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SUMARY

An ap p a ra tu s  h as  been developed  to  measure th e  vapour p re s s u re s  

o f  m ix tu res  by a s t a t i c  te ch n iq u e .

The ap p a ra tu s  has been te s te d  by rep ro d u c in g  th e  vapour p re s su re s  

and excess Gibbs fu n c tio n s  f o r  m ix tu res  o f hexafluo robenzene  + 

cyclohexane.

Excess Gibbs fu n c tio n s  have been de term ined  fo r  hexafluo robenzene 

+ N ,N -d im e th y la n il in e , and iso p ro p y lcy c lo h ex an e . An e q u ilib r iu m  

c o n s ta n t f o r  complex fo rm a tio n  has been  c a lc u la te d  from  th e se  

q u a n t i t i e s  and compares fa v o u ra b ly  w ith  th e  s p e c tro s c o p ic a l ly  determ ined

Excess Gibbs fu n c tio n s  have a ls o  been de te rm in ed  fo r  m ix tu res  

o f p en tafluo rocyanobenzene  + cyclohexane a t  two te m p e ra tu re s .

The s o l id - l i q u id  phase diagram  has been d e term ined  fo r  h e x a f lu o ro 

benzene + -d im e th y l p - to lu id in e  and s h e r ,vs the e x is te n c e  of a 1:1 

complex in  th e  s o l id .

The l i q u i d - l i q u i d  phase  diagram  f o r  pen tafluo ro cy an o b en zen e  + 

iso p ro p y lcy c lo h ex an e  has a ls o  been d e te rm in ed , and the  system  shouts 

an upper c r i t i c a l  s o lu t io n  te n p e ra tu re  .

Excess volum es of m ixing have been  o b ta in e d  f o r  hexafluo robenzene 

+ M , K i-d im e th y lan ilin e , N ,N -dim ethyl p - to lu id in e  and iso p ro p y lcy c lo h ex an e  

and pen taflu o ro cy an o b en zen e  + N ,N -d im e th y la ii i l in e , -d im e th y l p - to lu id in e ,  

benzene, to lu e n e  and p -x y len e .
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Excess e n th a lp ie s  o f i.iixing have been measured a t  tv/o 

te m p era tu re s  f o r  pentafluoroc^^anobensene + cy c lo h ex an e , benzene, 

to lu e n e  and p -x y le n e .

The e}:per im en ta l  ev idence su g g e s ts  th a t  s tro n g  conp lex ing  

occurs in  s o lu t io n  betiveen a ro m a tic  f lu o ro c s rb o n s  + a ro m a tic  

hy d rocarbons, and a l s o  a ro m a tic  am ines.

In  th e  fo rm er ca se  th e  in t e r a c t io n  ap p ea rs  to  be m ain ly  o f 

an e l e c t r o s t a t i c  n a tu re ,  w hereas in  th e  l a t t e r  case  th e  m ajor 

c o n t r ib u t io n  to  th e  in t e r a c t io n  a r i s e s  from  charge  t r a n s f e r  

fo r c e s ,  th e  amine a c tin g  as an  e le c t r o n  donor.
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niTRO':UCTIQN

1.1 FLUOROCARBON SOLUTIONS

V/hen a lipbû-tîc fluoroca rbons became a v a ila b le  i t  was discovered  

th a t many so lu tio n s  involv ing  them deviated from the p red iction s o f  

m olecular th e o r ie s , w h ils t  other so lu tio n s  agreed qu ite  w e ll,

S co tt ( 1 #2 ) made a d e ta iled  study and reviewed the r e su lts  o f  

a range of fluorocarbon systems. He found that in  gen era l, vhen a 

fluorocarbon i s  mixed w ith  a hydrocarbon, the d ev ia tion s from id e a l  

behaviour are o ften  large  and p o s it iv e  and may even bg so  large that 

p a r t ia l  m is c ib i l i ty  w i l l  occur.

Aromatic fluorocarbons were not obtained in  s u f f ic ie n t  quantity  

or o f  a high enough p u rity  u n t i l  1956, when vapour phase chromatography 

was used as a p u r if ic a tio n  technique ( b ) , On in v e s t ig a t io n  o f  these  

fluorocarbon systems la rg e  p o s it iv e  d ev ia tio n s from id e a l i t y  were 

observed, s im ila r  to  the behaviour o f  the a lip h a tic  fluorocarbon  

. system s.

However in  I 96O P a trick  and Prosser ( 3  ) reported the ex isten ce

o f  a 1:1 conplex in  the so lid  s ta te  fo r  hexafluorobenzene and benzene. 

In te r es t  was th en  focused on hexafluorobenzene systems in  which 

complexing was thought to e x is t .  The systems have been in v e s t ig a te d  

by spectroscopy, x -ray  d if fr a c t io n , thermodynamic measurements and 

other techn iq ues. The work has a lso  been extended to  include other  

fluorocarbons and th e ir  system s,

Penby (4 ) and Swinton ( 5 ) have both reviewed th e thermodynamic 

and non-thermodynamic work on some o f  th e  systems that have been studied  

(up to  1971) .
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The aroim tic fluorocarbon mixtures f a l l  in to  various c la s se s  

of systems and th e ir  behaviour, in  these c la s s e s ,  i s  reviewed in  

the fo llov /in g  sec tio n s  (in corporatin g  work published up to  the 

p resen t),

1 .2  AROMATIC FLUOROCARBON + ALICYCLIC HYDRQG/iRBCNS SYSTEMS

A number o f a l i c y c l i c  hydrocarbon + hexafluorobenzene mixtures 

have been stu d ied .

The excess volumes o f  mixing (?)> en th a lp ies o f  mixing (? ) and 

excess Gibbs fu n ctio n s (10) fo r  cyclohexane and hexafluorobenzene have ; 

been found to  be la rg e  and p o s it iv e  by Swinton and h is  bo-workers.

The phase diagram fo r  th is  system (8 ) showed sev era l complexes with  

incongruent m elting p o in ts . Various excess volumes o f mixing fo r  

other a l ic y c l ic  hydrocarbons w ith hexafluorobenzene th at Swinton has 

determined ( l l )  have a ls o  been found to be large and p o s it iv e . This 

i s  in  agreement vdth what would have been expected from the knowledge 

o f  how some a l i c y c l i c  fluorocarbons behave,

S tu b ley  and co-workers have shown th a t pentafluorobenzene + 

cyclohexane, and methyl cyclohexane m ixtures g ive excess volumes (1 2 ) ,  

and en th a lp ie s  o f mixing ( 13) vhich are sm aller than those o f  the  

p a r a lle l  hexafluorobenzene systems but s t i l l  appreciably large  and p o s it iv e .  

The d iffe r e n c e  was suggested  to  be due to  th e net d ip o le  moment o f  

the pentafluorobenzene m olecule ( 14) producing d ip o le  -  induced d ipole  

fo rces  in  th e  m ixtures,

A sm all amount o f work has been carr ied  out on pentafluorocyano

benzene and a l ic y c l ic  hydrocarbon system s.
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Penby ( 15 ) showed that ihe excess volume of mixing o f  

pentafluorocyanobenzene and cyclohexane was sim ila r  to  th a t for  

hexafluorobenzene and cyclohexane.

H a ll, Mo room and B rindley  ( I (» ) determined the en th a lp ies  o f  

mixing o f  pentafluorocyanobenzene with isopropylcyclohexane and 

showed them to  be la rg e , p o s it iv e  and grea ter  than the corresponding 

hexafluorobenzene system (H  ) .

Although there i s  some v a r ia tio n  in  the ac tu a l numerical value  

fo r  the excess fu n ction s fo r  various system s, when changing from 

hexafluorobenzene, to  pentafluorobenzene, and then t o  pentafluoro

cyanobenzene, there i s  s t i l l  a marked tendency fo r  th e g ia n t it ie s  

to  be qu ite large  and p o s it iv e , as expected,

1 ,3  ARaATIC PLUQROCARBCN + AROÎ IATIC HYmOCARBCN SYSTEMS

P a trick  and P rosser reported the form ation of a 1:1 complex in  

th e s o lid  phase fo r  hexafluorobenzene and benzene ( 3  ) ,  The unexpected 

occurrence of a s o l id  compound in  a system  conposed o f  two r e la t iv e ly  

s in p le , non-polar substances was strong evidence th at the interm olecular  

in ter a c tio n s  were unusual. The con p lete  phase diagram was in v e stig a te d  

more f u l l y  by Duncan and Swinton ( 8 ) ,

This behaviour was in  complete con trast to  that o f  a l i c y c l i c  

fluorocarbon + hydrocarbon mixtures and aromatic fluorocarbon + a l ic y i io  

hydrocarbon m ixtures. Other aromatic hydrocarbon mixtures were 

in v e stig a te d  to  see  i f  th is  phenomenon p e r s is te d .
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Duncan and Swinton ( 9  ) determined the s o lid - l iq u id  phase diagrans 

for  hexafluorobenzene w ith to lu en e, p-xylene and m esity len e. These 

a l l  showed the ex isten ce  o f  a sta b le  1;1 complex in  the s o lid .

In te r e s t  was then focused on the liq u id  mixtures o f th ese  systems 

and p rec ise  thermodynamic measurements were made to  see i f  any 

in d ic a tio n  o f complexing occurred in  so lu tio n .

Duncan, Sheridan and Swinton ( 7  ) studied  the excess volume of 

mixing as a fu n ction  o f conposition  a t 40°C. Their r e s u lt s  

progressed from, being q u ite  small and p o s it iv e  fo r  benzene 

m ixtures, though to  being sm all and negative fo r  m esitylene

m ixtures. They concluded th a t complexipg in  the liq u id  phase increased

as the e lec tro n  donating power o f  the hydrocarbon increased ,

Gaw and Swinton ( 18 ) stud ied  the vapour pressures of mixtures 

o f  hexafluorobenzene w ith  benzene, to luene and p -xylen e over a raqge 

o f  tenperatures and con p osition s,

A double azeotrope occurred w ith benzene and the excess Gibbs

Efu n ction s showed a s ig n  in version , G was p r in c ip a lly  n egative  w ith

a minimum o f about -1CX) J  mol  ̂ a t  40^0, The other two system s had
E —1more n egative  G minima, to luene being about -200 J n » l and p-xylene

-1
being -400 J mol .

The en th a lp ies o f  mixing fo r  th e above systems were determined  

by Andrews e t  a l  (9  ) ,  They were a l l  found to  be n egative , becoming 

in c r ea s in g ly  n egative w ith  e lec tro n  donating power.

Having seen th a t conplexing appeared to  p e r s is t  in  the l iq u id  

s ta te  a tte n tio n  was refocused on the s o l id  s ta te  oonplexes and the 

fo r c es  that bound the molecules in  a conplex o f th ia  type.
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Dahl carried  out a d e ta iled  x -ra y  study o f th e equimolar 

conpounds formed between hexafluorobenzene and 1 ,3 ,5  -trim ethylbenzene  

( 19) and hexafluorobenzene and hexamethylbenzene (2 0 ) , In both cases  

he found a s im ila r  c r y s ta l s tru ctu re . The m olecules were arranged 

a lte r n a te ly  fa c e - to - fa c e  in  sta ck s. There was a p o ss ib le  source of 

in te r s  tack  bonding because one C-C bond in  the hydrocarbon pointed  

d ir e c t ly  a t  a f lu o r in e  atom in  an adjacent stack , Dahl noted that 

the general stru ctu re  o f  the coirpounds was sim ila r  to  TT -  IT donor- 

acceptor oonplexes, however the in te ip la n e  spacing would have been 

expected to  be a l o t  sm aller i f  th is  were the case,

Brennan, Brovm and Swinton (21) in v e s tig a te d  th e 1 ; 1 s o l id

conpound o f  hexafluorobenzene and benzene using a d if f e r e n t ia l

scanning ca lorim eter. They estim ated the heat o f  form ation o f  the
—1

conpound to  be +1,0 + 0 ,3  kJ mol , which i s  small and p o s i t iv e ,  and 

good evidence that the conpound i s  s ta b il i s e d  by geom etrical packing 

e f f e c t s  and weak e le c t r o s t a t ic  e f f e c t s ,  rather than by the normal 

s p e c if ic  interm olecu lar in tera c tio n s  o f the charge tra n sfer  type.

The nature o f the complexing in  the liq u id  s ta te  has a ls o  been 

open to  much sp ecu la tio n . I t  was thought, a t f i r s t ,  to  be charge-  

tra n sfer  in  typ e  due to  the trend o f  the excess fu n ction s becoming 

more negative on decreasing io n isa tio n  p o te n t ia l o f  the aromatic 

hydrocarbon (7 ,9 ,1 8 ) ,  However Swinton showed th a t th is  trend euLso 

occurred in  systems where ch arge-tran sfer  conplexing was not p o ss ib le  

( 9 , 11) so  i t  could not be taken to  be con clu sive  evidence.

Spectroscopic evidence was sought t o  confirm  or deny the ex isten ce  

o f ch arge-tran sfer  conplexing. No u lt r a v io le t  (22) evidence has been 

found but S te e le  a l  (23) have shown evidence o f  a band appearing
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in  the fa r -in fra red  region  of the spectrum o f  hexafluorobenzene and 

benzene. This a t le a s t  i s  proof o f enhanced interm olecular in ter a c tio n .

Much work has been done w ith  hexafluorobenzene and aromatic

hydrocarbon system s. Phase diagrams and thermodynamic excess  

fu n ction s have been determined. The natural course fo r  research

in to  th is  type o f mixture was to  observe the e f fe c t s  of changing

the aromatic fluorocarbon,

Duncan and Swinton ( 24) determined the s o lid - l iq u id  phase 

diagram fo r  pentafluorobenzene + benzene aind found th at the system  

formed two weak compounds w ith  incongruent m elting p o in ts . The mole 

r a tio s  o f  the fluorocarbon to  hydrocarbon were 1:1 and 3 :2 , They 

sta ted  th at the la t t e r  r a t io  i s  unique among binary systems o f  

organic substances. They in terp reted  the r e s u lt s  as being due to  

weaker s p e c if ic  in tera c tio n s  o f  pentafluorobenzene owing to  th e  

presence o f one hydrogen atom,

Penby, McLure and S co tt ( 25) measured fo r  the same system

a t 2 5 and 42^0, The excess en th a lp ies  were sm all and m ostly  

endothermie. They in terp reted  t h is  as being due t o  weaker sp e c if ic  

in ter a c tio n s  than in  the case of hexafluorobenzene. This was in  

agreement w ith  th e  s o lid  s ta te  in v e s t ig a t io n s ,

Howell, S k ille m e  de Bristowe and Stubley ( 13) performed a 

p a r a lle l  study to  th at o f Andrews e t  a l  ( 9 ) ,  but w ith pentafluoro

benzene, They determined the excess en th a lp ies  o f  pentafluorobenzene  

w ith  a s e r ie s  o f methyl su b stitu ted  benzenes in  the range 308 to  328 K, 

The m ixtures gave n egative en th a lp ies th at decreased w ith  m ettyl 

su b s t itu t io n , although th e ir  values were le s s  negative than th ose  fo r  

the corresponding hexafluorobenzene system . This was in  agreement 

w ith  previous s tu d ies  made w ith pentafluorobenzene.
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Sk i l l  erne de Bristowe and Stubley (1 2 ) ,  having found s im ila r it ie s  

betA-een the excess en th a lp ies o f pentafluorobenzene systems and 

hexafluorobenzene system s, extended th e ir  s tu d ies  to  the excess volumes 

o f the pentafluorobenzene system s. They determined the excess volumes 

a t  298, 15K and found them t o  be qu ite  sm all and p o s it iv e  and decreasing  

w ith in crea se  in  methyl su b stitu tio n . Again th is  was p a r a lle l  to the  

hexafluorobenzene systems although the rate  o f  decrease in  excess  

volumes was la rg er  w ith hexafluorobenzene than pentafluorobenzene system s, 

Stubley and S k ille rn e  de Bristowe concluded th a t the r e su lts  fo r  ï?  

and suggested  th at both hexafluorobenzene and pentafluorobenzene 

had s p e c if ic  in ter a c tio n s  vh ich  increased  in  a regular manner with  

methyl su b s titu tio n  o f  th e  aromatic hydrocarbon and th at the hexafluoro

benzene had the stronger s p e c if ic  in te r a c tio n  in  each case,

K elly  and Swinton (26) have r ecen tly  determined the phase 

diagrams o f pentafluorobenzene w ith 1 ,2  -  1 ,3  -  1 ,4  dime thylben zene s ,

1 ,3 ,5  -  trim ethylbenzene, pentamethylbenzene and hexamethylbenzene.

The f i r s t  f iv e  mixtures showed the ex isten ce  o f  a compound in  the 

s o l id  phase,

Penby and S co tt ( 27) widened the f i e l d  o f  research by determining 

the en th a lp ie s  o f mixing o f 34 o f the p o ss ib le  b inary systems C ^ H ^  

and Their r e s u lt s  ranged from p o s it iv e  to  negative and

through to  s ig n  changing excess en th a lp ies  o f  mixing.

They d iscu ssed  th e ir  r e s u lt s  in  terms o f  being made up o f  three

e f f e c t s : -  a p h ysica l n o n -sp e c if ic  in te r a c tio n  , due to the mixing
P

o f  hydrocarbon w ith  fluorocarbon, (This i s  la rg e  and p o s it iv e )  -  a 

s p e c if ic  chem ical in te r a c t io n  , due to  ch arge-tran sfer  conplexing.
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(This i s  negative  and dependent on th e  donor, acceptor stren gth s) -  

and a s p e c if ic  in ter a c tio n  between m atching. hydrogen atoms and flu o r in e  

atoms on adjacent r in g s , part o f the term (which they c a lle d  a look  

and key e f f e c t ) .

Hanna suggested th at the la s t  two e f f e c t s  H^^, could be 

e le c tr o s ta t ic  in  o r ig in  and due to  quadrupole -  quadrupole, bond 

dip o le  in te r a c tio n s . In t h is  case there would be l i t t l e  or no 

s ta b il is a t io n  o f  th e complexes by charge tra n sfer ,

Hanna expanded on th is  view p o in t in  a la te r  paper (2 8 ) , He 

suggested th at the e le c tr o s ta t ic  fo r c es  were due to C-P bond d ip ole  

in te r a c tin g  w ith  hydrocarbon TT quadrupole and s im ila r  induced 

secondary e f f e c t s .

This new approach to  the in terp re ta tio n  of the nature o f  

conplexing in  these arom atic fluorocarbon, aromatic hydrocarbon 

systems caused Penby and co-workers to  sy stem a tica lly  in v e s t ig a te  the  

excess fu n ctio n s o f benzene w ith  O^P^ where X = I,B r,C l and a lso  

w ith  cyclohexane. E s s e n t ia l ly  the TT acceptor strength  o f  the aromatic 

fluorocarbon was being increased . The h eats o f  mixing ( 29) were 

measured a t  298 ,15K and 3 0 8 ,15K, Por th e benzene, su b stitu ted  flu o ro -  

benzene system s the r e s u lt s  were negative and became more negative  

w ith  the increasin g TT e lec tro n  ^acceptor stren gth  o f the fluorocarbon. 

However the cyclohexane corresponding system s' r e s u lt s  were p o s it iv e  

becoming le s s  p o s it iv e . When these r e s u lt s  were considered as being * 

th e  p h y sica l in tera c tio n  H^^, and were subtracted  from the benzene 

r e s u lt s  to  g ive the chem ical con tr ib u tion , no trend could be

observed in  Ĥ  ̂ c o n s isten t w ith  in creasin g  TT acceptor stren gth . I t  

was concluded that ch arge-tran sfer p lays no s ig n if ic a n t  r o le  in  complex 

format ion .
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The ex cess  volume r e s u lt s  (3 0  ) fo r  the above systems again  

showed no trend c o n s isten t with the ex isten ce  o f charge tra n sfer  

conplexing. In fa c t  the r e su lts  were understood in  terms o f shape 

(cyclohexane non-planar versus benzene planar) and p o la r is a b il i ty  

d iffe re n c e s  (on changing X in  fo r  H ,P,C ^Br,l),

Again w ith  the purpose of varying the aromatic fluorocarbon , the  

pentafluorocyanobenzene and benzene system was in v e s tig a te d . One 

f lu o r in e  atom had been replaced by a very strong e lec tro n  withdrawing 

groip so  making the fluorocarbon a good e lec tr o n  acceptor.

H all and Morcom (31 ) have determined the phase diagram fo r  

pentafluorocyanobenzene and benzene and shown the ex isten ce  o f a 

double maxima corresponding to mole r a t io s  1:1 and 5 :3 . Hexafluoro

benzene + benzene on ly  gave a s in g le  maximum but pentafluorobenzene  

+ benzene showed th e  ex isten ce  of two weak conpounds w ith  mole r a tio s  

o f 1:1 and 3 :2 ,

Leong, Jones and Penby (15 ) have determined th e excess volunes 

of mixing fo r  th is  system  as w e ll as fo r  pentafluorocyanobenzene w ith  

cyclohexane. This formed a part of th e ir  programme to  see  i f  conplexing  

were due to  ch arge-tran sfer  e f f e c t s .  The excess volume, although  

negative fo r  pentafluorocyanobenzene + benzene, when a lte r e d  to  take 

account o f i t  did  not have a p a r tic u la r ly  increased  chem ical 

con trib u tion  over th ose for the benzene + C^P^ (X=H,P,Cl,Br^)

system s. He th erefore  concluded th a t ch arge-tran sfer  was in s ig n if ic a n t .
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1 .4  ARQ>iATIC ILUOROCARBCN AND AROMATIC AI.ONE SYSTEJ-ÎS

In te r e s t  in  L e ice ster  has been centred on su b stitu tin g  more 

powerful e lec tro n  donors, in  fa c t aromatic amines, fo r  aromatic 

hydrocarbons. These system s have then been in v e stig a te d  by 

sp ectroscop ic  and thermodynamic measurements, to  see  i f  hexafluoro

benzene’ and aromatic amines form ch arge-tran sfer complexes,

Beaumont and Davis ( 52-) showed th a t hexafluorobenzene could act

as a strong e lec tro n  acceptor w ith  powerful n-donor aromatic amines.

Prominent new u ltr a v io le t  absorption bands, c h a r a c te r is t ic  o f  a

ch arge-tran sfer band, were found fo r  mixtures o f hexafluorobenzene 
1 1w ith  lt,N, N , N -tetram ethyl-p-phenylenediam ine, H .,t4 -d ie tly la n ilin e

and N ,N -dim ethylaniline. A n alysis o f the sp ectra  gave va lu es fo r
*©-

K^, the equ ilibrium  constant o f conplexing, and AH conp*'^^® 

standard heat o f  formation of the conplex,

Beaumont and Davis (5 3  ) found th at on c lo se r  examination o f  the  

sp ectra  o f the amines many of the absorption bands had double maxima. 

They could not s a t i s f a c t o r i ly  exp la in  th is  but a ttr ib u ted  i t  to  the 

e f f e c t  o f the hexafluorobenzene,

Arraitage, B rindley , H all aid Morcom ( 3 4 ) have determined the 

s o l id - l iq u id  phase diagram o f hexafluorobenzene and hi,N -dim ethylaniline, 

They found the ex isten ce  o f a w e ll-d e fin ed  1:1 conplex,

Armitage and Morcom (3 5  ) determined the en th alp ies o f mixing 

fo r  a range of aromatic amines w ith  hexafluorobenzene a t 25°C, 50°G

and 70^0^
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The large exothermic heats and p o s it iv e  excess heat ca p a c itie s  

which they obtained in d ica ted  strong conplexing in  so lu t io n .

Morcom, Davis and co-workers ( 17 ) carried  out u ltr a v io le t
•e-

spectronho tome t r ie  measurements o f K and AH « They could  ‘ X conp,

then obtain  the quantity  H^^, the chem ical con trib u tion  to  the  

enthalpy o f  mixing. They a ls o  obtained H^  ̂ thermodynamically by 

using r e s u lt s  from referen ce (3 5  ) and the system  hexafluorobenzene 

w ith isopropylcyclohexane to  determine H^^, the p h ysica l con trib u tion .

They obtained good agreement between the two Ĥ  ̂ va lues ca lcu la ted .

The sp ectroscop ic  and thermodynamic evidence fo r  the conplexing  

in  th ese  systems being due to  charge tr a n sfe r  in te r a c tio n s , was fa r  

greater than w ith  hexafluorobenzene + benzene and benzene d er iv a tiv e  

system s,

Morcom and co-workers ( 3 4 )  have extended th e ir  f ie ld  of study  

to  include pentafluorocyanobenzene and aromatic amine system s. The 

phase diagram fo r  pentafluorocyanobenzene w ith  N ,N -dim ethylaniline  

has been determined and shows the ex isten ce  o f a w e ll defined 1;1 

complex in  the s o lid  s ta te .

I t  must be noted here that s in ce  Mull ike n (3G  ) shov/ed that 

the prominent absorption spectra ç f  a donor-acceptor conplex was 

due to  a charge tr a n sfe r  conplex, i t  has become apparent th at the  

presence or absence of a charge tr a n sfe r  band, in  -the u ltr a v io le t  

reg ion , n e ith er  confirms nor denies the ex isten ce  o f  molecular conplexing.

Furthermore the su ggestion  has been made th at charge tra n sfer  

con trib u tion s have been g r e a t ly  overestim ated and th a t c la s s ic a l  

e le c tr o s ta t ic  and p o la r isa tio n  e f f e c t s  could adequately provide the 

in term olecu lar binding energy ( 3 7  ).
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Therefore even in  the case of fluorocarbon + amine system s 

there i s  s t i l l  the p o s s ib i l i t y  that the s t a b i l i t y  of the conplex i s ,  

to  a large  e x te n t, determined by fa c to rs  other than charge tra n sfer ,

1 .5  ARŒvIî IG ILUQROCARBQN + SUBSTANCES OTHER THAN EREVIQUSLY 

MENTICNED

Many workers have in v estig a ted  the in tera c tio n s  o f  hexafluoro

benzene w ith  a range of substances both in  the liq u id  and s o lid  

s t a t e ,  again  w ith  the hope o f r eso lv in g  the problem of the type o f  

conplexing that hexafluorobenzene en ters in to .

Morcom and Andrews ( 33 ) found th at hexafluorobenzene w ith  1 ,4  

dioxan gave an s shaped curve fo r  the en th a lp ies o f mixing measured 

at 298. 15K, As 1 ,4  dioxan has been known to  form charge tr a n sfe r  

conplexes th ey  suggested th a t t h i s  may a lso  be th e  case w ith  th is  

system,

Martin and Murray ( 37 ) extended t h is  in v e s tig a tio n  in to  the 

rea ctio n  o f hexafluorobenzene w ith eth ers and measured the excess  

volumes o f  mixing o f  hexafluorobenzene w ith  d ie th y l, d i-n -p ro p y l, 

d i- iso p ro p y l and d i-n -b u ty l eth ers. However they obtained p o s it iv e  

excess volumes o f  mixing so  could not comment on the e x is te n c e , or 

n o n -ex isten ce , o f conplexing,

Reeder and co-workers have determined s o l id - l iq u id  phase diagrams 

fo r  hexafluorobenzene w ith  c y c lic  hydrocarbons contain ing one or two 

TT bonds ( 40 ) ,  In the case of systems where the hydrocarbon had 

two TT bonds then  ad d ition  conpound6.-were formed, w ith  incongruent 

m eltin g  p o in ts . This th ey  suggested was the r e s u lt  o f  donor-acceptor  

conplexing.
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G-oates, Ott and Reeder {l4) a ls o  determined the phase diagrams 

o f hexafluorobenzene w ith benzene, p y r id in e , furan and thiophen.

The f i r s t  two system s gave compounds m elting congruen tly  and the 

l a s t  two confounds m elting incongruently. They concluded th a t the 

s t a b i l i t y  was as expected i f  bonding fe s u lte d  from charge tra n sfer .

Penby and co-workers (42 ,46) showed th a t the excess en th a lp ie s , 

volumes and Gibbs fu n ction s o f hexafluorobenzene + carbon te tra ch lo r id e  

in d ica ted  th at the system deviated  from id e a l so lu tio n  behaviour,

Penby and co-workers carried  out a d e ta iled  in v e s t ig a tio n  in to  

th e  system triethylam ine and hexafluorobenzene where th ey  measured 

i t s  excess volumes (43)> excess en th a lp ies (44) and excess Gibbs 

fu n ction s (4 5 ) . This was because of a report th a t i t  gave a charge 

tra n sfer  band (3 2 ) , A ll  o f  the excess fu n ctio n s were found to be 

p o s it iv e  but sm all and were co n s isten t w ith  weak con5)lex form ation,

1 .6  THE DSVPLOHvIENT OP THE PRESEl̂ T WORK

The previous sec tio n s  show the great ajnount of inform ation  

a v a ila b le  fo r  aromatic fluorocarbon mixtures w ith  a l i c y c l i c ,  aromatic 

hydrocarbons and amines. However in  many cases there i s  a n o ticea b le  

la c k  o f excess Gibbs fu n ctio n s.

Only Swinton (10 ,18 ) and Pepby (45>46) have obtained excess  

Gibbs functions fo r  hexafluorobenzene system s.

Therefore the main purpose of the present work was to  ob ta in  

excess Gibbs fu n ction s fo r  aromatic fluorocarbon mixtures by measuring 

the vapour pressures w ith  a s t a t i c  vapour pressure apparatus.
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The system s w ere diosen so th at an equilibrium  constant of coinplexing 

K^, could be ca lcu la ted  from an experim ental excess Gibbs fu n ction  of  

complexing using a non-ideal so lu tio n  model (4 7 ) . This q u antity  

could then be compared w ith  a sp e c tro sco p ic a lly  derived K .̂

This work was intended to  con^lement a study made by Morcora 

e t  a l . ( 35) .

I t  was a ls o  hoped th a t the programme o f  work begun by Armitage 

and H all in  L e ice ster  could be completed. This involved  th e  

measurements o f  excess volumes o f  mixing and phase diagrams fo r  

hexafluorobenzene and arom atic amines.

In a d d itio n  a scheme to  study the excess en th a lp ies and 

volumes o f pentafluorocyanobenzene w ith cyclohexane, benzene, toluene  

and p-xylene was planned t o  determine viiether a more powerful 

e lec tro n  acceptor behaved d if fe r e n t ly  w ith  th ese  hydrocarbons than 

hexa fluoroben zene,

I t  was hoped th at th e excess Gibbs fu n ction s fo r  some pentafluoro*  

cyanobenzene systems could be determined.

A



CHAPTER TVra
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MA.TERIA.L5

2.1 IHTRODUCTICN

During the course o f the vapour pressure measurements th a t were 

made, i t  became obvious th a t greater  care had to  be taken over the 

drying o f  m aterials.

In p a r ticu la r  th is  v/as e s s e n t ia l  w ith  cyclohexane. Wherever 

p o ss ib le  m aterials were d r ied  w ith phosphorus pentoxide or  i f  th ey  

reacted  w ith th is  then fr e sh ly  a c tiv a ted  m olecular s ie v e , type 5A was 

used.

A ll  samples were required in  a degassed s t a t e ,  so when p u r if ie d , 

they were c o lle c te d  in  aii^joules of th e  type shown in  fig u re  (2 ,2 ,1 )  

and repeated ly  frozen  and thawed, then sea led  by covering the c a p illa r y  

tubes with mercuiy when they were s t i l l  frozen . The liq u id  was then  

e a s i ly  removed v/ith a hypodermic syringe and long needle.

Various c r i t e r ia  o f  p u rity  of th e  saoules were used. The o r ig in a l  

and p u r if ied  m ateria ls were analysed by gas liq u id  chromatography using  

a pye Unicam 104 Chromatograph, In' some cases the freez in g  poin t curve 

was a ls o  determined and the percentage p u rity  ca lcu la ted  from the shape 

o f  the curve. Vapour pressure measurements were carr ied  out on a few 

san g les and th ese  are g iven  in  chapter (4 ) .



FIGUiZ ( 2 . 2 . 1 )



— 1 8 “

I.ISRCÜRY

Two p u r if ic a tio n  procedures were used as the mercury fo r  the 

manometer in  the vapour pressure measurements had to be o f higher  

p u rity  them th at normally used in  the laboratory.

The mercury used fo r  calorim etry , excess volume measurements, and 

storage o f m aterials was p u rified  by f i l t e r in g  stock  mercury, shaking 

i t  f i r s t l y  w ith mercurous n itr a te  xn n i t r i c  a c id , secondly with

d e-ion ised  water and th ird ly  w ith potassium hydroxide s o lu t io n .

A fter a number o f  washings w ith d e-ion ised  w ater, i t  was dried and

tw ice d i s t i l l e d  in  vacuo.

Higher p u rity  mercury was required in  the manometer so that 

published data fo r  the d en sity  o f mercury could be used in  vapour 

pressure c a lc u la tio n s , and a lso  so th at the m enisci were not contaminated 

w ith ox id ised  im p u rities .

Mercury, as p u rified  above, was. v igorou sly  shaken with a ^/o n i t r ic  

acid  so lu tio n  contain ing mercurous n itr a te  u n t i l  the acid  no longer  

became d isco lou red . This was follow ed by washing with d e-io n ised  water 

u n t i l  the aqueous layer  remained c o lo u r le ss . The; mercury was then 

shaken w ith VGFJo potassium hydroxide so lu tio n  u n t i l  there was no 

d isco lo u ra tio n  o f the aqueous la y e r . The product was washed three times 

w ith d e-io n ised  w ater, which remained c o lo u r le ss . I t  was then dried in  

a current o f  a ir  a t high temperature follow ed by d i s t i l l a t io n  under 

reduced pressure in  a current o f a ir .  The product was f in a l ly  given two 

vacuum d i s t i l l a t io n s .
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Mercury p u rified  in  th is  way gave a s ta b le  foam la s t in g  15 -  20 

seconds when shaken with d e-ion ised  water ( and showed no tendency 

to mark the surface o f the manometer.

2 .5  FLU0R0CARB0N3

A) HexafluoroDenzene

Two samples o f hexafluorobenzene were used. One sample was obtained  

from B r is to l Organics L td ., and was o f  sta ted  purity  99+ This sample 

was dried over phosphorus pentoxide and used , without fu rth er  p u r if ic a tio n , 

fo r  the phase diagram measurements. I t  has a fr eez in g  poin t o f  278 .05K 

and a pu rity  o f  99*92 mole as determined from i t s  fr eez in g  point curve.

The other sample o f  hexafluorobenzene was obtained from Im perial 

Sm elting L td ., and was o f  sta ted  p u rity  99*95/^* This was a lso  dried  

over phosphorous pentoxide. G as-liquid chromatography u sin g  both a 

PEG 20M column a t 32).15K and a 10-/o APL column a t 52).15K gave only one 

sharp peak. The sample was used fo r  vapour pressure measurements without 

fu rther p u r if ic a tio n .

B) Pentafluorocyanobenzene

B r is to l  Organics L td ., pentafluorocyanobenzene, o f sta ted  purity  

99+7o> was p u rified  by continuous fr a c tio n a l fr e ez in g  u sin g  a freez in g  

apparatus. I t  was dried over fr e sh ly  a c tiv a ted  m olecular s ie v e  and i t s  

gas liq u id  chromatograph, u sin g  a 10^ E50 column a t 375*15K, gave one 

s in g le  sharp peak.
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2 .4  /iROLIATIC AimTES

A) N,N D im ethylaniline

"Analar" N ,H -dim ethylaniline was refluxed fo r  seven hours with  

a c e t ic  anhydride under reduced pressure ) so a s  to remove any 

primary or secondary amines as in v o la t i le  acy l d e r iv a tiv e s . The 

mixture was then d i s t i l l e d  under reduced pressure and in  a stream o f  

n itrogen  usin g  a fr a c tio n a tin g  column o f the type described by Ray (So) 

w ith a r e f lu x  ra tio  o f  about 50*1. The d i s t i l l a t e  was condensed in  a 

s o lid  carbon d iox id e/aceton e trap and i n i t i a l l y  con sisted  o f  a c e t ic  acid  

and a c e t ic  anhydride. E '/entually N ,N -dim ethylaniline was c o lle c te d  in  

the trap as a white s o l id .

This product was then r e d is t i l l e d ,  as above, using  a high reflu x  

r a t io ,  and the middle fr a c tio n  o f  three fr a c tio n s  was k ep t. This was 

again d i s t i l l e d ,  as above, and the middle fr a c tio n  o f  three kept and 

stored  in  an ampoule as described in  se c t io n  ( 2 .1 ) .

Gas liq u id  chromatography showed no trace o f im purity.

B) Dimethyl p -  to lu id in e

Ralph N. Emmanuel L td ., N,N-dimethyl p -to lu id in e , o f sta ted  pu rity  

99+y°f was p u rified  by the same method as described fo r  W ,N -dim ethylaniline.

The fr e ez in g  point o f the p u rified  sample was 245*58K and i t  has a 

mole percent p urity  o f 99»9l7^y as determined from i t s  fr e e z in g  point 

curve.
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2 .5  CYCLO ALKANES 

a ) Cyclohexane

BDH. C h em ica l L t d . ,  r e s e a r c h  g r a d e  c y c lo h e x a n e  w as d r ie d  o v e r  

p h o sp h o ro u s  p e n t o x id e .  I t  had a  f r e e z i n g  p o i n t  o f  279 . 70K and a  p u r i t y  

o f  99*99%> a s  d e te r m in e d  from  i t s  f r e e z i n g  i> o in t c u i v e ,  so  i t  was u se d  

w it h o u t  f u r t h e r  p u r i f i c a t i o n .

B) Isop ropy lcy c lo h ex an e

The i s o p r o p y lc y c lo h e x a n e  was r e q u ir e d  i n  a  h ig h e r  d e g r e e  o f  p u r i t y  

th a n  u s e d  p r e v i o u s l y  i n  t h i s  la b o r a t o r y  ) w h ere a  p u r i t y  o f  a b o u t  

99/^ was a d e q u a t e .  P r e v io u s  s a m p le s  v .ere fo u n d  t o  b la c k e n  m ercu i’y  

s l i g h t l y  and w ere o b v io u s ly  u n s u i t a b l e  f o r  v a p o u r  p r e s s u r e  m easu i’e m e n ts .

F i r s t l y  r e p e a te d  zo n e  f r e e z i n g s  w ere  d on e  b u t a f t e r  a b o u t t h i r t y  

p a s s a g e s  t h e  g a s  ch ro m a to g ra p h  o f  th e  s a m p le , on  a  3/^ 0V17 co lu m n  a t  

376*15%, s t i l l  show ed th e  p r e s e n c e  o f  s e c o n d a r y  p e a k .

A s p in n in g  band d i s t i l l a . t i o n  was th e n  c a r r i e d  o u t  u s i n g  a  

d reh b a n d k o lo rm e s y s te m  ty p e  AG N o. IO3 a s  s im p le  f r a c t i o n a l  d i s t i l l a t i o n  

had no a p p a r e n t  e f f e c t  on  th e  s a m p le .

A g a s  l i q u i d  ch ro m a to g ra p h  w as ta k e n  on  e v e r y  sa m p le  c o l l e c t e d  and 

th e  sa m p le  s i z e  v;as r e s t r i c t e d  t o  a  c o u p le  o f  cm^. % e g a s  chrom a to g i-a p h s

show ed t h a t  th e  s m a l l  s e c o n d a r y  p eak  v/as d e c r e a s i n g  and a t  th e  s e v e n t h  

f r a c t i o n  i t  d is a p p e a r e d  c o m p le t e ly .  The r e q u ir e d  sa m p le  w as c o l l e c t e d  

a f t e r  t h i s  p o in t  and was d r ie d  o v e r  p h o sp h o r o u s  p e n t o x id e .  The sa m p le  

d id  n o t  b la c k e n  m ercu ry  when sh a k e n  w it h  i t .
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2 .6  BSNZEiTE AND AZZHES 

a ) Benzene

’’Analar" benzene was p u r if ied  according to  the method o f  

Vogel (5 1 ) .

1000 cm5 o f benzene was s t ir r e d  fo r  th ir t y  minutes w ith  150 cm? o f  

concentrated su lphuric ac id . The a c id  la y e r  was separated o f f  and more 

a c id  added and the same procedure as above fo llo w ed , u n t i l  the acid  

la y e r  no longer became yellow . Four such p rocesses were required.

The benzene v/as washed tw ice w ith  d e -io n ise d  w ater, once w ith  a 

10/to sodium carbonate s o lu t io n , and again w ith  water. I t  was l e f t  to  

stand over calcium  ch lor id e  overnight.

The sample was tw ice d i s t i l l e d  o f f  sodium, in  an atmosphere o f  

n itrogen  . In each case th e  middle fr a c t io n  o f  the three fr a c t io n s  

was c o lle c te d . The pure sangle  was c o lle c te d  in  an an^oule as described  

in  sec tio n  ( 2 .1 ) .

Gas chromatography showed no tra ce  o f  im purity.

B) Toluene

Ralph N. Snwianue-l L td ,, to luene was dried  over phosphorus pentoxide 

and the gas chromatograph taken using a 10^ S30 column a t  353*' 1 T h e  

chromatograph showed no trace  o f  in p u r ity .

The fr e ez in g  p oin t o f  the sample v/as I 78. 3 IK and i t s  estim ated  

p u rity  was 99*97a
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G) F -  X.vlc me

R a lp h  11, EmniEinuel L td . ,  p - x y lc n e  o f  99+/<  ̂ p u r i t y  v/as d r i e d  o v e r  

p h o sp h o r u s  p e n t o x id e .  I t  w as u se d  v / i t h o u t  f u r t h e r  p u r i f i c a t i o n .



CHAPTER THREE
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THE DESIGN AND OEERATICN OF 

AN APPARATUS TO MEASURE VAPOUR PRESSURE

3,1 INTRODUCTION

Vapour pressure measurements o f  liq u id  m ixtures are d i f f i c u l t  to  

perform a ccu ra te ly  but are o f great in te r e s t  because they  a llow  the  

c a lc u la tio n  o f excess  Gibbs fu n ction s o f  the m ixtures.

There are various methods a v a ila b le  fo r  measuring vapour p ressu re, 

the two main being the equilibrium  s t i l l  dynamic method, and the s t a t ic  

method.

In th e dynamic method the mixture i s  b o iled  and the equilibrium  

vapour and liq u id  are separated . The vapour i s  condensed and returned 

to  the b o ile r  v ia  a 'hold-up' trap. When equilibrium  i s  a tta in ed  

sajnples o f  the b o ile r  liq u id  and condensate are analysed. The 

equilibrium  temperature and pressure are measured, along w ith  the  

vapour pressures o f  the pure con^onents, and w ith  th ese  q u a n tit ie s  the 

excess Gibbs fu n ction s can be ca lcu la ted ,

Fowler 02,53); has reviewed the various d esign s o f  equilibrium  

s t i l l s  developed although Brown ( '54 ) d escrib es a more advânced design .

The s t a t ic  method in v o lv es  allow ing a m ixture, o f  known amounts 

o f the two co n ^ n en ts , to  come to  equilibrium  w ith  i t s  vapour in  an 

a ir  fr e e  c e l l  iso la te d  by a c u t -o f f .  The temperature and pressure are 

measured and correction s made to  the l iq u id  o o n ^ s it io n  to  a llow  fo r  

the amount o f  each component present in  the vapour. The excess Gibbs 

fu n ctio n s o f mixing can th en  be ca lcu la ted .
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Baxendale (55 ) ,  ^Everett and Penney (56 ) and Williamsom and 

McGlashan (57,5^ were the e a r ly  workers concerned w ith developing  

th is  method.

In the design  o f Williamson and McGlashan's apparatus the  

vapour pressure o f  a liq u id  in  a c e l l  was measured p a r tly  on a 

mercury c u t - o f f ,  immersed in  a therm ostat tank, and p a r tly  on an 

extern a l manometer connected in  s e r ie s ,

Gaw and Swinton (10 ,10  improved the ease o f  operation  o f a s ta t ic  

method apparatus hy rep lacin g  the second manometer and b u ffer  l in e ,  as 

used above, by a second c e l l  contain ing a referen ce l iq u id  in  

equilibrium  w ith  i t s  vapour, and housed in  the therm ostat bath. The 

vapour pressure o f  the referen ce liq u id  was known accurately* Pasco 

and Penby ( 46,59 ) have a ls o  used t h is  d i f f e r e n t ia l  technique o f  

enploying a reference l iq u id .

Marsh (60,61 ) ,  V a lle  Colero and Losa (62 ) and G arrett ( 63,64 )

have measured the vapour pressures on a s in g le  manometer. This g rea tly  

s im p lif ie s  the number o f readings that need to  be taken,

3 .2  GENERAL DESGRIPTICN OP THE PRESENT APPARATUS

Various designs o f  apparatus have been used in  t h i s  laboratory  

but w ithout su ccess,

Armitage ( 65 ) b u i l t  an apparatus s im ila r  to W illiam son and 

IvIcGlashan 07,38) but unfortunately  i t  developed a leakage through i t s  

g r e a se le s s  taps which were immersed in  the therm ostat bath.
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Andrews (66 ) m odified the above apparatus, adopting a d esign  

s im ila r  to  th at o f klarsh (60,61 ) niid. a lso  p lacin g  the g r e a se le ss  taps 

o u tsid e  the therm ostat tank. However leakage s t i l l  occurred through 

the g rea se less  tap s. These taps were replaced by a d if fe r e n t  make o f  

g rea se le ss  tap and the apparatus was apparently fu n ction in g  

s a t i s f a c t o r i ly  when the g la s s  blown jo in  between the manometer and c e l l  

co lla p sed  and the apparatus inploded.

I t  was decided to  redesign  the apparatus fo r  ease o f u se , but 

to  r e ta in  the b a sic  technique o f  Marsh. A. manometer o f the “type used 

by Armitage was made in  a la rg er  s l ig h t ly  m odified form.

A ll  the taps that the samples came in to  contact w ith  were g rea se less  

taps from J , Young, Acton, The ground g la s s  jo in ts  were a lso  greasefree  

and were prevented from fu sin g  by using PTPB s le e v e s  from P iso n s , They 

were sea led  by surrounding them w ith  cups contain ing mercury.

The liq u id  sample was introduced in to  the c e l l  by d i s t i l l a t i o n  

through the mercury manometer, the mercury being removed by low ering  

i t  in to  a reserv o ir . To be able to  do th is  i t  was n ecessa iy  to  pump 

th e manometer assembly down to  a hard vacuum and a ls o  to have a part  

o f  the vacuum l in e  a v a ila b le  to r a is e  or  lower the mercuiy in  th e  

manometer by blowing dry n itrogen  through i t  or pumping on i t  to  create  

a vacuum,

A number o f  ground g la s s  sockets and cones were incorporated in to  

the vacuum lin er in  order th a t the m ateria ls to  be used could be d ried , 

degassed and stored  fo r  a time before being sealed  in  ampoules.

Figure ( 3 .2 .1 )  shows the apparatus in  diagram atic form.
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3 . 3  THE THKR] I06TAT

The thermostat tank, which housed the manometer assem bly, was 

s im ila r  to  th at designed by W illiamson (37 , 38) but was r ig id ly  

mounted on a "Dexion" frame.

I t  was a s ta in le s s  s t e e l  tank which was lagged w ith  2" sh eets  o f  

expanded polystyrene and covered w ith  J” b lock  board, A p la te  g la ss  

window was l e t  in to  the front s id e  of the tank. The tank was f i t t e d  

w ith  a wooden h a l f - l id ,  covered w ith  Formica, A frame was f ix e d  on 

the low er s id e  o f  th is  l i d  to  support the regu la tor  and h eaters but 

the s t ir r e r s  were supported from the top o f the l i d .

The regu lator was constructed  from a three metre len gth  o f  ÿ '  

diam eter copper tubing bent in to  a c o i l ,  A g la s s  to  metal s e a l  was 

attached to  one end o f  the tube (th e  other end being c losed ) and a 

conventional mercury in  g la s s  regu la tor  head was attached to  t h is  

s e a l .  The copper c o i l  was f i l l e d  w ith  about 400 cm̂  o f d i s t i l l e d  

to luene, and mercuiy b ro u ^ t the le v e l  up to the poin t o f  con tact w ith  

the platinum contact in  th e regu lator head. I t  was ca lcu la ted  th at  

a temperature change o f  0 .001K could be d etected  by a msasurable 

movement o f  the mercury in  the c a p i l la iy  tube o f  the regu lator head.

The two heaters were both made from lyrotenax m ineral in su la ted  

r e s is ta n c e  cab le . They were wound on a nylon frame which a ls o  supported 

the regu la tor . The in term itten t heater was co n tro lled  by a variac  

transform er, regu la tor  and e lec tro n ic  re la y . The permanent heater was 

co n tro lled  by a var iac  transform er. The water was s t ir r e d  by two Gunn 

s t ir r e r s  mounted on the l i d  o f  the therm ostat.

The s t ir r e r s  were adjusted so th at one drew w ater from near the 

bottom o f  the tank and the other from the centre o f the tank.
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They were orien ta ted  so as to  force  water in  d if fe r e n t  d ir e c tio n s  

and cause turbulence in  a l l  parts o f the tank.

In order to  prevent excessheat lo s s  and evaporation from the 

surface o f  the w ater, polystyrene was used to  cover the su rface.

Placed below the therm ostat tank was a galvanised  s t e e l  tank  

o f  approxim ately the same volume. The water in  the therm ostat tank  

could be drained o f f  in to  th is  lower tank through a stopcock. The 

lower tank was lagged w ith polystyrene sh eetin g  and f i t t e d  w ith a 

wooden l i d ,

A c en tr ifu g a l pun^ (Type 10, S tuart Tumer L td ,) was used to  

r a is e  the water from the lower to  the upper tank, the o u t le t  being  

s l i ^ t l y  above th e top o f the upper tank,

3 .4  Ta.TERATUEE 1ISA.SIREI.'ISMT

The therm ostat temperature was measured using a platinum  

r es is ta n ce  thermometer (Type 31875A, H, T insley  and Co, , )  a 

P r e c is io n  Comparison Bridge (Model VLF 51A, Rosemount Engineering 

Co.) and a standard r e s is t o r  (C lass 'S' 23 ES, 23 ,5  ohms).

T -

The tenperature was ca lcu la ted  using the expression .

f _ L  -  -  A p y
\ \oo /ICO \ 100 7 \ \ o o /

+ 273*15
oc R o

• . '. ' : , Cs - n- .h
. . . . . . .  • •

where T i s  temperature in  K, c>c  ̂ ^  / / 3   ̂ are constants fo r

the platinum  res is ta n ce  thermometer and and Rq are the measured 

r es is ta n c e s  a t T K, and 273*15%,
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The s t a b i l i t y  o f  the therm ostat was shown to  be + 0,001K fo r  

sev era l hours a t the temperatures used,

3 ,5  THE l'mŒÆTER

The manometer, fig u re  ( 3 . 5 . 1 ) ,  was made from 20 mm bore V eridia  

p rec is io n  bore tubing, A s in g le  c e l l  i s  shown attached to the  

manometer in  preparation fo r  the measurement of the vapour pressure  

o f  a v o la t i l e  component, A double bulb c e l l  i s  used for in v o la t i le  

components (S ec tio n  3 . 1 l ) .  The bulb contained a sm all s t ir r e r  bead 

made from a p ie c e  o f  s o f t  iron  encased in  a ^ a s s  envelope. The metal 

was thoroughly cleaned and sealed  in  the g la s s  ca se  under vacuum. The 

bead was ro ta ted  by an e le c t r ic a l ly  driven magnet sea led  in  a w ater

proof case and w ith  a long stem up to  the s t ir r e r  motor so  th a t the 

motor could be clamped from outsid e the tank. The h e igh t o f  the magnet 

could be e a s i ly  adjusted .

The power supply to  th e  motor was co n tro lled  by a Simmerstat so  

that the liq u id  was s t ir r e d  every seven seconds.

The h e igh ts of the mercury le v e l s  were measured (wi th  an accuracy 

o f + 0,01 mm) through the p la te  g la s s  window o f  the tank, by using a 

cathetom eter (P rec is io n  Tool and Instrument Co , , ) ,  The m enisci were 

illu m in ated  by mounting two 9" flu o ro scen t tubes (8W 250 v ,  housed in  

a long ^ a s s  tube and w ith th eir , l ig h t  d iffu sed  by a tra n slu cen t r o l l  

o f  paper) in  the fro n t com er o f  the tank and angled so th a t th e ir  

l ig h t  f e l l  onto a w hite p la s t ic  s tr ip  mounted behind the manometer.

With th e l ig h t in g  arranged in  th is  way i t  did not have to be disturbed  

during the d i s t i l l a t io n  process. The m enisci a lso  had l ig h t  sh ie ld s  

mounted ju s t  above them so th a t even illu m in ation  was achieved. The 

reference mark, in  determining the volume o f  th e  vapour sp ace, was 

taken as the lower part o f  the g la ss  d iv id e r  between the upper and
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lower part o f the manometer.

The mercuiy reserv o ir  was placed immediately below the 

manometer, and in  the therm ostat tank, so that mercury could be 

lowered in to  i t ,  and the temperature o f the bulk mercury was the  

same as th at in  the manometer.

The manometer was throughly cleaned w ith  hot chromic a c id  before  

being mounted in  the therm ostat tank. I t  was held  in  p lace  by 

clamping and by a ttach in g  te f lo n  bars,

3 ,6  THE MIN VACUUM LINE

The f in a l  v ersion  o f  th e vacuum l in e  i s  as shavn in  fig u re

( 3 . 2, 1 ) , Throughout th e  course o f th e  work m od ification s were made 

so as to  overcome d i f f i c u l t i e s  th a t arose.

Tap T̂  was introduced so  th a t the pressure gauge head could be 

is o la te d  from the d is t i l l i n g  vapour, , Two conponents which were used 

were found to  be e ith e r  deconposed by the hot w ire in  th e  gauge head 

or to  be reactin g  w ith  some part o f the head, >

Tap T̂  ̂ was a lso  introduced so th a t a ir  could be introduced to  

the vacuum lin e  w ithout turning o f f  the punps.

The vacuum l in e  was p e r io d ic a lly  cut open and cleaned then g la s s  

blown back togeth er.

The l in e  was designed so  th a t the manometer, n itrogen  l i n e ,  and 

anpoule breaking apparatus, could a l l  be is o la te d  and evacuated as 

required.



-  32 -

The high vacuum pumping system co n sisted  o f a th ree -sta g e  mercuiy 

d iffu s io n  pump backed by a s in g le -s ta g e  ro tary  o i l  punp (Type GRS 2, 

General Engineering Co. ) .  The pumps were p rotected  by a liq u id  n itrogen  

co ld  tra p , as shown in  fig u re  ( 3 . 2 . 1 ) ,  and could be is o la te d  frcmi each 

other and the vacuum l in e  by taps T^  ̂ and T^2*

The pressure in  the vacuum l in e  was measured w ith  P ira n i and

Penning gauges (Types PGK3 and PNH1, General Engineering Co . , )

connected to two contro l u n its  (DR343 and PNG1, General Engineering

Co. ) .  The pressure in  the system  -when evacuated was b e tte r  than  
-2  -210 Nm which was sa t i s  fa c to  ly  fo r  th is  apparatus,

3 .7  THE NITROGEN LINE

White spot n itrogen  dried  over s i l i c a  g e l  was used to low er or  

r a ise  the mercuiy in  the r eserv o ir . I t  was p o ss ib le  to  evacuate th is  

part o f the l in e  by opening taps T1 and T5. The pressure was shown 

by the manometer on the extreme r ig h t o f  th e apparatus (f ig u r e  3 . 2 , 1 ) ,  

The mercuiy was ra ised  by c lo s in g  tap  T5,  lea v in g  tap  T1 open and a lso  

opening T8 gradually so th at a co n tro lled  amount o f  n itrogen  was 

adm itted to  the system,

3. 8 THE A?.ÎPOULB BREAKING APPARATUS

The p r in c ip le  of the apparatus was th a t th e  com position o f  the 

sanple in  Ihe c e l l  could be changed by low ering the mercury in  ihe  

manometer and q u a n tita tiv e ly  d i s t i l l i n g  a known amount o f  one componenj; 

in to  the c e l l .
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The anpoule breaking equipment i s  shown in  fig u re  ( 3 . 8 . 1 ) .  I t  

was designed so th at i t  could be rea d ily  assembled without any g la s s  

blowing and a ls o  so  th a t the sairple could be frozen  down so l th a t on

breaking the ampoule t ip  no ^ a s s  s p lin ts  or liq u id  splashed in to

any tap s.

The apparatus c o n s is t s  o f  a v e r t ic a l  g la ss  tube near the top o f  

which i s  a pocket in  which a breaker can be held . The breaker c o n s is ts  

o f a p iece  o f s o f t  iron  sea led , under vacuum, in  a g la s s  envelope.

The g la s s  envelope broke freq u en tly  u n t i l  the d istan ce  the breaker 

was allow ed to  f a l l  through was d ecreased , and a ls o  greater care was

taken over the annealing of the g la s s .

One end of the g la s s  tube i s  attached  to the vacuum l in e  v ia  a 

BI9 ground ^ a s s  sock et, w ith  a te f lo n  s leev e  between socket and cone, 

and th e whole jo in t  i s  surrounded by mercury.

The other end o f the tube has a Q u ick fit screw cap adaptor attached  

to  i t  so th a t the ampoule i s  held r ig id ly .  Again the jo in t  i s  

surrounded w ith  mercury,

3 .9  THE SAIvPLE PREPARATIŒT LINE

For a s t a t ic  method o f measuring vapour pressures i t  i s  inportant 

to  ensure that a l l  samples are thoroughly degassed, A sec tio n  o f the  

vacuum l i n e ,  figu re  ( 3 . 2 . 1 ) ,  was provided fo r  t h i s  purpose. I t  c o n s is ts  

of four BIO ground g la s s  sock ets to  which e ith e r  ampoules or c e l l s  

could be a ttach ed . These are connected to  the main vacuum l in e  by tap 

T6 and to  two storage v e s s e ls  by tap T7. The two storage v e s s e ls  are 

attach ed  to thevacuum l in e  by two B19 sock ets .
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3 . 10  THE DESIGN AI® PR5FARATI0N 0? AITOULES OF VOLATILE COMPONENTS

The ampoules used are shown in  figu re  ( 3 . 1 0 . 1 ) .  They were c a re fu lly  

designed so t h i t : -

1 ) The maximum volume o f  sample could be taken but the ampoule was

s t i l l  sm all enough to  be weighed on a m icro-balance, (Type 146,

L. O ertling  Ltd, w ith a s e n s i t iv i t y  of 0.00002 g ) , ,

2) A g la s s  cup, fig u re  ( 3 . 1 0 . 1 ) ,  could be attached to  the ampoule

around the BIO cone so  th at mercuiy could  sea l the jo in t  but

there was s t i l l  an adequate clearance fo r  g la ss  blowing in  th e  

necked down region ,

3) The part o f  the anpoule th at was contained in  the anpoule breaking  

apparatus was long enough.

The ampoules were made v^thout the c o n s tr ic t io n  so tha.% th ey  could  

e a s i ly  be c lean ed . They were cleaned by f i l l i n g  them w ith  fr e s h ly  

prepared hot chromic a c id  and immersing them com pletely in  th e acid .

They were l e f t  to  soak overnight and then washed w ith  d e ion ised  water, 

sev era l tim es, follow ed by analar acetone. They were put in  an a ir  

oven to  d iy , fo r  a few hours, and then were attached to  the sample 

preparation l in e  and pumped on so  as to  remove ary acetone vapour.

The anpoules were wiped w ith  a s o f t  c lo th  and the inner su rfaces were 

examined before the c o n str ic t io n s  were placed near the BIO cones. The 

outer surfaces then had to  be cleaned again , w ith methylene d ich lo r id e . 

The ampoules were placed in  a balance case contain ing a tray  o f  a c tiv e  

s i l i c a  g e l  fo r  a short w h ile , were weighed, dried  in  an a ir  oven fo r  

sev era l hours, allowed to  co o l in  a s i l i c a  g e l  vacuum d e s ic c a to r , and r e 

weighed.

This procedure was continued u n til  two consecutive w eigh ts agreed 

to  w ith in  + 0 ,OOOOIg, The tenperature o f  the a ir  in  the balance caee
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was recorded a t the time o f the w eighings.

Each g la ss  cup th at was attached to an ampoule had a number on 

i t  so the ampoules were r e a d ily  id e n t if ie d . The ampoules were attached  

to the vacuum lin e  and then the storage v e s s e ls  were a ls o  attached .

One of the storage v e s s e ls  contained a drying agent and the liq u id  to  

be degassed and anpouled.

I n i t i a l l y  only the ro tary  punç was s ta r te d . The l iq u id  in  the 

storage v e s s e l  was qu ick ly  punned on, to  remove some o f the a ir ,  and 

then i t  was iso la te d  by c lo s in g  tap , T? and frozen  in  l iq u id  n itrogen. 

The mercury d if fu s io n  pump was s ta r ted  and in  le s s  than an hour a good 

vacuum was obtained.

The liq u id  was degassed by repeated vacuum d i s t i l l a t io n  from one 

storage v e s s e l  to  th e  other. Liquid n itrogen  was used to  coo l the 

c o lle c t in g  v e s s e l  and a beaker o f co ld  w ater surrounded th e  frozen  

san g le . This s e c t io n  o f th e l in e  was pumped down to a hard vacuum 

a f t e r  each d i s t i l la t io n .  At le a s t  tw elve d i s t i l l a t i o n s  were u su a lly  

carried  out. The f in a l  d i s t i l l a t i o n  returned the m ateria l to  the v e s s e l  

contain ing the drying agent, and the m ateria l was allow ed to  warm up.

Tap, T6, was c lo sed  and tap , T7, was opened. The ampoule to be 

f i l l e d  was surrounded w ith ic e  and w ater and the ampoule was over 

f i l l e d  so  th a t the excess liq u id .c o u ld  be r e d is t i l l e d  back in to  the 

storage v e s s e l  to  e lim in a te  the presence o f  a v o la t i le  in p u iity . The 

volume o f  sanple required was ca lcu la ted  and th is  amount o f  water was 

sjrringed in to  a spare anpoule. The spare ampoule was th en 'h eld  aga in st 

the ampoule on the vacuum lin e  so  th a t the ampoule could be f i l l e d  to 

the required l e v e l .  The sample was th en  hard frozen  and the anpoule 

sea led  at the c o n s tr ic t io n , with the apparatus evacuated.
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The contents were allow ed to  thaw and the an^oule was cleaned before  

weighing.

The ground-glass con es, which had been detached from the ampoules 

and l e f t  on the vacuum l in e ,  were removed and washed w ith  methylene 

d ich lo r id e . They were d ried  in  an a ir  oven and weighed in  th e same 

way as the an^oules.

The ex tern a l volume o f the f i l l e d  ampoules were determined by 

measuring the displacem ent o f  th e ir  volume o f  w ater.

The true weight o f  m aterial in  an ampoule was ca lcu la ted  as 

fo llo w s , i f  = the w eight recorded fo r  the acpoule b efore f i l l i n g  

Wg = the weight recorded fo r  the an^oule a f te r  f i l l i n g  = the w e i^ it  

recorded fo r  the detached cone, andyco  ̂,yO g,yO  ̂ are the d e n s it ie s  o f  

dry a ir  a t  the tenperatures a t which W ,̂ and were recorded, ^ 

i s  the d en sity  o f th e balance w eights, ^   ̂ the d e n s ity  o f  pyrex g la ss  

a t the required tem peratures, and V the e x tern a l volume o f  the f i l l e d  

anpoule, then

true = ^  ̂ -  /^1 ( 3 .1 0 .1 )

w - -

Wg true = Wg '1  - ^ 2  ' (3 .1 0 .2 )

/^W .

true = •1 - ^ 3  -
' T 3  ■

(3 .1 0 .3 )

/ °  w . - / ° z  -

and th e  true weight of the sample taken, was given  by

*  = %2true + '^Jtrue " ^1true (3 .1 0 .4 )



-  37 -

3 . 1 1  THE DESIŒÎ AND PKIzP^.BATION CP CELLS FOR INVOLATILB CŒ.IPQNgL'JTS

I f  one conponent o f a mixture i s  r e la t iv e ly  in v o la t i le  i t  i s  

n ecessa iy  to  use a c e l l  having a break s e a l. The c e l l  can then be 

d ir e c t ly  attached  to  the manometer in  p lace o f  the bulb. The bulb has 

to  be removed and a breaker housing attached to  the manometer, as shown 

in  fig u re  ( 3 . 1 1 . 1 ) .  The c e l l  can then be attached v ia  a B19 sock et.

The c e l l  was made as sho'ivn in  fig u re  ( 3 . 1 1 . 1 ) .  I t  was thoroughly 

cleaned using fr e sh ly  prepared hot chromic a c id , being allow ed to  soak 

overnight in  the a c id . The c e l l  was then washed in  d e ion ised  water 

fo llo w in g  by analar acetone and put to d iy  in  an a ir  oven, Â magnetic 

s t ir r e r  bead was made and put in to  the c e l l  before a c o n s tr ic t io n  was 

put in  the stem o f the c e l l  below the BIO cone. Water was syringed in to  

the c e l l  to  a po in t halfway up the c o n s tr ic t io n  in  the stem. The c e l l  

was p laced  on a weighed s tr ip  o f aluminium, so th at i t  was steady on 

the balance pan, and i t s  weight was noted. A fter  a fu rth er  h a lf an 

hour the weight and temperature were again recorded. This was repeated  

to  constant w e i^ t .  The water was removed and the c e l l  d r ied . I t  was 

pumped on the vacuum l in e  and then i t  was weighed to  constant w eight.

The d esired  quantity o f  in v o la t ile  component was syringed in to  the  

c e l l  and the c e l l  attached  to  the sample preparation l in e .  The sanple 

was qu ick ly  pumped on, with only, the rotary  pump, and then i t  was hard 

frozen in  liq u id  n itrogen. When the sample was com pletely frozen  a 

hard vacuum was used to  remove a l l  tr a c es  o f  a ir . The sample was 

thawed and frozen  and again  pump»jon a few more tim es before  twfelve 

vacuum d i s t i l la t io n s  were carried  out by d i s t i l l a t io n  from one bulb o f  

the c e l l  to  th e  other. The sanple was com pletely degassed by th is  

process. The pressure gauges showed no change in  p ressure, when tap T6 

was opened, a f te r  four vacuum d i s t i l l a t io n s .



C 'O IX  A T : ' P T S A K -X  r c !  S IN G



-  38 *"

The c e l l  was removed by sea lin g  i t ,  under vacuum, a t the 

co n str ic t io n  w ith  the sample frozen in  liq u id  n itrogen , When the  

sample had thawed the c e l l  surface was cleaned and the c e l l  weighed to  

constant weight. The B10 cone was removed from the vacuum l i n e ,  cleaned, 

and a lso  weighed, to  constant w eigh t, as described p rev iou sly .

The weight o f  the component was ca lcu la ted  by applying the  

necessary  buoyancy correction s in  a s im ila r  manner to the method used 

in  se c t io n  ( 3 . 1 0 ) .

3 .12  OEERATIW OF THE APPARATUS

3.12.1  Determ ination o f  the Vapour Volume

When s t a t ic  vapour pressure measurements, w ith t o t a l  con^tosition  

data, are used to determine a c t iv i t y  c o e f f ic ie n t s  and the ex cess  Gibbs 

fu n ction s on mixing, i t  i s  necessary to  know the com position o f  the  

vapour. When on ly  the t o t a l  conposition  ( l iq u id  and vapour) i s  known 

the volume o f th e  vapour space i s  required as w e ll.

The method used fo r  determ ining th is  vapour space was by carrying  

out isotherm al compressions on a sacp le  o f  n itrogen , assuming the  

n itrogen  to  behave id e a lly  ( 63 ) .

3 . 1 2 . 2  Introduction  o f a V o la t ile  Sample and Measurement o f  

Vapour Pressure

The in trod uction  o f  a sample in to  the c e l l  o f the manometer i s  

g r e a t ly  s im p lif ie d  vhen no sample i s  present in  the c e l l .  Therefore 

the more complicated case o f ad d ition  o f  m aterial to a sanple in  a c e l l  

w i l l  be considered here.
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An ampoule was in serted  in to  the anpoule breaking apparatus, f ig u re

( 3 . 8. 1) ,  and attached to  the vacuum l in e .  The main vacuum l in e  was then  

evacuated w ith  taps T3, T2 and T4 open.

The thermostat e le c t r ic a l  equipment was then sw itched o ff , and the  

water from the therm ostat tank was drained in to  the lower tank. The 

water le v e l  was lowered u n t i l  the c e l l  was adequately uncovered. The 

s t ir r e r  motor was com pletely  removed from the tank and a sm all dewrar 

(w ith  a long s id e  arm attach ed ) o f  liq u id  n itrogen  was blanp'ed' below’'the 

c e l l .  The ra te  of co o lin g  o f the sample was slow enough not to cause 

o s c i l la t io n s  in  the mercury o f  the manometer.

Tap T4 was c losed  and T3 opened so th at the n itrogen  l i n e ,  up to 

tap T1, could be evacuated. The low ering of the mercury in  the manometer 

was co n tro lled  by T1, The mercury le v e l s  were lowered u n t i l  th ey  were 

w ith in  10̂  cm o f  the mercury reserv o ir . The sanple was s t i l l  is o la te d  

from the evacuable s id e  arm of the manometer.

Taps T1, and T5 were c losed  and; Tap T4 opened again . The vacuum 

l i n e  was evacuated u n t i l  a s a t is fa c to r y  vacuum had been achieved. The 

dewar around the c e l l  was r a ise d , so th a t the sample was hard frozen , 

and the anpoule sanple was a ls o  frozen  in  liq u id  n itrogen . When the 

mercury le v e l s  in  the manometer were a t  the same h e igh t the preparations 

fo r  breaking the ampoule t ip  were .complete.

Taps T2, T3 and T4 were c lo sed  and the breaker was removed from

i t s  pocket, by a hors e-shoe magnet, and allow ed to f a l l  on the anpoule

hook. The dewar o f  l iq u id  n itrogen  was removed from about the anpoule.
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The breaker was replaced in  i t s  pocket and checked to  be in ta c t .  

Tap T1 v/as then opened, so as to  lower the mercury com pletely , and T2 

could then be opened to  a llo w  d i s t i l l a t i o n  o f the sanple in to  the c e l l .  

The dewar o f  liq u id  n itro g en , around the c e l l ,  was lowered s l ig h t ly  so  

th at the sample did not freeze  in  the neck o f  the c e l l  but in  the bulb. 

The sanple rea d ily  d i s t i l l e d  and was seen to  have c o n p le te ly  gone from 

the anpoule in  about ten  m inutes, i f  the sanple was cyclohexane or 

hexafluorobenzene^or in  the case o f pentafluorocyanobenzene or  

isopropylcyclohexane, in  about fo r ty  m inutes. The l iq u id  n itrogen  was 

ra ised  around th e c e l l  a t t h is  point and l e f t  fo r  a fu rther ten  minutes, 

IfVhen i t  was thought th at no vapour was l e f t  unfrozen Tap T3 was opened 

and a check was made, on the p iran i gauge, to  see  th at no leakage had 

occurred and that d i s t i l l a t i o n  was com plete.

N itrogen was introduced to  the nitrogen l in e  up to  Tap T1, The 

nitrogen was slow ly  allow ed in to  the mercury reserv o ir  by tu m in g  Tap 

T1,

The mercury le v e l  in  the manometer was ra ised  to  h a lf way up the  

manometer. The dewar o f  liq u id  n itrogen  was removed fiom around the  

c e l l  and the s t ir r e r  motor clanped in to  p o s it io n . The therm ostat was 

then f i l l e d  w ith  w ater and the e le c t r ic a l  equipment switched on again .

I t  was found th at with pure cyclohexane and pure hexeifluorobenzene 

tra ces  of liq u id  were found on the mercuiy su rfa ce , in  contact w ith  the 

sample, u n less  care was taken on f i l l i n g  the therm ostat. The mercuiy 

surface was kept surrounded w ith hot w ater -whilst the c e l l  was kept 

co o l to  reduce d i s t i l l a t io n  onto the mercury. The top o f  the therm ostat 

was f i l l e d  vd.th cold water and the bottom w ith hot. Any liq u id  -which 

l e f t  the c e l l  condensed on the slop in g arm o f -the manometer and ran 

back in to  th e c e l l .
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Tap T4, o f  the main vacuum l in e ,  was opened and th e  manometer 

s id e  arm evacuated. The mercury le v e ls  in  the manometer were ra ised  

fu rth er , i f  requii^ed, by opening Tap T1, and allow ing more n itrogen  

in to  the mercury reserv o ir . When the sanple in  the c e l l  had thawed 

co n p le te ly  the s t ir r e r  motor was switched on.

The therm ostat was se t  to  a su ita b le  tenperature and th e apparatus, 

was l e f t  overnight to achieve equilibrium .

The thermostat was a ltered  to  the correct temperature the fo llow in g  

morning, and the apparatus was evacuated w h ile  the equipment re 

e sta b lish e d  equilibrium . The cathetom eter was le v e l le d  before the 

h e ig h ts  o f the mercury le v e ls  and referen ce  mark were taken. The 

readings were taken on r is in g  m enisci. The thermostat tenperature, 

m enisci h e ig h ts , and referen ce nark, were taken four tim es. The 

temperature o f  the therm ostat was measured w ith a platinum  res is ta n ce  

thermometer and the tenperature o f  the cathetom eter sc a le  w ith  a 

mercury in  g la ss  thermometer.

The therm ostat was then r e s e t ,  by removing mercuiy from the  

reg u la to r , and allow ed to  reach equilibrium  a t  i t s  new tenperature.

More anpoules o f  the v o la t i l e  conponent were added to  the c e l l  in  

the manner described  above,

3 . 12 . 3  Introduction  o f  an I n v o la t i le  Sample

A c e l l  was prepared as described in  section  ( 3 * 1 l ) .  The manometer 

was a lte r e d  to  accommodate the breaker housing, shown in  fig u re  ( 3 . 1 1 . 1 ) .  

The breaker, a p iece  o f  s o f t  iron  in  an envelope o f g la s s ,  was placed  

in  the housing and th e  c e l l  attached to  the B19 cone, A te f lo n  s leev e  

was in serted  between cone and socket and the jo in t  was surrounded w ith  

mercury.
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The manometer v/as evacuated, making sure that the n itrogen  lin e  was 

evacuated a t the same tim e with Tap T1, open so th at the mercury did  

not r is e  up the manometer. The sanple in  the c e l l  was frozen in  liq u id  

n itrogen . When the sample was com pletely frozen Tap T4 was c lo sed , 

so  is o la t in g  the punping system , and the breaker was moved from the 

housing, by a horse-shoe magnet, and allow ed to  f a l l  on the d e lic a te  

hook. The pressure gauge was observed to  ensure th a t there was no 

leakage in  the c e l l .  The mercury in  the nanometer was ra ised  before  

the liq u id  n itrogen  was moved from around the c e l l .  The s t ir r e r  was 

placed under the c e l l  and the therm ostat f i l l e d  w ith  w ater, as described  

in  the previous sec tio n .

The pressure measurements were recorded when the equipment had 

achieved equilibrium ,

3.13 CALCULATIŒ Q? THE VAPOUR PRESSURE

Consider the diagramatic rep resen ta tion  o f the manometer and c e l l  

shown in  figu re  ( 3 . 1 3 . 1 ) .

The vapour p ressu re , P , a t  the su rface  o f the liq u id  can be 

w r itte n  as

P = p., -  P2 ( 3 . 1 3 . 1 )

Where and Pg are g iv en  by. '

^ = ^1 / ^ 1  s  -  hg e ( 3. 13. 2 )

= d en s ity  o f  mercuiy a t the therm ostat tenperature

/Og = d en sity  of the equilibrium  vapour a t  the therm ostat 

tenperature,

g = a cce lera tio n  due to g ra v ity .
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I f  the vapour i s  trea ted  as being id e a l, then Pvap RT w i l l

apply. I f  the m olecular weight o f the vapour i s  2

derived as fo llo iv s ,

/O  .  -  A Æ f  ( 3 - 1 3 ' ) )

^  '  Vm R T

I f  i t  i s  assumed that ^  equation (3 .1 3 .3 )  

becomes

/O -  f i f 3 . i3 .u - )
■ RT

and on su b s titu tio n  in  equation ( 3 . 13.2 )

p  = h, A  q C 1 -  M v o .p g ') (3 .1 3 .5 )
'3 RT

The lo c a l value o f  the a c ce le ra tio n  due to  g rav ity  was ca lcu la ted  

to  be 9 ,81288mS  ̂ by using the exp ression  from Kaye and Laby ( 67) and 

on su b stitu tin g  fo r  the lab oratory  la t itu d e  and height above sea  le v e l .

The d en sity  of mercury a t  the therm ostat temperature was ca lcu la ted  

from the equation in  referen ce (6 8 ) .

The sca le  o f  the cathetom eter was ru led  at 293.13% and so  only a t  

th is  temperature was the reading o f the instrument g iv in g  the true  

h eig h t. In fa c t  the tru e  h e ig h t, a t temperature T, i s  given by,

K = k (  1 -V OC ( T - 2 - < i 3 - l 5 ) )  ( 3. 13. 6 )
Trufi, Reach
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where h^^^ i s  the observed h e ig h t, OL the c o e f f ic ie n t  o f l in e a r
-5  -1expansion o f  brass = 1 .9  x 10 K , and T the tenperature o f  the

sc a le  in  K elvin,

A conputer programme was used to  take in to  account a l l  th ese  

various correction s when c a lc u la tin g  the vapour pressu res. In  th is  

manner accuracy was ensured and tedium avoided. The programme used 

was a modified form o f  the one used by Armitage (65  ) and i s  l i s t e d  

in  the appendix.
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THE VAPOUR PRESSURE RESULTS AHD 

CALCI.ÎLATIONS OF THE EXCESS GIBBS FUHGTimS

4.1 THE TT-ERI',rCDYNA?n:CS OF LIQUID -  VAPOUR EQUILIBRIBIvI

Consider the d e f in it io n  o f the chem ical p o t e n t i a l y ^  o f  a 

component i  o f  a mixture given  by,

X = ( ^ ^ )  j 7̂  i  ( 4 .1 .1 )

(  ̂ n^) T ,P ,nj

^ i s  th e  chemical p o te n tia l or the p a r t ia l molar Gibbs 

fu n ction  and i s  an in te n s iv e  property o f a system.

I t  can be shown th at fo r  any system

= y (  + RT i n  â  ̂ ( 4 . 1 . 2 )

where i s  the a c t iv i t y  o f component i ,  a n d ^  i s  the chem ical 

p o te n t ia l o f pure i .  For a liq u id  we can w rite  a^ = f^ , where x^

i s  the mole fra c tio n  o f  component i ,  and f^ i s  the a c t iv i t y  c o e f f ic ie n t ,  

then,
■*-

+ RT In x^ f^  (4 .1 .3 )

The Gibbs fu n ctio n , G, fo r  a two conponent system i s  given by,

G = / ^ 1  + ( 4 .1 .4 )

a t constant tenperature and pressure.

For a process of mixing n̂  moles o f  conponent 1, w ith  n^ moles o f  

component 2 , a t some tenperatu re, T, and pressure, P , we can w rite

A G = + "2 / ^ 2  -  " l A Î  -  ( ^ 1 - 5 )

A G = ( A l  - A * ^  " "2 - A  ) ( 4 .1 .6 )
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by su b s t itu t in g  4 .1 .3 .

A G = n.j RT In + n^ RT In Xgfg ( 4 .1 .7 )

I f  the change in  Gibbs fu nction  per mole o f  mixture i s  defin ed  by

A nC- = A G

I V n g )

then ( 4 . 1. 7) becomes

A  mG = x  ̂ RT In x.^f.j + Xg RT In Xg^g (4 .1 .8 )

An id e a l mixture i s  one vshere f^  = 1 so A  nfi. ( id e a l)  i s  

A  mG ( id e a l)  = x  ̂ RT In + Xg RT In  Xg ( 4 .1 .9 )

EI f  we defin e the excess Gibbs fu n ctio n  fo r  mixing, G , by

Ĝ  = ^  mG -  A ng ( id e a l)  ( 4 . 1 . IO)

then

Ĝ  = x  ̂ RT- In  f., +. x^ RT In f 2 (4 .1 .1 1 )

An expression  fo r  Inf^ and s im ila r ly  In f2 can be derived in  terms 

o f the liq u id  mole fr a c tio n  o f  © x ^ , the vapour mole fr a c tio n  o f  ©  y^, 

t o t a l  vapour pressure P, the vapour pressure o f  pure ©  P^, and tenperature  

T, by tr e a tin g  the vapour as being n on -id ea l and using the fa c t  tha.t the 

chemical p o te n t ia l o f  conponent ©  in  the liq u id  w i l l  equal, the chemical 

p o te n tia l o f  ( ^ in  the vapour a t  equilibrium . Then lnf1 i s  g iven  by.

I n f , .  I n ^  ^  r a , - v r ) ( p - R ^ ) ^
X, RT P T  2 (R T f

+  0 - a , r ^ P

0 12 i s  defined by, r\ »

^12 ” ^ 1 2  -  ®11 “ ®22



— ZfS —

Where , 3^2 ^12 the second v i r i a l  c o e f f ic ie n t s  o f

pure ®, pure ^ a n d  the equimolar mixture r e sp e c tiv e ly , V.j i s  the p a r t ia l  

molar volume of component Q) o f  the mixture and i s  the molar volume 

o f  pure (ÎL

In f2 can be represented s im ila r ly .

ES u b stitu tin g  4 .1 .1 2  in to  4 .1 .1 1  g iv es  an expression  fo r  G ,

- XL, L RT In [   ̂ X ,)  t (  P- T , ) (  ” 1̂ ) +- P
+  ( pf ^ ~  a  RT 1

+ z A R T  In ( P j , /  P /  x j i -  ( P -  P /  ) (  -  V / ) +  P S , .

Equation (4 .1 .1 3 )  could  not be used d ir e c t ly  to  c a lc u la te  G

because y , the vapour com position was n ot measured, so a m od ification
£o f  the procedure by Barker (6^) was used to  c a lcu la te  G from the to ta l  

vapour p ressu re , com position data.

E4 .2  THE BARKER METHCD (AHD ITS MODIFICATION) FOR CALCblATING G

EIn the Barker method, G i s  expressed as an expansion o f  the form,

= x.jX2(Gq + (̂ 1 (%2"^l ) + Gg(x2-x^)^ + - - - )

RT

where G^, G.j --- are constants chosen by a le a s t  mean squares 

procedure so as to  minimise errors in  the t o t a l  pressure. I t  i s  e s s e n t ia l  

that the mole fra c tio n  o f  the liq u id  phase be kiown fo r  the a p p lica tio n  

o f the o r ig in a l Barker method. With the present apparatus on ly  th e o v e r a ll  

mole fr a c tio n  o f  the mixture was known p r e c is e ly  and so  i t  was n ecessa iy  

to modify the ca lcu la tio n  to  a llow  fo r  the m aterial present in  the vapour

s ta te . A lso  i t  was decided to  use the more accurate rep resen ta tion  o f
E

G given  in  4 .1 .1 3  than the one used by Barker.
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I n i t i a l l y  the mole fr a c t io n  of fluorocarbon in  the liq u id  s ta te  

, was s e t  equal to  the o v e r a ll mole fr a c tio n  o f fluorocarbon present 

and by using the m odified Barker techn iq ue, a prelim inary value fo r  the 

mole fr a c tio n  of the fluorocarbon in  the vapour s ta te  y^, was found.

This value of y  ̂ Yra.s then used to  determine a b e tte r  value o f  x  ̂ by 

a ls o  using a knowledge o f the volume of the apparatus occupied by the 

vapour and by a llow in g  fo r  vapour im p erfections.

The data were re -cy c led  and new v a lu es  fo r  x.j and y  ̂ were ca lcu la ted  

u n t il  con sisten cy  was achieved ,

EThe programme used fo r  the c a lc u la tio n  o f  G v/as not s ig n if ic a n t ly  

d iffe r e n t from the programme used by Armitage ( G 5 ) ,  Armitage rigorou sly  

te s te d  the progranme by r ec a lc u la tin g  the Gaw and Swinton (18) r e su lts  

fo r  hexafluorobenzene + benzene a t 3 0 3 .15K, 313. 15K, 343. 13% and a lso  

by reca lcu la tin g  th e r e s u lt s  o f Brown ( 5i+) fo r  benzene + n-heptane a t  

333.15%. The programme is  l i s t e d  in  the appendix,

4 .3  test tfflASUREI'.ISNTS

Workers in  th is  lab oratory  have p rev iou sly  taken as a t e s t  o f  

th e ir  vapour pressure apparatus th e a b i l i t y  to  reproduce the vapour 

pressure r e s u lt s - o f  pure substances. This i s  necessary  but does not 

e f f e c t iv e ly  t e s t  the technique en^loyed to  produce a s e t  o f  vapour 

pressures fo r  a mixture o f  two con^onents. Accordingly i t  was decided  

to  a tteo ^ t to  reproduce th e  r e su lts  of Gaw and Swinton ( 10 ) f o r  

hexafluorobenzene and cyclohexane a t 323. 13%.
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The vapour pressure r e s u lt s  and c a lcu la ted  values o f the excess  

Gibbs fu n ction s are g iven  in  tab le  ( 4 .3 .1 ) .  The root mean square 

d ev ia tio n  S/kPa) i s  d efin ed  by,

R.M.S. = SP^)2

m

where SP i s  the d ev ia tion  of the ca lcu la ted  from the experim ental 

vapour pressure, and m i s  the number o f vapour pressure measurements.

The stardard d ev ia tio n  (S,D ,/kP^) i s  d efin ed  by,

S.D. = ( 2 .

m-n

where n i s  th e  number of parameters.

The va lu es fo r  th ese  two q u a n tit ie s  fo r  th e hexafluorobenzene + 

cyclohexane system are quoted in  ta b le  ( 4 .3 .1 ) .

For the sake of comparison the data used in  the ca lcu la tio n  of 

the excess Gibbs fu nctions were th e  same as those used by Gaw and 

Swinton ( ) ,  They include the second v i r ia l  c o e f f ic ie n ts  o f  pure

hexafluorobenzene pure cyclohexane B22, &nd the equimolar mixture

B^2 > the molar volume o f  pure hexafluorobenzene and pure cyclohexane 

V22; and the ex cess  volume of mixing at X̂ , = 0 ,5 . The q u a n tit ie s  

are quoted in  ta b le  ( 4 .3 .1 ) .

The excess Gibbs fu n ction s are represented in  f ig u r e  (4 .3 .1 )  

to g e th er  with the r e s u lt s  of Gaw and Swinton ( 10 ) ,  They are seen  to  

be in  e x ce lle n t agreement.
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TABLE ( 4 . 3 . 0

RESULTS FOR HEXAFLUOROBENZENE AIÆ> GYCLOHEXAKS AT 323.^3%

R.M.S, = 0.041 kPa

S.D. = 0.091 kPa

Gq = 1 .1 4 3 7  G.̂  = - 0 .1 1 9 2  Gg = 0 .0 4 3 6

Ĝ  = - 0.0719

m3 mol-1 ^11 = 0 .000120  m3 _ -1mol

m3 mol '* V22 = 0 .000112  m3 _ -1 mol

m3 n o l ^ = 2 .36x10  m -1mol

4 Pexp/kPa P ca l./k P a G / j  mol

0 0 36.269 - -

0.0925 0.2062 42.298 42.318 293

0.1925 0.3076 43.216 43 .164 522

0.4334 0.4474 47.043 47 .104 769

0.7234 0.5890 43.023 44.989 587

0.8686 0.7332 40.934 40.961 322

1.0000 1.0000 34.103 —

-1
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4 .4  THE VAPOUR PBZSSURE RESULTS FOR THE PURE COî^CTilNTS

4 .4 .1  Cyclohexane

Some d i f f i c u l t i e s  were encountered when measuring the vapour 

pressures o f the pure con^onents used. These d i f f i c u l t i e s  were w holly  

due to  th e  presence o f m oisture in  the sample and the choice  o f the 

drying agent.

This i s  w e ll i l lu s t r a t e d  by the rapge of vapour pressures obtained  

fo r  cyclohexane a t  323. The r e su lts  are g iven  in  ta b le  ( 4 . 4 . 0

to g eth er  w ith  the d iy ing agent used. The vapour pressure o f cyclohexane 

a t 3 1 2 .58k i s  a ls o  quoted to g e th er  w ith  the vapour pressure r e s u lt s  o f 

oth er workers.

The r e su lts  for  cyclohexane are in  good agreement w ith l i t e r a tu r e  

r e s u lt s .

4 .4 .2  Hexafluorobenzene

The vapour pressures cf hexafluorobenzene a t 3 2 3 .15K and 3 2 2 .52K 

are g iven  in  tab le  (4 .4 .2 )  togeth er  w ith  those o f  other workers. They 

are seen to  be in  good agreement.

4 .4 .3  ^ .tA-Dimethylaniline

The vapour pressure r e s u lt  fo r  M ,N-diraethylaniline a t  3 2 2 .52K i s  

g iv en  in  fig u re  ( 4 . 4 . 0  togeth er  w ith the r e s u lt s  of oth er workers. I t  

was considered to  be in  good agreement.

4 .4 .4  Isonronylcyclohexane

The vapour pressure resu lt fo r  isopropylcyclohexane a t 3 2 3 .15K i s  

g iven  in  ta b le  ( 4 .4 .3 )  together w ith the vapour pressure fo r  isop rop yl

cyclohexane at t h is  tenperature c a lcu la te d  from the Antoine constants  

o f  P o r z ia t i ,  N orris and R o ssin i ( 7 7 ) .
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TAEIÆ ( 4 . 4 . 1 )

VAPOUR .PRESSURE OF PURE CYCLOHEXANE AT 3 2 3 .15K

VAPOUR PRSSSURH/kPa

39.366 Sanple not stood over drying agent

37.761 Sanple stood over phosphorus pentoxide and

syringed in to  v e s s e l  

36.683 Sanple stood over m olecular s iev e  in  vacuum

lin e .

36.269 Sanple stood over phosphorus pentoxide in

vacuum l in e .

36.248 Gaw and Swinton (lO ).

36.237 A .P .I . P roject 55 ( 7 0  )

36.266 Brown ( 5q.)

VAPOUR PRESSURE OP PURE CYCLOHEXANE AT 312.58K.

VAPOUR IRESSURB/kPa Vforker

24.078 This work

24. 064. A .P .I . P ro ject 55 ( 7 0 )
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T A B L E  ( 4 . 4 . 2 )

VAPOUR PRESSURE OF PURE HEXAPLUOROBENZENE AT 3 2 5 .15K

VAPOUR PRESSURVkPa \70RXER

34.103 This work

33.970 P a trick  and P rosser ( 71 )

34.089 Gaw and Swinton (lO  )

34.090 Counsell e t  a l  ( 72. )

34.106 Armitage ( 65 )

VAPOUR IRESSURE CF PURE HEXAFLUOROBENZENE AT 3 2 2 .52K

VAPOUR PRESSURE/kPa WORKER

33.245 This work

33.224  Counsell e t  a l  (7 2 .)

33 .117 P atrick  and P rosser  (7 1  )
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T A B L E  ( 4 . 4 . 5 )

THE VAPOUR PRESSURE 0? ISOPROPILCYCLOHSXANE AT 3 2 3 .15K ■

VAPOUR ER3SSim/KPa WORICT

2,773 This work

2,492 P o r z ia t i , N o rris , R ossin i (7 7  )

(c a lc u la te d  from the Antoine constants  

based on experim ental data above 343. 15%)
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Their experinfântal r e s u lt s  were determined above 343.15%. The 

r e su lts  are seen to  be reasonably c lo se .

4 .4 .5  Pentafluorocyanobenzene
1

There were no lite r a tu r e  data a v a ila b le  fo r  pentafluorocyanobenzene. 

The only t e s t  fo r  the vapour pressure r e su lts  obtained was th a t they  

pred icted  a b o il in g  point in  agreement with the l it e r a tu r e  va lu e  of 

433. 13%. The vapour pressure r e su lts  are g iven  in  ta b le  ( 4 .4 .4 ) .

They were determined a t  fou r tem peratures, 308. 08K, 312,58%, 317.64% 

and 323. 13%. Figure ( 4 .4 .2 )  i s  a p lo t  cf the vapour pressures a g a in st  

tem perature, and fig u re  ( 4 .4 .3 )  i s  a p lo t o f  log^^ vapour pressure  

aga in st th e rec ip ro ca l cf the tenperature including the l it e r a tu r e  

b o il in g  poin t ( 1 9 ) ,  The vapour pressure r e su lts  ex trap o la te  w e ll  

to  the l ite r a tu r e  b o il in g  p o in t. The heat o f vapou rization , ca lcu la ted  

from fig u re  (4 , 4 , 3 ) ,  in g iven  in  ta b le  ( 4 , 4. 4 )

  1?
4 .3  THE VAPOUR PRESSURE RESULTS AND THE CALCULATED G VALUES FCR 

THE mTURES STUDIED

4 .3 .1  Nit^-Pimethylaniline + Hexafluorobenzene

The r e s u lt s  fo r  the system  N ,N -dim ethylaniline (DLîA) + hexafluoro

benzene ( f )  a t 322,32k are g iven  in  ta b le  ( 4 .3 .1 ) .  The excess Gibbs 

fun ction s are represented in  figu re  ( 4 .3 .1 ) .  The R,M,S. d e v ia tio n  and 

standard d ev ia tio n  are quoted in  ta b le  (4 .3 .1  )

The data used in  the m odified Barker programme i s  l i s t e d  in  tab le  

( 4 . 3. 1) . The second v i r i a l  c o e f f ic ie n t  fo r  hexafluorobenzene B^^, was 

taken from the va lu es ca lcu la ted  by D ouslin , Harrison and Loore (T S ) 

from en th a lp ies o f vap ou risation  and vapour pressure measurements. There 

was no second v i r i a l  c o e f f ic ie n t  data a v a ila b le  for  H, J\)-dimethylaniline 

or any re la ted  conpound so  va lu es o f 0 ,0  and -0 ,0 0 2  were su b stitu ed  in  

turn.
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TABLE ( 4 . 4 . 4 )

THE VAPOUR IRES SURE RESULTS FCR PURS PMTAFLUOROCYANQBMZENE AT 

SEVERAL TE! 7 ’jlRATURES

Temp erat ure/(K Vapour Pres sure/kpa

308.08 0.329

312.38 0.683

317.64 0 .897

323.13 1 .244

435.13 101.323 (78)

The heat o f vap ou risation  = 4 .760 x 10^ J mol ^
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TAEL3 ( 4 . 5 . 1 )

4 Pexp/ kPa P ca l./k P a
E

G /  J mi

0 .0 0 .0 0.387 — —

0.1351 0.9195 4.135 4.117 —68

0.3197 0.9710 9.077 9.141 —141

0.4166 0.9813 11.979 11.941 -181

0. 5 0 1 0 . 0.9874 14.808 14.742 -207

0.5892 0.9919 18.063 18.085 -217

0.6759 0.9951 21.582 21.668 -200

0.7973 0.9977 26.671 26.596 -132

1 .0 1 .0 33.245 —

-1

R.M.S. = 0,058 kPa 

S.D. = 0.089 kPa

Gq = - 0.3092 = - 0.1735 Gg = 0.1389

Oj = 0.2793

= - 0.001990 = 0.0001199 ^  mol"^

Br2 = 0 .0  mol””* = 0.0001298 mol“^

B^2 = - 0.000998 mol“  ̂ V® = - 4 .86  x 10"^ _ —1 mol
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-1The d ifferen ce  in  the excess Gibbs fu n ction s v/as 0.1 J mol , -which 

■was "within the experimental error, so ~S>22 equal to zero. The

crossed  v i r i a l  c o e f f ic ie n t  was estim ated a s  being equal to  the arithm etic  

mean of and ^22* molar volumes o f  pure hexafluorobenzene

and pure N, N -dim etbylan iline 7^2 are quoted together w ith  the excess  

volume of mixing a t = 0 ,5  (chapter 6 ) ,

Four c o e f f ic ie n t s  were required to  obtained a sa t is fa c to r y  f i t  to  

the data and th ese  are a lso  given in  ta b le  ( 4 .5 .1 ) .

During the s e r ie s  o f  measurements the outer co a tin g  of ^ a s s

around a metal breaker smashed a t the th ird  experim ental p o in t. There

was no apparent in crease  in  pressure due to  the presence o f a ir  as the

frozen  sample was quickly pumped on to  remove any a ir .  The system  was 

continued as i t  was thought that any contam ination was due to  a ir  and 

t h is  had been removed. However, fo r  th is  reason the r e s u lt s  are not 

considered to  be of the h igh est p r e c is io n , the u n certa in ty  on the excess  

Gibbs fu nctions i s  probably about + 2q J  mol , The excess Gibbs 

fu n c tio n  fo r  the system  i s  seen  to  be n egative ,

4 . 5 . 2  Isopropylcyclohexane + Hexafluorobenzene

The r e s u lt s  fo r  isopropylcyclohexane (IPCH) and hexafluorobenzene 

( f )  a t 323. 15K are g iven  in  ta b le  ( 4 .5 .2 )  togeth er w ith  th e R.M.S, and 

standard d ev ia tion s and c o e f f ic ie n ts  for  the excess Gibbs fu n ctio n  f i t .  

The data fo r  -the m odified Barker programme i s  a lso  quoted. The second 

v ir i a l  c o e f f ic ie n t  fo r  hexafluorobenzene B^^, -was taken from reference  

( l^ ) .  No da-ta -were a v a ila b le  for the second v ir ia l  c o e f f ic ie n t  o f  

isopropylcyclohexane B22, so th e  data for cyclohexane determined by 

H ajjar, Kay and L everett ( ^  ) was used, and are the molar

volumes o f hexafluorobenzene and isopropylcyclohexane and th ese  are g iven  

togeth er  w ith  the excess volume a t  Xp = o , 5  (chapter 6 ) ,
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T A E L S  ( 4 . 5 . 2 )

Pexp/kPa P cal./k P a G?/J ]

0 .0 0 .0 2.773 _ _

0.1111 0.7724 11.020 11.043 278

0.2076 0.8549 15. 936 15.892 464

0.3249 0.8950 20.025 20.041 623

0.4277 0.9153 22.741 22.787 702

0.5787 0.9367 26.122 26.041 716

0.7183 0.9527 28.545 28.614 617

0.7772 0.9599 29.675 29.655 540

1 .0 1 .0 34.103 - -

R.M.S. = 0.048 kPa

S.D. = 0 .074 kPa

Go = 1' 0781 Qr̂  = 0.0847 &2 = 0.0902

G% = 0. 0427 /

= -0.001975 mol ^ ^11 == 0.0001200 m? mol“**

B22 = - 0.001380 mol ^ ^22 :̂ 0.0001622 mol“^

4  2 = - 0.001677 mol“^ f  =: 2.11 X 10  ̂ mol ^

-1
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The excess Gibbs energies are represented in  figu re  ( 4 .5 .1 ) .  They 

are seen to be quite la rg e  and p o s it iv e ,

4 .5 .5  P en ta fl uorocyanobenzene + Cyclohexane

The r e su lts  fo r  pentafluorocyanobenzene + cyclohexane at 

and 323. 15K are given in  ta b le s  (4 .5 .3 )  and ( 4 , 5 , 4 ) , There was no data 

a v a ila b le  on the second v i r i a l  c o e f f ic ie n t  of p en taflu orob en zon itrile

and as on using values o f  0 and-0, 002 a change o f only 0.1 J mol  ̂

was seen in  the excess Gibbs fu n ctio n s B̂   ̂ was put equal to  zero a t  

both tem peratures. The second v i r i a l  c o e f f ic ie n t  o f  qyclohexane ^22* 

fo r  both temperatures v/as taken from Haj ja r , Kay and L everett (80 ) 

and B^2 ^°r the equimolar mixture was assumed to be the arith m etic  mean 

o f  B̂  ̂ and B22* The excess volume o f mixing a t = 0 .5  was taken to  

be the same a t  both tem peratures and was determined by Penby ( 15 ) .

The excess Gibbs fu nctions are  represented in  fig u re  ( 4 .5 .2 ) .

Eight c o e f f ic ie n ts  were required t o  obtain  a s a t is fa c to r y  f i t  fo r  

the excess Gibbs fu n c tio n s . The r e s u lt s  were determined by su ccessive  

a d d itio n  of cyclohexane samples to  an i n i t i a l  sample o f  p en ta fl uorocyano

benzene. I t  was intended to  then determ ine the vapour pressures from 

the cyclohexane r ich  reg ion  to  the equimolar part of th e vapour pressure  

curve but the barrel o f  tap T2 , p o sitio n ed  on the top of the manoneter, 

broke and there was not enough time to a llow  rep a ir  of the apparatus 

and continuation  o f vapour pressure work. There i s  thus a sm all but 

accum ulating error on the com positions of th e  m ixtures.
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TABLE (4 .5 .3 )

THE RESULTS FOR PHINTAFLUORQCYANQBilNZENE (P) AND CYCLOHEXANE AT 3 1 2 .5&K

-1
2 ?

Pex j /  kPa P ca l./k P a G^/j mol

0 .0 0 .0 24.078 - -

0 .1484 0.0233 23.446 23.413 868

0.1837 0.0203 23.356 23.395 994

0.2423 0.0223 23.269 23.273 1159

0.3379 0.0247 23.038 23.009 1335

0.4404 0.0232 22.892 22.906 1413

0.5062 0.0225 22.740 22.776 1405

0.5532 0.0253 22.592 22.574 1374

0.5889 0.0266 22.398 22.360 1336

0.6968 0.0247 21.318 21.363 1149

0.7705 0.0315 19.696 19.665 956

0.8467 0.0389 15.699 15.709 709

0.9572 0.0837 7.995 7.994 262

1 .0 1 .0 0.685 - : -

R.M.S. = 0.028 kPa

S.D. = 0 .049 KPa

0  ̂ = 2.1663 = - 0.2934 Ĝ  = 0.3022

Gj = - 0.0043 Ĝ  = - 0.0209 Ĝ  = -0.8928

G5 ~ 0.5324 Gy •= 1.0994

B11 -  0 3 -1 . 0 m mol V11 = 0 . 0001253 mol“^

B22 = - 0.001531 ïïP mol ^ ^22 ” G. 0001110 m̂  mol“^ '

®12 = - 0.000765 mol"^ = 1. 87 X 10”  ̂ m̂  mol ^
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THE RESULTS PGR PENTAPLUQROCYANQBENZENE (p) AND CYCLOHEXANE AT 3 2 3 .15K

Xp
I e .

Pexp/ kPa P ca l./k P a C^/J  mol”*’

0 .0 0 .0 36.269 - -

0.1492 0.0249 35.028 34.999 839

0.1822 0.0239 34.831 34.860 954

0.2421 0.0254 34.555 34.570 1120

0.3374 0.0282 34.171 34.130 1291

0.4396 0.0265 33.723 33.769 1362

0.5131 0.0291 33.362 33.344 1347

0.5376 0.0292 32.941 32.943 1312

0.5940 0.0304 32.555 32.539 1271

0. 7198 0.0322 30.412 30.441 1028

0.7913 0.0387 27.628 27.598 820

0.8510 0.0469 22.820 22.835 612

0.9320 0.0940 12.443 12.441 296

1 .0 1 .0 1.244 - ■ —

R.M.S. = 0.026 l<Pa

S.D. = 0.045 kPa

= 2.0148 Gl = - 0.3239 Gg = 0.2325

Ĝ  = -0.1021 \  = - 0.1059 Ĝ  =-0.6334

Gg = 0.2153 G7 = 0.4644

 ̂ = 0 .0 mol ^ ^11 = 0.0001255 m-̂  mol~1

Bgg = - 0,001380 m^mol ^ V22 = 0.0001120 ÏÏ? mol"^

B^2 = - 0.00069 ^  mol ^ f  = 1. 87±10“̂  mol“**



r ;

. / r  ; 2: . 15K AKO

J5C0

\0 0 0

500

\-oO Z

X



-  64 ”

4 .6  CQRRTÆi/vTION OE VAPOUR H^ESSIEijS WITH MOLAR EXCESS ElOTHALPIES

Since th e excess Gibbs functions have been measured a t two 

ten^eratures fo r  pentafluorocyanobenzene + cyclohexane i t  i s  p o ss ib le  

to  ca lcu la te  the molar excess en th a lp ie s . However the temperature 

in te r v a l i s  sm all, because a t la v e r  tenperatures the system phase 

sep ara tes, so  the c a lcu la tio n  o f i s  very  im precise.

Assuming th at the excess Gibbs fu n ction  a t  = 0 ,5  i s  r e lia b le  
-1

to  + 20 J mol , then the excess enthalpy fo r  = 0 .5  a t  5 2 5 .15K is  

c a lcu la ted  to be 5 .0  + 1 .2  kJ mol . The experim ental value o f th e  

excess enthalpy (chap ter 5) i s  2 .12 kJ mol \  Therefore -the ca lcu la ted  

excess enthalpy i s  o f the same order of magnitude as the experim ental 

ex cess  enthalpy.



CHAPTER FIVE

EXCESS ENTHALPIES OP ÎÆEXING
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EXCESS ENTHALPIES OP T/UXING

5 . 1  XNTRQDUCTICN

For the process of mixing N̂  moles o f  component 1 w ith  N2 moles 

o f component 2 in  a calorim eter aid applying the f i r s t  law , the change 

in  thermodynamic energy ^  ^  i s  g iven  by,

A ll = IX (m ixture, T  ̂ ) -  LL (unmixed, T^) = q + (5 1 I )

where T  ̂ and are the i n i t i a l  and f in a l  tem peratures,-q rep resen ts  

any heat lo s s e s ,  i s  the work o f  s t ir r in g , and i s  a term which

a llow s fo r  the work done due to  a change in  volume o f  the ca lorim eter  

or i t s  contents.

However the energy change a t a g iven  tenperature, T^, i s  required.

I f  i t  i s  assumed th at th e  mixing process i s  exotherm ic, i e ,  T^'^ T^,

then the calorim eter and contents w i l l  coo l back to  T . and the measure
2.

o f  th e  q u antity  o f  e le c t r ic a l  energy, Wei, needed to  r a is e  the 

tenperature of the ca lorim eter from TV to  T  ̂ i s ,

T
^  (m ixture, T^) -  LL (m ixture, T^) = ^  Ĉ  dT

= -q + Wei ( 5 .1 .2 )

where C  ̂ i s  the heat ca p a c ity  o f the ca lorim eter and i t s  contents a f te r  

mixing and i t  i s  assumed th a t any heat lo s s e s , - q ,  are the same as in  

the previous stage.

On subtractin g  ( 5 .12) from ( 5 . I I )  the fo llo w in g  i s  obtained.

A  LL ( T . ) = (m ixture, T . )  -  ^  (unmixed, T . )  = # + W -Wei' 1  ' ' 1  ' ' i s  exp

( 5. 1. 3 )
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I f  the ca lorim eter is  o f  the constant pressure type (^ 9  ) ,  in  

which the components are subjected  to  a constant p ressu re , P, throughout 

the mixing process then,

Wexp = -  P AV ( 5 . 1. 4 )

where A V i s  the change in  volume o f  the liq u id  m ixture. The 

enthalpy change on m ixing, A H (T^) i s  then given by,

A H (T^) = Ws -  Wei ( 5 . 1. 5 )

Most modern ca lorim eters, designed to  study m ixtures, in vo lve  a 

sea led  system incorporating an expansion bulb and are n e ith er  constant 

pressure nor constant volume ca lorim eters. However i f  the expansion  

bulb i s  s u f f i c ie n t ly  la r g e , (a s  in  th e Larkin and McGlashan type  

calorim eter described  in  se c t io n  ( 5. 2 ) ) ,  the mixing process approximates 

to  a constant pressure process w ith  n e g lig ib le  error.

The q u a n tities  measured in  the presen t work can thus be regarded 

as en th a lp ies  o f mixing.

The above describes the b a sic  p r in c ip le s  o f the ca lorim eter. In  

p ra ctice  a nu lltechnique was used for  a l l  o f the measurements and the  

experim ental technique i s  described in  d e t a i l  in  se c t io n s  ( 5 . 9 ) and

( 5. 10) .

The niolar excess enthalpy n , 'which i s  the qu antity  tabu lated  in  

the sec tio n  contain ing the experim ental r e s u lt s  (5 .1 4 ) ,  i s  d efin ed  by
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where A H i s  the enthalpy change o f  mixing, i s  the number cf 

moles o f  component 1 , and i s  the number o f moles o f  component 2, ,

For an id e a l  so lu tio n  there i s  no change in  enthalpy on mixing 

components 1 and 2 so A H i s  zero. Therefore any measured enthalpy  

change d ir e c t ly  g iv e s  the excess enthalpy o f  mixing,

Larkin and McGlashein (91 9̂%) were respon sib le  for the design  o f  a 

ca lorim eter which allow ed high accuracy combined w ith  ease o f load ing  

and absence of vapour spaces.

The b a s ic  design was adopted by Marcom and Travers ( 9 3  ) 

although they used a p o lystyrene jacket rather than a vacuum fo r  thermal 

in su la tio n ,

A s in g le  ca lorim eter, o f the above typ e, i s  id e a lly  su ite d  to  

measurement of endothermie en th a lp ies o f  m ixing. However, use o f  such 

a ca lorim eter fo r  exothermic en th a lp ies g iv e s  r is e  to  errors o f  the 

galvanometer ! being operated on too low a s e n s i t iv i t y  and in d e f in it e  

co o lin g  curves.

A twin ca lorim eter , u t i l i s in g  a n u ll technique, was developed by  

Armitage (6 5 ) .  I t  conprised two ca lorim eter v e s s e ls ,  o f the typ e used 

by Marcom and Travers ( 9 3 ) ,  therm ally in su la ted  from one another 

and the therm ostat bath by a polystyrene jack et. The n u ll technique 

enables the galvanometer recorder to  be used a t  a high s e n s i t iv i t y  and 

makes the ex trap o la tion  o f  the co o lin g  curves more accurate as the 

o v e r a ll temperature d ifferen ces  are sm all. This was the type o f  

apparatus used for the present measurements so w i l l  be described more 

f u l l y  in  se c t io n  ( 5 . 2 ) ,

Several workers have adopted s im ila r  designs (S4- 9$),
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5 . 2  CAIiOREISTER VESSELS

The v e s s e ls  used are shown in  figu re ( 5. 2. 1) and were made by 

M essrs. Jeneons ( S c ie n t i f ic )  Ltd. They contained a g la ss  p a r t it io n  

to  separate the two components, a poclcet to  accommodate an e le c t r ic  

h eater  and had a neck w ith a B7 socket.

The calorim eter thermometer co n sisted  o f th ree therm istors 

(standard Telephones and Cables type M52 w ith a r e s is ta n c e  a t  room 

temperatures o f  450 Ji) wired in  p a r a lle l  on the surface o f  the v e s s e l  

such th at th ey  were adjacent to  the mercury rather than the liq u id s .

This was done ào th at the therm istors did not record any instantaneous 

non-equilibrium  tenperatures which can occur in  the liq u id  a f t e r  mixing. 

The copper d iscs  o f  th e  therm istors were stuck to  the surface o f the 

v e s s e l  w ith  a l i t t l e  A ra ld ite .

The calorim eter h ea ter  con sisted  o f  a length  o f  eureka w ire  

(co tto n  covered constanton o f  38SV/G-) wound onto a te f lo n  p lug, o f the  

type shown in  fig u re  ( 5 . 2. 1 ) ,  machined such that the h ea ter  was a push 

f i t  in to  the g la ss  pocket o f the v e s s e l .  The t e f lo n  plug contained two 

holes from which the h eater  w ires protruded.

The therm istors and heater w ires were soldered to  copper w ires  

which were sheathed and soldered to  a fou r way, n on -reversib le  plug.

The w ires were bent u n t i l  the plug was in  a su ita b le  p o s it io n  and then  

a l l  the exposed w ires were th ic k ly  coated w ith  A r a ld ite ,

The calorim eters were sea le d , when loaded, by g en tly  pushing in to  

the socket the bulb attachment shown in  figu re  ( 5, 2,1 )



FIGURE ( 5 . 2 . 1 )

K'DAT OF I.'IXDiG CAI,0RI12TER A m  3XRINSIŒ  BULB
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5.5  KL\TZR CIRCUIT

The heater c ir c u it  i s  shown in  figu re  ( 5*3 . 1)« I t  was designed  

so that heat could be put in to  both or e ith e r  ca lorim eter , as necessary .

Two four-decade res is ta n ce  boxes were used. One was the heater  

current co n tro l, which was s e t  to  give the required current through 

the h eater  (th e  value of which was ca lcu la ted  from an estim ated  

enthalpy change), and the other was the dummy heater r e s is ta n c e . The 

dummy heater res is ta n ce  was se t  equal to  the t o t a l  r e s is ta n c e  a t the 

part o f th e heater c ir c u it  to  be used in  the measurenent. The heater  

supply b a ttery  was connected through the dummy heater r e s is ta n c e  so as 

to  a llo w  the b a ttery  to  s t a b i l i s e  before heating was commenced.

The heatin g  tim es were measured using a 50 MHz tim er Counter 

TO98 (from Advance Instrum ents). The instrum ent was wired so  that on 

c lo s in g  sw itch  the counter was tr iggered  and on opening i t  the  

counter stopped. The tim e was d isp layed d ig i t a l ly  so i t  could be 

rea d ily  noted.

The heating currents were determined by measuring the p o te n tia l  

drop across a one ohm standard r es is ta n c e  (type 1659, T in sley  and Co. 

L td .) using a potentiom eter (type 4025, H. T in sley  and C o.). The 

standard c e l l  fo r  the potentiom eter, (a  Western c e l l  type 1268 from 

H. T in sley  and Co.) was housed in  a vacuum f la s k  to  minimise tenperature  

v a r ia tio n s . A two v o lt  constant v o lta g e  supply connected to  the mains 

supply was th e driv in g c e l l  fo r  the potentiom eter. The potentiom eter  

reading, fo r  the balance p o in t as observed on the spot galvanometer, 

represented the current flow ing in  the heater c ir c u it  as the standard  

r es is ta n c e  was ex a c tly  one ohm.
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The r e s is ta n c e  of the calorim eter h eater , was obtained in  the 

fo llo w in g  v/ay, A sm all current was passed through the heater and i t s  

lead s and the p o te n tia l drop, V^, across the standard one ohm r e s is ta n c e ,  

R^, and the p o te n tia l drop across the heater and i t s  lea d s , R^^^, were 

noted.

Then, ^ ~ ^H+L

As R = 1  8

The r e s is ta n c e  o f  the le a d s , R^, were determined in  a s im ila r  way to  

the r e s is ta n c e , R^^^, w ith  the d ifferen ce  th a t the ca lorim eter was 

replaced by a fou r way connector with i t s  h eater term inals jo ined  by 

a short p iece  o f w ire.

Then, R  ̂ = \

The res is ta n ce  o f  the lea d s , R^, and the r e s is ta n c e  o f the heater, 

Rg, were both redetermined a t  each new temperature a t which measurements 

were done,

5 .4  THSRlvJSTCR CIRCUIT

The two s e ts  of therm istors formed two arms of a Wheatstone bridge  

network, as shown in  fig u re  ( 5 . 4 . 1 ). The out o f  balance current was 

measured using a recording galvanometer (Type B,D,2  fiom Kipp and Zonen),

The galvanometer s e r ie s  r e s is ta n c e  and the dumiiy bridge r e s is ta n c e  

were both four-decade r e s is ta n c e  boxes. The dummy bridge r e s is ta n c e  was 

used to  s t a b i l i s e  the s ix  v o lt  b a ttery , which supplied -the current to  

the bridge and th e  ^Ivanom eter s e r ie s  r e s is ta n c e  protected  the recorder, 

in  between experiments by being s e t  a t a h igh va lu e .
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The bridge balance con tro l vras a six-decade res is ta n ce  box ranging 

from 0,01 to  9999.99 ohms. This res is ta n ce  was a lte r e d  u n t il  the pen 

of th e recording galvanometer had been centred on the chart paper 

prior to doing an experim ent,

3 .5  CAL0R]:.IET3.R JAOIGT

The calorim eter jack et co n sisted  o f a brass cy lin d er , (diam eter 

11 cm and len g th  15 cm), f i t t e d  w ith a renovable end p la te  h e ld  in  

p lace  by e igh t 2BA b o lt s  and made water t ig h t  by an 'O' ring in se t  

between the cy lin d er  and end p la te ,

A short p iece  o f brass tubing was soldered to  the s id e s  of a hole  

made in  the jacket so th a t the ca lorim eter leads could be brought out 

and connected to  the r e s t  o f the c ir c u itr y . The lead s (e ig h t core, 

screened cab le) were p rotected  in  the therm ostat bath by s to u t rubber 

tubing which surrounded them and was held  in  p lace on the brass tube 

by a 'J u b ilee ' c l ip ,  T̂ vo four-v/ay, n on -reversib le  connectors were 

used to  connect the leads to  the ex tern a l c ir c u itr y ,

5 .6  STIRRIN& imCHANISM

The calorim eter jack et was supported in  the therm ostat by a stand 

equipped with su ita b le  gearing to  enable adequate s t ir r in g , A handle 

on the top of the assembly was l i f t e d  through 90*̂ severa l tim es to  

promote s t ir r in g  o f the l iq u id s . The gearing was such that th e  angle 

of ro ta tio n  could not be exceeded and so th ere  was no p o s s ib i l i t y  of 

the liq u id s  coming in to  con tact w ith  the ground g la ss  jo in t .

5 .7  THE TH2KVI0STAT

The therm ostat con sisted  of a large ga lvan ised  tank, lagged w ith  

expanded polystyrene and covered with wood. The tank was f i t t e d  w ith  

a wooden l i d  covered w ith  'Form ica', The underside o f the l i d  held a
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frame to support the reg u la to r , h ea ters, and s t ir r e r ,  and a h o le  in  

the centre accommodated the calorim eter assem bly.

The permanent heater co n sisted  of a 'h eater rod*, and var iac  

transform er. The in term itten t heater con sisted  o f a length  o f Pyrotenax 

r e s is ta n c e  cab le  o f  r e s is ta n c e  1 0 weund on the frame and connected  

to  a reduction transform er. The output of. the transform er was con tro lled  

by a mereury-toluene reg u la to r , of conventional d esig n  ( 57) ,  and an 

e lec tr o n ic  re la y .

The bath was s t ir r e d  by a Gunn, continuous ra tin g  pun^ s t ir r e r .

The t e n ^ rature o f  the therm ostat was taken using a mercury in  

g la ss  thermometer, ca lib ra ted  by the N ational P h ysica l Laboratory,

The s t a b i l i t y  o f the therm ostat was in v e s tig a te d  using a platinum  

r e s is ta n c e  thermometer as in  sec tio n  ( 6 , 5 )*

3 . 8  LOADING OF THE CAL0R]1'I2TÆ

The calorim eter was thoroughly washed out w ith  concentrated n it r ic  

a c id , fo llow ed  by d e ion ised  w ater and f in a l ly  w ith  Analar acetone. I t  

was attached to  a vacuum l in e  and pumped on fo r  th ir ty  minutes by which 

time a l l  o f the acetone had evaporated. The calorim eter was then f i l l e d  

w ith mercury from a reserv o ir  incorporated in to  the vacuum l in e .  I t  

was clanped, above a mercury tr a y , with i t s  B7 socket almost h o r izon ta l 

and the end o f th e  g la ss  p a r t it io n  v i s ib le  from above.

The two components were in jec ted  in to  the s id e s  o f  the ca lorim eter , 

in  turn , using ' hypodermic syrin ges f i t t e d  w ith bent 2" 26G n eed les.
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Each component had to  f i r s t  be syringed out o f  i t s  storage  

anpoule using an 8" needle so when th is  needle was replaced w ith  the  

2" one care v/as taken to  ensure th a t , a l l  the a ir  had been exp elled  

from the need le  and sy r in g e , no mercury had been introduced in to  

the sy r in g e , and th at no liq u id  was leak in g  from the jo in t  between 

the needle and the syrin ge.

The weight o f  each component taken was ca lcu la ted  by d ifferen ce  

w eighings. The sm aller volume conponent was qyringed f i r s t  and i t s  

weight noted , then the volume o f  the second component, Vg* required  

was ca lcu la ted  from the expression

Vg = W., Mg Xg ( 5 . 8 . 1)

A  “ 1 ^1

Where i s  w eight o f component 1 , M i s  m olecular w eight, and 

X i s  the mole fr a c tio n .

The expansion bu lb , shown in  fig u re  ( 3 . 2. 1 ) ,  was g en tly  in serted  

in to  the B7 socket o f the ca lorim eter. Some mercury was forced  into  

the bulb. The bulb was h e ld  in  p lace by an e la s t ic  band attached  to  

g la s s  hooks on the s id es of the stem and passed around the calorim eter.

The ca lorim eter was then  placed in  the polystyrene jack et,

A reference calorim eter was load ed , in  a s im ila r  way, w ith  one 

o f  th e  two liq u id s  being mixed and a ls o  put in to  the polystyrene ja ck et. 

The ca lorim eters were then in serted  in to  the brass jack et and th e  end 

p la te  b o lted  in to  p lace before the assembly was ca re fu lly  lowered in to  

the therm ostat bath.
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The calorim eters were allow ed to  reach thermal equilibrium  by 

being l e f t  in  the therm ostat overnight,

3 . 9  MDOJHEEli'.ilC l.a^iSURSI.ENTS -  OPERivTION OF A1-PARATU3

Measurements of endothermie energ ies o f  mixing involved only one 

ca lorim eter , ( c a l .  2 ) ,  in  current in p u t, although the reference  

ca lorim eter  ( c a l . l )  was present as the fourth  arm o f the Wheatstone 

brid ge.

When thermal equilibrium  had been achieved sw itch 8g was s e t  in  

the bridge p o s it io n  and the galvanometer s e r i e s  r e s is ta n ce  was reduced 

to  a su ita b le  sm all va lu e . The bridge balance con tro l was adjusted , 

i f  n ecessary , u n til  the recording galvanometer was zeroed and the  

recorder was started .

The potentiom eter, in  the heater c ir c u i t ,  v/as standardised and 

the p rev iously  s e t  current in  the dumny heater r es is ta n c e  c ir c u i t  

was checked. This was done by having sw itch in  the 1 ohm p o s it io n

and measuring the p o ten tia l drop, V, across the standard r e s is ta n c e .  

This d ir e c t ly  gave the current.

The recorder was allowed to  draw a su ita b le  base l in e  fo r  about

th ir t y  minutes. Switches S and 8_ were checked to be s e t  in  the
B ^

Cal, 2 p o s it io n  before sw itch  8^ was thrown in to  the h eater p o s it io n ,  

which a ls o  sta r ted  the tim er.

The recorder pen was seen to  move to  one sid e of th e chart paper. 

The p r e c ise  value o f  the current was measured by a d ju stin g  the  

potentiom eter reading to  g iv e  zero d e f le c t io n  o f the spot galvanometer.
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A fter  h a lf  the p ro v is io n a l heating time had elapsed , th at i s  at 

s ix ty  seconds, the brass jacl\et was inverted ten  tim es to  promote 

mixing. The recorder pen was seen  to  move to  the opposite s id e  of 

the chart paper. The p o s it io n  of the pen was c lo se ly  observed so 

th a t when i t  began to move back to the zero p oin t switch was opened, 

stopping the tim er , and put back in to  the dummy p o s it io n . By the  

procedure accurate compensation was obtained. The brass jacket was 

inverted  a fu rth er  ten tim es to  promote a uniform temperature. Both 

the time and heater current were noted.

A fter  th ir ty  minutes the coo lin g  curve had been traced out and 

steady conditions p reva iled  so a ca lib r a tio n  fo r  the s t ir r in g  co rrection  

was done. This merely involved in v e r tin g  the brass jacket twenty tim es,

7̂hen steady conditions were again  achieved , a f t e r  on ly  about 

twenty m inutes, sw itch  was thrown so as to  pass a measured amount 

of heat in to  the mixing calorim eter. The current was a ccu ra te ly  

measured wi.th the potentiom eter, as b e fo re , and sw itch  opened a f te r  

about th ir t y  seconds so that the recorder pen remained on sc a le . The 

calorim eter was again  s t ir r e d  twenty tim es ta promote a uniform  

temperature d is tr ib u tio n . The time and heater current were noted.

When a su ita b le  coo lin g  curve had been traced  the recorder was 

switched o f f  and i t s  pen removed.

The r e s is ta n c e  o f th e ca lorim eter heater was then measured as 

described in  s e c t io n  ( 3, 3 ) ,

The method of c a lc u la tio n  fo r  the endothermie en th a lp ies  o f  mixing 

i s  g iven  in  se c t io n  ( 3 . 1l )  along w ith a ty p ica l recorder trace and 

experim ental data.
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5 . 1 0  EXOTHERI.ilC IvlEASURZÏ'iaxITS -  OPERATION 0?  APPARATUS

Again a n u ll technique was used but mixing was carried  out in  

calorim eter 2 w h ils t  heat was put in to  ca lorim eter 1.

Vilien th ernal equilibrium  had been achieved the galvanometer 

s e r ie s  r es is ta n ce  was reduced to  a su ita b le  v a lu e , the recorder was 

s ta r te d , and zeroed w ith the bridge balance co n tr o l, and the value o f  

the s e t  h ea ter  current was checked.

A fter  th ir ty  m inutes, when the recorder had drawn a su ita b le  

base l i n e ,  sw itch  v/as put in to  the heater p o s it io n  and the tim er  

and heating current were sim ultaneously switched on. Switches Sg and 

Sq were checked to  be in  the Cal, 1 p o s it io n . The heater  current was 

measured w ith  the potentiom eter by evalu atin g  the p o te n t ia l drop across  

the 1 ohm r e s is ta n c e , sw itch  was s e t  in  the '1 ohm* p o s it io n .

The recorder pen was d e fle c te d  in  one d irectio n  but a f t e r  s ix ty  

seconds had elapsed the ca lorim eters were s tir red  ten  tim es causing the  

pen to  be d e fle c te d  in  the opp osite d ir e c t io n . As soon as the pen 

sta r ted  to  move back towards the zero p o in t sw itch was put in  the 

dumny p o s it io n . In th is  way accurate condensation was ach ieved . The 

ca lorim eters were s t ir r e d  a fu rther ten  tim es and the heater time and 

current were noted.

T hirty minutes la te r  the ca lorim eters were s t ir r e d  twenty tim es.

A fter  a fu rth er  twenty minutes the c a lib r a tio n s  fo r  ca lorim eters  

1 and 2 were made in  the fo llo w in g  way.
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Switches and Sp were put in  the C als. 1 and 2 p o s itio n  and 

in  the 'h eater' p o s it io n , thus p u ttin g  the same current through 

both calorim eter h ea ters. The accurate value o f  the heater current 

was measured, as b e fo re , and a f te r  s ix ty  seconds the ca lorim eters  

were stir red  ten  tim es. The current was allowed to  flow  fo r  

approxim ately as long as in  the mixing process. Switch S^ was se t  

in  th e dummy p o s it io n  a t  the end o f th is  tim e, and th e ca lorim eters  

were again s t ir r e d  ten tim es. The heater  current and time were noted.

When steady conditions had e x isted  fo r  about ten  m inutes, u su a lly  

th ir t y  minutes a f te r  the previous measurement, the c a lib r a tio n  fo r  

ca lorim eter 1 was done.

Switches Sg and Sq were s e t  in  the Cal, 1 p o s it io n  b efore  S^ was 

put in  the h eater  p o s it io n . Heat was put in to  the calorim eters fo r  

about t h ir t y  seconds so th a t the recorder pen remained on s c a le .  The 

heater  current was measured during t h is  time but a l l  the s t ir r in g  o f  

the ca lorim eters, that i s  twenty tim es, had to  be done a t  the end o f  

the heating tim e. The current and time were noted.

When a su ita b le  cooling  curve had been traced  the recorder pen 

was removed and the recorder switched o f f .

The res is ta n ce  o f calorim eter 2 was determined as described in  

s e c t io n  ( 3. 3 ) .

The ca lcu la tio n  o f the exothermic en erg ies o f mixing i s  g iven  in  

se c tio n  ( 3. 12) along w ith  a ty p ica l recorder trace  and experim ental 

data,

B
3.11 CALCULATION OF THE ENDOTHERIvlEC MQLAE EXCESS ENTHALPY CHANGE.

A ty p ic a l recorder tra ce  and corresponding experim ental data are 

shown in  f ig u re s  ( 3. 11. 1) and tab le  ( 3. 11. 1) .
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^  2  i s  seen  to  be equal to  zero so  no s t ir r in g  correction  has to  

be made in  the c a lcu la tio n  o f  the enthalpy change. However i f  a value  

e x is te d  the q u a n tit ie s  A  ̂ and A  ^ would have to be adjusted  

accordin gly .

I f  A  2 were in  the same d irectio n  as A   ̂ and A  ̂ then i t  would 

have to  be subtracted and conversely  i t  would have to  be added i f  i t  

were in  the opposite d ir e c t io n .

The enthalpy change on mixing ^  g , i s  equal to  the e le c t r ic a l  

energy, 7 /e l, required fo r  condensation in  the mixing process w ith  

an adjustment made fo r  any s l ig h t  over cr under condensation.

For tab le  (3 .1 1 ,1 )  the enthalpy change i s  over conpensated fo r  so  

the adjustment has to be subtracted,

A. H = Wei = i^^ ^2 S  -  A  Wei (3 .1 1 .1 )

A d e f le c t io n , A  , i s  caused by i^  Hg "̂ 2 th erefore a
 ̂ 2

d e f le c t io n  A  ̂ would be caused by ^ 2  ^ 2  ^ 2  A  «i • This is  the amount

A  ^

of heat by which the mixing has been over compensated th erefo re ,

^  Wel = A   ̂ ± 2  Rg *2 (5 .1 1 .2 )

A 3

S u b stitu tin g  ( 3 , 11, 2 ) in  _[3 . 11.1 )

.2 n  ̂ A .2A H = i., Eg t., -  A 1 ig %2 *2 (5 .1 1 .3 )

3

^ n d e  ~ ^  ^ = ( i i  Egt., -  A., i ^ g t g  ) / (n p U g )  (5 .1 1 .4 )

*1+"2 ^
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TABLE ( 5 . 1 1 . 1 )

EXPERII.nNTAL BATA CCTBESPONDII'JG TO FIGURE ( 5. 11. 1)

Date = 4. 6.75 Temperature = 333. 15K

System: P en taflu orob en zon itrile  ( 1) + Cyclohexane ( 2 )

l ^ t  ( l )  = 193.084 d ( 1) = 1.563 ( 2) = 84.162 d ( 2 ) = 0.779

w t.o f  syringe + ( l )  = 14. 9701g w t .o f  syripge + ( 2 ) = 13. 3 l 86g

•wt.of syrin ge' = 14, 4879g w t.o f  syringe = 13. 0508g

w t.o f  ( l )  = 0 , 4822g w t.o f  (2 )

n̂ = 0,0024934 n^

= 0,2678g  

=  0,0031820

T otal number of moles = 0.0056793

X., = 0.4397

^  2180 3 mol"^

Expected value o f heat 12.38  J

S u ita b le  current 0.05769 A

1s t . heater current,i.^ 0.05767 A

1s t . heater tim e, t^ 120.34  S

1s t . d ev ia tio n , A  ^ = 0 .2  cm. ( over

2nd.d ev ia tio n , ^  g = 0 cm.

2nd ,heater cu rren t,i2 = 0.05767 A

2nd .heater tim e , tg 39 .04  s

3r d .d ev ia tio n , A, ^ = 7.6  cm.

R esistance o f C al. 2 + leads = 31 .29  ohms.

R esistan ce o f  lea d s = 0.43 ohms.

R esistan ce  of Cal. 2 = 30.86  ohms.

Therefore, A H 12.24 . J

and -  2 ,1 5 6 .0  J mol -1
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3 . 1 2  CALGULATIQM OF THE SKOTHSKMIC EXCBSS ENTHALPY CHANGE,

A ty p ic a l recorder trace and experim ental data are g iv en  in  fig u re  

( 5 . 12. 1) and ta b le  ( 5 . 12. 1 ) .

The liq u id s  are mixed in  calorim eter 2 and heat i s  given out.

To compensate fo r  th is  e le c t r ic a l  energy i s  put in to  the reference  

ca lorim eter , calorim eter 1.

Again, as in  the case  of endothermie enthalpy changes, a correction  

due to  s t ir r in g  must be ap p lied  to  the d ev ia tio n s  as described in  sec tio n

(5 .1 1 ) i f  any d e fle c t io n s  due to  s t ir r in g  e x is t s .

The enthalpy change, A H, can then be ca lcu la ted  as fo llow s.

I f  Cg i s  the heat ca p a c ity  o f  ca lorim eter 2 and the heat 

cap acity  o f  calorim eter 1 then from the mixing process and i t s  compensât io n ,

S  ( 4  ^5) (5. 12. 1) 
- A H

The e le c t r ic a l  work has t o  be adjusted  to  account fo r  under 

condensation. This i s  done by using the c a lib r a tio n  for ca lorim eter 1.

However from the heat input in to  both calorim eters the fo llo w in g  

must a lso  be tru e ,

A  3

1̂ ^2 ^2 * A  4 ^1 t^  ̂ (5 .1 2 .2 )

r  2
Z i^  Eg tg
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Table ( 5. 12. 1 ) EXPERUSKTAL DATA CORRESPONDING. TO FIGURE ( 5 . 12. 1)

Date = 17 .12 .74 . Temperature = 525. 15%

System; P en taflu orob en zon itr ile  ( 1) + Toluene (2)

lîwt (1 ) = 193.084 d ( l)  = 1.565 (2 ) = 92.141 d(2) = O.867

wt o f syringe + (1 ) = 53.1325g w t.o f  syringe + ( 2 ) = 51 . 9867g.

w t.o f  syringe = 52. 160lg  -wt.of syringe = 51. 8764g.

w t.o f  (1 ) = 0.9724 g. w t.o f  (2 )

n = 0.0050561 Tir1 -2  

T otal number of moles = 0,0062552

= 0 , 1105g.

= 0,0011971

= 0,8079

^  -  620 J mol””*

Expected value o f  beat 

S u ita b le  current 

1s t . heater current,

1s t . heater tim e, t

1s t . d ev ia tio n , A^  

2n d .d e v i a t i o n , 2 

2nd.heater cu rren t,ig  

2nd.heater  tim e, t ,  

5r d .d ev ia tio n ,

5rd .h ea ter  current,i^  

5rd .h eater  tim e, t^ 

4th .d e v ia tio n , A ^

5.844 J.

0.05793 A 

0.05790 A

119.05 S

2 .4  cm (under condensation) 

0 cm

0.05161 A

117.75 S

5 .5  cm 

0.05790 A 

56.58 S

5 .7  cm

R esistan ce o f Calorim eter 2 =50.85 ohms 

Therefore, A H  = -  3 .79 J

and = 609.2  J mol-1
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Again using the c a lib r a tio n  of ca lorim eter 1 to  obtain  accurate  

condensation.

Combining the above two equations g iv es  ( 5 . 12. 1) and ( 5. 12. 2 ) ,

^   ̂ 2 A ^
4  + Â i;  ( 5  * 1 1;  ) = 4  ^  ( i f  R ,t , )  (5 .1 2 .3 )

- A h Xg Rg tg

Therefore,
? P A 1  „

A H = -  ig  Rgtg ( i^  ( i ‘ t^ ) ) ( 5 .1 2 .4 )

4 ^2 * —  ( i ;  t  )

and the molar excess enthalpy i s ,

hL =  A h
n^+n2

5.13  test M2à8m&,idNT8

The type cf apparatus used here had been r ig o ro u sly  te s ted  when 

f i r s t  constructed ( GS,6 t>),

Therefore only a few measurements were made on an exothermic system  

and an endothermie system so as to  become fa m ilia r  with the experimental 

techniques.

The endothermie system which was used was hexafluorobenzene + 

cyclohexane a t 313.2  K. The excess en th a lp ies of mixing, H^, are g iven  

in  ta b le  ( 5 . 1 3 . l )  a) along w ith  the corresponding mole fr a c tio n  of 

hexafluorobenzene, Xp.
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TABLE (5 . 13 . 1  a)

The excess E nthalpies o f  M ixing, n , fo r  the system hexafluorobenzene + 

cyclohexane o f 313. 2K,

Xj,, H®/J mol"''

0 .2148 1117.4

0.4125 1489.4

0.5755 1478.5

0.6951 1239.1

TABLE (5 .1 3 .1  b)

The excess E nthalp ies of M ixing, H , fo r  the system" hexafluorobenzene + 

benzene a t  3 1 3 .2K,

"FX , hV j  ™i"^

0.3569 - 287.1

0.4045 - 349.9

0.4915 - 440.2

0.6483 - 459.4
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The r e su lts  are represented w ith  those o f  Andrews, P ollock  and 

Morcom (  ̂ ) in  fig u re  ( 5. 13. 1) . They are seen to he in  e x c e lle n t  

agreement.

The exothermic system  which was used was hexafluorobenzene + 

benzene a t  313. 2K,

The excess enthalp ies o f mixing, H^, are g iv en  in  ta b le  ( 5 . 13.1 b) 

along w ith th e corresponding mole fr a c tio n  o f  hexofluorobenzene, X^,

The r e s u lt s  are represented w ith  those of Duncan and Swinton ( A ) 

in  fig u re  ( 5. 13. 2 ) .  They are a lso  seen to be in  e x c e lle n t  agreement.

5 .1 4  MOLAR EXCESS MTHALPY OF I.flXING RESULTS

Measurements on th e fo llow ing systems were made, to  condlement 

the excess volume r e s u lt s  g iven  in  chapter ( 6 ) ,  and to  g iv e  a c lea rer  

p ic tu re  o f how pentafluorocyanobenzene behaves in  those systems as  

conpared to  the behaviour o f  other fluoro-carbons (1 ,2%, » 3 ) in  s im ila r  

system s.

The system s stud ied  were pentafluorocyanobenzene w ith  benzene, 

to lu en e, p-xylene and cyclohexane a t  323. 15K. Some measurements were

made a t  343. 15K fo r  the f i r s t  three system s so that th e ir  excess heat
Ec a p a c it ie s , Cp, a t equimolar conpositions could be determined.

Pentafluorocyanobenzene and cyclohexane was stud ied  a t 333. 15% and 

308,15% in  ad d ition  as i t  appeared to  have an excess heat cap acity  of 

opp osite s ig n  to  that expected.

The r e su lts  are g iv en  in  ta b les  ( 5 . I 4 . 1 )  to  ( 5 . I 4 . 4 )  and represented  

in  f ig u r e s  ( 5 . 1 4 . 1 )  and ( 5 . I 4 . 2 ) .

The r e s u lt s  were f i t t e d  to  a polynominal o f the form.
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TABLE ( 5 . 1 4 . 0

Excess E nthalpies o f  Mixin,p: fo r  Pentafluorocyanobenzene + Benzene at

—1
Xp i f / j  moi

0.2982 -3 0 8 .0

0.4646 - 475.0

0.6313 -487.1

0.7662 . -3 6 1 .0

0.9016 -1 7 5 .5

= -  1957.0 J m o l" \ Hg = 756.8 J mol"^ = 1049.0 J mol"'*

R.M.S. = 4 . 6  J mol 

S.D. = 6.1 J mol ^

Excess E nthalpies of Mixing fo r  Pentafluorocyanobenzene + Benzene at 

343 >15%

Xp H7  J  mol

0.3837 -3 8 8 .9

0.5385 -491 .0

0.6395 -4 7 8 .4
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TABLE ( 5 . 14 . 2 )

323. 15%

Xp H®/J mol"^

0.0673 - 169.9

0.1167 - 353.6

0.2228 -6 2 3 .0

0.3309 - 826.8

0.4221 - 945.0

0.5035 - 993.1

0.5998 -978 .2

0.7152 -854.4

0.8079 -609 .2

0.8819 - 389.2

= -3959 .4  J mol \  Hg -  644 .0  J nol \  = -I6O.6
—1 —1 

J  mol , = - 666.8 J  mol , = 1727.1 J  mol”^

RNÎS. = 9 .0  J mol ^

S.D. = 11.8 J mol"^

Excess E nthalpies o f  Mixing fo r  Pentafluorocyanobenzene + Toluene at

343.15%

Xp h V j  mol ^

0.4215 -899 .5

0.5021 -9 4 8 .0

0.5845 -9 2 6 .6
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TABLE ( 5 . 1 4 . 3 )

323. 15%

Xp H^/J mol"’'

0.1457 - 815.9

0.1942 -1014.5

0.3233 -1515.9

0.3973 - 1694.0

0.4887 -1737.8

0.6064 -1631.1

0.6941 -1433.6

0.7969 -  997.1

0.8740 -  657.8

H.J = -7006.2  J  mol”\  Hg = -30 8 .5  J mol

= 1562.5 J mol”^

R.M.S. = 13.5 J mol'^

S.D, = 15.9  J mol ^

Excess E nthalpies o f Mixing for  Pentafluorocyanobenzene + P-xylene a t

343. 15%

Xp H®/J mol"’'

0.3999 -1349 .7

0.4489 -1454.9

0.5082 -1505 .2

0.5605 -I456 . 8
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TABLE ( 5 . 14 . 4 )

E x c e s s  E n t h a l p i e s  o f  I.Ijjcin.fr f o r  P e n t a f lu o r o c y a n b e n z e n e  + C y c lo h e x a n e  

a t  323. 15K

a t  308. 15K

a t  333 . 15K

m o l” '*

0.0408 5 5 1 .4

0.1103 1122.1

0 .1 6 3 6 1 4 5 6 .8

0 .2 0 7 5 1684.3

0 .3 6 9 0 2 0 9 2 .2

0.4777 2140.9

0.3495 2112.3

0 .7 0 8 0 1 6 8 1 .7

0 .8 3 3 9 1 1 9 6 .9

0 .8 8 9 8 8 0 9 .8

H ^ /J

0 .2 0 3 9 1 6 0 3 .9

0 .3 1 2 4 1880.0

0 .4 4 3 8 2 0 3 9 .5

0 .4 5 2 9 2 0 7 2 .0

0 .3 1 7 1 2 0 7 2 .7

%F H ^ /j  m o l ^

0.4397 2 1 3 6 .0

0.4833 2 1 7 5 .5

0 .3 0 7 9 2 1 3 4 .0

0 .3 5 0 7 2100.0
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TABLE ( 3. 14. 4 ) Continued

Excess Enthal-pies of 3Iixinp; for  Pentafluorocyanobenzene + Cyclohexane 

a t 3 4 3 .15K

H^/j mol ^

0.3762  2144.9

0.4636 2186.1

0.4791 2183.9

0.3538 2111.6

0.5548 2111.7
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i  = n

H® = X j , ( l - X p )  ^  Hi (1 -  2Xj,) (5 .1 4 .1 )
i  =1

Y/here i s  c o e f f ic ie n t  i  (J  mol ^) and n i s  the number of 

c o e f f ic ie n ts  required fo r  a smooth curve.

The root mean square d ev ia tion  (R.1'I,S/J mol i s  g iv en  by,

EI>S = ( 2 .  (5 .1 4 .2 )

T/here m i s  the number of experim ental p o in ts .

The standard d ev ia tion  (S ,D ,/J  mol i s  g iven  by,

S.D. = ( 2  (SH^)^/m  -  (n . p  (5 .1 4 .3 )

Both of th ese  q u a n tities  fo r  each curve f i t  i s  quoted in  the ta b le s ,

EThe excess heat c a p a c it ie s ,  Cp , a t  equimolar com positions fo r  the 

systems stu d ied  are g iv en  in  tab le  ( 5, 14. 5 ) .

The ten^erature dependence cf the excess en th a lp ies fo r  the system  

pentafluorocyanobenzene w ith  cyclohexane i s  shownin fig u re  ( 5 . 14. 3 ) .
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TABLE ( 5 . 1 4 . 5 )

SThe Excess Heat C apacities G fo r  Equimolar Mixtures a t 3 2 3 .13Kp ■

SYSTEM Cp / J  mol" K

Pentafluorocyanobenzene + Benzene 0

Pentafluorocyanobenzene + Toluene +2.3

Pentafluorocyanobenzene + p-Xylene +11.6

Pentafluorocyanobenzene + Cyclohexane + 3 .3



CHAPTER SIX
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EXCESS VOLISEIS OF I XCEIG

6.1 Z.YRQDICTIGX

The excess  volum e, "\4% o f  a  m ix tu re  i s  d e fin e d  by

E = X, V. + Xo -  X, V, -  X^ V1 ‘ 1 ■2 '2

T/hcre X i s  mole f r a c t io n ,  V i s  p a r t i a l  m olar volume o f  g iv en  

conç)onent and V i s  th e  m olar volume o f th e  pu re  couponent.

E xcess volumes o f  m ixing can be d e term ined  e i t h e r  by  p re c is e  

d e n s i ty  m easu re ix n ts  and a p p l ic a t io n  o f  th e  fo llo w in g  e x p re s s io n ;-

= X̂  + Xg 14

/O
12

X̂  + Xg Mg

X -  ii]ole f r a c t i o n ,  II -  m o lecu la r w e ig h t, ' [2 "  (density  o f  

s o lu t io n ,  / ^ -  d e n s i ty  o f pu re  conponent, o r  by d i r e c t  measurement o f  

th e  volume change.

The drawba.ck to  th e  f i r s t  method i s  tl 'ia t th e  d e n s i ty  measurements 

have to  be made w ith  a h ig h  degree  o f  accu racy .

The second method, in  w hich th e  volume change on m ixing th e  tvro 

l iq u id s  in  a d i la to m e te r  i s  obser^.’-ed, can  be c a r r i e d  out u s in g  a 

d i l u t io n  d i la to m e te r  o f  v a r io u s  d es ig n s  , o r  a s in g le  c o n p o s it io n

d ila to m e te r  a g a in  o f numerous d es ig n s  (4 5 -is).
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6 .2  THE IETHOD: AFIYdlATUS

The ap p a ra tu s  used v.as a s in g le  com position  d i la to n s  t e r  v.hich 

had been  developed  a t  L e ic e s te r  ( ) .  The d es ig n  i s  shov/n in

f ig u r e  ( 6 . 2 . 1 ) and c o n s is te d  o f  a  b o a t-sh a p e d  v e s s e l  f i t t e d  v /ith  a 

n o  so c k e t ard  a c a p i l l a r y  s id e  arin. The s id e  arm was made from  a 

le n g th  o f  V e r id ia  p r e c i s io n  bore  tube w ith  a r ig h t  a n g le  bend , a  

B10 cone a t  th e  bo ttom , and a  s n a i l  g la s s  cup a t ta c h e d  to  th e  to p  by 

a r a l d i t e .  A s c ra tc h  was made q u ite  n e a r  th e  top  o f th e  tube  as a  

r e fe re n c e  mark. Kooks were p re s e n t  on th e  c a p i l l a r y  so th a t  an 

e l a s t i c  bend cou ld  be a t ta c h e d  to  go around  th e  c e n tre  o f  th e  v e s s e l  

and en su re  a t i g h t  j o i n t .

6.3 KX?.lRL.d:;TAL TECllIDjUE

The d i la to m e te r  was c lean ed  using  c o n c e n tra te d  n i t r i c  a c id  and 

th o roug lily  washed w ith  de- io n is e d  w a te r , and th e n  w ith  ’A n a la r ' ace tone . 

I t  was d r ie d  in  an  a i r  oven, th e n  evacuated  and f i l l e d  w ith  'm ercury, 

when f u l l  i t  \/as removed and clanped  w ith  th e  BIO so ck e t a lm o st 

h o r iz o n ta l .

The two componcî'its, which had been  d eg assed , w ere in je c te d  in to  

th e  a p p ro p r ia te  s id e s  o f th e  u -tu b e  from  H a n ilto n  hypodermic sioringes 

f i t t e d  w ith  b e n t 3" long  260 n e e d le s . The w e ig h ts  o f  th e  components 

v/ere known by d if f e r e n c e  w eighings o f  th e  sy r in g e s . S u ita b le  amounts 

w ere in je c te d ,  depending  upon th e  e s tim a te d  excess  voluirie, and th e  

d e n s i t i e s  o f  th e  com ponents. I t  was p o s s ib le  to  use a. v e s s e l  i . i t h  one 

c rd arg ed  s id e  arm i f  m easurenonts a t  th e  extrem e ends c f  th e  mole 

f r a c t io n  range \/e re  b e in g  c a i r ic d  o u t.



( 6 . 2 . 1)
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Tho r c  ;Ldrr;P c; y. 11 l a r y  s e le c te d  (d is.i.ic tcr 0. OCülJ %, o r  0, CC'C5̂ -)

and i t s  cone lid itH .y  g rea sed  ’ i t r  A piczon Type L g re a se  b e fo re  b e in g  

pushed h a rd  in to  th e  so c k e t, t n ’:ing  c a re  to  exclude a l l  a i r .  The e l s s t i c  

band was th en  a t ta c h e d  to  th e  hooks to  hold th e  j o i n t  t i g h t l y  in  p la c e .

The d i la to m e te r  v.ns th en  im r.crsed in  th e  th e rm o s ta t  and a llow ed  to  

reac h  th e rm al e q u ilib r iu m , w hich took  abou t h a l f  an  hou r. I t  v/as then  

ta k en  o u t and th e  v e s s e l  warracd w ith  a h o t a i r  b lo w er, so  e x p e l l in g  some 

m ercury from  th e  s id e  arm u n t i l  th e  m eniscus was a t  th e  re q u ire d  le v e l .

The d i la to m e te r  was re p la c e d  in  th e  th e ru io s ta t and checked to  be 

v e r t i c a l  in  a l l  p la n e s  by o b se rv a tio n  th ro u g h  the  c a th e to m e te r  te le s c o p e . 

A f te r  th e  d ila to m e te r  liad reached  th e rm al e q u ilib r iu m  th e  h e ig h t of th e  

m en iscus, re lc .t iv e  to  th e  r e fe re n c e  mark on th e  tu b e , was m easured 

tlirough a  g la s s  \/indows in  th e  s id e  o f th e  th e rm o s ta t  u s in g  a  P re c is io n  

Tool and In s tru m en t Co, L td . , c a th e to m e te r , A f u r th e r  measurement was 

taken  to  check t i n t  the  r e a d i n g ’.as c o n s ta n t  to  v .'ith in  + 0 . 002cm,

The components were th e n  Liixed by rem oving th e  asseiribly from  th e  

th e rm o s ta t and r o ta t in g  i t  th ro u g h  90°, such th a t  no l i q u id  came in  

c o n ta c t i r t th  th e  j o i n t ,  end roclcLng th e  v e s s e l  from  s id e  to  s id e  tw enty  

tim es. The p ro c e ss  was com pleted  q u ic k ly  so th a t  th e  tinread o f  m ercury 

rd ra in e d  in  th e  c a p i l l a r y .  The new m eniscus h e ig h t ,  a f t e r  r e -e s ta b lis h m e n t 

o f  therm al e q u ilib r iu m  was reac h ed , was a g a in  m easured as  d e s c r ib e d  above.

The volume change on n ix in g , A V, v/as th e n  c a lc u la te d  from  th e  e q u a tio n , 

A V = TT d^ a L = A X A L

4

v/here AL i s  th e  m easured change in  th re a d  h e ig h t on m ixing , d i s  

th e  d ia m e te r  o f  th e  tu b e , and A i s  i t s  c ro s s  s e c t io n a l  a re a .
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Then i f  11, moles o f comr.oncnt 1 onu moles o f  component 2 a re  

mixea.

= A V and = n^

6 .4  CAIÆMATia. 07 OAI'lLLi'dtT TbX::L

The c ro s s  s e c t io n a l  a re a  v/as re q u ire d  to  a h ig h  deg ree  o f  accu racy  

and v/as determ ined  by iweighing th e  c a n i l l a r y  c o n ta in in g  a  kno^m lcn,gth
-j*

of m ercury. The w eighings were mr'dc on a b a la n c e  r e d i n g  to  -  0.0001 g 

and th e  th re a d  was msasurod w ith  a  t r a v e l l i n g  m icroscope. The le n g th  

o f  th re a d  was taken  as  th e  average o f  f o u r  re a d in g s . The r e s u l t s  a re  

shown in  ta b le  ( 6 ,4 .1 ) .

6 .5  kAT 1  TI::r:' OdTAT

The th e rm o s ta t c o n s is te d  o f  a la rg e  g a lv a n ise d  ta n k , lagged  w ith  

expanded r o ly  s ty re n e  rnd covered  \ / i t h  wood excep t on one s id e  where a 

'./indo-,/ 'was '^ re se n t.

The w a te r was hea ted  by perm anent and in to r r i i t  bent h e a te r s .  The 

perm anent h e a te r  was unde from  F y ro ten ax  r o s i s t a n t  c a b le  c o ile d  around 

a m-zital fm .'o  ah a  c o n tro l le d  by a v a r ia c  tra n s fo rm e r . The in t e r m i t t e n t  

h e a te r  was a ls o  made o f c o i le d  r e s is ta n c e  cab le  bu t c o n t ro l le d  by a 

v a r ia c  tra n s fo rü ie r , c o n ta c t th e re n m e te r , and e le c t r o n ic  r e la y  system .

The w a te r  was s t i r r e d  w ith  a  pow erfu l puma s t i r r e r  from  L e s s rs . D.A,Gunn 

(E n g in ee rin g ) L td .
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CALIBPATION OF CAPILLARY TUBES
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The ’jc-.rver.eturo cl' the tiK ;r.;oet.et r a e  ooseivod  usin% a  raorcur^'’ in  

rd.ar.:; th e I 'z o c e te r  coJ.ihr.'jtcd oy th e  h 'a tio n e l P h j 's ic a l L ab o ra to ry . The 

s t a b i l i t y  o f tlr : t h e r . o s t a t  v.as dc te  ra in e d  u s in g  a p lo tin u ia  re s is ta je c e  

th o ra o n c to r  ('Tyne 1 -ploySA j o a ..rs . P, T in s le y  and Go. L td .)  and a 

P re c is io n  Comparison : r id g e  h  o d d  vH’ h'lA -  R oserount E n g in ee rin g  

Conpzn'iy L i r d te d ) .  The tc  i-'cn. Lui'c nas fo rn d  to  be s te a d y  to  w ith in  

-  0 .001X f o r  lo n g  no idods.

6.6 REGILTS

The r e s u l t s  o f th e  oxpcrirnental m'^asurer.ents o f  th e  excess volumes 

mol f o r  th e  systei.is s tu d ie d ,  a rc  g iven  in  ta b le s  ( 6 .6 .1 )  to  

( 6 .6 .8 ) .  The r o le  f r a c t io n  v a lu e s  quoted a re  alw ays th o se  o f th e  

f lu o ro c a rb o n .

The r e s u l t s  v/ere f i t t e a  to  an ex cess  functioz i vDolynomial o f tlie

form

i  = n

V'" = p (1 -  x g ;  2 1  g  ( 1 - 2  Xp
X = 1

The c o e f f i c i e n t s  (m"̂  mol ) and smoothed v a lu e s  of (m'  ̂ mol ^) 

a re  g iv en  in  th e  ta b le s  a lo n g  \d th  th e  ro o t  mean square d ev ic itio n s  

(R .L . 3. r?  mol  ̂ ) and s ta n d a rd  d e v ia tio n s  (o .L . u P  mol  ̂) f o r  uhe b e s t  

curve f i t .

A ll  th e  m easurements were c a r r i e d  out a t  p2p.15K excep t f o r  

p e n ta f  luorocyenobenzene v /ith  N, N .-d i;r ic tlq /lp - to lu id in e  v/here a  s o l id  

complex was fo rn ed  a t  abou t 32p K. In  t h i s  case  th e  excess v o l’anes were 

m sasured a t  3 2 3 .1 pIL
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TABLE ( 6 . 6 . 1 )

*3y  f o r  th e  system  Iicxofluorobenzeno ( f ) + N,N -d im c th y la n ilin e  (DBA) 

at  323.IpK

X. 10^ X 7 “* E::p/ mol -1 10^ X fittcd /m ^  mol"^

0 .1 2 2 9 - 0 .1 2 8 3 - 0 ,1 2 8 0

0 .2679 - 0 .3 0 1 4 - 0 .3 0 2 0

0 .3 2 9 1 - 0 .3 6 8 7 - 0 .3 6 7 7

0 .A 1 0 7 - 0.4349 - 0 .4 3 6 6

0 .3 2 3 1 - 0 .4 8 2 4 - 0 .4 8 2 1

0 .6 0 6 9 - 0 .4 6 8 0 - 0.4699

0 .6 6 7 0 - 0.4437 -0 .2 ,3 6 6

0 .7 3 0 8 - 0 .3 8 1 0 - 0.3797

0.7937 -0 .202.-8 - 0 .3 0 3 8

0 .8 0 3 4 - 0 .2 9 7 2 - 0.2880

0 .8 9 3 7 - 0 .1 6 2 6 - 0 .1 3 7 }

= - 1 .9 1 3 X 10"^ y 2 = + 0.2,-68 X 10

y^ = 0 .8 2 8  X 1 0 “^ q ,  = - 0 .2 2 9  X 1 0 “ ^

R .L .S . 6 .4 1 :c 10"5 f

8 .D . 7.7 1
-9  3 -1 X 10 m mol
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TABLE (6 .6 .2)

fo r  th e  sy stcn  hcxafluorobcnzcnc ^p) + i s ooroiyylcyclohexane (IPCH) 

at 3 2 3 .15K

3 1

0.2163

0.3103

0.3867

0.4933

0 . 6 3 7 0

O.6080

0.802,0

10^ X ex-n /r?  mol 10^ X ■ ' / ^ f i t t e d / :nol ^

1.3317

1.7390

1.9302,

2 .0 9 7 1

2 .009 1

1 .8631

1 .4 3 1 1

1.3339 

1.7221  

1. 9426 

2.0989

2 .0 0 3 4

I .Ü 8 0 3

1 . 4 1 3 0

= 8 . 4 0 3  X 10

R.LI.3.

S.D.

= -0 .9 4 3 10 -o

1. 073 X 10  ̂ Ti? mol ^

1 . 2 1 6  X 10"  ̂ mol"*^



-  1 C 2  “

TABLE (6 . 6 . 5 )

fo r  the system hexafluorobenzene (P) + N .H -dim ethylp-toluidine (DIÆF) 

a t 3 2 3 .15K

Xj, 10^ X Exj/m^ mol  ̂ 10^ x fit te c /m ?  mol ^

0.1322 -0 .2387  -0.2391

0.2066 - 0.3990  -0 .3979

0.3441 -0.6211 -0.6239

0.4112 -0.7083 -0.7035

0.3229 -0 .7702 -0.7701

0.6367 -0 .7155 -0 .7192

0.7056 -0 .6337 -0.6293

0.8063 -0 .4332  -0.4351

0.9132 -0 .1922 -0 .1917

= 3 .062  X 10*^ Vg = 0.613 X 10“̂ ,  = 1.399 x  1o“^

= - 0.920  X 10"^ = -0 .398  x  10"^, = 0.355 x  10“^

R.M.S. = 2.216 X 10  ̂ m̂  mol ^

S.D. = 3 .287  X 10  ̂ m? mol ^
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TABLE ( 6 . 6 . 4 )

fo r  pentafluorocyanobenzene ( f ) + N ,N-dlmethylaJi.iline (DIvIA) 

a t 3 2 3 .15K

Xp 10^ X r®/m^ mol“^

0.1610 -0.1222

0.2453 -0 .1890

0.3388 -0.2645

0.4203 -0.3065

0.5289 -0 .3127

0.6329 - 0.2463

0.7136 - 0.1567

0.8083 - 0.0754

0.9074 -0 .0202

I t  ■was not p o ss ib le  to  curve f i t  the data vdth a low enough number 

o f  c o e f f ic ie n ts  to  make the process meaningful.



-  1 C 4  -

TABLE ( 6 . 6 . 5 )

g
V f o r  p en ta flu o ro cy an o b e n zen e  (P ) + N ,fs l-d iin e th y lp -to lu id in e  (DIvîT) 

a t 3 2 3 .15K

Xj, 10^ X /ffl^ mol"''

0,2100 -0 .4544

0.3261 -0 .6817

0.4316 -0.8259

0.5447 -0 .8232

0.6760  - 0.6091

0.7502 - 0.4487

0.8983 -0.1465

I t  was not p o ss ib le  to  curve f i t  the data w ith a low enough number

of c o e f f ic ie n ts  to  make the process meaningful.
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TABLE ( 6 .6 .6 )

f o r  p e n ta flu o ro cy an o b e n zen e  ( f ) + benzene a t  3 2 3 .15K

10^ X exj/m^ mol ^ 10^ X fitted /m ^  mol

0.0770 0.3378 0.3312

0,1926 0.5960 0.6019

0.3258 0.6819 0.6798

0.4300 0.6340 0.6342

0.6774 0.3802 0.3789

0.8001 0.2376 0.2389

= 2.296 X 10“  ̂ Vg = 1.942  x 10*^, = 1.007 X 10“̂

R.M.S. 3.293 X 10"  ̂ mol"''

S.D. 4 .165 X 10  ̂ 10?  mol ^
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TABLE ( 6 . 6 . 7 )

fo r  -pentafluorocyanobenzene (P) + toluene a t 5 2 3 .13K 

Xp 10^ X Exp/m^ mol"''

0.0854 0.1915

0.1491 0.2794

0.2918 0.3427

0.3864 0.3255

0.4653 0.2849

0.5607 0.2372

0.7366 0.1383

I t  was not p o ss ib le  to  curve f i t  th e  data with a low  enough 

number of c o e f f ic ie n ts  to  maJce the process m eaningful.
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TABLE ( 6 .6 .8 )

for -pentafluorocyanobenzene (P) + -p-xylene a t  32 3 .15K

Xp 10^ X Exp./ra? mol

0.0877 0.0696

0.1485 0.0824

0.2296 0.0619

0.5222 0.0087

0.5768 - 0.0258

0.5062 - 0.0950

0.6000 -0 .1085

0.6855 - 0.1016

0.8026 - 0.0741

I t  was not p o ss ib le  to  curve f i t  th e data w ith a low  enough 

number o f c o e f f ic ie n ts  to  make the process m eaningful.
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Tlio rcDU.ltc fo r  th e  c y c tc  .s c o n ta in in g  io x a flu o ro b cn zcn e  a re  g iven  

in  f ig u r e  _(_6 . 6 .1 ) . The g cnt':'f 1 uorocyanobcnzone r e s u l t s  a re  re p re s e n te d  

in  f ig u r e s  ( 6 .6 .2 )  and ( 6 . 6 . 0 ) . The fo rm er f ig u re  g iv es  th e  r e s u l t s  

f o r  th e  aroma hie amines and th e  ’l a t t e r  th e  r e s u l t s  ’.v ith  benzene, 

to lu e n e  and p -x y len e .

The te m p era tu re  dependence f o r  an equ lm olar co ir^ o s itio n  o f  th e  

system  pen ta flu o ro cy an o b en zen e  and benzene i s  found to  be - 0 .0 0 3  x 10
7 _-i

mol ' v/hen th e  on ly  l i t e r a t u r e  d a ta  a v a il3 .b le  ( IS  ) i s  used  in  

c o n ju n c tio n  v .ith  th e  p re s e n t  d a ta  a t  323.151-. T h is  in d ic a te s  th a t  th e  

excess volume i s  n e a r ly  independen t o f  teiuper a tu r e .
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PHASE DIAGRAM,S

7.1 INTRODUCTION

The phase r u le , which i s  u su a lly  w r itten  in  the form,

0 + 2 = P + P

where C i s  number of components, P the number o f phases and F 

the number o f  degrees o f  freedom, a p p lies  to a U  macroscopic systems 

in  a s ta te  o f equilibrium  and which are influenced on ly  by changes 

in  pressu re , tenperature and con position . I t  i s  assumed that under 

ordinary conditions the equilibrium  i s  not a ffe c te d  by g r a v ita tio n a l, 

e le c t r ic a l  or magnetic fo r c e s .

I f  a two component system  i s  treated  as being at some fix e d  

pressure, fo r  convenience atmospheric p ressu re, then the ren ain in g  

s ig n if ic a n t  degrees of freedom are temperature and com position.

Diagrams can th erefore  be made showing the phase behaviour in  terms 

o f these v a r ia b le s ,

LIQUID -  LIQUID EQUIXIBRIA

7.2  TECHNIQUE

The two conponents were in je c te d  in to  a sm all pyrex an^oule o f 1cm  ̂

c a p a c ity , th e ir  w eights being determined in  the usual manner ( 6 . 3 )  and 

the ampoule was then attached to a vacuum l in e  by a BIO cone. The 

sanple was only  qu ick ly  punned on, to  remove a ir ,  and i t  was then frozen  

down in  liq u id  n itrogen  and sealed .

The e f fe c t  o f  p ressu re on the c r i t i c a l  so lu tio n  temperature has 

been shown to be un detectable w ith  th is  technique by R.7/. Smith (^4 ) ,  

as would be expected ( l o o ) .

The aiipoule was t o t a l ly  immersed in  a la rg e  beaker of water which 

was warmed slov/ly on a hot p la te  and s t ir r e d  by a nagnetic bead.
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The te m p era tu re  o f th e  b a th  was measured w ith  an  N .P .L . c e r t i f i c a t e d  

m ercury i n  g la s s  theri.iumeter t o  + 0 , 1K, The p o in t  of n i s c i b i l i t y  was 

d e te c te d  v i s u a l ly  so th e  l iq u id  ineniseus had to  be v /e ll d e f in e d . This 

was ach iev ed  b y  i l lu in in e t in g  th e  meniscus from  b eh ind  and then  i t  was 

observed  as  a sh''.rp red  l i n e .  The ampoule was shaken f r e q u e n t ly  and 

th e  p o in t  of m i s c ib i l i ty  was ta k en  as be ing  the  p o in t a t  w hich  the  

meniscus d isa p p e a re d . T h is  p rocedu re  was re p e a te d  a t  l e a s t  tv /ice  f o r  

each sample end th e  average ta k e n  as  th e  r e s u l t .  The r e s u l t s  had a 

re p .ro d u c ib il i ty  b e t t e r  th a n  + 0 ,5  h,

7 .3  RESULTS

Table ( ? . 3 .1 )  shows th e  m utual s o l u b i l i t i e s  o f  p e n ta flu o ro c y a n o 

benzene and isopropylcyclohcccane to g e th e r  T.-ith th e  mole f r a c t io n ,  X ^ ,o f 

pen taflu .o rocyanobenscne. The r e s u l t s  a re  represented i n  f ig u r e  ( 7 .3 .1  ) .

A few p re lim in i'.ry  measurements have been made on p e n ta f lu o ro c y a n o -  

bensene and cyelohexane and th e se  a r e  g iv en  in  ta b le  ( 7 .3 .2 ) ,  These 

measurements were c a r r i e d  o u t v /h ile  nak ing  c a lo r im e tr ic  measure./ients 

on t n i s  system , because i t  '..as thought t h a t  phase s e p a ra t io n  might be 

occui’r in g  in  th e  c a lo r im e te r .  There was in s u f f i c i e n t  tim e to  determ ine 

th e  com plete m utual s o l u b i l i t y  cuiw e.

B oth  system s have upper c r i t i c a l  s o lu t io n  te m p era tu re s  b u t th e  

peaivs occur in  d i f f e r e n t  mole f r a c t i o n  re g io n s ,

SOLID -  LIQUID EQULLLBRLl

7.4- A3PAB.0TUS

The a p p a ra tu s  used was a  s e e le d  dov.n v e r s io n  of th e  N .P .L , f re e z in g  

a p p a ra tu s  d e s c r ib e d  by  I ie r in g to n  and Handley ( 101 ) ,  v i ih  a few m o d ific 

a t io n s ,  I t  was developed  in  L e ic e s te r  by R.W, Sm ith ( 102),
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TAT'L^j ( 7 . 3 . 1 )

I-.:UTUAL SOLIBILITES Œ PZÏ^Al'TjbŒ?0 0 i2i.ü ISOPROPYLCYCLOHZù ĴŒ 

LCIXTUaES

X Teirpcrature/K

0.214 2 9 2 . 6

0.282 293.3

0.400 293.3

0.411 293.7

0.439 296.0

0.300 296.8

0.333 297.7

0.604 290.7

0.633 299.3

0. 741 300.4

0.776 299.8

0.890 296.8



FICIT7373 ( 7 . 3 . 1 )
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( 7 . 3 . 2 )

PiSLLûIN^iRY i.:3ASLlüI :3'ITS ON TîiE LUTUAL SCLÜ3n.ITI7S 0 ;

BIiINOiNE AImO Cï CLCBTNCANE NIXTüISS

4 T en p era tu re /K

0.207 298.2

0 .4 4 0 299.6

0.302 299.4

0.334 298.7
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The c e l l ,  v/hich i s  shov/n in  f ig u r e  (7 .4 .1  ) ,  c o n s is te d  o f  a pyrex

U -tube, -with a  squared  o f f  end, and s l i g h t  in d e n ta t io n s  in  th e  g la ss  

w a ll to  f a c i l i t a t e  m ixing. One end of th e  U -tube in c o ip o ra te d  a 

Q u ic k f it  screw  th re a d  jo i n t  which h e ld  the therm ocouple p o c k e t, w hile  

th e  o th e r  end was se a le d  by  means of a  Suba s e a l  serum  cap. The t/zo 

lim bs o f th e  U -tube were jo in e d  a t  th e  to p  by a le n g th  o f  c a p i l l a r y  

tube in c o rp o ra tin g  a s t r a i g h t  th rough  s to p  cock betw een th e  lim bs and 

BIO cones a t  e i t h e r  end. The s to p  cock bo re  was ja c k e d  w ith  g la s s  wool 

and l e f t  open so t k ’t  e q u i l i s a t io n  o f  th e  p re s s u re  d if f e re n c e  a c ro s s  

th e  c e l l  occuiTed ever a  p e r io d  of m inu tes.

A le n g th  o f pyrex  tube /̂zas s e a le d  in to  the  bo tto m  s e c tio n  o f th e  

c e l l  betw een th e  lim bs so th a t  i t  could  accommodate a coo led  p ie c e  o f 

t h in  m etal rod and enab le  the in t ro d u c t io n  o f a co ld  sp o t i n  o rd e r  to 

induce c r y s t a l l i s a t i o n  in  a super coo led  sample.

The l iq u id  in  th e  c e l l  v/as s t i r r e d  by  c o n tin u o u s ly  a p p ly in g  p re s s u re  

p u lse s  o f  d ry  n itro g e n  to  one s id e  of the  c e l l  u sing  a p u ls in g  m eter 

o f th e  type d e sc r ib e d  by P re s to n  and Y /orthington (lod). P l a s t i c  tu b in g  

was used  to  connec t th e  p u ls in g  m eter t o  b o th  th e  n i t ro g e n  supp ly  and 

th e  c e l l ,  as shown in  f ig u r e  ( 8 .4 .2 ) ,  The p u lse  was ‘re layed*  th rough  

a  20 cm h ig h  U -tube con ta .in ing  m ercury, t o  en su re  th a t  th e  c e l l  was a 

c lo se d  system .

On th e  o p p o s ite  s id e  o f th e  c e l l  t o  th e  U -tube a v e s s e l ,  o f  volume 

15 cm^, p ro v id ed  th e  optimum s t i r r i n g  v /ith in  the c e l l .  T h is  v e s s e l  

and th e  U -tube b o th  had ta p s  w hich a llow ed  th e  equipm ent to  be  f lu sh e d  

out v /ith  d ry  n it ro g e n  b e fo re  in t ro d u c t io n  o f  th e  sam ple.

The c e l l  was su p p o rte d  by a p o ly s ty re n e  l i d  in  the to p  o f  a sm all 

s i lv e r e d  dew ar. This was th e n  su rrounded  by a n o th e r  s i lv e r e d  dewar
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which av£ls p la c e d  in  l iq u id  n itro g e n  as  th e  c o o la n t medium.

This gave a  l i n e a r  c o o lin g  r a te  f o r  te m p e ra tu re s  above 2 7 3 .15K 

b u t was too  slow  a r a t e  of c jo l in g  f o r  te m p e ra tu re s  below t h i s .  The 

re q u ire d  r a t e  o f c o o lin g  was ach iev ed  bp u sin g  o n ly  one s i l v e r  de^var 

around th e  c e l l  and im m ersing t h i s  in  the  l i q u id  n itro g e n ,

7 .5  CALIf.RATIŒ'i Of TliiR QCOIPLB

A th re e  ju n c tio n  therm ocouple v/as made from  a le n g th  o f  30 s .v /.g , 

co p p e r-c o n s ta n ta n  therm ocouple w ire  (Type 1A Saxonia E l e c t r i c a l  Wire 

Co. L t d . ) ,  u sin g  the  tech n iq u e  d e s c r ib e d  by H art and E lk in  (104 ).

The r e fe re n c e  ju n c t io n  used f o r  th e  therm ocouple c o n s is te d  of a 

dewar c o n ta in in g  a mi}cture of w a te r  and cru shed  ic e .

The sen so r ju n c t io n  o f th e  therm ocouple was th e n  p la c e d  in  a 

s e r ie s  o f  b a th s ,  th e  te u ip e ra tu re s  o f w hich ivere measured u s in g  a  

p le tin u m  r e s is ta n c e  therm om eter. The EM? g e n e ra te d  by th e  th e rn o co u p le  

was measured u s in g  a  S o la r t ro n  LH 1604 d i g i t a l  v o lræ te r  w h ich  was 

coupled to  a  S o la r t r o n  d a ta  t r a n s f e r  u n it  3230 and p r i n t e r  ty p e  3244.

An av erag e  of t i i r e e  read in g s  w ere ta k e n  f o r  each r e s u l t .

The the rm ocoup le  used  by p re v io u s  w orkers was re  - c a l ib r a t e d  using  

th e  te ch n iq u e  and f ix e d  tem p era tu re  b a th s  d e sc r ib e d  by  Sm ith (5 9 ).

The c a l i b r a t i o n  v a lu e s  o b ta in ed  w hich a re  shown in  ta b le  ( 7 . 5 .0 >  

v/ere used to  p lo t  a  curve of th e  d e v ia t io n  o f th e  emf g e n e ra te d  by th e  

thennocoup le  from  th a t  o f a  s ta n d a rd  therm ocouple whose re sp o n se  had 

been p r e c i s e ly  de term ined  over a wide te m p era tu re  range (1 0 5 ). The 

d e v ia t io n ,  ^  E, was p lo t t e d  a g a in s t  th e  observed  eri". as  slio’wn in  

f ig u r e  ( 7 .3 .1  ) . This a llc .v ed  an observed  emf to  be c o r r e c te d  t o  a  

s ta n d a rd  emf and th e n  by use of the s ta n d a rd  ther...ocoup le  t a b le s  (105; 

the  te m p era tu re  cou ld  be o b ta in e d .
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7 .6  0P2RA2IŒT OP A'fPARA'iUS

The c e l l  was v/ashcd vd.th warm chrom ic a c id ,  th e n  d s t i l l e d  w a te r  

fo llow ed  by  o n a la r  ace to n e . I t  was d r ie d  in  an  a i r  oven f o r  two hours^

T he 'th e r.io c o u n le  pocket and serum cap were in s e r te d  in to  th e  s id e  

arms o f th e  c e l l  and a l l  the  ground g la s s  j o i n t s  w ere l i ^ t l y  g re a se d  

w âth s i l i c o n e  g re a se  b e fo re  assem b ling  the  a p p a ra tu s  as  shown in  

f ig u re  ( 7 .4 .2 ) .

The c e l l  was f lu s h e d  ou t v /ith  d ry  n it ro g e n  and th e  sample in tro d u c e d  

in to  th e  c e l l ,  by way o f  th e  serum cap , u s in g  a hypoderm ic sy rin g e  v /ith  

a  lo n g  n eed le . The w eig h t o f  each consonan t was known by  d if f e r e n c e  

w eighing  o f  th e  sy r in g e . The minimum t o t a l  volume of th e  sample was 

6 cm^. T his volume a d e q u a te ly  covered  th e  therm ocouple ju n c tio n s  when 

th e  sam ple was b e in g  s t i r r e d .  The n i t ro g e n  su p p ly  had to  be a l t e r e d  

each tim e u n t i l  th e  p u ls in g  m e te r o p e ra te d  a t  about 1 GO p u ls e s  p e r  m inute.

The re q u ire d  c o o l in g  r a t e  was o b ta in e d  a s  d e sc r ib e d  in  ( s e c t io n  

7 . 4 ) and th e  t y p i c a l  le n g th  o f a c o o lin g  ru n  was abou t two h o u rs .

R eadings o f th e  emf v a lu e s  were ta lo n  a t  in t e r v a l s  of one m inute up to  

th e  re g io n  o f an  a r r e s t  p o in t  v/here th e y  v/ere no ted  ev ery  tv /en ty  seconds. 

The emf v a lu e s  were p lo t t e d  a g a in s t  tim e , a s  shov/n in  f ig u r e  ( 7 .6 .1  ) 

and th e  f re e z in g  p o in t de te rm in ed ,

7 .7  T3ST im S b R a a T S

The measurements made on the system  hexafluo robenzene  and cyclohexane 

a re  g iv e n  in  t a b le  (7 . 7 . 0  and shown in  f ig u r e  ( 7. 7.1 ) a lo n g  w ith  th e  

measurements o f Duncan and Sw inton (S  ) .  The tv/o s e ts  o f  d a ta  a r e  se e n  

to  be in  e x c e l le n t  agreem ent.
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TARDE ( 7 . 7 . 1 )

PRIEZ 2\G POUITS 0/' EDIAjDUOROB'T̂ ZEîRE (p ) AND CYCLOHIXAME lCDCTURES

F reez in g  P o in t/K E u te c t ic  T em perature/K

0.0000 279.70

0.0512 255.74

0.1128 257.18

0.188:) 252.15 252.19

0.518) 251.21 252.19

0 .80 )7 258.20

0.88)5 272.14

0.53^6 274.21

1.0000 278.05
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7 .8  RESmrS

The measureïïEnts made on the system hexafluorobenzene and 

N,hi-dimethylp“to lu id in e  are given in  ta b le  ( 7. 8.1 ) and shown in  

fig u re  ( 7. 8.1 )  These measurements oon^letement the e a r lie r  measurements 

made by H all
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TABTJ3 ( 7 . 8. 1 )

FREEZIT'IO POUITS (P K":XA5T;U0R0?:'0IZ:-a3 ( ? )  + N, N-DZvLETKYLP-TOLUIDmE 

riXTIRES

F reez in g  P o in t/K  E u te c t ic T eniperature/K

0 .0 0 0 0  245 .58

0.0224  245.75  255.17

0.0406 - 241.10  2 5 5 .1 7

0 .0 5 6 4  2 4 5 .4 6  2 5 5 .1 7

0 .1 2 5 8  2 7 5 .9 0

0.1552 286.58

0 .1 9 8 6  2 9 9 .7 0

0 .2551  5 0 2 .2 5

0.5651 512.27

0.2k422 515.18

0 .5 1 7 2  5 1 5 .5 5

0 .5 8 2 2  5 1 5 .5 5

0 .6 5 8 4  5 0 9 .4 0

0 .6 6 7 8  5 0 7 .5 0

0 .6 9 7 5  5 0 4 .7 6

0 .7 2 6 6  5 0 1 .0 7

0.7605 295.45 270.76

0.8284  2 7 6 .7 8  2 7 1 .2 9

0 .8 9 2 1  2 7 4 .8 8  2 7 0 .7 6

0 .8 7 5 0  2 7 1 .1 1

0 .8 9 9 9  2 7 1 .6 4  2 7 0 .9 9

0.5481 2 7 4 .4 4  , 2 7 0 .9 4

0 .9 7 8 8  2 7 6 .1 8

1.0000  2 7 8 .0 5



FIGURE ( 7 .8 .1 )
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DIGCUSSim

8.1 HEXAl'LUOROREKZETŒ SYSTHS

8 .1 .1  In tro d u c t io n

A r r i ta g e  e t  a l  (84-) determ ined  the excess e n th a lp ie s  of 

hexafluo robenzene  + N ,N -d im e th y la n ilin e , and N,Nl-dimethyl p - to lu id in e  

(p lu s  s e v e r a l  o th e r  am ines) a t  2 9 6 .15K, 3 2 3 . 15K, and 3 4 3 .15K. The 

v a lu e s  were la rg e  and exo therm ic

(K ,l4 -d im e th y lan ilin e  sy stem , = 0 .5  a t  3 2 3 . 15^
E -1

h = -1 7 6 0  J  mol ; M, N -d .im e th y lp -to lu id in e  system ,

Xp = 0 .5  a t  3 23 . 15K = -2616 J  m ol"' ) .

The amine v /ith  th e  g r e a te r  e l e c t r o n  don a tin g  power gave th e  

most exo therm ic r e s u l t ,  which su g g e s ts  th a t  donor -  a c c e p to r  

com plexing i s  p o s s ib ly  ta lc ing  p la c e .

As d e s c r ib e d  in  c h a p te r  1, we may re g a rd  the  excess p ro p e r ty

X^, as b e in g  made up of tv/o c o n t r ib u t io n s ,  a  p h y s ic a l ,  n o n - in te r a c t in g
E E

c o n t r ib u t io n  XT̂ , and a chem ica l, com plexing c o n t r ib u t io n  X
P

In  o rd e r  to  e s tim a te  th e  p h y s ic a l c o n t r ib u t io n  X^p, a m odel, 

n o n - in te r a c t in g  system  was chosen , namely hexafluo robenzene  + 

iso p ro p y l cyclohexane. Iso p ro p y lcy c lo h ex an e  v/as s e le c te d  a s  b e ing  

as c lo se  as p o s s ib le ,  in  sh ap e , to  N ,M -d im ethy lan iline  b u t iv ith  th e re  

being  no p o s s i b i l i t y  o f  any  s p e c i f ic  in t e r a c t io n  o c c u rr in g  w ith  

h ex aflu o ro b en zen e .

The a c tu a l  chem ical c o n t r ib u t io n  to  th e  ex cess  e n th a lp ie s  

h ^ (Xp=0.5 ) f o r  b o th  amine sy stem s, was o b ta in e d  by s u b tr a c t in g

(Xp=0.5 ) ,  f o r  iso p ro p y lcy c lo h ex an e  + hexafluo robenzene  ( i f  =1280Jmol ^ ) .
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■2
H  ̂ (Xt^=0,5) fo r  the M ,r4-dimethylaniline system was -3040 

J mol ^, and fo r  the N,N-dimethyl p -to ltiid in e  system  was -3896 

J mol \

Armitage e t  a l  (H  ) then derived a value fo r  i f  fo r  both  

system s, from the spectrophotom etric data th at they had obtained, 

i f ^  fo r  the K ,N -dim ethylaniline system at 3 2 3 .15K was -2810 J mol  ̂

and f o r  the N,M-dimethyl p -to lu id in e  system  was -3856 J mol ^.

Unexpectedly isopropylcyclohexane + hexafluorobenzene was a 

reasonable model fo r  hexafluorobenzene + h/,N-dimethyl p - to lu id in e ,  

although the isopropylcyclohexane did not have the same s k e le t a l  shape 

as the amine.

The agreement was even more remarkable i s  view o f the various  

assumptions made. In p a r ticu la r  i t  was assumed th at the equilibrium  

constant K ,̂ determined from sp ectroscop ic  measurements using d ilu te  

so lu tio n s  in  an in e r t  so lv en t, could be used to  c a lcu la te  the extent 

o f conplex form ation in  the binary system when no so lven t was present.

In view  o f th is  i t  was f e l t  th at a con p le te ly  independent estim ate  

o f K^, in  the absence o f so lv e n t, was d esira b le . Such an estim ate  

may be obtained from the excess Gibbs fu n ction  measurements,

8 .1 .2  Excess Gibbs Functions

The excess Gibbs fu n ctio n s fo r  H ,N -dim ethylaniline + hexafluoro

benzene a t 322, 52K, and the excess Gibbs fu n ction s fo r  iso p rop y lcyc lo 

hexane + hexafluorobenzene a t 323. 15K, are shown in  fig u re  (8 .1 ,2 a ) ,
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The excess Gibbs functions fo r  hexafluorobenzene + hl,N-dimethyl-
E —1a n ilin e  are seen t o  be n eg a tiv e , (a t  Xp=0.5 , G =-207 J mol ) .  This 

i s  co n s isten t w ith  th e  excess volume and enthalpy data , and in d ica tes  

complexing in  the liq u id  s ta te .

The excess Gibbs fu n ction s fo r  the n on -in teractin g  analogue o f

N ,N -dim ethylaniline + hexafluorobenzene, isopropylcyclohexane +

hexafluorobenzene, are la r g e  and p o s it iv e ,  (a t  X^=0,5 , G"̂ =724 J mol ^

This equimolar value for th e  excess Gibbs fu n ctio n  i s  c lo se  to  th a t
E “1fo r  hexafluorobenzene + cyclohexane, (Xp=0.5, G =755 Jmol ) deteim ined

by Gaw and Swinton ( IG ) . ^

The excess Gibbs fu n ctio n  fo r  th e  chem ical (o r  con^lexlng)

contrib u tion  G^^, to  the N ,N -dim ethylaniline + hexafluorobenzene system,

can be obtained by taking in to  account th e n on -in teractin g  contribution  
E

G as measured by isopropylcyclohexane + hexafluorobenzene.

At X-qi=0.5 Ĝ  ̂ i s  then  -93U  mol \

Sarolea -  ^üathot ( 41 ) has developed a theory o f  a sso c ia ted

so lu tio n s  which can be lade use of to  obtain G in  terms of thec
equilibrium  constant fo r  conç)lex form ation K ,̂ and the sto ich iom etr ic

mole fr a c tio n s  o f  con^onents, and X  ̂ in  th e foU ovdng manner: -

I f  there are moles o f A and moles o f  B, i n i t i a l l y ,  and 

fo r  convenience + Ng = 1 mole then i f  complexing tak es p la ce ,

A + B ^ AB

at equilibrium  th ere are moles o f uncomplexed A

moles o f unconplexed B

^AB o f complex, AB

( in  1 mole o f m ixture)
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and 8,1

r) -- ^ 8 .2

The a s s o c ia t io n  c o n s ta n t K, is  d e fin e d  by 

I'^AR (  r  r  f l f t )

l^ai 8 .3

from  S a ro le a  -  i la th o t (47)

S u b s t i tu t in g  3.1 and 8 .2  in  8 .3

!<; - N n t\ C N A h g ~~ M 8 .4

C N,̂  -  N oft) f -  N'aû)

T here fo re

K( NJa ^ 43 ,5

and v /r i t in g  e q u a tio n  8 .5  a s  a q u a d ra t ic  in

0 8 .6 -

S o lu tio n  of t h i s  q u a d ra tic  g iv es  ■

|\j -  ( ^ N t  N i  t  \Cj-1( Na t  N, g) " (  11 -  k-( i f  K Nn ^ 8
1 (  I tK' )

8 .7

In  term s o f  mole f r a c t i o n  th e n .

v /  _ n A  _  _ C i  t -  k )  -  \l [ \ ~  L f  (  \ t  k )  K X p  X g  q  q

and by removing (1+K) from  th e  denom inator

V — I -  J  I - ( 4- K XA Xg )  /  ( 11 ^

t- X,i *^1 -J th e re fo re  ( X p ^ h X g )  -  I

and

^ 6 ^  -^3 '  ' 8.10
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S u b s t i t u t i n g  8 . 1 0  i n  8 . 9  g i v e s

X  -  I = , /  Xn <r 1  Xn X.3 -  W K Xr, X r  / (  I tK )
 ̂ 8.11

and th is  red us es to

Y - I — J  X A j- X A ~t~ —k")/C14-K)
A 6 - 2

8 .12

'.Then K-0^ X^j^must be zero and t h is  i s  only true i f  the 

n egative root i s  adopted.

-  y  Xn ZlXmXa ( I -  K ) /  f  l + k)

8.12

The excess Gibbs fu n ctio n  fo r  th is  system  a r ise s  out o f con^lex
Eform ation and so i t  can be termed G ,c

 ̂ I o t a  ^  8 )  8.13

I t  has been shown by P rig o g in e , kathot and Desmyter (10?) th at  

fo r  a sso c ia ted  so lu tio n s , the a c t iv i t y  c o e f f ic ie n t s  are g iv en  by,

where  ̂ Xa s.re the mole fra c tio n s  o f  A and B, X^, and X^, are 

the e f f e c t iv e  mole fr a c t io n s , when taking in to  account the presence o f  

conplexes A 6^ and  ̂ Xg,. are the va lu es of  ̂  ̂ X i n  the pure

liq u id s  A and B.

Here - A ,j.x r . -  =

so 8.14  becomes
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m  is  g iven  by

8.16

D ivid ing through by ^ m ^ Haocl

X A ~  X A GX Oi\ \ — ^  A ft
8.17

S im ila r ly  f o r  X  ̂ i ’>

X fi -  X A ft
X e m

8.18

i — X A &

S u b stitu tin g  8 .17  and 8 .18  in to  equations 8 .1 5 , 

X A ~~ Xnft * ~~— X m ft—

Xft (  1 -  X Aft) I -  X Aft)

I f  in  equation 8.13 the expressions fo r  fn and p& are su b stitu te d .

G r
RT Xa In ^_Aû XAft X t" X 2̂ In

 ̂ Xft (  i -  X ftft)/ \  X
ft -  X A  ft

ftO  -  A aa )

8 .20

This equation, togeth er  v/ith  equation 8 .12 ,

V  ^  I — v/ X A -h Xft -h ^ X a X a  ( i -  K x V  I f  Ky )
z

(where K = ) can be used in  conjunction with the experim ental

value o f  G-̂ q, to  obta in  a value fo r  the equilibrium  constant o f  

coiTplexing K ,
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For M,M-dimethylaniline + hexafluorobenzene, the equilibrium  

constant K ,̂ v/hich i s  obtained, i s  2 ,5  (a t 523K). The sp ectroscop ic  

value fo r  i s  3 .1 .  The agreement, though moderate, i s  encouraging 

in  view  of the assumptions that have to be made in  eva lu ating  the 

equilibrium  constants both from spectroscopy and vapour pressure 

measurements,

8 .1 .3  S o lid  -  Liquid Phase Diagrams

The s o lid - l iq u id  phase diagram for hexafluorobenzene + N,M-dimethyl- 

p -to lu id in e  i s  g iven  in  fig u re  ( 8 , 1 . 3 a ) ,  and shows a w e ll defined  

maximum at 0 .5 , in d ica tin g  the ex isten ce  o f  a 1;1 s o l id  con^lex 

w ith  a m elting poin t o f 315. 6K.

This r e su lt  i s  again  co n sisten t w ith  the idea  of 1:1 con^lexing  

occurring in so lu tio n .

The s o lid - l iq u id  phase diagrams fo r  both hexafluorobenzene - +

N, M -dim ethylaniline and pentafluorocyanobenzene + N, N-dim ethyleuiiline 

have been stud ied  by H all e t  a l  (3y-) and show th e  ex is ten ce  o f  congruently  

m elting 1:1 s o l id  con^lexes as shown in  figu re  ( 8 .1 .3 b ) .

8 . 1 . 4  Excess Volumes of I'.Iixing

The excess volumes of mixing at 3 2 3 .15K fo r  hexafluorobenzene +

N, N -d im ethylan iline, N, kl-dimethyl p -to lu id in e  and isopropylcyclohexane  

are shown in  fig u re  ( 8 . 1 . 4 a ) .

The aromatic amine system s both have n egative volumes o f  mixing, 

v/ith the N,N-diemthyl p -to lu id in e  system  being s l i ^ t l y  m ore,negative.
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The sign  and magnitude o f the excess volumes o f mixing are often  

r e s id e d  as g iv in g  an in d ica tio n  o f  the stren gth  o f  the unlike in tera c tio n  

in  a binary m ixture, A large  negative excess volume i s  taken as 

in d ica tio n  of p o ss ib le  complex form ation.

By adopting the same model as used p rev iou sly  the chemical 

(conçilexing) contribu tion  can be obtained fo r  both amine systems

i f  i s  measured by isopropylcyclohexane + hexafluorobenzene in  both
P 6 1

ca se s . For the N^T^-dimethylaniline system = -2 ,5 6 4  x 10 m̂  mol

and Xp = 0 .5 ,  and fo r  the -dim ethyl p -to lu id in e  system V==2,944 x 10 ^
3 -1m mol and Xp = 0 ,5 .  These q u a n tit ie s  are considerab ly more n egative  

than the excess volumes fo r  the systems and are stronger evidence for  

p o ss ib le  con^lexing.

However i t  must be remembered th a t molecular packing in  the pure 

COmponents, as w e ll as in  the m ixture, make a major contrib u tion  to  

the volumes o f mixing so th e ir  in ter p r e ta tio n  i s  sp ecu la tiv e ,

8 .1 .5  Summary

The excess thermodynamic fu n ction s a t 3 2 3 .13K fo r  hexafluorobenzene 

+ K,N -d im ethylan iline, and isopropylcyclohexane are g iven  in  fig u re  

(8 .1 ,5 a ) .

A ll  o f  the  excess functions fo r  hexafluorobenzene + M, N -d im ethylan iline, 

togeth er v/ith th e other thermodynamic (35) and spectroscop ic ( 3 ^ , 3 3  )

evidence a v a ila b le  fo r  other amine system s, in d ic a te s  th at strong  

conplexing occurs in  these system s.

The a c tu a l nature o f th e s p e c if ic  in ter a c tio n  i s  thought to  be o f 

the charge -  tra n sfer  typ e.
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F o r  c h a r g e  t r a n s f e r  t o  o c c u r ,  t h e r e  m ust b e  a  f a v o u r a b le  o v e r la p  

b etv v een  t h e  h i g h e s t  f i l l e d  o r b i t a l  o f  t h e  d o n o r  m o le c u le  and t h e  

l o w e s t  u n f i l l e d  o r b i t a l  o f  t h e  a c c e p t o r ,  Morcom ard  A r m ita g e  (^ 5 ) 

h a v e  c a r r i e d  o u t a  H i i c k e l  u 'o e lc u la r  o r b i t a l  c a l c u l a t i o n  o n  b o t h  

h e x a f lu o r o b e n z e n e  an d  N ,N - d i e m t h y l a n i l i n e . F ig u r e  ( 8 , 1 , 3b )  g i v e s  

t h e  h i g h e s t  f i l l e d  TT o r b i t a l  f o r  h), N - d i m e t h y l a n i l i n e  ( l l )  an d  t h e  

tw o  l o w e s t  u n f i l l e d  o r b i t a l s  o f  h e x a f lu o r o b e n z e n e ,  ( i l l ,  I V ) ,

A c o n s i d e r a b l e  d e g r e e  o f  o v e r la p  i s  p o s s i b l e  b e tw e e n  c o n f i g u r a t i o n s  

( l l )  a n d  ( i l l )  i f  t h e  d o n o r  an d  a c c e p t o r  m o le c u le s  a r e  ' o f f  s e t *  ( v ) #

S u c h  a  c o n f i g u r a t i o n  c o u l d  a c c o u n t  f o r  t h e  c h a r g e - t r a n s f e r  b a n d s  o b s e r v e d  

b y  B eau m on t a n d  D a v is  ( ,  a n d  t h e r e f o r e  i t  w o u ld  a p p e a r  t h a t  c h a r g e

t r a n s f e r  c o n p le x in g  i s  o c c u r r in g  i n  t h e s e  s y s t e m s .

8 .2  PEI\^TAFLU0R0CYANQB5I'TZSÎ T3  + EÏDR03AF30N SYSTm S

8 . 2.1 E x c e s s  V o lu m es o f  M ix in g

T he e x c e s s  v o lu m e s  o f  m ix in g  r e s u l t s  a t  323 . f o r  p e n t a f l u o r o -  

c y a n o b e n z e n e  w i t h  b e n z e n e ,  t o l u e n e  and p - x y l e n e  a r e  sh ow n  i n  f i g u r e  

( 8 , 2, 1a ) ,  T h e c u r v e s  a r e  a l l  'sk e w e d  b u t  t o  v a r i o u s  d e g r e e s  an d  t h e  

p - x y l e n e  c u r v e  i s  S s h a p e d .

The r e s u l t s  o f  S w in to n  an d  D u n ca n  ( 7  ) f o r  t h e  p a r a l l e l  h e x a f l u o r o 

b e n z e n e  s y s t e m s  a t  3 1 3 . 1 5K h a v e  s i m i l a r l y  s h a p e d  c u r v e s ,  a s  sh ow n  i n  

f i g u r e  ( 8 . 2. 1b ) ,  a l t h o u g h  t h e  p - x y l e n e  c u r v e  d o e s  n o t  c h a n g e  s i g n .  The 

v a l u e s  f o r  a t  = 0 .5  a r e  a l s o  q u i t e  c l o s e  b u t  m ore p o s i t i v e  t h a n  

t h o s e  f o r  t h e  p e n ta f lu o r o c ;y a n o b e n z e n e  s y s t e m s ,

S t u b l e y  ( i Z )  h a s  a l s o  o b t a in e d  r e s u l t s  f o r  p e n t a f lu o r o b e n z e n e  w i t h  

b e n z e n e ,  t o l u e n e  and p - x y l e n e  a t  298, 13K, A s e x p e c t e d  t h e s e  r e s u l t s  a r e  

t h e  m o st p o s i t i v e  o f  a l l  t h e  t h r e e  g r o u p s  o f  r e s u l t s  and  a r e  g i v e n  i n  

f i g u r e  ( 8, 2 , 1b ) ,
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Figure (8 ,2 .1 c )  shows the r e s u lt s  fo r  a l l  the three groups of 

systerns a t = 0 ,5  p lo tted  a g a in st'th e  number, n , o f  methyl groups 

su b stitu ted  in  the aromatic nucleus. The excess volumes decrease  

v/ith increasin g  su b stitu tio n  o f  the aromatic r in g . The aromatic 

hydrocarbons have in crea sin g ly  lower io n isa t io n  p o ten tia ls  in  the 

s e r ie s  from benzene to  p -xy len e. There i s  a lso  an enhancement of 

in ter a c tio n  between fluorocarbon and hydrocarbon in  the s e r ie s  

although th is  i s  not n e c e s sa r ily  due t o  th e decreasing io n isa t io n  

p o te n tia ls ,

a t = 0 ,5 , the con^lexing contribu tion  to  the excess  

volume, i s  obtained by using the fluorocarbon + cyclohexane system  as 

the model for  th e fluorocarbon + benzene m ixtures. Then the values 

are as fo llo v /s : -  hexafluorobenzene + benzene = -1.77x10^ mol  ̂ , 

pentafluorobenzene + benzene = - 1, 27x10  ̂ m̂  mol  ̂ and p en taflu oro-  

cyanobenzene + benzene = -1.54x10^ m̂  mol  ̂ a l l  a t  3 2 3 .15K, The 

complexing con trib u tion  to the pentafluofocyanobenzene + benzene system  

i s  apparently l e s s  than for  the hexafluorobenzene + benzene. This i s  

and unexpected r e s u lt  i f  complexing i s  due to  chargetransfer complexing 

because pentafluorocyanobenzene would be expected to  have the stron gest  

con^lexing in te r a c tio n  v/ith benzene. The shape and p o la r is a b il i ty  

in terp re ta tio n s  of the thermodynamic fu n ction s seemss more probable 

although as mentioned p rev io u sly , in terp re ta tio n  of excess volumes i s  

sp ecu la tiv e ,

Pow ell and Swinton ( l l )  have found that when studying the ser ie s  

hexafluorobenzene v/ith a l i c y c l i c  hydrocarbons (w ith  in creasin g  methyl 

s u b s t itu t io n ) , and perf 1 uoromethylcyclohexane w ith  a l i c y c l i c  hydrocarbons 

(a g a in  v/ith increasin g  methyl su b s titu tio n )  a t = 0 ,5  and 3 1 3 .2K the
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JCp lo ts  o f V versus degree o f  methyl su b stitu tio n  were p a r a lle l  to ,  but 

more p o s it iv e  than, the corresponding hexafluorobenzene p lo t ,  as shoivn 

in  f ig u re  ( 8 .2 ,1d).

Therefore i t  i s  unreasonable to  a ttr ib u te  the decrease in  V^, 

in  the hexafluorobenzene, pentafluorocyanobenzene system s, to  

increased  methyl su b stitu tio n  eind consequent TT -  TT in ter a c tio n  i f  

conplexing o f  th is  nature i s  im possib le in  the system  viiere there  

i s  no TT bonding stru ctu re,

8 .2 .2  Excess E ntlialpies o f Kixinp:

The excess en th a lp ie s  o f mixing a t 323.15% fo r  pentafluoro

cyanobenzene + benzene, to lu en e and p-xylene are shavn in  fig u re  

(8 .2 .2 a ) .  A ll  o f the excess en th a lp ies  are ex o th em ic , which 

in d ica tes  th e ex isten ce  o f  coirplexing. IThen the values a t X^=0,5 are 

conrpared w ith the r e su lts  o f Andrews et a l  (9 ) fo r  the hexafluoro

benzene systems th ere  i s  l i t t l e  d if fe re n c e  between the two s e t s  of 

system s. These r e s u lt s  are shown in  tab le  (8 .2 .2 a )  along with the  

corresponding pentafluorobenzene va lu es a t Xp=0.5 obtained by Stubley  

( 13) and S co tt ( 25) and the excess heat c a p a c it ie s  a t Xp=0.5.

The excess en th a lp ie s  o f the benzene + fluorocarbon systems 

appear to be la r g e ly  independent of temperature change, except for  

a sm all p o s it iv e  excess heat capacity  fo r  the hexafluorobenzene 

system . Most o f  th e  o th er  system s a lso  have a p o s it iv e  excess heat 

cap acity . This i s  c o n s is te n t  w ith the ex isten ce  o f  some in tera c tio n s  

in  the liq u id  s ta te  which decreases w ith  increase in  temperature o f  

the m ixture.

The to lu en e + pent a f hxrubenzene system  behaves unexpectedly in  

that i t  has a negative excess heat cap acity . This is  more common in  

a non -in teracting  system  fo r  exan^le hexafluorobenzene + cyclohexane.



'IG U Z 2  ( 8 . 2 . 1 g )
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FIGURE 2. Excess volume of mixing F® for cquimolar fiuorocarbon-fhydrocarbon mixtures 
at 313.2 K as a function of the degree of substitution n of the hydrocarbon. O , Series A : hexafluoro
benzene—aromatic hydrocarbons; A , Series B: hcxafluorobenzene+alicyclic hydrocarbons; 
□ ,  Series C: pcrfluoromeihylcyclohexane-}-alicyclic hydrocarbons.
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TATLE (8,2.2a)

I-tSATS 0? înXDIG (J  mol"’') at 3 2 3 .15K AND Xj, = 0 .5

Benzene Toluene p-Xylene

( a t  328k )

CgPjH 60 -370 -761

°6^6 -415 -979 -1543

CgPjCN -490 -993 -1735

EXCESS HEAT CAPACITIES 0 ^ ^  ( j  mol"^ k ’ *̂ ) AT Xp=0.5 AND 323.15%

Benzene T oluene n-X ylene

C^P̂ H 0 -1 .5  -

1 .8  16 .7  12.3

Ĉ P̂ CN 0 2 .3  11.6
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The h eats cf mbc.ing r e s u lt s  fo r  the pentafluorocyanobenzene and 

hexafluorobenzene cystems do not d if fe r  as much as expected. However, 

as ■with the ajiiine system s, the excess en th a lp ies can be regarded as 

being made up o f  -two co n tr ib u tio n s, and H^ .̂

Taking the n o n -in teractin g  model to  be fluorocarbon + cyclohexane 

in  the fluorocarbon + benzene systems then a t  = 0 .5  and 

323 , 15% a re ,

JS o -1Pentafluorobenzene + benzene h  ̂ = -1483 J nol

Hexafluorobenzene + benzene Ĥ  ̂ = -1905 J mol ^

Pentafluorocyanobenzene + benzene Ĥ  ̂ = -2615 J mol ^

I t  i s  now apparent th at there is  considerab le d ifferen ce  between 

the in tera c tio n s  in  the th ree  system s, as measured by the exothermic 

chemical con trib u tion s,

Ĥ  ̂ i s  le a s t  negative fo r  pentafluorobenzene + benzene and 

becomes p ro g ress iv e ly  more negative through hexafluorobenzene + benzene 

to  pentafluorocyanobenzene + benzene.

The excess volume r e su lts  fo r  th ese  systems gave chemical 

con trib u tion s that d id  not d i f f e r  g r e a t ly , however, as sta ted  e a r l ie r ,  

excess volume r e su lts  can not be e a s i ly  in terp reted . Excess en th a lp ies  

of mixing g ive  a c le a r e r  in d ica tio n  of the actual energy changes th a t are 

occurring on mixing two components.

The H*̂  ̂ r e su lts  become more exotterm ic as the fluorocarbon  

in creases in  acceptor a b i l i t y .

The excess en th a lp ies  for pentafluorocyanobenzene + cyclohexane 

at 323. 15% and three other temperatures are g iven  in  figure. (8 .2 .2 b ) .
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The excess e n th a lp ie s  e r e  v e ry  la rg e  and endo therm ie , i\h ich  i s  

c o n s is te n t  v.âth p rev io u s  r e s u l t s  f o r  f lu o ro c a rb o n  + a l i c y c l i c  

hydrocarbon system s, however when th e  h e a ts  o f  m ixing v/ere o b ta in ed  

a t  3 3 3 . 13K th e y  in d ic a te d  t hr,t  th e  system  had a  p o s i t iv e  excess h e a t 

c a p a c i ty  ( a t  = 0 .5  and 323.13%) o f  3 .3  J  mol * K \  T h is i s  

unusual f o r  a n o n - in te ra c t in g  system , in c re a s e  in  te m p era tu re  in  a 

n o n - in te ra c t in g  system  u s u a l ly  b r in g s  abou t a d e c re a se  in  th e  excess 

e n th a lp ie s .

The tem p era tu re  was in c re a se d  to  343.13% and t h i s  p o s i t iv e  

excess h e a t c a p a c i ty  s t i l l  p e r s i s te d .

A tem p era tu re  was chosen  below  323.13% b u t above th e  upper 

c r i t i c a l  s o lu t io n  te m p era tu re  of th e  system  (X^ = 0 .4 3 , U .C .S . I .

- 2 9 9 .6  %) and a g a in  a p o s i t i v e  excess h ea t c a p a c i ty  was o b ta in e d .

8 . 2 .3  Sxcess G-ibbs F u n c tio n s

The excess G ibbs fu n c tio n s  a t  323.13% and 3 1 2 .3&% f o r  p e n ta f lu o ro 

cyanobenzene + cyclohexane a re  shcr.vn in  f ig u r e  ( 8 ,2 .3 a ) .

The excess Gibbs fu n c t io n  a t  = 0 .5  and 323.13% i s  a lm ost bivice 

as la rg e  a s  th e  r e s u l t  f o r  th e  co rresp o n d in g  hexafluo robenzene  +

cyclohexane system  de te rm in ed  by Gaw and Sv/inton ( to  ) (X^ = 0 .3
E -1 s

G = 733 J  mol ) .  T h is la rg e  p o s i t iv e  r e s u l t  i s  ty p ic a l  o f

f lu o ro c a rb o n  + a l i c y c l i c  hydrocarbon system s and in d ic a te s  th a t  th e

u n lik e  i n t e r a c t io n  i s  s n a i l  and t h a t  th e  system  i s  c lo se  t o  im m is c ib il i ty .

In  f a c t  th e  izppor c r i t i c a l  s o lu t io n  temperature i s  3 OOK. Since th e

excess Gibbs fu n c tio n s  a r e  a t  two te m p e ra tu re s  i t  i s  p o s s ib le  to  c a lc u la te

th e  excess  e n th a lp ie s .
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Hov.’c v e r  the  tei.iperri.turc in t e r v a l  i s  s ::n .ll , because  a t  la v e r  

ter.ipera.tures th e  system  p liaso sepR .ra tes, and so th e  c a lc u la t io n  

i s  v e ry  im p re c ise . Assuming th e  excess G-ibbs fu n c tio n s  a t

= 0 ,5  a re  r e l i a b l e  to  + 20 J  mol , then  th e  ex cess  e n th a lp y  

a t  5 2 5 , 15% i s  c a lc u la te d  to  be 5 .0  + 1, 2k J  mol \  ivhich i s  of 

th e  same o rd e r  a s  th e  e x p e r im e n ta lly  d e term ined  excess e n th a lp y  o f 

2 ,1 2  K J  m o l" \

S ,5 BdNTAflOliaROCiAITaBENZhriE + AROIATIC AI>1INE SlSTdl.S

8 , 5 .1  Excess Volumes o f  M ixing

The excess volumes of mixing r e s u l t s  f o r  N ,K i-d im ethy lan iline  

+ p en tafluo rocyanobenzene  a t  5 2 5 . 15% and W ,N-dimethyl p - to lu id in e  

+ pen tafluo rocyanobenzene  a t  528.15% a re  g iven  in  f ig u r e  ( 8 ,5 .1 a ) ,

Both s e ts  o f r e s u l t s  a re  n e g a tiv e  w hich in d ic a te s  t h a t  s tro n g  

in te r a c t io n s  must be o c c u rr in g .

The -d im ethy l p - to lu id in e  system  has more n e g a tiv e  excess 

volumes which i s  c o n s is te n t  w ith  th e  e x is te n c e  o f donor -  a c c e p to r  

com plexing and s tro n g e r  e le c tro n  dono r in t e r a c t in g  more s t ro n g ly  w ith  

th e  p en ta flu o ro cy an o b en zen e . These m easurem ents c o ralem ent th e  

s tu d ie s  i n i t i a t e d  by H a ll  and Morcom ( ib  ) ,  in  v/hich excess e n th a lp ie s  

and sp e c tro sc o p ic  m easurem ents ha.ve b een  made on p en tafluo rocyanobenzene  

+ M ,b4-dim ethylaniline and charge -  t r a n s f e r  com plexing i s  th o u g h t to  

be o c c u rr in g ,

8 ,4  SUGGESTIONS iUHTHBR STUDY

The c e n t r a l  theme o f  th e  vrork was to  have been th e  d e te rm in a tio n  

of excess G-ibbs fu n c tio n s  f o r  a  range of pen ta flu o ro cy an o b en zen e  

system s, in c lu d in g  s u b s t i tu t e d  a r o n a t ic  liydrocarbons and a ro m a tic  

am ines.
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Uiif’o r tu r ia te ly  due to  g r e a te r  d i f f i c u l t i e s  th a n  v/ere a n t ic ip a te d  

w ith  the  vapour p rc r s u re  mcasurer.ients on ly  th e  p en tafluo rocyanobenzene  

+ cyclohexane system  v/d.s s tu d ie d .

T h ere fo re  th e  main aim f o r  f u tu r e  s tu d ie s  l i e s  in  th e  vapour 

p re s s u re  m easurem ents o f th e  above m entioned sy stem s, w ith  p a .r t ic u la r  

i n t e r e s t  be ing f>cused on th e  N, N -d im e th y la n ilin e  + p e n ta f lu o ro c y a n o 

benzene system  w ith  a viev/to  d e te rm in in g  an e q u ilib r iu m  c o n s ta n t o f 

com plexing w hich v / i l l  be indep en d en t o f s o lv e n t ,  and com paring 

t h i s  w ith  th e  s p e c tro s c o p ic a l ly  d e r iv e d  K^.

The COmps:r is e n  betw een th e  r e s u l t s  f o r  th e  p a r a l l e l  h e x a flu o ro 

benzene system s w ith  th o se  o b ta in e d  f o r  th e  p en tafluo rocyanobenzene  

system s sh o u ld  a ls o  be o f i n t e r e s t .
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A. 1 PROGRAMME PCR- THE EVALUATION CF. VAPOUR PRESSURE

f i c r s r ;

1 E V A L U A T I O N  OF VAPOUR P P E 9 S U R E ;  "......’ ........................
2 " B E G I N "  .
3 " I N T E G E R "  I , l , N ;
A " RE A L "  RT ; t t 7 U 5 U ; M M 2 » M V A P 7 u 7 l 7 a L P H A ; a 7 b 7 c 7 D , R , G 7 D E N S 7 P 5 î
5 " R E A L "  " ARRAY"  M » P 4 C 1 M 3 ;
6 " R E A L "  " PROCE DURE"  P W G ( T ) ;
7 " R E A L "  T;
B PHG:  = 1 3 5 Q 5 . 1 / ( 1 " ^ T * ( A  + T * ( U ^ T . ( C 4 . T * D )  ) ) ) ;
9 " R E A L "  " PROCEDURE "  E X P C O R ( H , T ) ;  

i n  " R E A L "  U , T ;  . . 3 ;  -
1 1  " B E G I N "
1 2  f i ; = H * ( l - * - A L P t l A * ( T r r 2 0 )  ) ; ' . " h T /
1 3  e x p c o r : = h ;
1 4  " E ND"  OF PROCEDURE EXPCORJ : v T  .
1 5  " READ"  :i ;
l A  " B E G I N "  _  - J- ' : : . !  .
1 7  A L P H A : = 1 . 9 . . - 5
1 A f .......
1 9  R : = 8 . 3 1 4 3 ;  '  ......... ................
2H n : = 9 . 0 1 2 6 8 ;  "  • . .  . . .
21. MN2;  = 0 . 0 2 0 ;
2 2  M V A R : = 0  . 0 8 4 1 6 ;
2 3  A;  = 1 , 8 1 4 5 6 . . - 4 ;
24  r : = 9 . 2 0 3 k - 9 ;  ' _ • v ‘ ^ ; 3
2 5  C : = 6 . 6 n 3 u - 1 2 ;    . . .
2 6  n:  = 6 , 7 3 2 i f - 1 4 ;  " d  .
2 7  S A M E L I N E ;
2 8  " F OR"  I : = l  "STEP. "  1 " U N T I L "  N "DO' !
2 9  " B E G I N "
3 0  " RE AD"  R T / T t ;
3 1  H 5 n ; = o . 5 4 3 ;
3 2  n E N S : = P i l G ( T T )  ;
3 3  " P R I N T " ' ' L '  ' S 2 5 '  E V A L U A T I O N  OF VAPOUR PRESSURE ' L 4 '  ' S 2 0 " 7
34  ' G = ' ; F R E E P O i N T ( 6 ) , G , ' N / S E C t 2  ' Lo "  , ' ' S l 8  ' 7ROON TENP=  ' 7AL I G N E P ( 2 '
3 5  ' ' L '  ' S 1 2 ' T U E R M 0 5 T A T  T F M ^ = ' , A L I G N E D ( 2  » 3 ) , T T , "  S I O  ' H 5 =  ' , A L I G N E O '
3 6  ; h 5 d 7
3 7  ' N ' ; " L 2 ' ' S 5 '  C U T - n F F ' S 3 5 ' M E R C U R Y  DENS I T Y s ' , A L I G N E D ( 5 7 1  ) , D E N S ,
3 8  ' K G / M t 3  ' L " 7 ' 0 Ü S E R V F D  H E I G H T ' S A " ;
3 9  " F O R"  J : = l  " S T E P "  1 " U N T I L "  4 " DO"
4 0  " B E G I N "
41 " RE AD"  U 7 L i
4 2  H C J ] ; = u - L ;
43 "PRI NT"  ' = ' , A L I f i N E n ( 2 , 5 ) , H C J 3 7 '  M ' S 3 " J
44  " E N D "  j ;
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f

f  1;

45  " P R I N T "  ' ' L ' C O R R E C T E P  W E I G H T ' S ] " !
4 6 "FOR"  j : = l  " ST EP"  1 " U N T I L "  4 "DO"
47  " P R I N T "  ' = A L I G N E D ! ? , 5 ) , E X P C 0 R ( H C J 3 , R T ) 7 '  M ' S 3 " Î
48  M 5 D : = H 5 ü - L î
4 9  " P R I N T "  ' ' L ' P R E S S U R E !  C U T - O F F ) ' S 2 " ;  .........
50  "FOR"  J : = l  " ST EP "  1 " U N T I L "  4 "DO"
5 t  " B E G I N "  F 4 [ J ] : = n r j l * D E N S » G ;
5? " P R I N T "  ' = ' , A L I G M E D ( 6 , 1  ) , P 4 C J 3 , '  P A ^ 3 2 " !
5 3  "END"  J ;  ................
54 R T : = R T + 2 7 3 . 1 5 ;
55  T T : = t t + 2 7 3 . i 5;
56  P 5 : = H 5 D * M V A P * P 4 [ 1 ] * G / ! P * T T ) ;
5 7  " P R I N T "  " I  3 ' ' S 1 T ' M ! N 2 )  = ' , A L I GNED! 1 , 3 ) 7 MN 2 , ' K G / M O L ' S l O ' M ! VAP)
5 8  M V A P X K G / N O L ' L ? " , ' P R E S S U R E  OF V A P O U R ' S3 '  s P 5 P A ' L 2  ' VAPOUR PRE
5 9  " S 4 " ;
60  " FOR"  J ; = l  " ST EP "  1 " U N T I L "  4 "DO"
61 " B E G I N "
6 ?  P 4 [ J ] : = P 4 [ J ] - P 5 !
6-? " P R I N T "  ' = ' ,  \ L I G U S R ( 6 7 l  ) , P 4 [ J ] , ' P A ' S 2 " ;
o'r " END"  j ;
6*  ̂ " END"  I ;
66  " E N D " ;
67  " END"  OF e v a c u a t i o n  OF VAPOUR PRESSURES;

3 0 8  MC 
5 3 4  CODE
P2 ?  TOTAL ...........................   _

&RUN;
f v a l u a t i
DRO

e v a l u a t i o n  o f  v a p o u r  PRESSURE

' . * ■, I . ♦. \ i - 1 . •  ̂ i '. • .  = m M ;

II V I . II I '  I I I I I ; Z
. ‘ m'- i ‘ i '/I  w *

1 '.
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A.  2 PROGR^J.E K)R THE G A IO JLA TIŒ  OF TH2 EXCESS GIBBS FUNCTIONS

<SJün; CH0 015a7F»?L- E;  JMH?4  I

&ALGOL;
LIBRARY
ALGOL

4 L 1 S T ;

Î
?
7
Û
S
A
7
8 
0

i n
11
12
17
14
15  
1^
17
IS
19
20 
21.
22
2 3
24
2 5

2 6  
2 7  
2S
2 9
3 0  
31.
3 2
3 3
34
35
36
37
3 8
3 9
40
41
4 2
4 3
44

FRFE e n e r g y  CALCULATIONS USING FULL EQUATIONS;
"UFÜ1N"
• • iMTESFR" J ;
" NOOLEAi l "  U S I T E ;
" INTFGEU" I , N ; v E n i M ;
" I N T E G E R "  c y c l e ;
" R E A L "  P 1 0 , 0 1 1 , V I O ; P 2 0 , B 2 2 , V 2 0 , Ü 1 2 , P 1 2 , Ü 1 2 7 R 1 , T 7
s a n e l i n e ;
" RE AD"  n ; V F D I M ;
"ÛEGIM"
" R E A L "  X;  
" R E A L "  " ARRAY"  f 1 1 , M 2 . V T 1 : N ] ;
"REAL" "ARI^aY" X l , P , Y i r i : N ] , V E C O : V E D I M - l ] ;  
"PROCEDURE" CFVP(N1 , M2 , Y1 ,‘ P , VV AP, X I )  ;
" R E A L "  J 1 , N 2 7 Y l , P , V V A P , X i ;  
" U E G I N "  
" R E A L "  T N O M , V ; n i ; n 2 , 7 , Y 2 . R T V , a ;
Y2 : = l - Y i ;
Z : = ( R 1 1 * Y 1 * Y 1 + 2 * P 1 2 * Y 1 * Y 2 + 9 2 2 * Y 2 * Y 2 ) / V V A P ;  
RTV : = R 1 * T / W A P  ; 
T N 0 M : = ( - R T V + S Q R T ( R T V * R T V - 4 * P * R T V * Z ) ) / ( 2 * R T V * Z ) ;
A : = P / ( R T V * ( i  + Z*TNOM));
N 1 : = Y i # a ;
M2 : = Y 2 *A;
X I : = ( N 1 - Y 1 ) / ( N 1 + N 2 - H 1 - P 2 ) ;  
" E ND"  OF CORR E C T I ON  FQR VAPOUR PHASE;  
" P R O C E D U R E " R P N V ( V ; K , N , X l , V i ; V 2 ) ;  
" I N T E G E R "  N;  
" R E A L "  K 7 X 1 , V 1 , V 2 ;  
" R E A L "  " ARRAY"  V;  
" DEGI ' N"  
" I N T E G E R "  I ;
" R E AL " V E » DT F F ; X 2 i' Z7CALC;
V E : = D I F F : = 0 ;
X2 : = l - X i ;
z ; = x i - X 2 ;
" F O R"  l :  = 0 " S T E P * ’ 1 " U N T I L "  N - 1  " DO"  
" R E G I N "  
C A L C ; = X l * X 2 * V C l ] * Z f ( l T l ) / ( l - K * Z ) ;  
V E : = V E + C A L C * Z ;
n i F F : = D I F F + 2 * C A L C * ( I - Z f 2 / ( 2 * X l * X 2 ) - K * Z / ( l " K * Z ) ) ;
" E N D "  I ;
v i ; = V E + x 2 * n i F F ;
V 2 : = V E - x i * n i F F ;

KVE;
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45 "EMU" n r  fMVjCEnURE RORV;
4A " S E A L "  "FRO' jEDl iL’ E"  S " M ( A » K , N ) ;
47 . " VAL UE"  K , r i ;
48 " I NT EGER "  K , N ;
4 0  " R E A L "  "ARE'AY" A:
5 0  " REGJN"  " I I . ' TEf îER"  I ;
51 " RE A L "  S;
5? s : = o ;
57 " f O K "  l ; = l  " S T E P "  1 " U N T I L "  N " 0 0 "  S : = S + A C T - K ] ;
54 s j m ; = s ;
s s  "END"  n r  pp j CEDUSE s u m ;
56 " R E A L "  YPROCEUUffE" SUUPROD ( A » K , 0 ,  L , N ) ;
57 " VALUE"  K , l  , N î
58 " I N T E GE R "  K , L » N i
50 " RE A L "  " ARRAY"  A i B î
60 "REG I N "  " I N T E G E R ” I Î
6T . " R E A L "  'JP;
62 r . P : = o ;
67 "FOR"  i ; = l  " S T E P "  1 " U N T I L "  N ” 0 0 "  S P : = S P + A C I , K ] * U C I , L ] ;
6^ SUMPROU:=SP;
65 "END"  OF PfUj CEDURE SUMPRUO;
66 " R E A L "  "PROCEDURE" PPUOUCT( A »K #N ) i
67 " VAL U E"  K , N ;
68 " I NT EGER"  K , N ;
6^  " RE A L "  "ARRAY"  AÎ
70 " U F G I N "  " I N T E G E R "  I !
71. " REAL "  P;
72 P : = i ;
77 "FOR"  l : = l  " S T E P "  1. " U N T I L "  N " DO"  P : = P * A C T - K ] ;
74 PRODUCT:=p;
75 "END"  OF PRuGEnURE PRODUCT;

ITEM INSERTED
76 " L I B R A R Y "  Uf jSYMDFT;

ITEM INSERTED
137 " L I B R A R Y "  UNSYNSOL:
154 "PROCEDURE" b a r k e r <V I , P , N , P A R A M E T E R S V S K E WE D , Y I T WR I T E ) ;
155 " I N T E G E R "  N,PARAMETERS:
156 " RE A L "  "ARRAY"  X l , P , Y i ;
157 "BOOLEAN"  NR I TE :
158 "BOOLEAN"  SKEWED;
159 " B E G I N "
160 " I N T E GE R "  I , J, COUNT, MI MUS; P L U S , U I M ;
161 "HOüLEAi J"  s t o r e ;
162 • STORE: =WRI TE:
167 W R I T E : = " F A l  S E " ;
164 C UUNT: =0 ;
168 M I M U S : = P A R A t l ET ER S - l ;
166 " I F "  SKEWE^
167 " THEN"  DIM:=PARAMETEPS
168 " E L S E "  I ) I l i : = M I N U S ;
169 P L U s ; = n i r + i ;
170  0 6 :
171 " I F "  w r i t e  "THEN"
172 " P R I N T "  ' ' F ' ' ; D I G I T S ( 2 ) 7 ' ' S 5 1 ' N 0 ,  Of  EXPERIMENTAL P O I N T S = ' : N , ' ' L ' '  
177 ' ' S 5 0 ' N U ,  OF PARAMETERS E V A L U A T E D : ' . P A R A M E T E R S , ' ' L ' ' :
174 " B E G I N "
175 " .REAL" "ARRAY"  RC1 : N . 1 : 1 1  7 0 7 0 1 ,  G 2 / E G l V E G 2 , * F X 1 , FX2, ‘F K 1 7 F K 2 7
176 G E C A L C C û : M l N U S l , n p n ü r i : N , 0 : D I M 3  7 A C i ; P L U S 7 i ; P L U S r , ü C i : P L U S l 7
177 C C i ; P L U S , i : i i ;
178 "REAL" VRPPl 07VUPP20, F l 7F2 , P l D, P2D, X2; Y2 , X7GE, RMS7RNSLAST7K7B8PPlC
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1 {PP20,  V l V f f S  V2VPP, Z ,  v r ; v 2 ;  .
P ''REAL." [*ST; .
W "REAL"  uCPI , CUP2 :
‘P "SMITCIP' ta ( ' , e ;= l ;
P PST;=101325 . 0 ;
P i"IE" (PAHAHtTEP5 = l) ' 'TWE' I" "BEGIN"
P GL0] : =4»L . N( 2»P l 2 / ( P i n>P2 ' l )  ) ;
k K : = Û ;

"EULI"; 
p P I F : = 0 ;
p "FOR" l ; = l  "STEP" 1 "UNTIL" N "DO"
»fl "JEuIN"
M " I F"  ( d " L E "  MINUS) "AND" PARAM6TER3 = 1)  "THEM"
n r , [ I ] : = 0 ;
n  " I F"  WRITE "THEN"
H "PRINT" F R F E P Q I N T ( 4 ) d ' S 5 0 " , X l C I 3 » " ^ 1 6 " 7 A L I G N E D ( 6 # l ) ; P C I 3 » " L " ;
f  "END" I ;
96 07 :  ;
)7 "FOR" CjL’MT:=CnUNT^l"nO"

"HFGIN"
" I F "  WIN TE "THEN"  ' -

ICO " PR I NT "  " \  2 " ,  ' ' S 5 6 ' TEMPERATURE: ' ,  ALIGNED ( 3 , 2 )  7 T 7 ' K ' L ' ' S 2 7  " ,
'Cl ' P N R E l ' J c 7 ' p N R E 2 ' L ' ' S 5 ' P ' S 2 3 ' B ' S 2 3 ' V ' S 2 3 ' P ' S 2 3 ' U ' S 2 3 ' V ' L ' ' S " , '
C? ALlü' IEn(A; i  ) 7 P l Q; F P E F p n r i T ( 7 )  7 P R E F I X ( " S l 5 " ) . n i i ; V l 0  7 A L I G N £ D ( 6 , l ) ,  
p P20,  FHGEPO T.JT ( 7 ) , B ? 2 , V ? 0 ,  SAMEL I NE; ' ' L2 ' VS53 ' I NTERACTI ON COEFFICIENTS' ;
Cl ' ' L ' ' S 3 2 ' U ' S 6 5 ' P ' L ' ' S 2 P " , B l 2 7 " S 5 6 " , A L I G N E D ( 6 7 l ) # P l 2 ;  
k  " I F"  ("KOT" WRITE) "TIEN" "GO TO" Q;
k "PRINT" " F " , n i n i T S f  2 ) 7 "  S 5 7 ' ITERAT ION MO COUNT’, "  L ' 1 i
C7 "FOR" J:=0  "STEP" 1 "UNTIL” MINUS "00"
W "PRINT" " S 5 6 ' G C  ' , n i G I T S ( l )  7 J 7 ' 3 = ' ,  A L I GN E 0( 1 , 6 ) 7 G[ J 3 ,  " L " I
CO "PRINT" " S 5 9 ' K = ' ,  ALIGNER (176 )  , K ,  " L " ;
10 "PRINT" ' ' S 5 ' X 1 ' S 1 6 ' P ( F X P ) ' S 1 3 ' P ( C A L C ) ' S 1 4 ' R E S I D ' S 1 6 ' Y 1 ; S 1 8 ? G E ' L " ;
11 0 :
1? "FOR" I : = l  "STEP" 1 "UNTIL" N "00"
13 "BEGIN"
14 X 2 := l -X iC n;  ' :
1*̂ Z : = X 1 [ I ] - X P ;  !
k  "FOR" J:=0 "STEP” 1 "UNTIL" MINUS "DO" i
| 7  "BEGIN" ‘
k FX l CJ] :  = ( X?t2 )<»(7 t (  J - l ) ) ^ ^ ( ( 2 » J ♦ l ) ♦ X l E I 3 - X 2 ♦ K ^ ^ Z * ( l - 2 * J * X l C I 3 ) ) / ( ( l -
lO K*Z)f2); ;
20 FX2[J]: = (Xl[I3*2)*(Zd J-1) )*(XlCl3-(2*U'^l)*X2+K*Z*(2*U*X2-l))/( (1-
?1 K*Z)'2); ■ I
2? FKlLJ3: = (XPt2)»(7t J)*GCJ1»(2»( (2*J-»-l)»Xli:i3-X2)^(1^2*J*XlCI3)*(l^K*Z))/ |
23 ( ( 1 - K * Z ) ' 3 ) ;  !
24 F K 2 [ J ] :  = (X1 [ I 3 f 2 ) * ( Z N ) * S [ J 3 * ( 2 * ( X l C I ] " ( 2 * D * i ) * X 2 ) t ( 2 * J * X 2 " l ) * ( l ^ K * Z )  ) /  '
25 ( ( l - K * Z ) f 3 ) ;
26 01 [ J1 : =FX1C J1* 0 [ D3 ;  i
27 G 2 C J l : = F X 2 r j l > n C : i 3 ;  • !
28 E G1[ J ] : =FXP( G1[ J3 )  ;
20 Ea?CJ3:=EXP(S2CJ3)  ; • • . !
10 G E C A L C C J ] : = X l [ l 3 * X P * G [ J ] 4 ( Z t J ) / ( 1 - K * Z ) ;
11 "END" J; , ,
1? V D P P 1 0 : = ( V 1 0 " 3 l l ) * ( P r i 3 " P i n ) / ( R i * T ) ;
jj3  VjPP20:  = ( V ? ü - B 2 2 ) » ( p r n - i ^ 2 n ) / ( R l * T ) î
14 H B P P l U : = L l 1 * R l l * ( P r n T P l R ) * ( P [ I 3 " ^ P 1 0 ) / ( 2 * ( R l * T ) t 2 ) ;  '
35 H d P P 2 ü : = P 2 ? » n 2 2 * ( P C l 3 - P 2 0 ) * ( P C l 3 ^ R 2 û ) / ( 2 * < R l » T ) î 2 ) Î  I
36 RPMV(VE,KVE,VEI ) IM,X i rn ;Vl ,V2) ;  :
37 V l V P P : = V l » ( P C n - P S T ) / ( R l » T ) ;  I
38 V 2 V P P : = V 2 * ( P C I 3 - P S T ) / ( R 1 * T ) ;  i

7
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n )Ri : =rxi: ( o + +
9.;n r: : =EXF ( V ^ ' d V p p  ) ;
?41 r i  : = P R '1 iLi;T( 1 , P A A ^ E ”‘E9S ) ;
?4? rz : = PKOjicT(rorM , PA^A^L'^ros) ;
?4 7 Y v : = r o R j « r p * " 2 n * Y 2 / p r i T ;  Y i r i ] ; = i - Y 2 ;
2 4 4  P i n : = X l L I ] * P l 0 ^ c n p i * r x P ( - P r i l * n i 2 » Y 2 t 2 / ( R l * T ) ) t
248  P 2 n ; = X 2 » F 2 n * C U P 2 * L Y p f - P [ I ] * D 1 2 * Y 1 C I ] f 2 / ( R l * T ) ) i
2 4 6  R [ I , l ] : = r [ î ] - ( r i » P 1 J + F 2 * P 2 D ) :
2 4 7  OG:  =( Î 1«T«S1I  l ( ü r i C A L F , 1  . P AR A ME T E R S ) ;
2 4 8  " I F "  W. MTF " Ti l FN"
249  "PHIUT" ' ' S 2 '  ' , F P E F P n i MT ( 4 )  , X i r  n /ALIGNED ( 6 , 1 )  , " S 1 3 " ,  PCI ] | " S 1 0 " ,
258 ( PC n - P C  1,1 J ) ,  ALIGNEn(8,  4 ) , ' ' S 1 1 " , P [  1 , 1 3  , 'FKFEPO I NT ( 4 ) ,  " S I O  " 7 Y 1 C I 3 ,
251 A L I G I E D ( 4 , 2 ) 7 '  ' Ü 1 4 "  , G«= , "  L "  ;
252  "FOR"  J : = 0  " ST EP "  1 " U N T I L "  MI  NUS "DO"
257  ! )P!)Or I , J ] : = F l * P i n * F X l [ J 3  + F 2 * P 2 D » F X 2 C J ] ;
254  " I F "  SKEWED
258  " THEN"
2 5 6  DPDGi: I , D i : n  ; = F l * P i n » S U M ( F K l 7 l / P A R A M E T E R S ) + F 2 * P 2 D * S U M ( F K 2 , l 7 P A R A M E T E R S
257  " E NJ "  I ;
2 5 8  R I S L A S T : = R U S ;
259  R ' i s : = s Of a ( S i j ' i p Ru n ( P ,  1 , p , ' i ; n ) / n )  ;
2 6 8  " I F "  w r i t e  "TI I FI I  "
261 " P R I N T "  " I  " S 5 2 ' R . : i . S .  D E I AT 10N= ' , SCALED ( 5 ) » RMS 7 "  14 "  Î
2 6 9  RWS;  = S O R T ( R . l S * R N S » N / ( N - P L U S )  ) ;
2 6 7  " I F "  w r i t e  "TI I FM"
264  " P R I N T "  " S 5 8 ' STANDARD DEV I AT I 0N= ' ,  SCALED ( 5 ) , RMS7 "  L4 "  ,
2 6 5  ' ' S j 2 ' X l ' 5 6 3 ' G E ' C ' ' ;
2 6 6  " FOR"  X ; = 0  " S T E P "  0 . 1  " U N T I L "  1 " 0 0 "
2 6 7  " P F U I N "
2 6 8  X 2 : = l - X ;
2 6 9  Z : = X - X 2 ;
2 7 8 "FOR"  j ; = 0  " ST EP "  1 " U N T I L "  MI NUS "DO"
271  n E C A L C C U ] ; = X * X 2 * G [ J ] « Z f J / ( l - K * Z ) ;
2 7 2  ME : = R 1 ^ T « S U N ( G E C A L C , ! , P A R A M E T E R S ) ;
2 7 7  " I F "  WRI TE " THFN"
274  " P R I N T "  " S 2 9 " , F R F E P 0 T N T ( 4 )  , X,  " S 5 9 " , A L I G N E D ( 4 7 2 ) # ( 5 E ; " L *  *;
278  "END"  X;
2 7 6  " I F "  ( A N S ( R N S - R N S L A S T ) ( R N S » l , 0 w - 5 )
277  " THEN"
2 7 8  "GO TO" L;
279  "FOR"  J ; = l  " S T E P "  1 " U N T I L "  PLUS "DO"
2 0 0  " BEGI N"
201 CC J , ‘ l 3  : = 3 U M p R 0 1 ) ( P , l , n p n G ,  j - i , N )  ;
2 0 2  "FOR"  I : = l  " S T EP "  1 " U N T I L "  PLUS "DO"
2 0 7  AC I ; j ] ; = S U M P R O D ( D P D G , I - l , 0 P D 0 ; j - l 7 N ) ;
284  "END"  J ;
2 8 5  U JSYNDET( PI  US ,'2 . 0 „ - 3 7 , A i X 7 I 7 R 7 l )  Î
2 0 6  U' JSYNSOL( PI  US , 1', A , R , C ) ;
2 0 7  "FOR"  J : = 0  "STEP" 1 "UNTIL" MINUS "DO"
2 0 8  0 [ J 3 : = G [ j ] + c C J + i , i ] ;
2 0 9  " I F "  SKEWED
2 9 8  "THEM"
291 K : = K + C [ P L U S , 1 3 ;
2 9 2  "GO T O " 07 ;
2 9 7  "END"  COUNT;
294  L :  " I F "  STORE " THEN"  » ' REOI N"  STORE:= "FALSE";
295  w r i t e ; : " T r u e " ;
2 9 6  "GO TO" G6 " E N D "
297  " E N D " ;
2 9 8  "END"  OF PROCEDURE 3 ARK£R;
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?oo "rOR" l:=0 "STFf”’ 1 " UN TIL " ''EniM-l "DO"
708 " R FAO"  ' / r  [  I ]  ; ----
70 1 " R F A N "  Kv r : :
702 "RFA9" T , n o T u i l , V I 0 , P 2 0 , 3 2 2 , V 2 0 , 8 1 2 , P12;
7 0 7 Rl : = 5 , 7 i 4 3 ;
704 n i ? : = 2 * J 1 2 - J l l - U 2 2 ;
7 05 " F D R "  l :=l "STFP" 1 "UN T IL "  M "1)0"
70 6 " J F G I M "
70 7 " T F A H "  U [ I ] 7 U 2 [ I ] , p r i l / V [ I ] ;
70 8 xicii: = 1 1CI ]/(uir i] + N 2 ri i  ) ;
709 VCl  J ; = VC 1 3-.JU I 3«V1 Û-N2C I]*v20î *
7 i n " EN D "  I;
711 "FOR" I:=l "STFP" 1 "MNTII." 10 "DO"
712 " JfiGIN"
717 w r i t f ; = "F ai.3F";
714 n i :  3 A R K E R ( X 1 , P , N , I ," F A L S E " , Yl / U RIT E) ;
715 " I F "  WR IT E  "THE N" "00 TQ" 02 "ELSE" W R I T E ; : " T R U E " ;
71 6 " F OR"  J ; = l  "STFP " t "U N TI L "  N "DO"
717 "UEOIN"
718 C F v p ( N i [ j ] , u 2 C J ] , Y 1  C J3 , P C J . l ,  V C J 3 , X )  ;
719 " I F " f ( A u S ( X - X l C J ] ) > 0 . 0 8 0 0 1 )  " AND"  W R I T E )  " T H E N "  WR I T E :
7 2 8 x iC J l: :x;
7 2 1 " E N D "  j ;
722 "GO TO"  c i ;
7 27 02:
724 " E N D "  I ;
7 2 5 " EN D"
72 6 "END" OF FREE ENERGY C A L C U L A T I O N S  U S I N G  FU LL E Q U A T I O N S

90 8 NO
3 1 6 8 CODE
4 8 6 8  TOTAL

g r u m ;
FRFEENER
Ü R O

JT
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J.M . BRIÜDLEY. Ph.D. THESIS. 1975.

smfflïfiRï

An apparatus has been developed to measure the vapour pressures 

o f mixtures by a s ta t ic  technique.

The apparatus has been tested  by reproducing the vapour pressures 

and excess Gibbs functions for  mixtures of hexafluorobenzene + 

cyclohexane.

Excess Gibbs functions have been determined for hexafluorobenzene 

+ n,n-dim ethylaniline, and isoprppylcyclohexane. An equilibrium  

constant for complex formation has been calculated from thsse 

quantities and compares favourably with the spectroscopically  determined

V

Excess Gibbs functions have a lso  been determined for mixtures 

o f pentafluorocyanobenzene + cyclohexane at two temperatures.

The isolid"l±qaid pbase-diagranr has been determined for hexafluoro

benzene + n,n-dimethyl p-tolu id ine and shows the existence of a 1:1 

conplex in  the so lid .

The liq u id -liq u id  phase diagram for pentafluorocyanobenzene + 

isopropylcydohexane has a lso  been determined, and the system shows ' 

an upper c r it ic a l  solution  tenperature.,

Excess’ volumes of mixing have been obtained for  hexafluorobenzene 

+ n,n-dim ethylaniline, n ,n-dim etlyl p-tolu id ine and isopropylcydohexane 

and pentafluorocyanobenzene + n,n-dim ethylaniline, n,n-dimethyl p-toluidine, 

benzene, toluene and p-xylene.

-V -



E xcess e n th a lp ie s  o f  mixing have been measured a t  two 

tem peratures fo r  pentafluorocyanobenzene + cycloh exan e, benzene, 

to lu en e  and p -x y len e .

The experim ental ev idence su g g e sts  th at strong complexing 

occurs in  s o lu t io n  between arom atic flu orocarbon s + arom atic  

lyd rocarb on s, and a l s o  arom atic amines.

In  th e form er ca se  th e  in te r a c t io n  appears to  be m ainly o f  

an e l e c t r o s t a t i c  n a tu re, "Miereas in  th e  l a t t e r  ca se  th e  major 

c o n tr ib u tio n  to  th e  in te r a c t io n  a r is e s  from charge tr a n s fe r  

f o r c e s ,  th e amine a c tin g  as  an e le c tr o n  donor.
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