. It has also been shown i n the 

l a ter inves tigation t hat the salting- in or se,l ting-out of 

ca rbon tetrachloride by 3 [ perchloric ac id, 3 ! sulfuric 

a cid , and 3 M, sodium perchlora,te is roug·hly parallel to the 

salting effects on cyclohexene in the distr ibution system. 

It is poss ible t hat the curves of Fi gures 3 and 4 are somewhat 
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modified by the pre s ence of va rying a moun ts of ca rbon te·tra­

chloride in the aqueous phase . The tendency of cyc1ohe :xene 

to dissolve in the aqueous pha se presumably increase s wi t;h an 

increase in the aqueous phase carbon tetrachloride concentra­

tion . 

Since cyclohexene is a fair l y typ ical olefin, the analysis 

of the data obtained with cyol ohexene in aqueous solutions 

indica tes that if aqueous proton-olefin complexes exist , they 

are present in very low concentration . This does not mean that 

there is nd intrinsic a.ffit1i ty between the double bond and a 

proton, since the proton in aqueous media is strongly a ttracted 

to the 1,~.1 te:r molecules . 
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PA.Rf IX 

TUE SOUJBiliITY OF SOME NONPOt.AR ORGANIC LIQUIDS IN WATER 

AND IN AQUEOUS SOtU'l'IO-N-S OF STRONG ACIDS., 

ALKALI SALTS , AND SlLVIR NITRATE 

THE COORDINATION OF SILVER ION WtTH BENZENE 



PART II 

THlt: SOLUBILI 'I'Y OF SOME NONPOLAR OHG 1N' :tC LI QU IDS I N WA. 'I'F; . 

AND I N AQUEOUB SOLUTIONS OF' STRONG ACIDS , 

ALKALI SAL'l'S , AND SILVER NI 'rRATE: 

'£HE COORDI N'ATI Ol{ OF' SILVf~H- I ON WITH BENZEWF~ 

I NTRO DUCTio:t:f 

The experiments we:r.e initia ted as a re sult of uroblems 

presented by the previous study of postula ted proton-olefin 

complexes (1) . In that investigatio"? , it was found tha t 

cyclohexene distributed between carbon tetrachloride and 

aqueous solutions was more soluble in an aqueous phase con­

taining perchloric acid or nitric acid. than in a pure wa ter 

aqueous phase . In connection with the distribution exneri­

ments , it was of interest to know the solubilities of carbon 

tetrachloride in certain aqueous solutions . 'rhe desired 

solubi1 i ties have been cte ·te:rmined by a new p rocedure, stri pping 

anal ysis , whi ch has also been employed to determine va.rious 

aqueous solubilities of benzene and cyclohexane . The rel a tive 

solubility of cyclohexene in 3 M. perchloric a cid and the 

change of this solubi1 i ty 1.-vi th tempera ture have been compared 
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to the corresponding da t a for cyclohexane in 3M. perchloric 

a cid, where complexing involving the double bond is e xcluded, 

and. for cyclohexene in 1 M, silver nitra te , whe r e such 

complexing definitely occurs. Hela ted solubility da t a ha·ve 

a lso been obtained , with the object of ga ining a better 

under s tanding of the relation bet ~-een sa lting and complexing 

factors in the aqueous solubility of nonpolar li quids. 

In strippi ng analysis , the organ ic li quid is stripped 

from its aqueous solution by pass ing a current of nitrogen 

thro11gh the solut ion. The gas stream is passed through a 

column of Drieri te, which removes t he r:t ter vapor, and t hen 

through a weighed trap , where the organic vapor is frozen ou·t 

of the nitrogen . StripJJing analysis has been emp loyed to 

0 0 determine the solubility of benzene a,t 10 and 25 , and of 

carbon tetrachloride and cyclohexane· 'at 25° in water and in 

aqueous solutions of strong a cids, a l kali salts, and silver 

nitrate . Qua.lita thre data on t he change of solubility with 

temperature have been obtained by the cloudinese method . In 

this method , it is noted whether cloudiness develops when the 

temperature of a satura ted solution is a ltered. 

RESUL'I'S A. ;m DISCUSSION' 

Solubil ity Data. . The best values for the va rious solubilities 

a re given i n Table I. Except a,s indica ted in the footnotes, 

the solubilities apparently have not been determined oreviously. 
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Table I 

Solubility of So:me Organic Liquids in Water 
and :ln Aqueous Solutions 

Benzene, 25° Benzene, 10° 

gr ams/liter moles/liter grams/liter moles/liter 

Water 1 .73a 0 . 022 1.71a 0 .022 

l M. KN'03 1 . 37 .018b 1 . 32 . 017 

1 M_ Ag1m3 5 .01 . 064° 5.77 . 074 

3 M_ Nac104 0 .77 .oio . . . . . . . . 
3 ! HC104 2 .12 . 027 1.76 .023 

3 M_ H2so
4 

0 . 81 . 010 . . . . • • • • 

Carbon '1.'e tra chloride, 25° Cyclohexane, 25° 

grams/l iter moles/liter gr ams/liter moles/liter 

Water 0 .76d 0 . 0049 0 . 060 ± . 010 0 .0007 

1 

l 

3 

3 

3 

M,. K:N03 . 67 . 0044 .049 ± . 010 

! AgN03 . 71 . 0046 . 052 ±.010 

M, NaC104 . 29 . 0019 . 019 ±.015 

! HC104 . 93 . OOGO . 072 ± .010 

M, H4S04 . 39 .0025 . 026 ± . 015 

The anproxima te solubility of cyclohexene ,in water 
at 25° is 0 . 25 gra.ms/lite:r . 

. 0006 

. 0006 

.0002 

.0009 · 

. 0003 

a 
Seidell (2 ) reports the average of determina tions b6 four 
workers as follows : 1.80 g./1000 g . of wa,te:r at 25 and 
1. 63 g ./1000 g . at 10°. A more recent value (3) is 

I . 0 b 1.74 g . 1 . a t 25. 
The literature va lue is 0.0165 mol es/liter (3). 

0 The literature va lue is 0 . 062 moles/liter (3). 
d The literature values are 0.77 g ./1000 g . of' water at 15° (4), 

0 .77 g./1000 g . a t 25° (5), and 0.81 g ./1000 g . a t 30° (4). 
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The solubility in gr ams per liter of solut ion is based upon 

the 1ra lue or avcira.ge of values g iven in subsequent t ables . 

In a fe w instances, a very small extrapol a tion was made on 

the basis of the usual linea.r relationship be·tween the 

logarithm of solubility and the concentra tion of electrolyte 

( 6 , 7), because the eJCpe:r-iment~l solubility vJa,s not determined 

in an electrolyte solution of' the e:tact i ntegral mol a rity 

._,hown in the t able . Values in moles per liter are expressed 

to a lower preci s ion than values i n gr ams per ltter becaus e 

they a re calcula ted from the latter va lues and not d irectly 

from the experimental data . , In the data on the solubility 

of benzene at 10°, the electrolyte concentr a tion is expressed 

in moles pe r liter at approximately 25°, ·the tempe r ature a t 

which the concentration was determined. 

Relative Soh.ibili ties at 25° . 'l1he relative solubilities of 

Table II have been calcula.ted from the solubilities in gr ams 

per liter g iven in Table I. 'I'he solubility of each organic 

liquid in the specified solution is expressed as a percentage 

of' the solubility of that liqut d in water . The values for 

cyclohexene a re based upon previous experiments (1) on cyclo­

hexene distributed between carbon tetra chloride and aqueous 

solutions, and represent a compar ison of the distribution 

r a tio between carbon teti-achloride a.nd water to the d:i.s t:ri ... 

bution ratio involving the acid or salt solution . 

Aside from the solubilities in 1 M silver nitra te, the -
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Table II 

Relative Solubility at 25° of Some Organic Liquids 
in Aqueous Solutions of Acids and Salts a 

KN03 AgM03 NaC l04 HC104 H2so4 
Wa ter l !! l M. 3 M. 3 M 3 M - -

Benzene 100 79 290 45 123 47 

Ca.rbon 
tetra- 100 88 93 38 122 51 
chloride 

Cyclo- b 100 82 87 32 120 43 
hexane 

Cyclo-
hexene 0 

100 76 7 X 103 d 38 141 44 

a 1fhe va lues for each organic liquid a.re relat ive to a va lue 
of 100 for the solubility of that liquid i n water . 

b The reliability (estimated a t ±10) of the cyclohexane values 
is considerably less than that of ·the other va lues . 

0 'rhese values refer to the rela tive solubility of cyclohexene 
in the aqueous layer of a distribution system in wh ich the 
orga:nic l aye r is a,n approxirna.te ly l M solution of cyclohexene 
in carbon tetrachloride. 

d This va lue is based upon the da t a of Winstein and Lucas tB) . 

data reveal a general parallelism in the action of the dif­

ferent acids and salts on the va rious organic solutes . Thi s 

corresponds to normal salting behavior, in wh i ch the relative 

influence of a given electrolyte is a lmost independent of the 

nonpolar substa nce salted (9, 7) . 'I'he rela tive solubilities 

are compatible with the usua l sa,1.t ing effects of the i ons 

involved (1) . 

Since the four chemically different organic liquids are 
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all somewhat more soluble in 3M, perchloric a cid than in .ater, 

-the change in solubility apparently involves primarily a 

salting effect ra,the:r tha.n chemical complex formation . 'l'hi s 

view is in harmony with the fact that helium and a r gon are 

also more soluble in aqueous s olutions of perchloric acid t han 

in water (10). In particular , since there is a salting-in 

effect with cyclohexane , which is similar to cyclohexene but 

has no double bond, the increased solubility of cyclohexene 

in 3M. perchloric acid cannot be attributed solely to complex 

formation involving the double bond. 

The experimental re sults indicate that the relative 

solubility in 3 M perchloric a cid is somewhat grea ter .for 

cyclohexene than it is for cyclohe ane. This again (1) 

suggests the possibility tha 1; the salting-in ef'fe ot v-r i th 

cyclohexene may be partially expl a ined by the presence of a 

very low concentra tion of proton-olefin complex. The dif­

fe1·ence in :relative solubility is small, hm'leve:r. , and it may 

a. lao rea sonably be a scribed to other pos s ible ca.uses such a s 

experinenta l varia tions, effect of changes in the aqueous 

carbon tetrachloride concentrat ion on the di s tribution of 

cyclohexene, a.nd sma.11 var t a tions in salting effect based 

upon di f fe rences in the organ tc solutes . 'l'he experimental 

data fo:r 3 M sulfuric acid do not support the interpreta tion 

that this saJ.ting-in effect involves the p1·es ence of proton­

olefin complexes, since the rela tive solubility of cyclohexene 



- 65 -

in 3 M sulfuric acid is about the same a s or less t han tha t 

of the o ·ther orga nic liqui d s in 3 !! sulfur ic a cid . 

In each case, the organic s olute i s mor e soluble in 3M, 

perchloric a cid 'than in 3 M, sodium perchlora te . Since the 

acid and salt have a common anion , and since the salting- out 

a ction of sodium ion is much l a r ge r than tha t of hydrogen ion 

(6), the change in solubility is in the expected direction . 
. 

In ea ch case, also, the relat ive solubility in 3 M perchloric 

acid is greater than in 3 M. sulfuric a cid . The di:rectio:n of 

this solubility cha.n ·e is t he ea.me as t ha t in t he only ava il­

a ble e }tample of a compara.ble change of anion - .t •§ ., the 

relative solubility of' distributed cyclohexen e in 3 M. sodium 

p~r·chJ.ora te, 38%, is grea ter tha.n tha t in 3 M, sod ium bisulfa te, 

13% (1). Although it seems rea sonable f r om these da t a t ha t 

the organic s olutt~S should be more soluble in 3 H perchlo:ric 

a cid t han in 3 M s odimn perchlora te or 3M. sulfuric a cid, lt 

is not evident from a. theoretica l standpoint why they should 

be more soluble in 3 M nerchloric ac i d tha.n in water . There - . 

is a s yet no completely satis factory theory of salting effects, 

and the current theoretica l equa tions require sa.l ting- out of 

a nonpola r substa nce in aqueous solutions (7, 11). It is 

noteworthy tha t even a, ea tura ted hydrocarbon, cyclohexane, is 

salted into 3 ! perchloric acid . 

Tha hi gh relative solubilities of benzene and cyclohexene 

in 1 M. s ilver nitrate a.re in mar k ed contra.st to the other 



solubilities in Table II , and t his i ndicates that some type of 

complexi ng a ction i s ilwolved . There a re reasons why this 

solubility effect should not be a tt:r:i.buted to a s a lting-in 

action r a the r than compl ex format i on . Ii, irst , s ince cyclohexane 

and carbon t e trachloride are sa lted out in 1 M, s ilver nitra te , 

the effect with benzene and cyclohexene is contr ary to the 

genera l par a llelism of sa lting effects . A reasona ble bas is 

for the e.olubility diff erences exi sts . S:ilver i on often forms 

complexes ,vi th nucleophilic sub s t a nces , a nd cyclohexene and 

benzene displ a y nuc l eophilic pr opert ies i n general. Becondly, 

cyclohexene and benzene a.re sal ted out in 1 M po t as s ium nitra te . 

Since potass ium i on and s ilver ion a re s i mila r i n s i ze (12), 

the solubilities i n 1 M pota ssium nitra te and 1 M silver - - -
nitra te should be approxi mately eq-:.1a l (e,s is the cas e with 

cyolohexane and carbon tetra chl or i de} if no complexing 1ere 

involved . lt inally, i t wi ll be shown in the ne x.-t secti on tha.t 

the data on change of solubility with tempera tu:re ind ica,te . ~ . ~ 

that complex for.ation i s involved i n the ca s e of cyclohexene 

and benzene in 1 ~ s ilver nitrate . 

CJ.,1ange of Solubilit::z: with Tempera.tu.re . Da. t a. per t a i n i ng to the 

change of solubility wi th temperature are pre sented in Tables 

III a nd IV . Da t a ob ·tained \-,y the cloudi ness me thod ( Table III ) 

geneTa 11y show the s i gn of the tempera·ture coefficient of 

sol ubi lity, which is pos itive if the solubility of the liquid 

inc reases with increas i ng temperature . In Table IV , the 
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Table III 

Tempera ture Coeff:i.cient of Solubility of Some Organtc Liquids 
in Wa ter and i n Aqueous Solutions 

KN03 AgIW3 HC104 
Wa,te:r 1 ~1 1 ! 3 ~ -

Benzene Positive Pos i thre Negative Pos itive 

Carbon 
tetra- Positive Pos itive Very small Po·s i tive 
chloride 

Cyclo- Positive Positive Small Pos itive 
hexane 

Cyclo- Positive Positive Negative Positive 
hexene 

rrable I V 

Some Rela tive Solubilities of Benzene in Wa ter 
and in A.queous Solutions at 25° a.nd a t 10° a 

KNO 3 
Water 1 M ... 

25° 100 79 

10° 99 ?6 

AgN03 
1 }A: 

290 

334 

123 

102 

a All va lues are rela tive to a va lue of 100 for the solubility 
of benzene in water at 25°. 
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solubility data for benzene a t 10° and 25° have been expres sed 

a s a percentage of the solubility of benzene in water at 25°. 

Since a s table complex is ordinarily formed by an exo­

thermic reaction wh ich proceeds more readily a t lower temper­

a,tu:res, complex forma tion of ten results in a nega tive tempera­

ture coeffic ient of solubili ty. Accordingly, the temperature­

solubility data for cyclohexene and benzene in 1 M. silver 

nitrate suggest tha t s t able complexes are . re sent in these 

solutions. On the other hand , the data for the 1 M. potassium 

nitra te solutions and for cyclohexane in 3 M per chlor ic a cid 

indica te t hat the solubility change f or the solutions h ich 

do not con t a in complexes is in the s a.me d irection as the 

temperature change. All of the 3 M perchloric acid solutions 

have a positive tempera ture coefficient. Since the tempera ture 

effect f or solutions of cyclohexene and benzene i n 3 ~ 

perchlorio acid is evidently like that of electrolyte solutions 

where complexing is i mprobable rather than tha t of silver 

nitra te solutions , it seems unlikely that aqueous a cid solu­

tions of benzene and cyclohexene contain proton complexes 

unless these are present in very low concentration . . 

Salting Action of Silver Ion. The salting action of s ilver 

ion a parently has not been inves tiga t ed previously (13 , 7 ) . 

Si nce the radius of silver ion, 1. 262 , is slightly les s than 

that of potass ium ion , l.33R (12), and since both ions a re 

singly charged , it vmuld be expec ted tha. t the salting- out 
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action of silver ion would be sl :i. ghtly grea ter than tha t of 

potassium ion, providing tha t ei gh teen-shell ions conform to 

the usua l sa lting pattern. 'rhe experimenta l data on the 

solubility of cyclohexane in 1 M silver nitrate and 1 ! 
po tassium nitrate indicate tha t the salttng a ction of silver 

ion is, in fact, roughly equa.1 to that of po t a ssium i on . 

'1'his provides exue:rimental justifica tion for the explicit or 

implicit a ssumption by other investigators (8, 3) that silver 

nitra te and pota.ss ium nitrate have approxi ma tely equal salting 

a ction. 

The experiments on the solubility of carbon tetrachloride 

in 1 ! silver nitra te were of particula r interest beoa~se of 

the poss ibility that they mi ght revea l a weak eo&rd ina tion of 

silver ion i th the unshared electron pe,irs of the chlorine 

a toms. The ability of silver salts to accelera te rea,ctions 

i nvolving a l kyl halides (14) suggest s the poss ibility that an 

intermediate complex of this type does exist. Carbon tetra ... 

chloride is salted out in 1 ! s ilver nitra te at 25° to a 

slightly smaller extent than in l M_ potassium nitratet and 

the change of solubility with temperature of carbon tetra­

chloride in l M. silver nitrate i s Yery small . rrhese f a cts 

indicate that if there is any compl exing action, it is ve:ry 

limited in extent. 

STRI PPI NG ANALYSIS 

Related Proc edures. Although stripp ing ana lysis is an origi na l 
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p rocedure 1 its ba.s ic elements a.re wel l known . Vol a tile 

substances a r e somet i mes removed by str i pp ing (a lso ca lled 

desorption) in ix1dustria l proces ses { 15). Stripping procedures 

are occas ionally employed. il, analys is; for example, hydrogen 

sulfide in aqueous solution may be vola tilized by a current 

of a ir and then chemically absorbed (16) . The most clos ely 

related pr ocedure is apparently one developed by Clifford (17), 

who combined stripping with selective absorption in a method 

for determining the water d i ssolved in a nonpolar solvent . 

The water is stripped from the solut ion by a current of nitro­

gen, and the vapors a re pas sed t hrough ca lcium chloride , which 

:removes all of the mo isture but none of the organic va.por . 

The separat ion of a. condensable vapor from a gas s tream by 

freezing- out is a l so a f amilia .r process, and one which may be 

very efficient (18). 

General Procedure (Figu~ce 1). The empty weighed trap is 

placed on the joint of the D:rierite column , and a moisture 

guar d tube i s a tta ched to the cap illary tip of the trap . After 

the stripping a:opar a tus has been flushed with a stream o:f 

nitrogen, the trap is subme r ged in t he cooling-liquid contai ned 

in t he Dewar flask , and the nitrogen s tream is interxup ted . 

The tip of the pipet conta ining t he sample i s held ins ide t he 

addition tube by a rubber connection, and t he sample is run 

into the gas washing bottle . 'rhe sample is s tripped for a 

specified period of time by nitrogen f lowing a t a definite 
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Figure 1. Stripping Apparatus 

A. Gae washing bottle 
B. ·s1ntered tube 
C. Addition tube 
D. Dr1er1te oolumn 
E. Trap 
F. Dewar flask 

F 
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rate. The nitrogen s tream i s s topped> the ca illa ry tip of 

t he tran is sealed with a sma ll flame , and the Dewa r flask is 

removed . The trap is lowered from the column and i mmedia·tely 

closed with a l oosely f itting rubber stopper . The fro s t on 

the trap is ·washed off with wa ter, and the tra11 is submerged 

in an a cetone-ba th for t en minutes . 'l'he stopper is tightened , 

and the trap is carefully wi ped with a towel and reweighed . 

Strinuing and Selecti:,V,!3 Sorption . The length of' t i me required 

to strip a substa nce from its aqueous solution varies empir­

ica lly with such fac tors as t he origina l amount of substance, 

the vola tility of the substance , t he vol1L~e of solution, the 

r a te of nitrogen flow, the s i ze of the nitrogen bubbl es , and 

the dimensi tms of the vessel . If the required time is not 

known , stripping shoul d be continued for a reasonable i nterval 

~fter fre sh condensa te can no longer ·be detected. Conf irma tion 

that no appreciable additional condensate i s forming i s ob­

tained if a. new trap shoi.ilTS no gain in weight after a, further 

period of str:l.p ing . After the minimum time of s trippi ng ha s 

been determi ned for a given set of conditions, the time and 

conditions should be duplica ted when analyzing other samples 

conta ining the same or somewhat smaller amounts of the 

substance. 

In a typica l run with benzene, after an i nitial period 

of fifteen to thirty mi nutes i n which no condensate was 

vi s ible, oondensa te was formed very r api dly. 'I'he rate of 
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formation then gradually decreased, s o that a fte r about t wo 

more hours fresh condensate wa,s no longer detectable . After 

a total stripping time of about four hours, the re s i dual 

solution was stripped for one hour or more into a new trap, 

which did not gain in weight. Additional evidence that the 

amount of benzene in the residue was very sma.11 or negligible 

was obtained from a simila r run in which there was practically 

complete recovery of the benzene in a known sample. 

When the gas stream pas ses t hrough the :1rieri te, a very 

efficient drying agent (18), the m-a. ter is selectively removed . 

The Drierite was of the indicating va riety, and the t wenty-

inch column was usua lly :recharged after a.bout one- half of the 

Drierite had become hydrated . In the sections on benzene and 

cyclohexa,ne, blank runs with pure w-a ter a,:re described . The 

results indica te that no significant ·amount of wa ter is 

ca rried into the trap . Since wa ter vapor 1f!eighs less tha.n 

nitrogen , a trace of water carried in.to the trap will decrease 

its final weight. The maximum poss ible decrease , a.bout 0 . 4 mg ., 

would occur if there were just enough water (0.6 mg . ) to 

sa turate a l l of the vapor space (27 ml .) in the trap . 

To insure remova l of any un:flushed organic vapor , the 

Drier i te .va,s usu.i"dtJ.ly flushed wt th nitrogen for one- hal f hour 

prior to stripping a new sanmle . Before mak ing a run which 

.involved a change in the organic substance, the Dr ierite 

column was recharged . 'l'hen , in general, the Drieri te was 
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condltioned; i.~., it was sa.tura.ted with respect to the new 

substance by stripping a dilute solution of the substance 

through the Drieri ·te. Ttv i dence t hat no appreciable addi tiona l 

amount of organic material was re ta i ned in runs with condi­

tioned D:t i ert te was furnished by the results of the :run Vl! i th 

a known benzene sample and by the fact that good checks 'l,'e:re 

obta:lned in dupl ica.te r uns with ve..rious saturated solutions . 

C~mdensing, Warming, a nd We'lg:hing . The body of the trap was 

six to seven inches long, and the over ... a ll len ~~i;h was eleven 

i nches. The trap weight was about 44 g . 'l'he vapor space tvas 

27 ml . in trap no. l and 24 ml . in trap no . 2 . ·rhe tra.p was 

held firmly to the Drierite column by springs, but the ;joints 

were not lubrica ted. Liquid a ir was employed as the cooling­

liquid in the runs with ca rbon tetra.chloride, which has a 

vapor pres sure of 0.14 mm . a.t -?o0 c (19 ). In the runs with 

cyclohex ne. and benzene , which ha.ve somewhat lower vapor 

pres sures , the Dewar flask contained a. dry ice-a cetone mixture 

at -78°C . The vapor pressure of benzene is 0.1 mm . a t -58°0 , 

the lowes t temperature for wh ich data is available (19) . The 

temperature of the nitrogen leaving the trap is not knovm 

exactly, but a. ca lculat ion based on a.n estimate of this temper­

a t ure and the correspond ing vapor pressure of benzene indi­

cates t.ha t the amount of' benzene ca rried beyond 'the trap was 

1 to 2 mg . 

During the warming per i.od , the loosely f itting rubber 
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stopper a cts as a filter to a.bsorb organic vapor from the 

slo'lY escap ing nitrogen , which must squeeze through a t lea.st 

one- half inch of an i mperceptible passage between the rubber 

and the gl ass . Af'ter it is removed from the trap , the stopper 

generally starts to los e weight slowly by evapor a tion of the 

organic vapor which was absor bed during the warming and weigh""! 

i ng per i ods . To prevent a possible loss in 1.,veigh t during the 

next run , the stopper was usually placed in an oven at 110° 

for a few minutes - but not longer lest it become hygroscopic . 

The stopper wa.s used only if its weight was substantially 

constant for a t least one hour; moreover , it was weighed 

shortly before it was inserted in the trap . 

Normally the empty tra.p was le ft on the balance until the 

change in weight in t wenty minutes was less than 0 .1 mg . 

After the first one-half hour of the· final weighing, the 

change i n we t ght of the stoppered trap , if it ha.d been care­

fully wi ped to remove excess moisture , was less than 0 .1 mg . 

per ten minutes . In general , the a ccepted weight v1a s recorded 

after the trap had been on the ba l ance for Orie hour. ·rhe 

average change in the humidity of the bal ance :room clu:r. ing a 

run was only about 2%. It has been suggested that the e ffec t 

of humi di ty changes be mi nimized by using an appropr i ate 

counterpo i se exposed to the same influences as the trap. 

MATETUALS 

The inorganic chemicals were of reagent or C. P. gr ade . 
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The sa.l t solutions we :re made up by weight , and the a cid 

solutions were standardized with l N sodium hydroxide . Carbon 

tetrachloride and cyclohexene were ?Urified by the methods 

described previously ( p . 8- 9) . The benzene, originally of 

reagent gr ade , wa.s recrystalli7:ed t v!J iC!e by freezing and then 

distilled . The final product froze very sharply a t 5. 42° . 

l"he freezing po tnt of cyclohexane , 6 . 55° (20) , is very 

sens:lttve to i mpur it i es ( 21) . Th~ best commercial grades of 

cyclohexa,ne are 1 i kely to cont a in benzene and methyl cyclo­

pentane impurities (22) . In the experiments with 3 M sulfuric 

ac id and 3 M. sodium perchlorate {runs 32 and 33) and in the 

early experi rtents Vit i th water and 3 M perchl or io a cid ( runs 26 

through 31), the cyclohe xane was Eastman Kodak Co . best grade 

material , rn . p . 3- 5° . Prior to rms 27 t1rough 31, th i s cycl o­

hex.ane was extracted ·~;,ri th 3 M_ perchlo:r.ic acid . In experiments 

subsequent to run 33, the cyclohexane ,Vtis recrystallized three 

times by freezing , extracted t wice with 3 ! perchloric acid, 

dried wi t;h po·tas~ ium carbona te, and distilled.. The freezing 

point of the final product ,vas 6 . 4-6 . 3°, wh ich corresponds to 

less than 0 . 1 mole per cent of i mpurit ies . It will be shown 

later ( 1rable VIII) that the urification re sulted in a decrease 

in solubility . 

S'l'RIPPIMG ANA LYSES . I . BENZENE 

Procedure and Data . The saturci .. ted solution was prepared in 

a, 125- ml . l ong- necked :flask held in a constant - temperature 
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wa ter- bath . The benzene, 10 to 15 ml . in the neck of the 

flask, was dispersed very finely in the aqueous phase for 

thirty minutes by means of a do-vmflow stirrer (23 ) . 'I'he li­

quid wa.s trans f erred to a 125-ml . centrifuge bottle and centri­

fufrn d for five minutes at 1700 r . p .m. If the solution was 

saturated at 25° and room tempera ture was below 25°, the ben­

zene was kep t in solution during t he centrifuging period by 

slightly war ming the centrifuge bottle j ust before it was 

filled . A volume of sample containing about 0 .1 g . of benzene 

,vas taken for analysis . To prevent benzene from contamina ting 

the sample , a l ittle air was blown through t he pipet as it 

was lo ~1ered through the benzene layer . The solution wa s 

str i pped in a 125-ml . gas vi.rashing bottl e according to the 

general procedure , usually for four hours a t about 28 ml . per 

mi nute . 

The stripping analyses are outlined in Table V. In most 

of the r uns d th water, sodium ch l or i de and s odium thiosulfa te 

were ad.ded so that the stripping conditi ons would be very 

similar t o those of the r uns with silver nitrate . Oa,lcul a tion 

of the solubility involved a correction based unon the known 

sample . The va.lues obta ined :i.n duplicate runs indicated tha t 

the prec i s ion of a re sult was about ½o~. A water bla.nk was 

run after r un 44 , when only eight inches of fresh Drierite 

remained i n t he column . Ni tror:en was assed through 100 ml . 

of wa ter for 4. 0 hours at 29 ml . per minute into tra.p no . 2, 



Table V 

Stripping Analyses . The Solubi lity of Benzene i n Water 
and i n Aqueous Solutions of Acids and Salts 

Satu . Sample Str_pg ... Nz Trap Ben-
Aqueous temp . volume time r a te Trap gain zene 

Run phase 00 • ml . hr. ml/min no. mg . g./1. 

22 Wa te:r 22 200 . 0 6 .0 24 1 318 .5 1. 67a 

35 Water 25 .0 60.0b 4 .0 25 1 97!8° 1.73 

59 Water 25 .Q 60.0b 4.0 27 2 98 .0 1.73 

44 Water 10.0 65 .0 b 
4 .0 28 2 105.0 1.70 

60 Water 10.0 60.0 b 4 .0 30 1 96.7 1.72 

24 3 .01! HC104 22 100.0 3.6 29 1 194.2 2.00 d 

57 3 . 00M_ HC104 25 .0 50.0 3.5 30 2 100.18 2.12 

41 3 . 00M, HC104 10.0 50.0 3.0 28 2 a1 .1f 1.75 

42 3.00M, H0104 10.0 50.0 3.0 26 2 75.8g 1.78 

36 3 .0lM_ HzS04 25.0 100.0 4 .0 27 1 74.7 0.81 
a 

37 2 . 90M,. liaCl04 25 . 0 100.0 5.8 21 B 73.4 0 .79 

58 1.00!, KN03 25 .0 75.0 4 .0 27 2 97 .2h 1.37 

43 1.00M, IU{03 10.0 75.0 4 .0 28 1 92 .7 1.32 

a Approx . va lue; exploratory run. Sample prepared in a 300.-ml. 
flask and. stripped in a 250 .... ml. gas washing bottle. Trap gain­
ed 318 .5 mg . in 6 .0 hr.; thnn s ·tripped fox 3.0 hr. into new 
tr~p t. which gained 4.7 mg . (solubility calcd. from combined 
ga1nJ. 

b Also. added 10 ml . of sat. NaCl and 20 ml . of sat . Na2s2 o~. 
~ Then stripped for 4 .0 hr. into a nenv trap , which l ost 1.1± mg . 

Approximate ·qa.lue ; exploratory run. 
8 Then made alkaline with MaOH and stri pped for 1.0 hr . into a 
f new trap, which lost 1 .o m~ . . . .• .. . 

Then stripped. for 2.0 h:r. into a new trap , wh1ch lost 1.2 mg. 
g Then stripped for 1.2 hr . at 33 ml./min. into new trap, which 
h gained 3 .7 mg . (solubility calculated from combined gain) . • 

Then s tripped for 1.0 hr. into a new trap , which lost 0.2 mg. 



- 79 -

which decreased in we i ght by 1.2 mg . 

Run with Kno.wn Sample. About 1.5 g . of benzene was we i ghed 

to 0 .1 mg . in a small glass-stoppered vial and was then frozen 

by pl aetng the vial i n dry ice . The vial wa,s unstoppered and 

quickly transferred to a 2-liter gl ass- s toppered bottle 

containing a known weight of ,n.1ater. The vapor space i n the 

s toppered bottl e was 25 ml . The benzene 't11as completely 

dissolved in the course of t wo hours of vigorous shaking . 

The solution was cooled to 10°, and a 100.0-ml. sample was 

t aken for stri ppi ng . The small amount (about 5 mg. ) of 

benzene in the 25- ml . vapor space of the bottle was t aken i nto 

a ccount in calcula t ing the amount (66 .5 mg . ) of benzene in the 

sample . The sample was added to 4 g . of sodiurn chloride and 

8 g . of sodium thiosulfa.te, and the solution was stripped into 

trap no . 2 for 3. 0 hours a t 29 ml. p·er minute . The ga in in 

weight of the trap 1.vas 60.7 mg . An additional 1.0 hours of . 

stripping into a new trap resulted in a loss in weight of 0 .5 

mg . 

Calculat i ons . Although the ga i n i n wei ght of t he tra.p was 

5. 8 mg . less than the amount of benzene in the known sample, 

calculations indicate that the trap contained all but about 

1.5 mg . of the benzene . 'l1he apparently un:recovered rema i ning 

4 . 3 mg . was actually the difference bet\veen the final we i ght 

of nitrogen i n the trap and the original we i ght of a ir. 

When stripping was begun, the mo ist a ir in the trap was 
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repl aced by dry nitrogen . This caused a los s of 0 .7 mg . in 

the vreight of the t:rap (no . 2 , 24 ml. vapor spa.ce). At the 

end of stripping, about 3 . 6 mg . of nitrogen was displ aced 

from the trap by benzene vapor . Since the benzene f r ozen in 

the upper regions of the trap slowly d:ra i ned to the bottom 

dur i ng t he warming-up period, it could read ily saturate 

pr aotica ll-y a ll of the vapor space i n the trap . Vaporization 

of benzene into the upper neck was indica ted by the gain in 

weight of the stopper during the weighing peri od . The vapor 

pres sure of the benzene at :room temperature, 26°, was about 

100 mm . Accordingly, it displaced the ni trogen from about 

100/750 == 2/15 of t he va,por space in the trap . This was 

3. 2 ml. of nitr ogen , or 3 . 6 mg . The 1.5 rag . of un:recovered 

benzene may have oeen l eft i n i:;he solution in the gas washing 

bottle or may have been ca rried beyond the trap by the nitro­

gen stream . 

The weigh t of benzene in the va rious samples v,rae: obtained 

from the trap gain by add i ng 5.8 mg . , i n runs using trap no . 2 , 

or 6. 3 mg ., in runs using t r ap no. 1 (27 ml .). In runs 22 a.nd 

42, i n addition to the above correction, 4. 9 mg . and 3.7 mg ., 

respectively , were added to t he sma.11 amounts of benzene 

r ecovered by additional stripning . These amounts were insuf. 

ficient to saturate the spa. ce in the trap , an the correction 

a:ppl:ted was of the type discusse d in the cal cula tions fo r 

cyclohexane . 
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STRIPPING ANALYSES . II. CARBON TETRACHLORIDl!~ 

'!"he following procedure was employed in all runs except 

run 55 . •rhe saturated solution 'Was prepared in a 500- ml . 

flask fitted with a mercury- sealed upflow stirrer (23) and 

held in a thermostat at 25 . 0° . A mi xture of 25 ml . of carbon 

tetrachloride and 410 ml . of the aqueous solution was stirred 

f or 0 ~75 hour . After a settling period oif at leas t 0 . 75 hour, 

t wo 100 . 0-ml . samples were taken from the clear aqueous phase . 

Since t here was no addition tube on the gas washing bottle in 

run 19 and the preceding runs , the samples for thes f~ runs were 

transferred with a mi n i mum loss of organic vapor by inserting 

the pipet in a one- hole cork which fitted loo sely in the neck 

of the gas washing bottle . 

The solution was strippecl. for 4.0 hours a.t about 24 ml . 

per minute into trap no . 1 . Following this, the nitrogen 

stream ims decrea.sed to a very low r a te, and the Dewar f l ask 

was lowered until only the lowes t bulb of t he trap rema i ned 

submerged in the liquid a ir . After about one-half hour, the 

nitrogen stream was s topped completely , the ca.pilla :ry tip of 

the trap was sea.led , and the Dewar flask was removed . 'rhe 

trap was lowered from the column a.nd i mmedi a tely closed with 

a loosely fitting rubber stopper . After about t wo minutes, 

when the carbon tetrachloride was melted. and the exterior 

frost was gone, the stopper was tightened , and the trap was 

submerged i n an acetone- bath for ten minute s . The trap 'liras 
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then wiped with a towel and • ei ghed . The stopue:r. B,nd the 

empty trap had been weighed previousl y and allowed to stand 

until their weigh t va ried less tha.n B,bout 1 mg . per hour . 

A modified procedure was fo l lowed in run 55 in order to 

avoid the possibility of low results fuw to the slow reaction 

of carbon tetrachloride with silver ion to form silver chloride 

or due to the presence of a carbon tetra chloride- silver ion 

c omplex that might hi ,der stripping. The saturated solution 

1vas prepared in a 250-ml . centrifuge bottle from 40 ml . of 

carbon tetrachloride and 140 ml . of 1 M silver nitrate . The 
- · 

liquid ~ c.S st:i. rred vigorously f or thirty minutes and was 

fo:rthwith centrifuged for three mi nutes a t 1?00 r .p .m. In 

the next fe ~ minutes ; a 100 . 0- ml . sample of the clea,r a.queous 

phase was placed in the gas washing bottle; a:nd 30 ml . of 

saturated sodi um chloride soiu.tion was added to precipitate 

the silver ion as silver chloride . Mos t of the precipitate 

was dissolved therea fter by the addition of 60 ml . of satur­

a ted sodium thiosul f a te solution . 

The main runs a.re presented in Ta.ble VI . These runs 

were pr eceded by thirteen runs in which a satisfactory p·roce­

dure for stripping analysis was being developed .. In the runs 

shown in Tabl e VI, the warrning and we i ghing technique differed 

some111hat from that described in the sect i on on stripping 

analysis . Because of this and because the solubility was 

calculated on the basis of the :run with a known sample of 
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benzene , the results a re probably slightly less reliable than 

those of the r une with benzene . 

Table VI 

Stripp ing Analyses . The Solubility a t 25° of' Carbon 
Tetra chloride i n Wa ter and in Aqueous Solutlons 

Prepn . of soln . Trap 
Aqueous Stirred , Settled, gain, 

Run phase hr . hr . mg . 

15 Wa ter o. 75 1 .. 25 146 . 2 

14 3 . 00 M, HC104. . 75 0 .75 180 . 2 

16 ~] . 98 M HC104 .75 1 . 25 179 . 9 

18 2 . 96 1! H,,SO ,., 4 . 75 1 . 25 71 . 6 

19 2 . 90 M_ Ma.0104 . 75 1 . 75 52 . 7 

17 1 . 00 M Ap.:110'2 .. _ _, 0 . 75 1 . 25 136 . 5 

55 1 . 00 M A.gN03 . 50 . . . . 68 . 7 

56 1 . 00 M, Klif03 . 75 1 . 35 127 . 7 

a Since this value was ob·tai:ned ·by a spec ial procedure 
the value of Table I was tak en from run 1·, . 

STRIPPING ANALYSES . III . CYCLOHEXAKE 

0014 , 
g./i . 

o.7e: 

. 93 

. 93 

. 39 

. 30 

. 71 

. 75a 

. 67 

(p . 82), 

Sulfuric Acid and Salt Solutions . The satura ted solution was 

prepared i n a 300- ml . long-necked flask held in a vm. ter- ba. th 

at 25° . 'Jhe cyclohexane , 12 to 15 ml . in the neck of the 
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flask, was dispersed very finely in the aqueous phase for 

thirty minutes by means of a dovmflow stirrer. The aqueous 

solution and cyclohe xane were divided between t wo 200-ml. 

centrifuge bottles and were centrifuged for ten minutes at 

1700 r. p .m. A 100-ml. s ample was taken f rom each bottle. 

To prevent cyclohexane from contamina ting the sample, a little 

a ir was blown through the pipet as it was lowered through 

the cyclohexane l ayer. The 200 ml. of solution was stripped 

by the general procedure in a 250-ml. gas wa shing bottle for 

3 .0 hours at about 28 ml. per minute. 

The analytical data a.re given in •rable VI!. Specia l care 

was taken to atta in equilibrium in the initial weighings and. 

to employ a uniform technique a t all other times when handling 

or weighing the trap or stopper . Never theless, because of the 

extremely small weight change in thes.e runs , the results a re 

regarded as semi-quantita tive in s i gnificance . They indicate 

tha t the salting-out effect is in the order: 3 [ sodium 

p erchlorate> 3 M, sulfuric acid> 1 ! potass ium nitra te, \11hich 

is roughly equal to 1 M, s ilver nitrate. 

Ca lculations. An approximate va lue for the weight of cyclo­

hexane in the sample was obta ined f:ro·n the ga in in weight of 

the trap in the following manner. First, 0.7 or 0.8 mg . was 

added to correct for the repl acement of air by nitrogen . In 

general, the cyclohexa.ne in the trap was completely vaporized 

during warming, but the amount of vapor was not sufficient to 
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Table VII 

St ripping Analyses . The Solubility at 25° of Cyclohexa.ne 
in Some Aqueous Solutions 

?◄2 Trap Oyclo-
Aqueous r a te, Trap gain, hexane, 

Run phase ml. / min . no . mg . g . /1 . 

32 3 . 01 f! H2S04 28 1 1 . 6 0 . 026 ± . 015 

33 2 . 90 M, ?JaC104 26 1 0 . 8 .020 ± . 015 

51 1 . 00 M, AgN03 29 l 4 . 6 . 048 ± . 010 

•75 1 . 00 M, AgN03 30 2 5 . 7 . 056 ± . 010 

72 1 . 00 ! KN03 27 2 8 . 2 . Q70a 

73 1.00 M_ KN03 27 2 5 . 2 . 052 ± .010 

74 1 . 00 M KN03 27 2 4 . 5 . 046 ±.010 

a This value was discarded because i ·-t clisagreed with the 
values of runs 73 and 74 and because it was higher than 
the value for water (Table I) . 

saturate the a:vaila,ble space . Since the r a tio of the molecular 

we i ghts is 28 to 84, the displaced nitrogen was one- thir d as 

heavy as the cyclohexane . H:ence the ne t gain in weight was 

the weight of cyclohexane in t he tra.p mi nus one- third of t h i.s 

we i ght, or the weight of cyclohexa.ne in the trap ,.ras one and 

one- half time s the gain in we i ght of the t~ap (previously 

corrected for the replacement of air by nitrogen). Finally, 

1 . 5 mg . was added to correct for unrecovered cyclohexane . 

This correction was taken to be the same as -that determined 
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in the known sample of benzene, because the vapor pressures 

of cyclohexane and benzene were approxima tely equal. In 

run 72, the amount of cyolohexane in the t:rap v!Jas more than 

sufficient to saturate the available vapor space, and the 

solu:bili ty was calculated in the same way as in the runs with 

benzene . 

Water and 3 M Perchlo:ric Aci.d. The data are resented in 

Table VIII in the form of a comparison betv. een corresponding 

experiments with wa.ter and 3 M. perchloric a cid. The basic 

procedure was the one fol.lowed i n the previously described 

cyolohexane experiments, but it was modified. in most ca.see 

as noted in the table. The runs are divided on the basis of 

the purity of the cyclohexane . The effect of purification was 

to lower the solubility in both water a.nd perchloric a cid with­

out grea tly altering the comparison ratio. In a blank run 

with water, the trap decreased in weight by 0 . 5 mg .; in three 

blank runs with 3 M. perchloric acid, the trap decreased in 

weight by 1 . 4 mg ., 0 . 6 mg ., and 1 . 3 mg. 

In runs with neutral solutions of purified. cyclohexane, 

the residues from sampling and stripp ing were usually tested 

for the presence of peroxide with ferrous thiocyanate solu­

tion . If peroxide \ms present, its concentration was no 

greater than 0 . 0001 ! , the concentration of the tertiary butyl 

hydroperoxide control . In the experiments with precautions 

against peroxide formation, the solution materials were 
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Table VIII 

Stripping Analyses. Comparison of the Solubility a.t 25° 
of Cyclohexa.ne in Wa ter and in 3 ! Perchloric Acid 

Water 2 . 99± 0 . 01 M, Perchloric Acid 

Trap gain, 
Run mg . Notes 

Eastman Kodak 

26 6.7 Mew Drierite, 
unconditioned 

28 8 .0 

30 7.9 

Purified 

Tr ap gain, 
Run mg . 

Co. Cyclohexane, 

27 8 . 4 

29 9 .4 

31 9 .1 

Cyclohexane , M.P . 

45 4 . 4a Perox . Precautions ; 
no peroxide test 

Motes 

M.P. 3- 5° 

6 . 4° 

46 6 . 2b Perox. preca utions : 47 8 .7b Proced. like run 46 
no peroxide found 

54 7.1 Proced. like run 46 
but peroxide :found 

70 6 . 3b Proced. like run 46· t 71 8 . 4b Proced. like run 46 
no peroxide found 

49 6.4 Added NaCl04 48 7.6 lif eutral ized ( NaOH) 

52 7.0 Stirred 2 hr ; setld . 
½ hr .; perox. found 

50 6 . 6a Proced. like run 

53 7.2 Proced. like run 

a The absence of cyclohexane layer was noticed after centri­
fuging; experiment continued, but low result ant icipated. 

b 'fhis was one of the va l ues t aken to ca lcula te the solubility 
fo r Table I . 

52 

52 
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previously boiled and cooled under nitrogen and were shielded 

from light during stirring and stripping . Per oxide formed 

during the s·Ur1·ing period would be expected to a l te:r the 

properties of the aqueous phase so t ha t more eye lo he ~,ane would 

dissolve . Formation of peroxide during stripp:lng would tend 

to decrease the amount of organic material volatilized by the 

nitrogen stream. 

In one pair of runs (48 and 49). the solutions were 

practically identical during stripping . A slight excess of 

sodium hydroxide solution was a.dded to the perchloric acid 

sample in run 48, and an equivalent amount of a solution of 

sod:tum perchlora te and s odium hydroxide was e.dded to the water 

sample in run 49. Another set of runs (50, 52, and 53) was 

made to investigate the effect of a. fourfold increase in 

stirring tir.1e plus a one-half hour period of settling prior 

to centrifuging . An over- all inspection of the results of 

corresponding experiments in Table VIII strongly indicates 

that cyclohexane is more soluble in 3 M. perchloric acid than 

in wa.tex. 

APPROXI MATE SOLUBILITY OF CYCLOHEXEID!.! I M WATER 

Deoxygenated water (90 ml . ) and cyclohexene (10 ml . ) 

freshly distilled from sodium were vigorously stirred a.t 25° 

for five minutes :ln a 100-ml. long- necked flask wrapped in a 

black cloth. The liquid wa s quickly t:r.ans:ferrecl to a 125 .... ml . 
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centrifuge bottle and centrifuged for a few minutes . Then , 

without delay, a 50-ml. sampl e of the aqueous phase was 

analyzed by a brominat ion procedure (24). The slowly drifting 

end-point indicated that peroxide was present. A correction 

was made :for the error due to peroxide (1) by calculating the 

solubility from the tota l volume of thiosulfa te required to 

reach the initia l end- po int and to deoolo:ri ze the solution 

after one-ha lf hour of standing, at which time the end-poin1; 

drift was extremely slow. The value of the solubility obtained 

in duplicate ex-periments was 0. 25 ± 0 . 01 g:ra.ms per li ter. 

Fur ther experiments on the solubility- of cyclohexene in aqueous 

solutions were not undertaken because of the neces s ity of 

develo . ing special techniques to avoid exro:rs due to peroxide 

fo r mation . 

CLOUDINESS METHOD 

Except for oyclohexene in 1 ! sil vex- nitrate, the follO'!J!J­

ing procedure t"1a s applied to a ll of the s ixteen combinat ions 

of Table III (p. 67). A saturated solution was prepared by 

stirring the components a·t 60-70° . After a. shor·t settling 

period at 70..-75° 1 a sample of the clear aqueous pha se ,-.,as 

taken with a warmed 15-ml. pipet . The sample was run into a 

warmed 10-ml. mixing cylinder until it contai ned sufficient 

liquid to leave almost no vapor space when the stopper was 

inserted. The cylinder was kept stoppered throughout the 
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s ubsequent procedure. 

A pos itive t emperature coeffi cient of solubility was 

i ndica ted i f the liquid became cloudy 'When the cylinder was 

placed in cold ;\~~ ·te:r . The tempera, ture effect vms reversible, 

since t he l iquid alterna t ed from clear when heated to cloudy 

when cool ed. The liquid was heated until it became clear and 

then allowed to cool slowly by loss of heat to the atmosphere. 

Afte:r a -time, a cloudy zone appeared at the bottom of the 

liquid and slowly expa,nded upward until the entire liquid was 

oloitdy. Much l a te r , a clear zone ori gina ted a t the bottom 

and gradually progressed upward until all of the liquid was 

clear. When the liquid was momeni,ar ily shaken~ small liquid 

droplets descended into the solution and then rose back to 

the surface . 

The following pr ocedu.1re was appl. ied to the four 1 ! 
silver nitrate solutions. Saturated solutions were prepared 

at abou·t 5°. A clea.r aqueous phase sample wa s p i petted into 

a cooled 10-ml. mixing cylinder , which was stoppered when 

:full. A negative tempera ture coe:f'ficient in the vicinity of 

room tempera ture was indicated if the liquid in the cylinder 

turned cloudy when heated . The temperature effect was 

reversible. When the ice-cold clear solution was a l.lowed to 

stand a t r oom tempe :ra. ture, a cloudy zone appeared a t t he top 

of t he liq1,2.id and s lowly e xpanded downward until the ent ire 

liquid was cloudy . Much l a ter, the c1oudiness slowly 
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contracted upward until the entire liquid 'fra.s clear, wi th 

droplets of a second phase vis ible at the surface . 

Expertments in addition to those of Table III indicated 

"Ghat th~~ tempera tu1·e coefficient of solubility i s negat ive 

for benzene i n 0 . 5 H silver ni trate and nositive for benzene -
in 1 M., perchloric aoid, 3 ! sulfuric acid, 3M. potassium 

chlor i de , and 3 l sodium perchlora t e . The charwe of solubility 

\'1ith temperature of carbon tetrach1.o:ride i n l M, silver n:l.t:r~,te 

is very small , s ince only a very slight cl oudiness developed 

upon alter ing the ·tempera tu.re of solutions saturated a.t 

either 5o or 65° . The sign of the temperatur~ coefficient 

was not indicated because the cloudiness mi ght have been due 

to dispersed silver chl oride . ll'or a solution of cyclohexane 

in l Al si lver ni t:rate saturated at e ither 5° o:r 65°, there 

vms no a..pp:rec:labl e cloudi ness wh en the temperatu.r(~ was altered.. 

The amount of dissolved cyclohexane was so small, however, 

that t he separation of a second liquid pha.se might not have 

been detected , and all that can be stated i.s that the change 

of' solubility with temperature is small . 

COORDINA 1rION OF SIL'IJ'ER IO'.N UITH BE:NZ1I;NE 

1n,:t:roduction . In the ir imrestiga tion of the co8rdination of 

silver ion with unsa tura ted compounds, Winstein and Lucas (8 ) 

concluded that the abi lity o:f nheno1 to fo rm compl exes with 

silve:r ion in aqueous solution . robably J~esides in the benzene 
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ring . Recently , Andrews and Keefer (3) measured spectrophoto­

metrica lly the solubilities at 25° of benzene and other aro­

matic hydrocarbons i n aqueous solutions of silver nitrate a.nd 

potassium nitra te of total ionic strength 1 M.· 'rhe data were 

interpreted on the as~um.ptlon tha t each hydrocarbon formed a 

monosilver and a disilver complex. The reported equilibrium 

constants for benzene, calcula ted as aqueous phase concentra­

tion r a tios, were 2 .41 and 0. 212 for the first a,nd second 

argenta,t i on reactions, resDectively. 

Evidence that complex forma tion t akes place in aqueous 

silver nitrate solutions containing benzene has been presented 

previously (p . 65) . Since benz ene i s salted out in 1 ! 

potassium nitra te and cyclohexane is salted out in 1 ! silver 

nitrate (Table II), the oo&rdina tion a.pparently involves 

silver ion a.nd i;he unsatura tion of the benzene ring. It has 

been postulated that the silver ion is centra lly loca ted above 

the pl ane of the ring (8) in a position where i t can form 

bonds involving the ~ electrons of the ring (3). 

In the experiments 'tha.t follow, stripping analysis ha s 

been employed to determine the solubility of benzene a t 25° in 

aqueous silver nitrate solutions up to 4 ~ and the solubility 

a t 10° in 0 . 5 M. and l M silver nitra te . These data , toge ther 

with da.ta for the solubility of benzene in water a t 10° and 

25° (Table I), have been plotted in Ii' i gure 2 . Since the 

curves intersect a t a point very close to the y_-axis, benzene 
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has exactly the same solubility a t 10° as a t 250 i n the very 

dilute silver nitra te solution a t this poi nt. In this case, 

the increase in sol ubi 1 i ty with decrea sing temperature ca.used 

by complex :formation has been compensated by the decr ease in 

solubility wi th decreasing tempera ture char acterist ic of 

solutions of benzene in water. 

The solubility data hcwe been i n terpreted on t he assump­

tion that a one-to-one s ilver-benzene ion is the only complex 

species present. Equilibrium cons t an·t s and hea ts of complex 

formation have been calcula ted for the heterogeneous reaction 

of aqueous silver ion with liquid benzene a.nd for t he homo­

geneous reaction of aqueous silver ion with benzene dissolved 

in the aqueous phase. 

Procedure an.d Dat a . To f acilitate stripping , the benzene was 

libera ted from the s ilver-benzene complex ion by a reaction 

which produced the more s t able s ilver-thiosulfa te complex ion , 

Ag (s 2o3)2""'--. Attempts to complex s ilver ion by di rect addi­

tion of thiosulfa te ion a re accompani ed by the formation of a 

precipita te of s ilver sulfide (25) . The presence of a preci­

pita te was considered undes irable because stripping mi ght be 

hindered by the adsorp tion of benzene on the surface of the 

solid. In t he pr ocedure adopted 1 the s ilver i on wa,s first 

.completely precipita ted by sodtum chloride solution, and the 

si1',e:r chloride was t hen completely dissolved b y the addition 

of sodium thiosulfa te solution . The thiosulf'ate solution was 
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made very s1.ightly a l kaline with sodium hydroxi de, in order 

to avoid decomposition of thiosulfa te by the acidic silver 

nitra te solution. 

With the following exceptions, the pr ocedur e in all but 

the t wo exploratory experiments was the same as the procedure 

for benzene described previously. 'fhe sa tura ted solutton was 

prepared in a 40 to 60 ml. long- necked flask . In r;eneral, the 

s ilver ion concentra tion was determined from a portion of the 

solution by titrating it aga inst an a liquot portion of stand.a.rd 

sodium chloride solution i n the presence of fluorescein i ndi-

cator. 0 The solutions satura. ted at 25 were centrifuged in the 

l abora tory and were normally below this tempera tu:re when 

sampled; the solutions saturated at 10° were centrifuged in a 

cold :room a t 5° . 

After diluting the sample i n the gas washing bot t le to 

60 ml . by addition of water, 10 ml . of sa tura ted sodium 

chloride solution was added. 'l'he Dewar f l ask was tempol'arily 

101,vered, a nd the solution in the gas washing bottle was swirled 

several times by moving the stripping appar a tus in a circula r 

path . Following this, 20 ml. of slightly a l kaline saturated 

sodium thiosulfate solution was added, and the solution was 

aga in swirled until a ll or a lmoet a ll of the silver chloride 

was dissolved . 

A blank was ru.n on a solution prepared from 20 ml . of 1 M_ 

silver nitra te , 40 ml . of water , 10 ml. of saturated sodium 
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chloride solution , and 20 ml. of slightly alka line sa turated 

sodium thiosulfate solution . Nitrogen 'iffiS passed through ·the 

solutton for 4 . 0 hours at 29 ml . per minute into trap no . 2, 

which decrea sed in weight by 0 . 8 mg . 'fhe s tr i pping analynes 

are outli:ned in 1'able I X. . The solubility was calcula ted in 

the same way as in the previous benzene runs. The values 

obtained in duplica te runs indica ted tha t the precision of a. 

result was about 1%. 

Eguilipri.um Cs-mstant.s . The symbols to be employed are def l ned 

as follows: 

Bo liquid benzene (organic phase) in equilibriu.rn ·vdth 

aqueous s ilver nitrate 

Ba uncompl-1xed benzene in aqueous silver nitrate 

Bw benzene in the aqueous pha.se of water saturated 

with benzene 

Ar/ uncomplexed silver ion in aqueous silver nitrate 

BAg+ silver-benzene complex ion i n aqueous si lver nitrate 

a activ ity (used with a subscript indicating the 

substance) 

1 mo1a.r activity coefficien·t (used with a subscrip t 

indicating the substance) 

[ ] molarity of the substance enclosed 

K* •rhermodynamic equilibrium constant of the 
-◊ 

heterogeneous reaction : Ag++ Bo = BAg+ 
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Table IX 

Stripping Anal yses . The Solubility of Benzene 
in Aqueous Silver Nitrate Solut ions 

Total Satn . Sample Strpg . N2 Trap Ben-
Ag+ temp . volume time rate Trap gain zene 

Run M. oc . ml. hr . ml ./min . no . mg . g./1. 

65 0 . 248 25 .0 44 . 96 4 .0 29 1 106.5 2 . 51 

34 0.495 25 100.0 3 . 0 29 l 283 . 5 3 . 30a 

38 0 .499 25 . 0 30 . 00 4 . 0 25 2 95 . 2 3 . 37 

23 1.00 23 100.0 3 . 0 27 l 486 . 0 4 . 92 b 

64 0. 993 25 . 0c 25 . 00 4 . 0 29 2 148 . 4 6 .17d 

66 0.997 25 . 0° 15.00 4 . 0 29 2 68 . 5 4 . 95 

67 0 .987 25.0 1 5 .00 4 .0 2"1 2 69 .5 5. 02 

68 2 . 00 25 .0 10.02 4.0 29 1 75 . 9 8 . 20 
> 

69 4 .00 25 .0 10.02 3 . 5 31 2 133 .2 13.87 

39 0 . 497 10 . 0 19 . 96 4 . 0 27 1 71. 4 3 . 89 

62 0.534 10.0 25 . 00 4 . 0 28 2 92 . 3 3 . 92 

40 0 . 993 10.0 15.00 4 . 0 28 1 79.6 5.73 

63 0 . 993 10.0 19 . 96 3 .7 29 1 108 . 4 5 .75 

a Approximate value; explora tory run . Sample stripped without 
added electrolyte for 3 hr . (trap gai ned 283.5 mg .); then 
added excess MaCl to residue and stripped. for 4½ hr . into 
emptied trap , which ga. i ned 33 . 9 mg . (solubility calculated 
from combined gain). 

b Approximate value ; exploratory run . No electrolyte was 
added to the sample . 

c The solution was- at 26° when sampled. 
d This value was discarded because- it disagreed not only with 

t he values of ru..ns 66 and 67 but also with t he values of runs 
40 a.nd 63 (since solubility decreases with increase i n temp . ) 
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K [BAg+J / [Ag+] , evalua ted e quilibrium cons t an t of ·bhe 
-e 

heterogeneous reaction: Ag++ Bo = BAg+ 

i * t hermodynamic eqtdlibrinrn constant of the -a 
homogeneous reaction : Ag++ Ba. = BAg+ 

la [ BAg+] / [Ag +] [ Bw ] = ~/ [ Bw], evalu;;. ted equilibrium 

cons t ant of the homogeneous reactiol'l: Ag++ Ba = .BAtf 

Since the equilibr ium system inv()lves benzene in t wo 

phases, there is a.n equilibrium constant for the reac tion of 

aqueous silver ion i;,r i th benzene i n the organic phase as well 

as in the aqueous phase . The respectbre t he!'modynamic equili­

brium constants are: 

a 
BAg+ [BAg+] f 

1"¢ --- -- - BAg+ 
(1) ,.\ = ...,.0 a a, [Ag+j 1·, a, 

- l + - -;; g Bo AgT Bo 

__ ,.......... ( 2 ) 

To evaluate the equilH,r ium consta.nts with the ava ilable 

data , ce:rta i:n approxi mations are necessary . It is a ssumed 

that the a otivi ty coeffic:i.ent of' silver ion, 1 +- , is approxi­
Ag 

mately equal ·to the a ctivity coefficient of silver- benzene 

complex ion , f . This assumpt i on is made because the ... + 
BAg . 
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a.cti vi ty coeff ici. ents of t wo simila r ly charged ions in a 

solution of some a rticula r ionic strength a re approximately 

equal, especially i f the solution is dilute (26); and because 

L1forraation a s to the activity coefficient of the s ilver­

benzene eomplex ion is ncrt available . 

Since the mole fracti on of ateT in the organic phase is 

not over O. 002 (~1'7) 1 and s i nce the a c tivity of pure benzene is 

ta.ken as unity, £3;, = 1 to a very good approxima. tion . The 
Bo 

activity of the aqueous benzene is essentially the same in all 

of the s ilver nitrate solutions, since these solutions a re in 

equilibrium wi th p:ra.ctically pure benzene . This constant 

a ctivity is a lso the activity of benzene in the aqueous phase 

of pure water saturated with benzene . Since a very dilute 

sol ution of a liquid dissolved in another liquid. wi th which it 

is only partially miscible obeys Henry ' s l aw quite well (28), 

the act ivity of the aqueous benzene, ,G , is a.pproxima.tely 
Ba 

equal to the molarity of benzene i n the aqueous phase of 

water saturated with benzene, [ Bw ], for a <l!!ta ndard sta te 

chosen so that a ctivity becomes equa.1 to mol arity as the 

s olution a1:,proacher1 infinite dilution (29) . Substttution of 

a = l a.nc. f' :f in eoua tion 1 reduces it t o [ BAg-+ J / [Ag +] , 
- Bo -Ag+ -BAg " 

which defines K ; Eu1d subs ti tut i on of a = [B,v] and f' = i' 
-◊ - Ba -Ag+ - BA~r 

in equation 2 reduces it to [BAg+J / [ Ag+] [ Bw J , which defines 

* !. • Thus, K i s approximately e qmtl to K , and K is approxi-
a ~ ~ ~ 

mately equal to K* . 
- a 
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The values of K and K are shown in ~rable X. The a queous 
-0 -,;i. 

phas€ molar concentra. tions cf tota l si 1 ver ion; [ Ag++ BAg+J ; 

a.nd of total benzene, [ Ba -t- .BAg+ J , a:re ba sed upon the va.lues 

given in Table IX . In t•No instances, a sma ll linea r extra­

pola tion was made to determirie the concentra tion of tc•t a l 

benzene at th~ concentra tion of tota l silver ion in Table x. 
The aaueous concentrat ions of uncomolexed benzene 1,,1ere ca lcu-

- A 

lated by means of the logarithm of solubility versus electro­

lyte concentra, tion relationship (6 , 7) from the solubility of 

[ .Ag-t + 
BAg+ J 

0 . 248 

0 . 499 

0 . 997 

2 . 00 

4 . 00 

0 . 497 

0.993 

Table X 

Equilibriuin Constants for the Coijrdina tion of 
Sil ver Ion with Benzene 

[Ba + [Ba ] , 
BAg+J calcd . 

0 . 0322 0 . 0209 

.0431 . 0197 

. 0640 . 01"16 

. 1050 . 0139 

. 1'176 . 0087 

0 . 0490 0 . 0192 

. 0735 . 0169 

(BAg+J 

25° 

0 . 0113 

. 0234 

. 0464 

. 0911 

. 1689 

10° 

0 . 0298 

. 0566 

[Ag-t] 

0 . 237 

0 . 476 

0 . 951 

1 . 91 

3 . 83 

0 . 467 

0 . 936 

K 
- o 

0 . 0476 

. 0492 

. 0487 

. 0476 

. 0441 

0 . 0638 

.0604 

[ 
a 

2 .15 

2 . 22 

2 . 20 

2 . 15 

1 . 99 

2 . 91 

2 . 76 
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benzene in water and in 1 ! potassium nitra te (Table I) on 

the assumption that the concentration of uncomplexed benzene 

is the same in equimolar solutions of potassium nitrate and 

silver nitrate . Approximately equal concentration in 1 M. 
potassium nitrate and 1 ! silver nitrate is to be expected 

because it was previously shown that this relationship holds 

in the ca.se of cyclohexane (p . 84) and because rela tive 

salting action is almost independent of the nonpolar substance 

salted (9 , 7). At higher concentrations of silver nitra te, a 

moderate err or in the calculated value of the concentration of 

uncomplexed benzene would have very little effect on the value 

of the equilibrium constant , since this concentra tion is 

subtracted from a. muoh larger concentration in making the 

calculation . 

The relatively small variation in the value of the equili­

brium cons tants over a wide r ange of silver ion concentr8.tions 

suggests that the principal reaction involved is the formation 

of a one-to-one complex. However, a minor reaction yielding 

a disilver complex may occur without being apparent because of 

approxima tions ma.de in calculating the equilibrium constants. 

Moreover, since the activity of benzene in both phases is 

essentially constant, the data would not reveal the existence 

of a reaction yielding a monosilver• polybenzene complex. 

Heat of Complex Formation . Table XI shows the values of the 

heat of complex formation, ~!L for the heterogeneous and 
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homogeneous reactions . .6[, assumed to be constant over the 

small temperature range, was calculated fro m the respective 

K and K values by means of the integrated form of the 
-o -a 

":I 

equation dln!Vs.!!=.61:!/RT&:; . 'l'he heat of forma tion of the 

silver-benzene complex is roughly one-half of the heat effect, 

6 kcal., attending the forma tion of one mole of silver­

cyclohexene comple x in an aqueous solution in equilibrium 

with a 1 l solution of cyclohexene in carbon tetrachloride (8) . 

Ta,ble XI 

Heat of Complex Formation for the Oo~rdination of 
Silver Ion with Benzene 

0.50 

1.00 

0.50 

1.00 

Heterogeneous Reaction: Ag++ Bo = BAg+ 

l 0 /K 0 o,10 o,25 

1.297 

1.240 

-AH, kcal. 

2 .90 

2 .40 

Homogeneous Reaction : Ag++ Ba = BAg+ 

K . / K 
- 0 - 0 a ,10 a,25 

1.312 

1.255 

-L1H, kcal . 

3 .03 

2.53 



- 103 -

1. Part I of this thesis 

2 . A. Seidell , 11 Solubili'ties of Organic Compounds," third ed., 
Vol . II , D. Van Nostrand Co ., Inc ., New York , N. Y., 
1941, p . 368 

3 . t . J . Andrews and R. . M. Keefer, J. Am ~ Chem . Soc., 71, 
3(>44 (1949) 

4. p . M. Gross and J. H. Saylor , J . ~m. Chern. Soc., p~, 
1744 (1931) • 

5 . P . M. Gross, J. Am . Chem . Soq ., §1., 2362 (1929) 

6 . P . :M . Gross, Chem . Rev .,, 13, 91 (1933) 

7. H. S. Harned and B. B. Owen, 11 The Physical Chemistry oi' 
Electrolytic Solutions, 11 Re i nhold Publishing Corp ., 
New York , N. Y., 1943, pp . 51-59, 397- 400, 565 

8. S. Winstein and H. J . Lucas, J . Am . Chem. Soc., ~Q., 
836 (1938) 

9 . s . Gl asstone , 11 Textbook of Phys ical Chemistry ," second ed., 
o. Van llfostrand Co., Inc .,. New York , N. Y., 1946, 
PP • 699, 729 

10. G. f1ter1.~f, J. Am . Chem . Soc., 57, 1196 (1935) 

11. s. O' M. Boekris and H. Egan , rrran.s . Farada y Soc.> 44., 
151 (1948) 

12. L. Pauling, "The Nature of the Chemical Bond," second ed., 
Cornell University Press , Ithi.ca, N. Y.> 1940, p . 346 

13. M. Randal l and C. F' . Failey, Chem . Rev ~, !, 271, 285 , 291 
(1927) 

14. L . p . Hammett, 11 Phy sica,l Organic Chemistry, 11 McGraw- Hill 
Book Co .t Inc ., New York, N. Y., 1940, p . 138 

15 . "Rogers • Industrial Chemistry," edited by C. c . Furnas, 
s i xth ed ., Vol. I, D. Van Nostrand Co ., Inc ., 
New York, N. Y., 1942, p . 66 

16. E. H. s ,l'lift , HA Sys tem of Chemica l Analysis," Prentice-Hall, 
Inc ., New York , N. Y., 19461 pp . 422.-425 



- 104 -

REFEREUCES 

17. C. Yi . Clifford, Ind . Eng . Chem ., 13; 628, 631 (1921) 

18 . A. A. Morton, 11 La..bora tory 1'echnique in Organic Chemistry," 
McGraw- Hill Book Co., Inc., New York, M. Y., 1938, 
PP • 5 , 13-16 

19. N. A. Lange , "Handbook of Chemistry," sixth ed., Handbook 
Publishers, Inc. , Sand.uslcy, Ohio, 1946, p . 1 399, 1407 

20 . A. F. Forziati , A. R. Gl asgow, O . .a . Willingham, and 

21. \1 . F. 

E,. L. 

F' . D. Ros s1nn1, J . Re search Nat . Bureau St andards, 
~ , 129 (1946) 

Seyer, M. M. Wr i r:)ht , and R. c. Bell, Ind . Eng. Chem., 
31 , 759-60 (1938 

Eckfeldt and w. w. Lucas se, J . PhJ':S• Chern ., 47 , 
1 64 (1943) -

23 . J. A. Patterson, I_nd. Eng . Chem ., Anal. Ed,. • .§., 171 (1934 ) 

24. H.J. Lucas and D. Pres sman, Ind. F.:ng. Chem.,, Anal . Ed ., 
1Q., 140 (1938 ) 

25 . F . Ephraim, "Ir1organic Chemi stry," by P. O. L . Thorne 
a nd E. R. Roberts, fourth ed ., rev., Nordeman 
Publishing Co ., Inc ., New York, N. Y., 1943, p . 556 

26. (a.) G. W. Lewis and. M. Randall , "Thermodynamics and the 
Free Energy of Chemical Substances," Mc Gra.\v- Hill 
Book Co ., Inc., New York , N. Y., 1923, p . 379 

(b) A . A . Noye s, J. Am . Chem. Soc ., 1R, 1116 (1924) 

27 . C. Black, G. G. Joris, and H. s . Taylor, J . Chem. Phys., 
1.§., 537 (1948) 

28 . (a) J . A. V . Butler , D .. W. Thomson{ and w. H. MaoLennan, 
J. Chem. Soc ., 674 (1933; 

( 'b) M. Randall and H. P . Weber , J . Phys . Chem., ,ii, 917 
(1940) 

29 . S. Glas stone, "Thermodynamics f or Chemists," D. Van Nostrand 
Co ., Inc., New Yo:rk, N. Y., 1947, p . 354 



PART Ill 
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PART ll:t 

A PlOPOSJD EliitJM MOMDOLATURE. FOR IOIIO COMPLEXES 

llVOLVING CARBOl•CMtBOX MULTIPLE BOOS 

with ee,rta.t.n salts te fo;rnn c()mplex substances of C(!)mp,a:rat1vely 

low 1ta'.b11tty (l). I1 was only a.bout a. deeade a.go, however, 

that ehem1ste began tt 'Qt\dtrsta.nd;, ill the tetme ot mo4e:tn 

et;ru.otura.1 theory, the nat\U'e of the eo6:td1na.t1~n between a 

~a.ti.on and a. oarbon•ca~bGn double bo~d.-

X+ X X 
+ \ / + 

>e == C< >a- O<: > C- t < 

I ll XII 
tt<1ouble bond 
1 ont.C'" f.orm 

IV 

oyelto . 
posltlve ion 

The picture of an 1.en who$e structure was intermediate 

b1,tween lII a:nd IV as first adva.ne.od by Roberts and lU.rnba.11 

(.2), as a postulated intermediate t.n the ha1ogene.tion ot 

.tthylenes. tn atudtes which showed that etlve't ton eto:rd1n~ 

at•·• with u.n,a. t'\lra te.4 eempol.Ulds I Wia.et,ta and Lucas ( 3) 

independently developed the eoncept1 during a. oonferenee with 
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Professo:11 L1nu$ Pauling, that ·the complex was a resonance 

hyb:,id t ·eeeiving e-ontributlons frem stl'u.etu.res I; II, and IIJ. 

l,u.cas a,nd. co-,wt:trkers (4, 5, e) la.te:r extended the concept 

ot a t-el9onanct hybi-id. lo i.nel't.lde all :teu,r structures, w1th 

tefti"&nte 1G the olefin cemplexes et bromit1e, mercury, and 

e11Ve1'. It should. be n.Qted that the cyolte poa1t1ve 1on,. IV, 

lil'V'tlv&e tiiona.tion of a palr of eleetNns fl'om i. so that this 

struo'1r1ut w<)uld m.a,ke only a small oont1'1bution fer strongly 

ettotto:phi 1.t.o ca tlont ~i'ld l).e tton•e•g1ste:nt fo't ottrdi:na t ion 

with a. pr•ton, 

~t!1PJ!Je(t}l&~l!1tl1 ln~•r.l~ett,_, _iQtt;I:· (,, S,: 9., 10) It is p:robable 

tbat 1~ a oa~'bfi>fl*carbon mai t ·t.ple bond one c,f the oo.nde 1s -S'.il'ni• 

lar· to tlie e.:aJfbo.n-ia:rix>a '1ingJ.e bona t• etban_e1 while the 

t)'Che:r bGtid Olt bonds aio ot -we•e-l' bon,U.ng pow~:t,1 thereby 

gtvi~g :ru-. to tht well.i-tnown unsa.tura.tect p,roper-t1-es of alken•• 

,and alkynes. 'the o.a.tben~.a:r'bon bend i.n etnane is ealle.d a 0-0-

1>0:nti tt • O'"' botid-. lt t.n•olvet t.-h• tverlap of tne S•P hyb:t'ld 

bend o~'bltal f~em ea,oh ea.:rbon atQm. The p:rtma:ry bond in a 

double Olr' tripl• b)ond t.s a1eo a crcr 'bond. lt l ,s to be .neted. 

that th·e amount ot p oha.l!aater in the a-..p hybrid orb1 tal, o.f 

'thls tnr bond may be dif fe:r.ent from th-e amount tn the cnr bond 

tt ·ethane. The oth:et pa:,rt Qf a double li)ond i.nvolvee a p 

tl'bttal f:r~m ea.eh carbon at0m, a,nd ts called a 1r1, bond oJt a rr 

berut. In terming a. tr1p1e bond eaeh cal.'bon a.tom u•es two p 

trbita.1$t which are at ?'lfht angles to eaeh cthe:r. Th'\lS the 
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double bond is ma.de up of one o-<r bond and one..,.,-.,,- bond, whereas 

the triple bond consists of one <Y'Cr' bond and t wo orthogonal 1t7r 

bonds. Figure 1 is an origina l schematic repre senta tion of 

this interpretation of' the carbon-carbon double bond and triple 

bond• showing the approximate orbitals in the manner used by 

Pitzer {11). The 17"'17""bond or bonds are shown separa tely from 

the o-'dbond; so that the difference in their character may be 

more readily eeen. 

The strength of a bond is approximately proportional to the 

amount of' overlap of the orbi t a.ls, so that a ,,,.-,,,- bond is only 

ab.out 70fo as strong as a o-o-' bond. Rotation about the carbon­

carbon axis is not restricted by thee-tr bond, because of its 

cylindrical symmetry a,bout thi s a xis. Rotation is restricted 

by the 1'17' bond, however, since there is a maximum overlap , and 

he~oe stability, when the --rr orbitals lie in the same plane. 

Whe·reas the er orbitals overlap to a maximum extent directly 

between the carb0n nuclei, the olefin 1T orbitals have lobes 

extending above and below the plane of the molecule, so that 

they may also overlap favorably wtth the orbitals of atoms com­

ing in from above or below. Similarly,_ the t wo --rr orbitals of 

each carbon atom in a. triple bond extend out from the carbon 

nucleus in four orthogonal lobes, so that their spatial distri­

bution is well suited to oo&rdination with other atoms. 

Suppo:rting Phyeical Data. It was believed until recent yea.rs 

that the donated electrons of the co&rdina ted link type of 

bond must be i ni tially non-bonding electrons, but there is 
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nothing tn· moleoular orbital theory to warl"ant this 11mlta .... 

tion (12, 13). It is true that donation of lone electron 

pa.1:rs ts more commonly observed» but this is because such 

eleetrons are usually more weakly bound than bonding 

eleet:rone,. For donat1en 'by bontiing electrons to occur. it ls 

es.sential that these electrons hav~ especially low ion1zat1on 

potentials . Electrons in olefins fulfill this condition. 

The 7r electrons of ethylene lie in an orbital of ionization 

potential 10.5 volts while the lone pair electrons of ammonia 

lie in an orbital of ionization potentie,l 10.8 vol ts (13, 14). 

Donation of the 7T' electrons of ethylene may be expected, 

therefore, just aa ammonia may donate its lone pair of 

electrons. 

The available energy data also supports the possibility 

o,f a. s1gnifieant amount of coBrdina.tion involving the double 

bond. 11nste1.n and Lucas (3) found the L\ i of complex folfmation 

of one mele<rmle ot eyelohexene a,nd of rnethylethylene w1 th 

silver n1ti-a.te in aqueous solutto.n to be -•6 kcal., a. value 

comparable to ,...5 . ? kca.l., ene .... ha.lf the Ll !! for the ao6rdina tio:n 

of two ammonia molecules with one silver ion, 1n aqueous 

solution. Baughan, Evans, and Polany1 (16) have ealeulated 

that the proton affinity o:f ethylene,_ a.bout 174 kea.1., ts 

only about 10 kcal . less than the proton affinity of water. 

The Ra.man speotra. of aqueous solutions of silver-olefin 

complexes were studied by 'taufen, MurTay, and Cleveland ( 16). 
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Their data support the oonolusion that complex formation 111 

some way involves the double 'bemd. That the double bond 

bas not been broken, but merely weakened, is indicated by 

the prese11ce o'! a, line still in the double bond region, but 

of definitely smallel' displacement than in the original. 

compound. Iio new l!ne corresponding to a metal-.carbon linlt­

age could be discerned . 

Si?ffibol;is~ . A nu.mber of s:peo1a.l symbols have been used te 

in<U.oa.te the distinctive nature of the double bond and 1 ts 

co6rdination compounds. 

X 

>a : o< 
X 

I II III 
+ x+ x + 

[>ale<] ' 
r t · 

> O-== O( > G= C< 
I 

tV V VI 

H.iiekel (7) suggested the use of I or :tI to represent the double 

bend., and referred to the 1, electrons as •t.electrons of the 

seeond kind.» Mulliken (17) p~efers to call them "unsaturation 

eleotx-ons . " We:rner. (18) proposed that III be used fo:r the 

conventional double bond formulation. Price (19) ha.$ suggested 

that the intermediate in several typical olefinio reaotions is 

an association complex with the 7T eleetrons of the double 

bond, repres.ented by a symbol such a.s IV. Dewar (20) he.s used 



- ~12 -

V to represent the 11 1T oomplextt which is postulated as an 

1ntertnedia.te in various ~earra.ngements ~f aroma.tic systems. 

Wal,sh (13) prefers the symbol VI, by whioli he means that the 

tw:o electrans of the original 'IT @Qnd now bind the three nuclei. 

In IV, V, a.nd VI the present author is using 1 as a genel'al• 

1~ed oat1on, to represent various specific cations described 

in the above referenees. 

The Jnium Nomenclature 

Pui7:p,tse,. Thus 1 t is seen tba t tn the past deaade there have 

b•en :rapid strides in our knowledge of a type of oot>rdinate 

11nk which differs from the elassic type involving a lone 

eleetton pair . It seems likely that Qur knowledge of this 

tyPe of linkage, and ,in pa.:rticula.r of its applioa.tlons in 

understanding the mechanisms of orga.nir., rea,ctions, will beeome 

of ino-rea.eing importance. Suggestions ha.ve been made fol' 

cbuaeter1atie symbols to represerrt the-se complexes. A die..,, 

,t;.nctiv-e nomen.clat\il,ie to represent this type of linkage would, 

11ke.wiee1 be very valuable; and it is impo:rta.nt that e;uch a 

n~mencla.ture be euiopted 'b1t.d'o:re the present unsystematic names 

'b$eome too w-ell established. 

~ _ner!zl P,ules in .Naming. It ie proposed that :Lonie complexes 

wh1ob may be reasQnably considered to ha.ve a :resonance eontl'i.,,. 

but.ion from . the double bond 1onie structure I be named t?nium 

C$mp1.exe.s. p:rovi.ded. t .hat the usual name of the d01l$l' compound 
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ends in nene". 

I II 

For example, stnee II ts one of the r -esonance structures et 

the oomplex ion that seems to be responsible for the inereased 

aqueoutt solubility of ets-2-pentene whiah QeoUl's hen silver 

nitrate is present (6), the ion would have an en1um name . 

Tne enium name consi sts of the acceptor ion, a hyphen, and the 

Geneva name of the donor moleoule with its final "e« replaced. 

by the suffix "tum•. -Thus lI would be "silve-r.cis .. 2-pentenium 

ion.,t+ Complexes wherein the double bond is ~eplaeed by a 

t:rip1e bond would reeeive oorrespond-ing ttynium" names. 

~etes a.nda,~Exam;gles, The e.nium and yntura nomenolat'lll'e is based 

on two facts . Fi.1st, ••ene0 and "yne"' are used in the Geneva 

system to :represent the double bond and triple bond, respee­

tlvely .. Secondly, ehemieal Abstracts (21) suggests that 

0 :tum ~Qmpounds.t' a.re "-compounds containing a.n organic eation.tt-. 

uearbeniw.n* ion is used by some authors in the place of 

"car'bonium" ten, but the latter 1e the one now a.oeepted by 

Oherd.ea.1 Abstx-aots. No other usage of enium or yniwn, whieh 

might cause eonfuston with the proposed nomenela. tu:re, has 

been fcunt .. 
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The double bond may be part of a ring system, as in the 

•silver-cyelchexenium" lon (3). Eithe:r the els or the tranf 

configuration of an olefin may be involved 1n eo&rdins,tion . 

. I,n the ease ef the 2-pentenes., "e:tlver ... o1►. 8•pentenium0 ion -
1.a mot'e read.ily formed than th• "s11ver.tra.ns•2•pentenium• 

i•n (S). With dienes, oomplexes have been observed with 

either 0ne or two silver ions ootiirdi11ated with one 

\Ulaatura.ted molecule; for example, "id.lve~•dimethylbutadieniu.m* 

a.nd "disilver .... dimethylbuta.dien1um11 ions (3) .. l:f the acoepto~ 

ton has mo!'e than one:; valence state, this may be lndica.ted 'by 

• tett or 11 oue•. 11 .Mercurte-eyolohexeniu.111" and tthydroxymerouriC• 

ey¢lohexen1umn complexes have been investigated ( 5). I1 th.e 

m.erourous complex exists, it would be a 11 merourous..-eyelohexetatum" 

i~rh An alte:rna-te method oi indicating the oxida:tion state 

of the cation is ll>y means of Roman n'llP.lerals. For e:x:amplt, the 

illercu:r.ous and rnerqurio complexes of ayolohexene would be, 

reapeettvely, "me.r.e,u:ry( I).,.,.oyolohexenium6 (3.tid 1imaroury(II)• 

oyolohexeniumst ions. 

W'heneve:r oonveni.ent, and riThere confusion is not likely 

tg $.rlse1 a. simplified or group name may be ueed, in which the 

name of the donox molecule, or aooeptor ion, is omitted in 

fo:rming the enJ:um ea.me.. For example, 11 argentenium" ion would 

be a. simplif ied name for referring, in oontext, to the complex 

1en of silve:e with some specific olefin. Or "argenteniwn" lens 

might be used to refer to a, greup of meta.l•ole:finio oomple,ces 
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each of which oontaine s ilvel'.". In the eih0rtened name of a 

cation su.eh as m1u•cury, the oxidation states may be indicated 

by ehorte»i ng "1.e" to "i", and "ous" to "o". The respective 

lone would be •mercur1-..eniumtt qd. "me:rouro-enium", the hyphen 

being inserted to separate the successive vowels. An example 

of where it would be oonven.ient te omit the cation would be 

ln saying that both silver and rnereurio iens are known to 

f'ol'Jll 1 cyclohexenium" complexes. Another case would be the use 

of the term 14 benzenium" complexes in a discussion. of postulated 

mechanisms for aromatio reaotions. 

The Pro;lcenium lpn, By analogy with the nomenol1.i1.ture of metals., 

a ,'.possible enimn name for an olefin ... hydrogen ion complex weul4 

be tthydl"ogenenium". The name Up;rotenium 11 is advooe.ted instead, 

primarily because it seems more euphonious .. There is also 

som.e justifiea t:ton for basing the name on the word proton, 

i.nasmueb &$ the complex involving this bare nucleus is unique. 

St was noted, for e:x;a.inple, that it is here impossible to write 

a cyelio resonanee form, since the proton has no eleotron.s to 

fu:rniah for the formation Gf a. three-membered ring. Pitael' (22) 

has suggested the name ''protonated double bond" in oonneotion 

with the structure of d1borane . While this may be regarded 

as an a.l terna. ti, ve name for a 1' diprotenium" oomplex, it ts fe11 

that the enium system is more oonventent to use as a generalized 

nomenclature. The protenium ion has been postula:ted a.a an 

intermediate in aeid catalyzed alefinie reactions (19). The 
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corresponding ion involving a triple bond would be a «proty­

nium11 ion. 

IIEnium" Compared with 11 0niura 11 • Positive bromo-olefin complexes 

have been postulated as reaction intermediates by Winstein and 

Lucas (4). They indica te that the structure of these complexes 

is exactly analogous to that of the previously mentioned 

silver complexes in regard to the contributing resona,nce forms, 

although the proportion of the various forms differs . Their 

name for the complex is (cyclic) 11 bromonium" ion (23). How­

ever, not all organic ca tions are named as •tonium" compounds. 

Other 11 ium11 compou:nc.s (organic cations) such as 11 inium 11 (~.g_., 

pyridinium), 11 oliumtt (~·!t•, 1midazolium) and 11 ylium 11 (~.g., 

pyrylium) are recognized (21). In fa,ct, Lucas, Hepner, and 

Winstein use the name 11 mercurinium" ( 5) in na.ming the analo-

gous bivalent mercury complexes. It" is therefore recommended 

that the name "bromenium11 be substituted for "bromonium'', 

inasmuch as the former makes it obvious that this ion has 

distinctive character arising from the double bond ionic 

resonance contribution. Similarly, it is recommended that the 

names "chlorenium11 , "iodenium", and 11 haleniu.m" be substituted 

for the corresponding "oniurn" names (23). "Me:rcuric ... cyclo­

hexenium" would be used instead of II cyclohexenemercurinium'' 

(5). The structural difference between donation of bonding 

electrons, in eniu.m complexes, and dona tion of a lone electron 

pair, in most compounds with an 11 oniumtt name , would be indicated 
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by a slight rnodifica tion in nomencle.ture. Diphenyl iodoniu.rn 

iodide i .s a stable substance in which the positive iodine has 

been an electron donor. A positive iodine-olefin complex, 

which is likely to be unstable except in aqueous solution, 

virould be distinguished a.s an 11 iodenium" ion, in which the 

iodine may be considered primarily as an acceptor of the 

double bond electrons. It would be unnecessary to refer to a 

"oyclio" ehloroniu.rn intermediate (24) , since 11 chlorenium" 

would by definition involve the cyclic arrangement . 

In discussions of the role of neighboring groups in 

replacement reactions, Winstein and co-workers (25) have so 

commonly represented postulated intermedia.te enium complexes 

in the three-membered ring form that it is well to stress here 

that the ring form is only a resonance contribution, to a 

hybrid ion and not an exact description of the a,ctual ion. As 

noted by Price (19), a ring structure is not necessary as an 

explanation of the stereochemistry of these reactions. 

Because of the spatial distribution of the 1r electrons> the 

hybrid structure may retain sufficient double bond character 

to resist rotation. 
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DISPLACEMENT VOLUMETRIC FLASK 

The displacement volumetric flask (Figure 1) is an 

apparatus for prepar ing and sampling a volat ile solution . 

The vapor space above the solution does not increase during 

sampling; hence the concentra, tton of ·the solution does not 

change by differential evaporation of the solution components. 

The apparatus was designed for cyclohexene in carbon tetra­

chloride solutions (p. 20) , but it was used only in prelimi­

nary experiments because it was noticed that a black deposit 

gradually appeared on the surface of the mercury benea. th the 

solution. 

The flask is made by drawing out the neck of a standard­

tapered conica.1 flask and is calib:ra.ted in the same way as an 

ordinary volu.rnetric flask . The stopper is made by sealing a 

capillary stopcock into a tube bearing a microstopcock, and 

fusing the bottom of the tube to a standard- tapered male joint 

virhieh fits the neck of the flask . 'When the stopper is inserted, 

the lower end of the capillary stopcock tube is slightly below 

the surface of the solution, and the vapor space above the 

solution i s just enough to allow convenient mi xing of the 

soluti on components. The stopper is held firmly in the neck 

of the flask by springs . When mercury is added through the 

microstopcock, pressure is created and the solution is forced 

up through the capillary stopcock . 



A 

D 

Figure 1. Displacement Volumetric Flask 

A: Entering mercury 
B. Displaced solution 
C. Capillary stopcock 
D. Graduation mark 



- 122 -

PROPOSI'l'IOliS 

1. I predict that a determina.tion of the temperature coef­

ficient of solubility for benzene in 0.2 ! silver nitrate 

would reveal that there is a reversal in the sign of the 

coefficient somewhere between 10° and 10°. 

2. Although an organic substance is less soluble in an 

aqueous salt solution than in water , the possibility is not 

excluded that a low concentra tion of water-soluble ionic 

complexes of' the organic substance ie present. It would be 

of interest to investigate the existence of such flhidden 

complexes" by experiments compa ring the solubility of the 

organic substance in different salt solutions at various 

concentra tions and temperatures. 

3 . Stripping analys i s deterrninatio~s of the solubilities of 

eyclohexane, carbon tetrachloride, and benzene in hydrochloric 

acid solutions would give a valuable indication as to whether 

or not proton complexing is the basis for the minimum in the 

distribution constant versus a cid concentration curve of 

cyclohexene distributed between carbon tetrachloride and 

hydrochloric acid. 

4. The experiments of Andrews and Keefer indicate that the 

col:hdination of sil-ver ion with benzen.e in aqueous solution 

involves primarily complexes in which one silver ion is 

combined with one or more molecules of benzene. I propose 

that information in regard to the relative proportions of 

different monosilver-polybenzene species could be obta i ned 
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by experiments combin ing the spectrophotome tric analysis 

method of Andrews and Keefer with the distribution method 

of Wins tein and Lucas (1). 

5.. Ingold and co-workers have shown that the rate of bronli­

nation of substituted ethylenes in methylene chloride a t low 

temperatures in absence of light increases with an increase 

in the total number of me thyl groups a.tta ched to the double 

bond carbon a toms . I propose that these results support the 

assumption that the rate-determining step involves a bromenium 

ion r a ther than a s i mple carbonium ion (2). 

6. The electrophilic nature of vinyl sulfones has been used 

to a,ccount for the ease with wh ich t hey undergo addition of 

such nucleophilic reagents as am ines or mercaptans. It 

appears that the mer captans , although weaker bases toward a 

proton, add to vinyl sulfones mor e readily t han do the amines. 

I propose that this unusual behavior may be explained on the 

basis of the stabilizing effec t of a cyclic intermediate in 

the case of the me:rcaptans (3). 

7. Smyth and co-workers have suggested t hat the dipole 

moment of diphenylselenium dichlor i de reflects the effect of 

contributing resonance structures having a pos itive charge on 

the benzene ring and a negative charge on the chlor ine atom. 

I propose that the effect of resonance contributions be 

further investigated by determining the dipole moment of 

dibiphenylylselenium dichloride, which could probably be 
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prepared by the chlorination of biphenylyl selenide (4). 

s. Additional teaching emphas is on the following va lence 

rules would make it easier for students to learn the formula e 

of chemical compounds. 

(a,) With the exception of nitrogen, 1ivhen there is more 

thn,n one stable valence state of a regular element, in contrast 

to a transition element, these valences differ only by an 

even number. 

(b) A consequence of electron-pairing is tha t compounds 

containing only non-metallic elements are restricted to those 

having an even total number of atoms of the nitrogen and 

halogen families . (For this rule hydrogen may be classified 

with the halogens.) 

9 . Experiments indicate that the nearer the polar group is 

to the end of a stra i ght-chain sodium. alcohol sulfate, the 

greater the detergent power of an aqueous solution of the 

compound. I propose an explanation for this effect based 

upon the relationship bet ~een the location of the polar group 

and the stability of the micelles which are responsible for 

detergent action (5). 

10. It is of interest to compare the conventional Grotrian 

energy level diagram with an alterna tive sp iral arrangement 

of atomic energy levels. 
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